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Abstract MAGE-3, a member of melanoma antigen
(MAGE) gene family, is recognized as an ideal candidate
for tumor vaccine because it is expressed in a significant
proportion of tumors of various histological types and
can induce antigen-specific immune response in vivo.
There is now substantial evidence that heat shock pro-
teins (HSPs) isolated from cancer cells and virus-infected
cells can be used as vaccines to produce cancer-specific
or virus-specific immunity. In this research, we investi-
gated whether M. tuberculosis HSP70 can be used as
vehicle to elicit immune response to its accompanying
MAGE-3 protein. A recombinant protein expression
vector was constructed that permitted the production of
fusion protein linking amino acids 195–314 of MAGE-3
to the C terminus of HSP70. We found that HSP70-
MAGE-3 fusion protein can elicit stronger cellular and
humoral immune responses against MAGE-3 expressing
murine tumor than those elicited by MAGE-3 protein in
vivo, which resulted in potent antitumor immunity
against MAGE-3-expressing tumors. Covalent linkage
of HSP70 to MAGE-3 was necessary to elicit immune
response to MAGE-3. These results indicate that linkage
of HSP70 to MAGE-3 enhanced immune responses
to MAGE-3 in vivo and HSP70 can be exploited to
enhance the cellular and humoral immune responses
against any attached tumor-specific antigens.
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Introduction

The identification of human tumor antigens opens up a
possibility to develop cancer vaccines. The melanoma
antigen(MAGE) gene family, which encodes antigens
recognized by cytotoxic T lymphocytes (CTLs), was
identified from a melanoma cell line (MZ2E) in 1991 [1].
MAGE-1 and MAGE-3 antigens have been termed as
tumor-rejection antigens because tumors expressing
these antigens on appropriate human leukocyte antigen
(HLA) class I molecules are rejected by host CTLs [2].
MAGE-3, a closely related gene to MAGE-1, is more
abundantly and frequently expressed than MAGE-1 [3].
MAGE-3 is expressed in a significant proportion of
primary and metastatic tumors of various histological
types, such as in 74% of metastatic melanoma and in
50% of carcinomas of esophagus, head and neck,
bladder, and lung [4]. MAGE-3 is recognized as ideal
candidate for tumor vaccine and has been applied in a
variety of vaccines [5, 6].The MAGE-3 gene encodes a
melanoma antigenic epitope recognized by specific CTLs
[7]. Indeed, tumor regression responses were observed in
melanoma patients treated with a peptide encoded by
MAGE-3 gene [8]. However, tumor regressions have
been observed in only 15% or 28% of patients vacci-
nated with MAGE-3 peptide or MAGE-3 recombinant
protein, respectively [5, 8]. So, there is a need to increase
the potency of tumor vaccines based on MAGE-3.

Heat shock proteins (HSPs), a family of highly con-
served molecules, are found in all prokaryotes and in
most compartments of eukaryotic cells and play essen-
tial roles in protein metabolism under both stress and
non-stress conditions, including functions in protein
folding and membrane translocation and the degrada-
tion of misfolded proteins [9]. There is now substantial
evidence that HSPs isolated from cancer cells and virus-
infected cells can elicit cancer-specific or virus-specific
immunity [10, 11]. These observations suggest that HSPs
chaperone antigenic peptides into antigen-presenting
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cells (APCs), potentially allowing peptides to enter the
MHC class I pathway for loading onto MHC class I
molecules, where they can be presented to cytotoxic
CD8+ T cells. Previous studies demonstrated that sol-
uble, adjuvant-free HSP70 fusion proteins could elicit
substantial immune responses in mice [12].

Based on these observations, we constructed and
purified a recombinant M. tuberculosis HSP70-MAGE-3
fusion protein and found that fusing HSP70 to MAGE-3
enhanced cellular and humoral immune responses to
MAGE-3 in vivo, which resulted in potent antitumor
immunity against MAGE-3-expressing tumors.

Material and methods

Expression vector constructs

pET28a (+) expression vector was the basic plasmid
used for the preparation of expression vector constructs.
The complete coding sequence containing M. tubercu-
losis HSP70 gene was amplified by PCR using the
pcDNA3-HSP70 [13] as a template. The upstream pri-
mer (5¢-GGCGCTA GCATGGCTCGTGCGGTCGG-
GATC-3¢) contained an Nhe I site including the AUG
translation initiation codon. The downstream primer (5¢-
GCGGAGCTCCTTGGCCTCCCGGCCGTC-3¢or 5¢-
GCGGAGCTC TCACTTGGCCTCCCGGCCGTC-3¢)
contained a Sac I site either immediately after the last
coding sequence or immediately after the translation
stop codon. The portion of MAGE-3 (aa195-314) cod-
ing sequence was amplified by RT-PCR using total
RNA of human melanoma LiBr cells as a template. The
upstream primer (5¢-TTTGAGCTCATCATGCCCAA-
GGCAGGC-3¢) contained a SacI site immediately
before amino acid 195 of MAGE-3. The downstream
primer (5¢-TTTCTCGAGTCACTCTTCCCC CTCTC-
TC-3¢) contained an XhoI site, immediately after the
translation stop codon. For the generation of pET-
HSP70, the full-length HSP70 was subcloned into Nhe I
and SacI sites of pET28a (+). MAGE-3 was subcloned
into SacI and Xho I sites of pET28a (+) to generate
pET-MAGE-3. For the generation of pET-HSP70-
MAGE-3, MAGE-3 was subcloned into Sac I and Xho I
sites of pET-HSP70. All vectors were propagated in
E. coli DH5a. Recombinant protein expression was
conducted in E. coli BL21(DE3)pLysS.

To construct the pcDNA- MAGE-3, MAGE-3 was
amplified by PCR. The upstream primer (5¢-TTTGCT-
AGCATGCCTCTTGAGCAGAGGAG-3¢) contained
an Nhe I site including the AUG translation initiation
codon. The downstream primer (5¢-CGGCTCGAGT-
TAGACTCCCTCTTCCTCCT-3¢) contained an Xho I
site immediately after the translation stop codon. The
fragment was subcloned into the Nhe I and Xho I sites of
pcDNA3.1(+) vector.

The presence of the inserted fragment was confirmed
using restriction enzyme digestion and gel electropho-
resis. All constructs was confirmed by DNA sequencing.

Protein purification

Overnight cultures of BL21 (DE3) pLysS were diluted 1/
100 in SOB medium containing kanamycin (30 lg/ml)
and chloramphenicol (50 lg/ml). The cultures were
grown to an OD600 of 0.5 and recombinant protein
production was induced at 25�C by addition of isopro-
pyl thiogalactoside (IPTG) (0.5 mM) for 4 h. The cells
were harvested and cell pellets were frozen at �20�C.
Recombinant protein was purified as soluble protein
using Ni-NTA Agarose (Qiagen Inc., USA) according to
the manufacturer’s protocol. Protein purity was verified
by SDS-PAGE and protein fractions were pooled and
dialyzed against 0.1 mM PBS at 4�C for 48 h. Protein
concentration was determined by Bradford assay.

Cell lines

The mouse melanoma cells line B16 that had no homol-
ogous form of MAGE-3 was transfected with the plasmid
pcDNA-MAGE-3 using Lipofectamine 2000 (Invitrogen,
USA) and then selected in the presence of 600 lg/ml
G418 (Sigma Chem. Co.). The G418-resistant clones were
subcloned and then screened for MAGE-3 expression by
Western blot using the anti-MAGE-3 antibody (Neo-
Markers, USA). The positive B16-MAGE-3 cells were
maintained at 37�C in 5% CO2 in DMEM containing
10% fetal bovine serum and 200 lg/ml G418. On the day
of tumor challenge, B16 or B16-MAGE-3 cells were
harvested and finally resuspended in 1·PBS for injection.

Mice

Female C57BL/6 mice (6–8 weeks old) were obtained
from the Laboratory Animal Center of the Fourth
Military Medical University (Xi’an, China). All animal
procedures were performed according to approved
protocols and in accordance with recommendations for
the proper use and care of laboratory animals.

Protein vaccinations

Groups of sixmicewere intraperitoneally (i.p.) injectedwith
3.2 lg (200 pmol) MAGE-3, 15.8 lg (200 pmol) HSP70,
18.6 lg (200 pmol) HSP70-MAGE-3, or 1.6 lg (100 pmol)
MAGE-3 mixed with 7.9 lg (100 pmol) HSP70 and mice
i.p. injected with 100 ll PBSwere used as control. A second
vaccination was performed 2 weeks later. The splenocytes
were harvested and pooled 2 weeks after the boost.

IFN-c enzyme-linked immunosorbent spot (ELISpot)
assays

Mouse IFN-c ELISpot assay was performed in PVDF-
bottomed 96-well plates (Millipore, Bedford, MA, USA)
by using a murine IFN-c ELISpot kit (Diaclone,
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Besancone, France) according to the manufacturer’s
instructions with minor modifications. Briefly, plates
were coated overnight at 4�C with anti-IFN-c capture
antibody and washed three times with PBST (PBS+
0.05% Tween20). Plates were blocked for 2 h with 2%
skimmed dry milk. 1·106 cells/well splenocytes were then
added together with the indicated number of lethally
irradiated (10,000 cGy) B16 or B16-MAGE-3 cells (5·104/
well respectively) and incubated for 24 h at 37�C. Cells
were then removed and a biotinylated IFN-c detection
antibody was added for 2 h. Free antibody was washed
out, and the plates were incubated with streptavidin-
alkaline phosphatase for 1 h at 37�C, followed by exten-
sive washing with PBST, and with PBS. Spots were
visualized by the addition of the alkaline phosphatase
substrate BCIP/NBT. The number of dots in eachwell was
counted using a dissection microscope. The number of
MAGE-3-specific T-cell precursors in splenocytes was
calculated by subtracting the IFN-c+spots of splenocytes
on B16 stimulating cells from that on B16-MAGE-3 cells.

Cytotoxicity assays

The CytoTox 96 non-radioacive cytotoxicity assay
(Promega Inc.) was performed to determine the cyto-
toxic activity of the splenocytes in mice vaccinated with
various proteins against B16 and B16-MAGE-3 tumor
cells, according to the manufacturer’s protocol with
minor modification. Briefly, splenocytes of vaccinated
mice were cultured in the presence of human IL-2 (40 U/
ml) and irradiated B16-MAGE-3 cells. After 3 days, B16
and B16-MAGE-3 target cells were plated at 1·104 cells/
well on 96-well U-bottomed plates (Costar), then the
splenocytes (effector cells) were added in a final volume
of 100 ll at 1:2.5, 1:5, and 1:10 ratio, respectively. The
plates were incubated for 45 min in a humidified
chamber at 37�C, 5% CO2, and centrifuged at 500·g for
5 min. 50 ll aliquots were transferred from all wells to a
fresh 96-well flat-bottom plates, and an equal volume of
reconstituted substrate mix was added to each well. The
plates were incubated at room temperature for 30 min
and protected from light. Then 50 ll stop solution was
added, and the absorbance values were measured at
492 nm. The percentage of cytotoxicity for each effector:
target cell ratio was calculated from the equation: [A
(Experimental) � A (Effector Spontaneous) � A (Tar-
get Spontaneous)]·100/[A (Target maximum) � A (Target
spontaneous)]. Percentage of MAGE-3-specific lysis was
calculated by subtracting the lysis percentage of spleno-
cytes on B16 from that on B16-MAGE-3 target cells.

Anti-MAGE-3 ELISA

The anti-MAGE-3 antibody in the sera of vaccinated
mice was determined by ELISA. Briefly, a 96-well flat-
bottom ELISA plate was coated overnight at room
temperature with 50 ll of 2.5 lg/ml MAGE-3 protein

(aa 195–314). The plate was rinsed with PBS, incubated
with blocking buffer (5% nonfat dry milk powder and
0.2% Tween 20 in PBS) for 2 h at 37�C. Mouse serum
was 1:50 diluted in blocking buffer, added to the plate,
and incubated for 2 h at 37�C. After rinsing with PBS, the
plate was incubated with horseradish peroxidase-conju-
gated anti-mouse IgG (Santa Cruz Biotech Inc. Santa
Crus, CA, USA) for 1 h at 37�C. Tetramethyl-benzidine
substrate was added, followed by incubation for 20 min
at room temperature. The reaction was stopped with 2 M
H2SO4. The ELISA plate was read at 450 nm.

In vivo tumor treatment experiments

Mice (six per group) were s.c. challenged with B16-
MAGE-3 or B16 tumor cells (2·106 cells/mouse, respec-
tively) in the right legs. 3 days later, mice were i.p. vac-
cinated with 200 pmol/mouse various proteins. One week
later, these mice were boosted with the same regime as the
first vaccination. Tumor volumes (length · width2 · p/6)
were measured for each individual mouse and were
plotted as the mean tumor volume of the group (±
standard error, SE) versus days post tumor challenge.
Once tumors became palpable, measurements were taken
twice a week. The survival time of mice was recorded and
Kaplan–Meier curves were generated.

Results

Production and purification of recombinant proteins

A recombinant system permitting production of
M. tuberculosis HSP70 fusion protein in E. coli was
developed to link aa 195–314 of MAGE-3 to the C
terminus of HSP70. A comparable recombinant
MAGE-3 protein (aa 195–314) and recombinant HSP70
protein were also produced. The selected portion of
MAGE-3 contains many immunodominant epitope
recognized by CTLs. The HSP70-MAGE-3 fusion pro-
tein, the MAGE-3 (aa 195–314) protein and HSP70
protein were expressed at high levels in E. coli (Fig. 1.).
These proteins were purified as soluble proteins.

Escherichia coli-derived recombinant proteins could be
contaminated with endotoxins, which have nonspecific
immunostimulatory activities. The level of endotoxins in
three purified recombinant proteins was determined using
Limulus amebocyte lysate assay. All of the proteins had
less than 0.05% endotoxin by weight. So, endotoxin con-
tamination of the recombinant proteins was negligible.

Vaccination of mice with the HSP70-MAGE-3 enhances
MAGE-3-specific T-cell-mediated immune responses

CD8+ CTLs are one of the most crucial components
among antitumor effectors [14]. To determine the
MAGE-3-specific CD8+ T-cell precursor frequencies
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generated by HSP-70-MAGE-3, ELISpot was per-
formed. ELISpot assay is a sensitive functional assays
used to measure IFN-c production at the single-cell
level, which can thus be applied to quantify antigen-
specific CD8+ T cells. As shown in Fig. 2, the number of
spot-forming T-cell precursor specific for MAGE-3 in
the splenocytes from mice vaccinated with HSP-70-
MAGE-3 was about four to five times greater than that
from mice with MAGE-3 alone. The MAGE-3-specific
IFN-c producing T cells/106 splenocytes derived from
mice vaccinated with MAGE-3 or MAGE-3 mixed with
HSP70 were slightly higher than those from mice vac-
cinated with HSP70 or PBS. The results suggest that the
HSP70-MAGE-3 can enhance the generation of IFN-c-
producing MAGE-3-specific T-cell precursors.

We also performed cytotoxicity assays to determine the
MAGE-3- specific lysisofMAGE-3-expressing cells byCTLs
induced by vaccination with HSP70-MAGE-3. As shown in
Fig. 3, the MAGE-3-specific lysis of CTLs from mice vacci-
natedwithHSP70-MAGE-3was greater than that frommice
vaccinated with MAGE-3, whereas mice vaccinated with
MAGE-3 or MAGE-3 mixed with HSP70 showed slightly
higher than the HSP70-vaccinated mice or controls (PBS).
Using these two methods, we have demonstrated that
HSP70-MAGE-3 vaccination led to the enhancement of
theMAGE-3-specific T-cell-mediated immune response.

Vaccination of mice with the HSP70-MAGE-3 enhances
MAGE-3-specific humoral immune responses

We investigated whether mice would elicit an anti-
MAGE-3 antibody response after vaccination with the

HSP70-MAGE-3. The quantity of anti-MAGE-3 anti-
body in the sera of the vaccinated mice was determined
by ELISA 2 weeks after the last vaccination. Mice vac-
cinated with MAGE-3, MAGE-3 mixed with HSP70,
HSP70 or PBS showed low or undetectable levels of
anti-MAGE-3 antibody. In contrast, mice vaccinated
with HSP70-MAGE-3, had significantly high levels of
anti-MAGE-3 antibody. The results show that the
HSP70-MAGE-3 can elicit the MAGE-3-specific hu-
moral immune responses (Fig. 4).

Vaccination with HSP70-MAGE-3 delays tumor growth
and prolongs survival time of mice challenged with B16-
MAGE-3 tumor cells

To test the efficacy of protein vaccines in eradicating
established B16-MAGE-3 tumors, in vivo tumor treat-
ment experiments were performed. B16-MAGE-3 cells
were first s.c. inoculated into C57BL/6 mice at the dose
of 1·106 cells/mouse. Three days later, each mouse was
i.p. vaccinated with 200 pmol various protein, followed
by a boost after 1 week. All mice challenged with tumor
cells were monitored for tumor growth, and growth was
recorded as the average tumor volume (Fig. 5a). 21 days
after the B16-MAGE-3 tumor challenge, the average
tumor volume in the control and in HSP70-immunized
mice was greater than 800 mm3. The tumor growth was

Fig. 2 ELISpot assays of MAGE-3-specific T-cell precursors from
the splenocytes of vaccinated mice. C57BL/6 mice were intraper-
itoneally vaccinated with MAGE-3, HSP70, HSP70-MAGE-3, or a
mixture of MAGE-3 with HSP70. The control group received PBS.
A second vaccination was performed 2 weeks later. The number of
INF-c producing MAGE-3-specific T-cell precursors was deter-
mined by using the ELISpot assay. The spot-forming numbers were
the mean of ±SE in each group. Statistical analysis by a paired
Student’s t-test revealed that mice vaccinated with HSP70-MAGE-
3 generated the higher IFN-c spot number than MAGE-3 or a
mixture of MAGE-3 and HSP70 (p<0.01, n=6)

Fig. 1 Production and purification of recombinant proteins. Purified
proteins were examined by SDS-PAGE and visualized by Coomassie
staining. Lane 1 low molecular weight markers; Lane 2 MAGE-3
protein (aa 195–314);Lane 3HSP70 protein;Lane 4HSP70-MAGE-3
protein
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slightly delayed by MAGE-3 or MAGE-3 mixed with
HSP70 vaccination. Vaccination with HSP-70-MAGE-3
significantly delayed tumor growth in B16-MAGE-3
tumor model compared to vaccination with PBS and
other proteins. The survival of mice was recorded as the
percentage of mice surviving after the tumor challenge
(Fig. 5c). All the mice in control group died 42 days
after tumor challenge. None of MAGE-3 or mixture of
MAGE-3 and HSP70-immunized mice had survived
57 days after tumor challenge. In contrast, survival time
of mice was significantly prolonged in the mice vacci-
nated with HSP70-MAGE-3 and 1 out 6 mice survived
over 78 days.

To test whether or not MAGE-3 is the main con-
tributor to the anti-tumor response, we inoculated mice
with either B16 or B16-MAGE-3 tumor cells, and vac-
cinated these mice with HSP70-MAGE-3. As shown in
Fig. 5b, d, HSP70-MAGE-3 vaccination had no effect
on delaying the tumor growth and prolonging the sur-
vival time in the B16 tumor model. The results demon-
strate that the MAGE-3 substantially contributed to the
anti-tumor immune response.

These experiments demonstrate that HSP70-MAGE-
3 is potent therapeutic vaccines against the MAGE-3-
expressing tumor.

Discussion

In this study, the HSP70 fusion vector described here
enabled the expression of recombinant HSP70-MAGE-3
fusion protein. Both cellular and humoral immune re-
sponses against MAGE-3 could be elicited by vaccina-
tion with HSP70-MAGE-3, which resulted in potent
therapeutic effects against MAGE-3-expressing tumors.
Fusing HSP70 to MAGE-3 enhanced the immunoge-
nicity of the MAGE-3 and obviated the need for an
adjuvant.

Tumor vaccination strategies have been developed
over the past years [15]. Recently, several genes or
gene families encoding tumor-associated antigens have
been verified [16]. Cancer/testis antigens, a subgroup of
these tumor-associated antigens, are expressed in a

Fig. 3 MAGE-3-specific lysis against B16-MAGE-3 cells by cyto-
toxic T lymphocytes (CTLs) induced by vaccination with various
proteins. Mice were vaccinated as described in the Fig. 2. The
splenocytes of mice were harvested and restimulated with irradiated
B16-MAGE-3 cell. The percentage of specific lysis of CTLs on B16-
MAGE-3 target cells was determined by a cytotoxicity assays.
Percentage of MAGE-3-specific lysis was calculated by subtracting
the percentage lysis of CTLs on B16 from that on B16-MAGE-3
target cells. The MAGE-3-specific lysis of CTLs from mice
vaccinated with HSP70-MAGE-3 was higher than those vaccinated
with MAGE-3, or a mixture of MAGE-3 and HSP70 (p<0.01,
n=6)

Fig. 4 Anti-MAGE-3 antibody titers in C57BL/6 mice vaccinated
with various recombinant proteins. C57BL/6 mice were vaccinated
as described in Fig. 2. Serum samples were obtained from
vaccinated mice 2 weeks after the booster vaccination. The anti-
MAGE-3 antibody was examined by ELISA. The results of the
1:50 dilution are presented showing the mean absorbance
(A450nm) ± SE. Mice vaccinated with MAGE-3, HSP70 or PBS
had low or undetectable levels of anti-MAGE-3 antibody.
However, mice vaccinated with HSP70-MAGE-3, had significantly
higher titers of anti-MAGE-3 antibody than other groups (p<0.01,
n=6)
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variety of malignant neoplasms, and in the testis as the
only normal tissue [17]. The MAGE gene family is the
first cancer/testis antigen isolated, and 12 different
MAGE genes have now been identified, of which
MAGE-3 gene shows the typical cancer/testis antigen
expression pattern [18]. For these reasons, MAGE-3
can be used as an attractive gene for tumor vaccines.
The gene product of MAGE-3 has been verified as a
48-kDa cytoplasmic protein [19]. One clinical study
reports that five valuable immune responses were ob-
served among 33 melanoma patients which were
MAGE-3-positive upon vaccination with recombinant
MAGE-3 protein combined with adjuvant [5]. The

need for more effective immunological prophylaxis and
therapy for cancer has spurred intensive investigation
of immunogens and immunization strategies aiming at
eliciting effective CD8+ CTLs responses since the
clinical effects will depend on the enhancement of T
cell immunity.

Srivastava as well as others [20, 21] have demon-
strated that HSP—peptide complexes isolated from
tumor cells or mixing the peptides with HSPs can in-
duce specific CTLs responses and tumor protection.
However, there are limitations to immunization strate-
gies when using HSPs and bound peptides isolated
from cells or tissues of individuals. First, potentially
immunogenic peptides may not bind to HSPs, yet still
may bind to MHC class I molecules and stimulate T
cells. Second, the isolation and purification of HSPs
with bound peptides from human tissues and tumors
are relatively more complicated. Third, the yield of
purified HSP-peptide complexes can be low, and,
therefore, substantial amounts or special handling of
tissues and tumors may be required. Fourth, HSPs
preparations must be made for each patient, and only
patients with sufficient tissue or tumor are candidates
for this treatment. Furthermore, the tissue or tumor
must be accessible to surgical excision [22]. In contrast,
recombinant HSP70-MAGE-3 fusion protein described
here has several advantages. First, the HSP70 fusion
proteins are easy to produce in large amounts, to
purify, and to characterize. Secondly, the HSP70-
MAGE-3 fusion protein provides a richer source of
immunodominant epitopes available for binding to di-
verse MHC molecules. Third, the HSP70-MAGE-3

Fig. 5 The immunotherapy of pre-established B16-MAGE-3 mel-
anoma (a, c) or B16 melanoma (b, d) with recombinant proteins.
Groups of mice were s.c. inoculated with B16-MAGE-3 or B16
tumor cells (1·106 cells/mouse, respectively). Mice were intraper-
itoneally vaccinated with various proteins (or PBS) on day 3 and
day 10. Tumor growth (a, b) was recorded as the mean tumor
volume (in mm3). Error bars depict SE, n=6 mice/group. The
survival of mice was recorded as the percentage of mice surviving
after tumor challenge. For a, The tumor growth was slightly
delayed by MAGE-3 or a mixture of MAGE-3 and HSP70
vaccination. Vaccination with HSP-70-MAGE-3 significantly
delayed tumor growth in B16-MAGE-3 tumor model compared
to vaccination with other proteins from day 21 (p<0.05, n=6).
For b, HSP70-MAGE-3 vaccination delayed tumor growth in
B16-MAGE-3 tumor model but not in B16 tumor model. Kaplan-
Meier curves (c, d) were generated from survival data (n=6 mice/
group). For c, Survival time of mice was significantly prolonged in
the mice vaccinated with HSP70-MAGE-3 than other groups
(p<0.01). For d, HSP70-MAGE-3 vaccination prolonged survival
time of mice in B16-MAGE-3 tumor model but not in B16 tumor
model
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fusion protein can be used for all patients with MAGE-
3 -positive tumor. Fourth, the strict tumor specificity of
MAGE-3 should rule out damage of normal tissues
following immunization.

The experiments described here demonstrate that
linkage of HSP70 to MAGE-3 enhances MAGE-3-spe-
cific immune responses and antitumor effect is consistent
with previous reports that linkage of HSPs to HIV-1 p24
[12], HPV16-E7 [23] or ova [24] proteins stimulate
antigen-specific immune response. Despite the avid
interest in this method of immunization, the underlying
mechanisms of priming these responses are yet to be
fully elucidated.

Immunization with the HSP70-MAGE-3 protein
elicited a strong anti-MAGE-3 response. We suggest
that the humoral response against MAGE-3 is enhanced
by HSP70 linkage in the following manner. When mice
are primed with HSP70-MAGE-3 protein, and then
exposed to a second dose, a MAGE-3-specific B cell
recognizes, internalizes and processes the fusion protein.
The B cell then efficiently presents peptides derived from
HSP70 on its surface in the context of an MHC mole-
cule. This MHC/HSP70 peptide complex is bound by
HSP70-reactive T cell, leading to the directed release of
cytokines by the T cell to the B cell. These soluble fac-
tors stimulate the B cell to proliferate, differentiate, and
secrete anti-MAGE-3 antibody.

Evidences suggest that HSPs may chaperone anti-
genic peptides into APCs, potentially allowing peptides
to enter the MHC class I processing pathway in APCs
and stimulating production of CD8+ CTLs. The
mechanisms by which HSP70 enables covalently linked
polypeptide fusion partners to enter into the MHC class
I antigen-presenting pathway and to elicit CD8+ CTLs
have been proposed to be (1) HSP70’s ability to assist
protein folding and to facilitate the translocation of
proteins into subcellular compartments [25, 26], (2)
HSP70’s ability to facilitate the breakdown of intracel-
lular proteins [12], and (3) the high frequency of T cells
directed against HSP70. So we suggest that a major
mechanism by which HSP70-MAGE-3 protein enhances
MAGE-3-specific cellular immune responses may be
that HSP70 improves direct MHC class I presentation of
MAGE-3 to CTLs.

However, strong induction of CTLs by HSP70-
MAGE-3 protein may require mechanisms other than
simply increasing efficacy of antigen presentation
through delivery of MAGE-3 to the MHC class I
pathway. The effective priming of CD8+ CTLs requires
activation and maturation of APCs. A recent study re-
ported that HSPs fused to antigens might stimulate
dendritic cells (DCs) to upregulate expression of MHC
class I and costimulatory molecules [27]. So we suggest
that HSP70 can activate APCs to prime CTL responses
and augment cellular immune response to MAGE-3. cd
T cells may also contribute to the HSPs-associated
antitumor immunity. Wei et al. [28] demonstrated that
cd T cells could kill the heat-treated autologous tumor
cells through recognition of HSP70 on the target cells.

Whether cd T cells participate in the antitumor effect
generated by HSP70-MAGE-3 vaccination has not been
clarified. Further experiments must be performed to
address the underlying mechanism.

MAGE-3-specific immune responses were enhanced
by HSP70-MAGE-3 fusion protein but not by a mixture
of MAGE-3 with HSP70, which indicated that covalent
linkage of HSP70 to MAGE-3 was necessary to elicit
immune responses. These results were consistent with
previous report that immune responses was elicited in
mice when HSP70 was crossed-linked but not simply
mixed with the ova protein [12, 24]. These results imply
that the linked-protein, which already contains numer-
ous T cell epitopes, becomes more immunogenic due to
the addition of HSP70 T cell epitopes.

In summary, our results indicate that the HSP70-
MAGE-3 fusion protein can elicit stronger MAGE-3-
specific immune responses and antitumor effects against
MAGE-3 expressing tumor than those elicited by
MAGE-3 protein. The recombinant HSP70-MAGE-3
protein vaccine can be useful against a variety of human
tumors which are MAGE-3-positive. Whatever be the
underlying mechanism, HSP70 fusion proteins are
attractive candidates for vaccines exploited to enhance
the cellular and humoral immune responses in human.
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