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Abstract Metastatic breast cancer is an important con-
tributor to morbidity and mortality. Hence, new therapies
are needed that target breast cancer metastases. Here, we
focus on Mage-b as a possible vaccine target to prevent the
development of breast cancer metastases, through activa-
tion of Mage-b-speciWc cytotoxic T lymphocytes (CTL).
The syngeneic cell line 4T1, highly expressing Mage-b,
was used as a pre-clinical metastatic mouse breast tumor
model. BALB/c mice received three preventive intraperito-
neal immunizations with Mage-b DNA vaccine mixed with
plasmid DNA, secreting granulocyte–macrophage colony
stimulating factor (GM-CSF). In addition, antigen-present-
ing cells were more eYciently recruited to the peritoneal
cavity by the injection of thioglycollate broth (TGB), prior
to each immunization. Immunization with Mage-b/GM-
CSF/TGB signiWcantly reduced the number of metastases
by 67% compared to the saline/GM-CSF/TGB and by 69%
compared to the vector control/GM-CSF/TGB. Also, tumor
growth was signiWcantly reduced by 45% in mice vacci-

nated with Mage-b/GM-CSF/TGB compared to the saline/
GM-CSF/TGB and by 47% compared to the control vector/
GM-CSF/TGB group. In vivo, the number of CD8 T cells
signiWcantly increased in the primary tumors and metasta-
ses of mice vaccinated with Mage-b/GM-CSF/TGB com-
pared to the saline/GM-CSF/TGB and the control vector/
GM-CSF/TGB group, while the number of CD4 T cells sig-
niWcantly decreased. The combination of Mage-b, GM-CSF
and TGB did not only induce signiWcantly higher levels of
IFN� in the lymph nodes of vaccinated compared to control
mice, but also induced signiWcantly higher expression lev-
els of Fas-ligand (FasL) in the primary tumors (expressing
Fas protein constitutively), compared to the control mice.
Whether the interaction between Fas and FasL may have
contributed to the smaller tumors needs to be further ana-
lyzed.

Keywords Metastases · Mage-b DNA vaccine · 
Breast tumor model · 4T1 · GM-CSF · Thioglycollate

Introduction

Breast cancer is the most common cancer among women
around the world [1], and 40% of the women diagnosed
with breast cancer will progress to metastatic disease [2].
Current treatment options for localized breast cancer
include surgical resection of the primary tumor, assessment
of the regional lymph nodes, and removal if found positive,
followed by adjuvant chemotherapy or hormonal therapy
[3]. Although the Wrst-line endocrine therapy with tamoxi-
fen or the newer third generation aromatases is promising
[4], the cure rate of metastatic breast cancer is low [5].
Despite aggressive treatment, for most patients the elimina-
tion of metastases or residual tumor cells after surgery is
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incomplete, due to chemoresistance [6]. Thus, metastases
and not the primary tumor is the most important contributor
to breast cancer morbidity and mortality. Treatments that
speciWcally reduce or eliminate distant metastases or resid-
ual tumor cells should therefore be the focus of our eVorts,
and will oVer the greatest promise in improving the out-
come for patients with metastatic breast cancer. Enhance-
ment of speciWc helper and cytotoxic T lymphocyte (CTL)
responses to breast tumors through vaccination with tumor-
associated antigens (TAA) could potentially lead to the spe-
ciWc elimination of micro-metastases and/or residual tumor
cells.

So far, many TAA have been identiWed in human tumors
of various histological origins. The MAGE antigens are
particularly interesting for the development of breast cancer
vaccines, because their expression (MAGE-A and/or
MAGE-B) has been frequently detected in human breast
tumor biopsies (92%) [7], but not in normal tissues.

Human clinical trials show the potential of MAGE
vaccination against metastases but also the need to further
optimize the eYcacy of MAGE-based vaccines in order to
improve clinical outcome [8–12]. Such optimizations are
ideally done in the mouse. Several preclinical vaccines
studies in mice with human and mouse Mage-a have been
reported, showing Mage-a-speciWc immune responses and
protective immunity against Mage-a-expressing tumors
[13–17]. We found evidence that DNA vaccination with
mouse Mage-b in a metastatic mouse breast tumor model
4TO7cg, expressing Mage-b, eliminated almost all metasta-
ses, albeit not completely [18].

In the study presented here we used a much more aggres-
sive, highly metastatic breast cancer model, 4T1, express-
ing Mage-b [19], in an attempt to further optimize the
mouse Mage-b vaccine for its eventual use in humans based
on its homologous MAGE-B equivalent. In this more
aggressive model, the Mage-b vaccine alone is only weakly
protective (unpublished). Therefore we tested it in combi-
nation with plasmid DNA secreting granulocyte–macro-
phage colony-stimulating factor (GM-CSF). GM-CSF has
been identiWed as an adjuvant for vaccines and promotes
the diVerentiation of DC and activates macrophages [20,
21]. To increase the frequency of antigen-presenting cells
(APC), required for DNA uptake, we recruited macro-
phages to the peritoneal cavity by the injection of thiogly-
collate broth (TGB) [22], prior to each intraperitoneal (i.p.)
vaccination. To determine the eYcacy of the vaccine, we
measured the direct eVect of Mage-b DNA vaccination
on the development of metastases, and on the growth of
primary tumors. Vaccine-induced immune responses were
analyzed in the draining lymph nodes (LNs), primary
tumors and metastases. The results of this study indicate a
robust eVect of Mage-b/GM-CSF/TGB on the metastases
and primary tumors.

Materials and methods

Mice

Normal female Balb/c mice (3-month-old) were obtained
from Charles River Laboratories (Wilmington, MA)
and maintained in the animal husbandry facility of the
University of Texas Health Science Center, San Antonio
(UTHSCSA), according to the Association and Accredita-
tion of Laboratory Animal Care (AACAC) guidelines.

Plasmids

Mouse Mage-b DNA plasmid (pcDNA3.1-Mage-b/V5) and
the control vector (pcDNA3.1/V5) were developed in a pre-
vious study [18]. Mouse GM-CSF plasmid (CMV1-GM-
CSF) was kindly provided by Dr. Stephen Johnston (The
Center for Innovations in Medicine, The Biodesign Institute
at Arizona State University) [23].

Cells and cell culture

The 4T1 cell line was derived from a spontaneous mam-
mary carcinoma in a BALB/c mouse [24]. Various 4T1 sub
lines have been generated with diVerent patterns of metas-
tases [25]. The 4T1 cell line used in this study is highly
aggressive, metastasizing to the mesenteric lymph nodes
(MLN), and diaphragm and less frequently to the surface of
the liver, kidney and spleen [19]. The 64pT cell line is a
spontaneous fusion between mammary cell lines 4TO7 and
68H and is nonmetastatic [26]. Both 4T1 and 64pT were
kindly provided by Dr. Fred Miller of the Karmanos Cancer
Institute, Detroit, MI. All mammary cell lines were cultured
in Dulbecco’s ModiWed Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 1 mM mixed
nonessential amino acids, 2 mM L-glutamine, insulin
(0.5 HSP units/ml) penicillin (100 units/ml) and streptomy-
cin (100 �g/ml).

Breast tumors and metastases

Breast tumors and metastases were generated in BALB/c
mice by the injection of 105 cells of the mouse mammary
tumor cell line 4T1, into a mammary fat pad as described
previously [19]. Primary tumors were detected by palpation
within 1–2 weeks in live mice. To determine the tumor size
in situ, the perpendicular largest diameters of the tumor
were measured with a caliper. Twenty-two days after injec-
tion of the tumor cell line, the mice were euthanized,
weighted, and necropsied to evaluate the presence and fre-
quency of metastases and to determine the weight and size
of primary tumors. Primary tumors extended to the chest
cavity lining, and subsequently metastasized to the mesenteric
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lymph nodes (MLN) and diaphragm, and less frequently to
distant organs at the surface of the liver, spleen, and kid-
neys. Metastases were visible to the naked eye as nodules.
The total number of metastases per mouse (MLN, dia-
phragm, liver, kidney, and spleen) was determined. Normal
and tumor tissues were collected aseptically and kept at
¡80°C, or Wxed in 10% Zinc solution for 48 h and kept in
70% ethanol, until use. The primary tumors and metastases
were conWrmed by histology in the laboratory of Dr. Robert
Reddick. In some cases the metastases were too small for
histological analysis, and only RT-PCR for the detection of
Mage-b expression was performed. Mage-b is highly
expressed in 4T1 metastases and primary tumors, but not in
normal cells [19].

Immunization and tumor challenge

Mice were immunized as described previously [19].
BrieXy, Balb/C mice were injected with 1 ml of 2.9% (w/v)
TGB (Brewer thioglycollate broth B2551, Sigma-Aldrich,
St Louis, MO) into the peritoneal cavity in order to recruit
professional antigen-presenting cells, i.e., macrophages, to
the peritoneal cavity [22]. After 4 days, the mice were
immunized intraperitoneally with 100 �g of the Mage-b
(pcDNA3.1-Mage-b), or with 100 �g of the control vector
(pcDNA3.1), or saline. In order to improve the processing
and presentation of the vaccine antigen, the vaccine and
control vector were mixed with 100 �g of a plasmid-secret-
ing GM-CSF (kindly provided by Dr. Johnston, Director of
Center for Innovations in Medicine Biodesign Institute,
Arizona State University). GM-CSF plasmid DNA (100 �g)
was also added to the saline group. After 3 and 6 weeks, an
identical second immunization was given. After 2 weeks
from the second immunization, primary tumors and
metastases were induced as described above. Twenty-two
days after tumor challenge, the mice were euthanized
and analyzed for tumor size, frequency and location of
metastases.

RT-PCR and Southern blotting

RNA was isolated using Trizol according to the manufac-
turer’s instructions (Life Technologies, Carlsbad, CA).
Conversion of 1 �g of mRNA into cDNA was performed
with Superscript PreampliWcation system (Life Technolo-
gies). Subsequently, 10 �l of the cDNA was ampliWed by
hot start PCR (Platinum PCR SuperMix, Life Technolo-
gies) (40 cycles at 94°C for 30 s, 50°C for 30 s, 72°C for
2 min) in a thermocycler from Perkin–Elmer (Norwalk,
CT). The primers for Mage-b, Fas, FasL, TGF�, and
�-actin used in this study are listed in Table 1. Mage-b
RT-PCR products were hybridized with a chemiluminescence-
labelled 993-bp Mage probe (AY196960) according to the
manufacturer’s instructions (enhanced chemilumines-
cence; Amersham). For comparison of expression levels
between groups, intensity of RT-PCR bands in an ethidium
bromide-stained agarose gel was measured with a densi-
tometer (Fluorchem 8900 from Alpha InnoTech, San Lean-
dro, CA). For each individual gene (Fas, FasL, TGF�, or
�-actin), all samples of vaccinated and control mice were
subjected to RT-PCR in the same experiment, and analyzed
in the same gel. Lymph nodes of tumor-bearing mice were
used as an internal positive control in each experiment.

Analysis of active caspase-3 and caspase-8 
in primary tumors

From each tissue, 3 mm3 was homogenized in an Eppen-
dorf tube with glass beads and 1 ml of PBS, containing
protease inhibitors, by a Wig-L-Bug (Dentsply C020200,
Elgin, IL) for 2–5 £ 30 s. The protein concentration from
each sample was determined by bicinchoninic acid (BCA)
[27]. Active caspase-3 was analyzed by western blotting
following the manufacturer’s instructions (Zymed, Invitro-
gen, Carlsbad, CA), using anti-active caspase-3 antibodies
(Cell Signaling, Danvers MA), and intensity of protein
bands were measured with a densitometer, averaged per

Table 1 Primers used in this 
study

Gene Primer sequence 5�–3� Size of RT-PCR 
product (bp)

Reference

Mage-b F: GAG CTT GAT CCA CGA GTT C 632 U19032

R: AGG AGA CCT GTC CTA GGC

FasL F: CGG TGG TAT TTT TCA TGG TTC TGG 380 DQ846747

R: CTT GTG GTT TAG GGG CTG GTT GTT

Fas F: GCT GCA GAC ATG CTG TGG ATC 408 NM_007987

R: TCA CAG CCA GGA GAA TCG CAG

TGF� F: AGA CGG AAT ACA GGG CTT TCG ATT CA 489 M13177

R: CTT GGG CTT GCG ACC CAC GTA GTA

�-actin F: TCA TGA AGT GTG ACG TTG ACA TCC GT 285 Life Technologies

R: CCT AGA AGC ATT TGC GGT GCA CGA TG
123



1070 Cancer Immunol Immunother (2008) 57:1067–1077
group, and subjected to statistical analysis. Active caspase-
8 was measured by an enzymatic reaction using acetyl
(Ac)-Ile-Glu-Thr-Asp coupled to compound 7-amino-4-
triXuoromethyl coumarin (AFC), which is a substrate for
active caspase-8, according manufacturer’s instructions
(MP Biomedicals, Solon, OH).

In vivo analysis of primary tumors and metastases 
by immunohistochemistry

Tumors and metastases were dissected from the mice in
two independent experiments. BrieXy, Zinc-Wxed (10% v/v)
tissues were embedded in paraYn and 5-�m thick sections
were cut from each block. The sections were stained with
hematoxylin and eosin (H&E) and examined using a light
microscope. All tumors were conWrmed by histological
analysis. Metastases were conWrmed either by histology or
by RT-PCR, due to the small amount of tissues available
for examination. For immunohistochemistry, the paraYn-
embedded sections were stained with primary antibody to
CD4, CD8, CD25 (IL-2 receptor), and subsequently incu-
bated with a biotin-labeled secondary antibody, followed
by incubation with streptavidin conjugated with horserad-
ish peroxidase (HRP), and Wnally incubated with diamino
benzidine (DAB) substrate. All antibodies were purchased
from Pharmingen.

In vitro analysis of cells from LNs after re-stimulation

Cells from inguinal draining lymph nodes (LNs) were
isolated from vaccinated and control mice according to
standard protocols [28]. Within each group (10 mice per
group), the cells of the draining LNs were pooled, and
re-stimulated with syngeneic 64pT tumor cells, expressing
highly Mage-b, as described previously [18]. BrieXy, cells
from draining LN of vaccinated and control mice were
re-stimulated with �-irradiated (40 Gy) 64pT tumor cells
(0.5 £ 106 LN cells/ml and 2 £ 105 or 5 £ 104 64pT
tumor cells/ml). All re-stimulation assays were performed
in DMEM, and 10% FBS. Levels of IL-2 and IFN� were
determined by quantitative ELISA according standard pro-
tocols (Pharmingen, San Diego, CA).

Analysis of IL-6 and IL-10 in primary tumors 
and metastases by ELISA

From each tissue, 3 mm3 was homogenized in an Eppen-
dorf tube with glass beads and 1 ml of PBS containing
0.1% Triton-X100, 2 mM EDTA, and protease inhibitors
by a Wig-L-Bug for 2–5 £ 30 s, and serial dilutions were
made of the supernatant after homogenization (undiluted,
10£, 100£). The ELISA was performed as described
above. The lymphokine levels were normalized for protein

concentration. Three tumors and six metastases were ana-
lyzed from each group (vaccinated or control mice), as well
as the 4T1 cell line.

Results

Preventive eVect of vaccination with Mage-b/GM-CSF/
TGB

To determine the eVect of Mage-b/GM-CSF/TGB, the total
number of metastases in each mouse was measured, then
averaged per mouse, and compared with the average num-
ber of metastases per mouse in the control groups. Immuni-
zation with Mage-b/GM-CSF/TGB signiWcantly reduced
the number of metastases by 67% compared to the saline/
GM-CSF and by 69% compared to the vector control/GM-
CSF/TGB. The average number of metastases per mouse
as determined for each group was 28 (Mage-b/GM-CSF/
TGB), 83 (saline/GM-CSF/TGB), and 93 (control vector/
GM-CSF/TGB) (Fig. 1a). Also, tumor growth was signiW-
cantly reduced by 45% in mice vaccinated with Mage-b/
GM-CSF/TGB compared to the saline/GM-CSF/TGB and
by 47% compared to the control vector/GM-CSF/TGB
group. The average tumor size (mm2) per mouse as deter-
mined for each group was 83 (Mage-b/GM-CSF/TGB), 152
(saline/GM-SCF/TGB), and 158 (control vector/GM-CSF/
TGB) (Fig. 1b). These results indicate a robust protective
eVect of the combination of Mage-b, GM-CSF and TGB.
To exclude that the protective eVect was delivered just by
GM-CSF and/or TGB, we have tested all combinations,
Mage-b + GM-CSF/no TGB, Mage-b + TGB/no GM-CSF,
and TGB alone in the 4T1 model. None of them showed a
signiWcant eVect on the metastases or primary tumors
(Fig. 2a, b).

Expression of Fas, FasL, and active caspase-3 and -8
in 4T1 primary tumors

In previous vaccine studies with Mage-b, but without GM-
CSF and TGB, no eVect was observed on the primary
tumors. In the study presented here, a signiWcant reduction
in growth of primary tumors was observed when vaccinated
with Mage-b and GM-CSF and TGB. To determine
whether apoptosis may have played a role here, we ana-
lyzed the primary tumors of all TGB combination for the
expression of Fas and FasL, known to be involved in apop-
tosis of breast tumor cells [29]. The expression of FasL was
signiWcantly higher in those combinations that contained
TGB compared to the tumors of mice that received no treat-
ment, while Fas expression was constitutively high in all
primary tumors (Fig. 2c, d). The 4T1 cell line did not
express FasL, but Fas was highly expressed (Fig. 2c, d).
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We then analyzed the primary tumors of the vaccinated
and control mice for the expression levels of Fas and FasL.
SigniWcantly higher levels of FasL was observed in the pri-
mary tumors of mice vaccinated with Mage-b/GM-CSF/
TGB compared to the control groups, and this correlated
with smaller tumor weight (Fig. 3a, b). The expression of
Fas was high in the primary tumors of both vaccinated and
control mice (Fig. 3c). We also tested the levels of Fas and
FasL expression in metastases. The eVect of Mage-b/GM-
CSF/TGB on FasL expression in the metastases (not
shown) was less robust than in the primary tumors, and
therefore was not further analyzed.

The interaction between Fas and FasL may activate the
death receptor pathway, via activation of caspase-8 and
subsequent caspase-3. Therefore, we analyzed the tumor
samples for the presence of active caspase-8 and -3. Active
caspase-3 was strongly expressed in the 4T1 primary
tumors (Fig. 3d) but not in the untreated 4T1 cell line (data
not shown). However, no signiWcant diVerence in the lev-
els of active caspase-3 was observed between vaccinated
and control mice. The expression levels of active caspase-
8 in the 4T1 primary tumors did not exceed the expression
levels of active caspase-8 in the 4T1 cell line (data not
shown).

Fig. 1 EVect of Mage-b + GM-CSF + TGB on 4T1 metastases (a),
and primary tumors (b). Mice were immunized preventively three
times i.p. with saline/pCMV-GM-CSF DNA, pcDNA3.1/GM-CSF
DNA or pcDNA3.1-Mage-b/GM-CSF DNA. TGB was injected 4 days
prior to each immunization. 4T1 tumor cells were injected into a mam-
mary fat pad, 2 weeks after the second immunization. Twenty-two
days after injection of 4T1 tumor cells, the mice were euthanized and
analyzed for the frequency of metastases (MLN, diaphragm, liver, kid-
neys, spleen). The results from three vaccine studies are presented in
this Wgure. In each vaccine study, ten mice per group were used. In a,
each triangle represents the number of metastases per individual
mouse. The number of metastases per mouse of the three vaccine stud-

ies was averaged in each group, and subjected to statistical analysis us-
ing the Mann–Whitney test (2-tailed). The vertical bar in each group
represents the average number of metastases per mouse. In b, tumor
sizes were measured every 3 days, and averaged within each group.
Statistical diVerence between tumor sizes at day 22 only (after dissec-
tion) was calculated using the Mann–Whitney test (2-tailed). Tumor
growth was also compared across the six measurement days using
Hotelling’s T statistic, a multivariate method that takes into account
correlation of measurements on the same tumor over time (P = 0.0003
for Mage-b/GM-CSF/TGB vs. saline /GM/CSF/TGB and P < 0.0001
for Mage-b/GM-CSF/TGB vs. control vector/GM-CSF/TGB). Error
bars represent the standard error of the mean
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Immune responses in vivo, at the site of 4T1 primary 
tumor and metastases

In order to evaluate vaccine-induced immune responses in
vivo, we analyzed sections of primary tumors and metasta-
ses for the presence of CD8 T cells, for CD4 T cells, and for
CD25 cells. CD25 is expressed by activated CD4, CD8 T
cells, or NK cells, and by activated macrophages or B cells.
A signiWcant higher number of CD8 T cells were found in
the tumors and metastases of Mage-b/GM-CSF/TGB-vac-
cinated compared to the saline/GM-CSF/TGB and/or vec-
tor control group (Fig. 4a, b). The average number of CD8

T cells/Weld in the primary tumors was ten (Mage-b/GM-
CSF/TGB), four (saline/GM-CSF/TGB), and four (control
vector/GM-CSF/TGB), and in the metastases nine (Mage-
b/GM-CSF/TGB), four (saline/GM-CSF/TGB), and two
(control vector/GM-CSF/TGB). In contrast to CD8 T cells,
a signiWcantly lower number of CD4 T cells were found in
the tumors and metastases of Mage-b/GM-CSF/TGB-vac-
cinated compared to the saline/GM-CSF/TGB and/or vec-
tor control group (Fig. 4c, d). The average number of CD4
T cells in the primary tumors was 3 (Mage-b/GM-CSF/
TGB), 19 (saline/GM-CSF/TGB), and 9 (control vector/
GM-CSF/TGB), and in the metastases 1 (Mage-b/GM-

Fig. 2 The eVect of Mage-b 
with TGB and/or GM-CSF on 
4T1 primary tumors and metas-
tases, and on FasL/Fas expres-
sion. Mice were immunized, 
challenged with 4T1 tumor cells 
and euthanized as described in 
Fig. 1. The number of mice with 
and without metastases (a) as 
well as the tumor weight of each 
mouse (b) was determined, and 
subjected to statistical analysis. 
For these in vivo studies, ten 
mice were used in each group. 
The primary tumors were then 
analyzed for the expression of 
FasL (c) and Fas (d) by RT-
PCR. From each group four 
tumors and four metastases of 
diVerent mice were analyzed and 
measured three times. The 
results were averaged per group 
and subjected to statistical anal-
ysis. The error bars represent 
standard error of the mean
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CSF/TGB), 8 (saline/GM-CSF/TGB), and 9 (control vec-
tor/GM-CSF/TGB). The number of CD25-positive cells
in the tumors and metastases did not signiWcantly diVer
between vaccinated and control groups, in the primary

tumors and metastases (Fig. 4e, f). Finally, we analyzed the
samples for activated macrophages using Mac3 antibodies.
All tumors and metastases from vaccinated and control
mice yielded a dramatically high number of macrophages,

Fig. 3 Expression of Fas/FasL/
active caspase-3 in relation to 
growth of 4T1 primary tumors. 
Mice were immunized, chal-
lenged with 4T1 tumor cells and 
euthanized as described in 
Fig. 1. 4T1 primary tumors were 
analyzed for weight (a), 
expression of FasL (b), Fas (c), 
and active caspase-3 (c). 
Expression of Fas and FasL was 
determined by RT-PCR. Active 
caspase-3 was determined by 
western blotting, and expression 
levels were measured by 
densitometer. From each group 
4–6 tumors of diVerent mice 
were analyzed and measured 
three times. The results were 
averaged per group and 
subjected to statistical analysis. 
The error bars represent 
standard error of the mean
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i.e., more than 60% of the tumors and metastases consisted
of macrophages (data not shown).

In vitro analysis of cells from LNs after re-stimulation

The in vivo analysis suggests that Mage-b vaccination
recruited Mage-b speciWc T cells at the site of the primary
tumors and metastases. However, we have not proven yet
whether the CD8 and CD4 T cells in the primary tumors and
metastases were functionally active. Therefore, we analyzed
cells in the draining LNs of Mage-b-vaccinated and control
mice, bearing 4T1 tumors, for the production of IL-2 and
IFN� by quantitative ELISA. LNs were re-stimulated with
64pT, a syngeneic mouse breast tumor cell line, highly
expressing Mage-b. We found a signiWcant increase in the
level of IFN� in the LN of Mage-b/GM-CSF/TGB-vaccinated
mice compared to the control mice (Fig. 5a), but the responses
were not very strong. Moreover, IL-2 levels in the draining
LN of these mice with tumors were very weak (Fig. 5b).

Production of IL-6, IL-10, and TGF� in 4T1 primary 
tumors and metastases

An important problem in cancer vaccination is the negative
eVect that primary tumors may have on vaccine-induced
immune responses. To evaluate this possibility in our model,
we analyzed the primary tumors and metastases by ELISA or
RT-PCR for the production of lymphokines that potentially
could inhibit vaccine-induced immune responses lympho-
kines such as IL-6, TGF�, and IL-10. It appeared that all pri-
mary tumors and metastases produced high levels of IL-6
(Fig. 6a), and expressed high levels of TGF� (Fig. 6b), while
IL-10 was not produced (data not shown). IL-6 and TGF�
were also expressed in the 4T1 cell line. No signiWcant diVer-
ences in the expression levels of IL-6 or TGF� between
tumor and metastases were observed, and vaccination with
Mage-b/GM-CSF/TGB did not modulate the expression lev-
els of IL-6 and TGF�. Each sample that has been analyzed
contained the same amount of protein or mRNA.

Fig. 4 Immunohistochemical analysis of tissue sections from 4T1
tumors and metastases of vaccinated and control mice. Mice were
immunized, challenged with 4T1 tumor cells and euthanized as
described in Fig. 1. The results from two vaccine studies were
averaged and presented in this Wgure. Sections of 4T1 tumor and
metastases were stained with anti-CD8 (a, b), -CD4 (c, d), and -CD25

(e, f) antibodies. From each group four tumors and four metastases
were blinded-analyzed. From each tumor or metastasis, two sections
were cut and the total number of positive cells in ten Welds were
averaged per group and subjected to statistical analysis, using the
Mann–Whitney test (2-tailed). The error bars represent standard error
of the mean
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Discussion

Results from clinical trials underscore the need for therapies
that are eVective against metastatic breast cancer. In a previ-
ous study [18], we demonstrated that Mage-b vaccination
had a preventive eVect on the development of metastases in
a moderately metastatic breast tumor model 4TO7cg (2–20
metastases per mouse). This is in keeping with the positive
eVects of human clinical trials with MAGE-based vaccines.

However, to greatly increase the eVectiveness of such vac-
cines more extensive preclinical studies in the mouse are
opportune. In the study presented here, we used a much
more aggressive metastatic breast tumor model 4T1 (5–300
metastases per mouse). In this aggressive 4T1 model the
same Mage-b vaccine used previously, was only weakly
protective (unpublished results). However, when Mage-b
was combined with plasmid DNA secreting GM-CSF, and
when APC were recruited to the pc with TGB prior to each
vaccination, a robust protective eVect was observed on the
4T1 metastases. To exclude that the protective eVect was
delivered just by GM-CSF and/or TGB, we have tested all
combinations Mage-b + GM-CSF/no TGB, Mage-b + TGB/
no GM-CSF, as well as TGB alone in the 4T1 model. None
of them had a signiWcant eVect on the metastases. Interest-
ingly, the combination of Mage-b and GM-CSF and TGB
not only protected against metastases, but also inhibited the
growth of 4T1 primary tumors. This is in contrast to previ-
ous studies with the metastatic 4TO7cg and nonmetastatic
64pT models, in which Mage-b alone had a signiWcant
eVect on the metastases but not on the primary tumors [18].
These results raised several questions. The Wrst question
was whether the smaller tumors were the result of immune
responses induced by vaccination with Mage-b/GM-CSF/
TGB, and the second question was, whether other mecha-
nism(s) contributed to the smaller tumors as well.

To answer the Wrst question, we analyzed the primary
tumors for the presence of CD8, CD4 and CD25 cells. We
found a signiWcant higher number of CD8 T cells and
simultaneously a signiWcant lower number of CD4 T cells
in tumors and metastases of mice vaccinated with Mage-b/
GM-CSF/TGB compared to both control groups. To iden-
tify whether regulatory T cells are responsible for this
decrease in CD4 T cells more detailed analyses with anti-
bodies against CD4, CD25, and Foxp3 will be needed. The
signiWcant increase in CD8 T cells in the group vaccinated

Fig. 5 Generation of Mage-b-speciWc immune responses in spleens
and LNs of BALB/c mice with 4T1 tumors and metastases. Mice were
immunized, challenged with 4T1 tumor cells and euthanized as de-
scribed in Fig. 1. Two weeks after the last immunization mice were
killed and draining (inguinal) LN of mice with tumors were isolated,
pooled, and subsequently restimulated with syngeneic breast 64pT

tumor cells, highly expressing Mage-b. Levels of IFN� (a) and IL-2 (b)
were measured by quantitative ELISA. Experiments were performed
in triplicates, averaged and subjected to statistical analysis, using
ANOVA. Error bars represent standard deviations. The results from
one vaccine study are presented in this Wgure. In each group 5–7 mice
were used
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with Mage-b/GM-CSF/TGB are promising and suggest that
Mage-b vaccination may have recruited antigen-speciWc
CD8 T cells at the site of the primary tumors. However, we
have not proven that they are functionally active. In vitro
analysis of the draining LN showed signiWcantly higher
levels of IFN� in the group of vaccinated compared to the
control mice. However, the responses were not very strong.
Moreover, IL-2 production was almost undetectable. These
results suggest that immune responses may have been down
regulated at the site of the 4T1 primary tumors. In addition,
we cannot exclude that NK cells and macrophages may
have played a role here as well.

Many primary tumors produce lymphokines that reduce
vaccine-induced T cell responses [30]. We found high levels
of TGF� and IL-6, in the primary tumors and metastases of
the 4T1 model. TGF� and IL-6 are both known for their abil-
ity to prevent maturation of DC [31–33] that subsequently
leads to inhibition of T cell function. We found evidence that
IL-6-neutralizing antibodies could restore IFN� levels in LNs
of 4T1 tumor-bearing mice, while puriWed IL-6 completely
abrogated IFN� levels in the spleen of 4T1 tumor-bearing
vaccinated mice, after re-stimulation with bone marrow cells
expressing Mage-b (manuscript in preparation). A signiWcant
diVerence in expression levels of IL-6 or TGF� was not
observed between tumors and metastases in vitro. However,
in vivo the primary tumors are 100–100,000 times larger
than the metastases. Therefore, IL-6 and TGF-beta levels are
expected to be 100–100,000 times higher in the environment
of the tumor compared to the environment of the metastases,
and consequently the inhibition of T cell functions are
expected to be much stronger at the site of the primary
tumors than at the site of the metastases.

To answer the second question, i.e., whether other
mechanism were activated by the combination of Mage-b,
GM-CSF and TGB and contributed to smaller tumors, we
analyzed the primary tumors for the expression of various
genes that could possibly be involved in apoptosis of the
breast tumor cells. Evidence for the interaction of Fas with
FasL in breast tumors activating the death receptor apopto-
tic pathway [29], exists. Fas expression was constitutively
high in all primary tumors and in the 4T1 cell line. How-
ever, FasL was signiWcantly higher in those combinations
that contained TGB, compared to tumors of mice that
received no treatment. This was quite surprising since TGB
was originally used for its improvement of DNA uptake in
macrophages. FasL was not expressed in the 4T1 tumor cell
line, suggesting that immune cells inWltrated in the primary
tumors expressed FasL. Correlation between high expres-
sion level of FasL and smaller tumors was only observed in
the group of Mage-b/GM-CSF/TGB, but not in the other
groups that contained TGB. In addition, signiWcantly higher
levels of FasL were observed in the primary tumors of mice
vaccinated with Mage-b/GM-CSF/TGB compared to the

control groups (vector/GM-CSF/TGB and saline/GM-CSF/
TGB), and this correlated with the smaller tumor weight.
These results suggest that FasL may be expressed in diVer-
ent immune cells, but only the FasL-expressing cells in the
group of Mage-b/GM-CSF/TGB may have contributed to
smaller tumors. We found signiWcantly higher number of
CD8 T cells in the primary tumors of mice vaccinated with
Mage-b/GM-CSF/TGB compared to the control mice.
Mage-b (and GM-CSF) may have recruited CD8 T cells to
the primary tumors, while TGB may have induced FasL
expression in the CD8 T cells. Also macrophages, abun-
dantly present in all 4T1 primary tumors (and metastases),
may express FasL. It is possible that FasL-expressing CD8
T cells are more eVective in killing Fas-expressing tumor
cells than FasL-expressing macrophages. Interaction of
Fas–FasL can activate caspase-8, and subsequently caspase-3
[32]. Caspase-3 was strongly activated in both vaccinated
and control mice, but signiWcant diVerences between the
groups could not be observed. The 4T1 cell line did not
express active caspase-3. In addition, levels of active
caspase-8 in the 4T1 primary tumors did not exceed those
levels in the 4T1 cell line. Our results suggest that we have
not looked at the correct time point for the detection of
active caspase-8 and -3, since the tumor cells in which
apoptosis was induced were already dead. However, CD8 T
cells (expressing FasL) are not expected to die, and there-
fore the higher expression levels of FasL in the 4T1 pri-
mary tumors of vaccinated compared to the control mice
are still detectable at a later time point. The similar levels of
active caspase-3 observed in the 4T1 primary tumors of
vaccinated and control mice, might be the result of interac-
tion between FasL on macrophages, which were abundantly
present in all primary tumors of vaccinated and control
mice (60% of all 4T1 primary tumors consist of macro-
phages), and the Fas-expressing tumor cells. We have ana-
lyzed other genes involved in apoptotic pathways such as
active caspase-9 and -12, TRAIL and DR5, DcR1, DcR2,
as well as TNF�. None of them were positive or signiW-
cantly higher expressed in the 4T1 primary tumors of vacci-
nated compared to the control mice (data not shown).

In conclusion, the most important result here is that the
combination of Mage-b, GM-CSF and TGB provided a
robust protective eVect against 4T1 metastases. Our results
suggest that immune responses are down regulated at the
site of the primary tumor but not at the site of the metasta-
ses. At the site of the primary tumors, expression of FasL
was induced in immune cells by the combination of Mage-
b, GM-CSF and TGB. Whether this may have contributed
to smaller tumors needs to be further analyzed. If so, then
the vaccination of Mage-b and GM-CSF DNA combined
with drug treatment that induce the expression of FasL (and
could replace TGB) may lead to an improved therapy
against metastatic breast cancer expressing Fas protein.
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