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Abstract
Heat shock proteins (HSPs) are highly effective and versatile molecules in promoting anti-tumor
immune responses. We tested whether a HSP-based DNA vaccine can induce effective immune
response against Mage3, a cancer testis (CT) antigen frequently expressed in many human tumors,
thereby controlling the Mage3-expressing tumor. The vaccine was constructed by linking human
inducible HSP70 to the C-terminus of a modified Mage3 gene (sMage3) that was attached at its N-
terminus with the signal leader sequence of the human RANTES for releasing the expressed fusion
protein from the transduced cells. Intramuscular injection of sMage3Hsp DNA induced CD4+/
CD8+ T cell and antibody responses. Vaccination with sMage3Hsp DNA was more effective in
inhibiting Mage3-expressing TC-1 tumors. When we dissected the antitumor activity of CD4+ and
CD8+ T cells by immunizing CD4+ and CD8+ knockout mice with sMage3Hsp DNA, we found that
both CD8+ T and CD4+ T cells played a role in control of inoculated tumor, but did not constitute
the whole of immune protection in the prophylactic immunization. Instead, depletion of natural killer
(NK) cells led to a major loss of anti-tumor activity in the immunized mice. These results indicate
that the HSP-based Mage3 DNA vaccine can more effectively inhibit tumor growth by inducing both
the innate immune responses and Mage3-specific adaptive immune responses via the Hsp-associated
adjuvant function.

INTRODUCTION
Cancer testis (CT) antigens are a category of tumor antigens with restricted expression in
normal testis and active expression in various types of tumors due to disruption of gene
regulation (1). Currently, approximately 20 CT antigens or antigen families have been
identified by T cell epitope cloning, serological expression cloning, and differential mRNA
expression analysis (2–7). Since CT antigens are immunogenic and their expression is highly
restricted to tumors, they represent an ideal target for tumor immunotherapy.
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Mage3 has been characterized as a more frequently expressed CT antigen in many tumors,
including melanoma, non-small cell lung carcinoma, head and neck squamous cell carcinoma,
and hepatocellular carcinoma (8). Several major histocompatibility (MHC) class I/II peptides
have been identified in the protein (9–12). Clinical trials with synthetic peptides or peptide-
pulsed dendritic cells (DCs) demonstrated that immune responses to Mage3 can be induced,
and modest anti-tumor effects can be transiently achieved in some melanoma patients (13–
15). Despite the clinical responses, however, anti-Mage cytotoxic T lymphocyte (CTL)
responses were, in general, of low-level and rarely detectable by currently available tests, even
in patients with clinical responses (14). These studies indicate that the efficacy of current CT
antigen-based vaccines needs to be further improved.

Increasing evidence shows that heat shock proteins (HSPs), a group of conserved molecular
chaperones throughout the evolution of prokaryotes and eukaryotes (16), are highly effective
and versatile molecules in potentiating immune responses (17–20). HSPs have been used to
elicit tumor antigen (Ag)-specific immune responses in vaccination with Ag-HSP fusion genes
(21,22), Ag-HSP fusion proteins (23,24), or tumor tissue-derived HSP proteins (17,25,26). In
a recent study, vaccination with an HSP70/Mage3 fusion protein enhanced Mage3-specific
cellular and humoral immune responses in a murine tumor model (27). DNA vaccine represents
a potent and convenient vaccination strategy, and a couple of DNA-based tumor vaccines have
been in clinical trials for cancer patient. In the present study, we demonstrate that inclusion of
HSP in a Mage-3-expressing DNA construct enhances the potency of the Mage3 DNA vaccine
in control of Mage3-expressing tumor by induction of both innate immune responses and
Mage3-specific, adaptive immune responses in immunized mice.

MATERIALS AND METHODS
Mice and cell lines

Six- to eight-week-old female C57BL/6 mice, CD4+ knockout (KO) mice, and CD8+ KO mice
were purchased from Harlan Sprague Dawley, Taconic, and Jackson Laboratory, respectively.
All mice were maintained in the animal facility of Baylor College of Medicine or University
of Southern California with the approval of the Institutional Animal Care and Use Committee.
The cell lines COS-1, 293T, and Sf9, and the tumor cell line TC-1 were purchased from ATCC.
TC-1/Mage3 was generated by transfection of the plasmid pcDNA3.1-Mage3 using
GenePORTER (GTS Inc.), and then selected in the presence of 800μg/ml Zeocin (Invitrogen).
The Zeocin-resistant clones were subcloned and then screened for Mage3 expression by RT-
PCR. The positive TC-1/Mage3 clones were maintained at 37°C in 5% CO2 in RPMI-1640
containing 10% heat-inactivated fetal bovine serum and 100μg/ml Zeocin.

Vector construction
Plasmids pcDNA3.1-MAGE3 (i.e., pc-Mage3) and pRC/CMV-sHSP70 (i.e., pc-sHsp) were
constructed as described (21,28). To construct plasmid pcDNA3.1-sMAGE3-HSP70 (i.e., pc-
sMage3Hsp), in which a signal sequence derived from the human RANTES gene (21) was
added to the 5′-end of the Mage3/HSP70 fusion gene, the signal-Mage3 fragment (sMage3)
was generated by PCR amplification using the plasmid pFB-sMage3 (28) containing the
sMage3 fragment as a template. The pair of primers for the PCR reaction were: 5′-primer (A),
5′-TTTGGTACCATGAAGGTCTCCGCGGCAGCCCT-3′, corresponding to the sequence of
nucleotides 1–23 of the human RANTES gene with an additional KpnI restriction site, and 3′-
primer (B), 5′-GCCGCGGCCGCCTCTTCCCCCTCTCTCAAAACCCA-3′, corresponding
to nucleotides 921–945 of Mage3 with an additional NotI site. The human HSP70 cDNA was
generated by PCR amplification using the plasmid pc-sHsp containing human HSP70 cDNA
as a template. The pair of primers for the PCR reaction were: 5′-primer (C) 5′-
GAGGCGGCCGCGGCCAAAGCCGCGGCGATCGGCAT-3′, corresponding to nucleotides
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3–23 of the human HSP70 gene, with an additional NotI site, and 3′-primer (D) 5′-
TTTCTAGACTCGAGCTAATCTACCTCCTCAATGGTGG-3′, corresponding to
nucleotides 1904–1926 of the human HSP70 gene, with an additional XbaI site. The plasmid
pc-sMage3Hsp was constructed by a three-way ligation of the KpnI/NotI-digested sMAGE3-
containing fragment, the NotI/XbaI-digested HSP70 fragment, and the KpnI/XbaI-digested
pcDNA3.1 vector. The resultant plasmid construction was identified by restriction enzyme
analysis and confirmed by DNA sequencing. pcDNA3.1-sMAGE3 (pc-sMage3) which
expresses the secretory Mage3 was constructed by using the Nhe1/EcoRI-digested fragment
from pc-sMage3Hsp to replace the corresponding fragment in pc-Mage3 vector.

To construct the recombinant vector pFastBac-Mage3Fc for producing Mage3 protein, the
Mage3Fc fusion gene was cut from plasmid pFB-Mage3Fc (28) with SalI/XmaI, and then
cloned into SalI/XmaI digested pFastBacFc (there is an unique XmaI site within Fc gene) to
create pFastBac-Mage3Fc.

Radiolabeling and immunoprecipitation
COS-1 cells were transfected with the various recombinant pcDNA3.1 vectors. Two days later,
the transfected cells were incubated with 100μCi/ml 35S-Easytag Express (Perkin-Elmer) for
4 hr. The labeling media was harvested and the cells were lysed in TNT lysis buffer [50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, and 1% Triton X-100] with protease inhibitor cocktail tablets
(Boehringer Mannheim). The clarified labeling media and cell lysates were submitted to
immunoprecipitation with anti-Mage3 MAb57B (29) or anti-Hsp70 (Stressgen
Biotechnologies) antibodies bound to protein A-Sepharose (Sigma-Aldrich). The
immunocomplexes were analyzed by 4–15% SDS-PAGE reducing gels.

Recombinant protein production
Recombinant Mage3Fc fusion protein was produced in Sf9 insect cells by using a baculovirus
expression system (Invitrogen), purified by using affinity binding to Protein A (Sigma-
Aldrich), and tested by Western blot analysis and immunofluorescence analysis with an
antibody to human IgG Fc (Sigma-Aldrich).

DNA preparation and immunization
DNA was isolated with an endotoxin-free purification kit (Qiagen) according to a standard
protocol. DNA was resuspended in endotoxin-free PBS (Sigma-Aldrich) at a final
concentration of 1 mg/ml. DNA was analyzed by restriction digestion and stored at −20°C.
Mice were injected intramuscularly (i.m.) in the quadriceps with 100μg DNA in 100μl
endotoxin-free PBS. At various times after immunization, spleens, blood, and other tissues
were collected.

ELISA
Anti-Mage3 antibodies in the sera of immunized mice were detected by using ELISA. Briefly,
microtiter plates coated with recombinant Mage3Fc proteins (50 ng per well) were incubated
with serially-diluted sera in a blocking buffer (KPL, Inc.) at 37°C for 2 hr. Bound antibody
was detected after incubation with a horseradish peroxidase (HRP)-conjugated antibody
against mouse IgG (Sigma-Aldrich) diluted in the blocking buffer. MAb57B against Mage3
was used as a positive control, and normal mouse sera as a negative control. The background
OD450 of normal mouse sera was less than 0.05. For detecting Mage3 secretion, MAB57B was
used as a capture antibody, and rabbit polyclonal anti-Mage3 was used as a detection antibody
(Santa Cruz Biotechnology, Inc.).
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Elispot assay
The Elispot assay was used to detect the Mage3-specific T cell response. Briefly, Elispot plates
(Millipore) were incubated with monoclonal anti-IFN-γ AN18 antibody (Mabtech AB) (75 ng/
well) overnight and then blocked with RPMI media supplemented with 10% FBS. Effector
cells (1×105, or 2×105) were co-cultured with protein (50 ng per well) or irradiated tumor cell
lysate (5,000 cells per well) in the coated plate for 20 hr at 37°C. After washing, biotinylated
anti-mouse IFN-γ antibody was added to the wells, and then incubated for 2 hr. After another
wash, HRP-conjugated avidin was added to the wells and incubated for 1 hr. Finally, spots
were developed by the addition of HRP substrate (Vectastain ABC Kit, Vector Laboratories).
After spot development, the plate was rinsed thoroughly with ddH2O and allowed to dry. Spots
were analyzed by Zellnet Consulting, Inc. (New York).

Preparation of DCs
Six- to eight-week-old C57BL/6 mice were sacrificed, and spleens were collected. DCs were
positively isolated from spleen suspensions with anti-CD11c (N418) Micro-Beads (Miltenyi
Biotec, Inc.), and cultured in RPMI-1640 media with 10% FBS, 20 ng/ml GM-CSF, 20 ng/ml
IL-4, and 20 ng/ml TNFα as described (30–32). For preparation of antigen-pulsed DCs, on the
second day of culture, DCs were incubated overnight with 50μg/ml Mage3Fc protein in culture
media supplemented with the above concentrations of cytokines.

CD4+ T cell assay
To test the CD4+ T cell response, a separate set of immunized mice were sacrificed and spleens
were collected. CD4+ T cells were positively isolated from spleen suspensions with anti-CD4
(L3T4) Micro-Beads. Freshly isolated CD4+ T cells were co-cultured with Mage3 protein-
pulsed DCs (20:1) in RPMI-1640 supplemented with 10% FBS for 20 hr. The number of
CD4+ T cells producing IFN-γ was determined by using the Elispot assay.

CTL cytotoxicity assay
CTL assay was used to detect a Mage3-specific CD8+ T cell response. Briefly, pooled
splenocytes from immunized mice were restimulated in vitro in RPMI-1640 containing Mage3
protein (25μg/ml) for 6 d. TC-1/Mage3 was labeled with 150μCi of sodium 51Cr chromate
solution (Amersham) for 90 min. Different numbers of effector cells were incubated with a
constant number of target cells (1×104 cells/well) in 96-well U-bottom plates (200μl/well) for
5 hr at 37°C. The supernatants from triplicate cultures were collected. The percent lysis was
defined as (experimental release − spontaneous release) / (maximum release − spontaneous
release) × 100. Maximum release was determined by cell lysis using 1% Triton X-100.

Natural Killer cell depletion
For NK cell depletion, 250μg of anti-NK antibody (PK136) or control IgG in 250μl were
intraperitoneally injected into each mouse on day −3 and −1 before tumor challenge, followed
by three injections on days 2, 6, and 10 post-tumor injection. Depletion of NK cells was
determined by using flow cytometry (33,34).

Intracelluar IFN-γ staining
Splenocytes were stimulated with Mage3 protein for 12 h in 96-well round bottom plates
(Costar) in the presence of the protein transport inhibitor GolgiPlug containing brefeldin A
(BD Biosciences, Erembodgem, Belgium). After washing away culture supernatant, cells were
stained for CD4 and CD8 membrane markers for 30 min at 4°C. Following fixation (Cytofix/
Cytoperm; BD Bioscience) and permeabilization (Perm/Wash, BD Bioscience), pellets were
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stained at 4 °C for IFN-γ using specific monoclonal antibodies. Finally, cells were washed and
acquired on a flow cytometer.

Tumor challenge studies
C57BL/6 mice were immunized by i.m. injection with 100 g of different recombinant plasmids
twice at a two-week interval. Two weeks after the second DNA immunization, these mice were
challenged with exponentially growing TC-1/Mage3 (5×104 cells) injected subcutaneously.
For therapeutic purposes, mice were inoculated with 5×104 TC-1/Mage3. Three days later, the
mice received an i.m. injection of 100μg of different recombinant DNA plasmid constructs
twice at a 1-week interval. Tumor sizes were measured every three or four days, with tumor
volumes calculated as follows: (longest diameter) x (shortest diameter)2 (28).

Statistical analyses
All data are presented as means and standard errors (s.e.). Analysis of variance was used to
determine the level of differences between groups. Different groups were compared by using
the Student-Newman-Keuls test with SigmaStat 2.03 software (SPSS Inc.), or a Chi-square
test (be indicated in the text). P values were considered significant at 0.05.

RESULTS
Construction and characterization of DNA constructs

Owed to the promiscuous functions of HSPs in inducing innate and adaptive immunity (20,
35), human HSP70 has been used to enhance tumor antigen-specific immune responses in DNA
vaccine strategies by immunization with tumor Ag-HSP fusion genes. Mage3 is a frequently-
expressed CT antigen in many tumors, and therefore represents an ideal target for tumor
immunotherapy. To assess whether human inducible HSP70 enhances the efficacy of a Mage3
DNA vaccine, Mage3 with a leader sequence (for secretion) was fused in-frame with the human
HSP70 gene and then cloned into the pcDNA3.1 vector (pc-sMage3Hsp). Control vectors
containing the Mage3 gene (pc-Mage3) or human HSP70 gene with the leader sequence (pc-
sHsp) were also constructed (21,28) (Fig. 1A). By using radiolabeling and
immunoprecipitation/SDS-PAGE analyses, sMage3Hsp, with an estimated molecular mass
(Mr) of ≈107 kDa, Mage3, with an estimated Mr of ≈ 40 kDa, and sHsp, with an estimated
Mr of ≈72 kDa were found to efficiently express, and sMage3Hsp and sHsp were secreted from
transfected cells due to the added RANTES signal sequence (Fig. 1B and 1C). Both intracellular
and secreted sMage3Hsp proteins were recognized by anti-Mage3 and anti-HSP antibodies.
The secreted HSP70 may be differentially glycosylated as HSP70 precipitated from culture
medium migrated on SDS-PAGE as a band with a larger Mr than the protein that was
immunoprecipitated from transfected cell lysates. The secreted sMage3Hsp displayed a similar
Mr with its intracellular form. The expressed Mage3 protein has the same Mr as the reported.

Enhancement of Mage3-specific immune responses
To evaluate whether inclusion of HSP70 enhances the efficacy of the Mage3 DNA vaccine,
C57BL/6 mice were immunized with pc-sMage3Hsp, pc-Mage3, pc-sHsp, or PBS. The mice
were sacrificed and peripheral blood, spleen, and other tissue samples were collected. First,
we evaluated if Mage3-specific T cell responses could be induced in these mice. Splenocytes
from DNA-immunized mice were isolated and incubated with a TC-1/Mage3 cell lysate. The
frequency of T cells producing IFN-γ in response to Mage-3 was assessed by using Elispot
assay. As shown in Fig. 2A, pc-sMage3Hsp-immunized mice showed an ≈7-fold increase in
the number of T cells producing IFN-γ in response to stimulation of Mage3-expressing tumor
cells relative to pc-Mage3-immunized mice (P < 0.05), while pc-sHsp and PBS-immunized
mice only had background levels of T cells producing IFN-γ. The specificity of the T cells in
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response to Mage3 protein was evident in that the T cells from the pc-sMage3Hsp-immunized
mice showed much lower activity in response to non-transfected TC-1 stimulation (P < 0.05)
or stimulation with an irrelative protein (CD20) (P < 0.05) (Fig. 2B). These results indicate
that vaccination with sMage3Hsp DNA elicited Mage3-specific immune responses with higher
potency.

To measure the Mage3-specific CD4+ T cell response, CD4+ T cells were isolated from
splenocytes, co-cultured with CD11c+ DCs pulsed with Mage3 protein, and analyzed by using
Elispot assay. As shown in Fig. 2C, a higher frequency of CD4+ T cells derived from pc-
sMage3Hsp-immunized mice produced IFN-γ in response to stimulation of Mage3 protein-
pulsed CD11c+ DCs (P < 0.05, pc-sMage3Hsp vs. pc-Mage3, by a Chi-square test). To
determine the Mage3-specific CD8+ T cell response, we performed a 51Cr release assay.
Splenocytes from a different set of immunized C57BL/6 mice were restimulated in vitro in
medium containing Mage3 protein. The restimulated cells were then co-cultivated with 51Cr-
labeled TC-1/Mage3 cells at various ratios to measure target cell killing. As shown in Fig. 2D,
splenocytes from mice immunized with pc-sMage3Hsp DNA demonstrated significantly
higher target cell killing than did those from mice immunized with pc-Mage3 (P < 0.05) or pc-
sHsp DNA (P < 0.05) alone, or PBS (P < 0.01). The specificity of the killing was demonstrated
by splenocytes from pc-sMage3Hsp-immunized mice that killed parental TC-1 target cells with
a much lower potency (data not shown).

To determine whether immunization with DNA encoding sMage3Hsp can also enhance an
antibody response, we measured the level of anti-Mage3 IgG in the sera of mice immunized
with different DNA constructs by using ELISA. As shown in Fig. 3A, antibody levels detected
in C57BL/6 mice immunized with pc-Mage3 or pc-sHsp DNA were markedly lower than those
immunized with pc-sMage3Hsp DNA (P< 0.01). The specificity of the antibody response was
demonstrated by the lack of antibody against an irrelative protein (human tyrosinase) in the
immunized mice (data not shown). Analysis of IgG subtypes in sera from mice immunized
with pc-sMage3Hsp DNA was then performed. As shown in Fig. 3B, IgG1 and IgG2a levels
are similar and significantly higher than IgG2b, implying that pc-sMage3Hsp immunization
might not polarize differentiation of either CD4+ T cell subset (T helper1 or T helper2)
preferentially.

To rule out the possibility that the superior immunostimulatory function of pc-sMage3Hsp is
derived from the secretion of the Mage3 fusion protein rather than the adjuvant function of
Hsp protein, we constructed a secretory Mage3 (sMage3) expression vector pc-sMage3 in
which the signal sequence of the human RANTES gene was in-framed fused to the N-terminus
of Mage3 protein. Western blot assay showed that only a trace amount of sMage3 located inside
the pc-sMage3 -transfected 293 T cells after being synthesized (Fig. 4A, the upper panel), and
a majority of the protein was secreted, as manifested by analysis of the collected supernatants
via ELISA (Fig. 4A, the lower panel). Furthermore, we compared immunostimulatory activity
of pc-sMage3 and pc-Mage3 by immunization of C57BL6 mice with these expression vectors
as described above. As shown in Fig. 4B, immunization with the vectors expressing different
forms of Mage3 induced a comparable antibody response. Intracellular IFN-γ staining result
showed that Mage3-specific CD4+ and CD8+ T cell responses were also equivalent (Fig. 4C).
These results suggested that secretion of Mage3 from the originally transfected cells does not
contribute to the immunostimulatory ability of Mage3, and the observed enhanced
immunostimulation of pc-sMage3Hsp is derived from the Hsp-associated adjuvant function
instead of the protein secretion from the transfected cells.

Antitumor effect of sMage3Hsp DNA immunization
We developed a tumor challenge model that allows us to investigate anti-Mage3 immune
responses induced by pc-sMage3Hsp DNA to control Mage3-expressing tumor cells in vivo.
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We used the tumor cell line TC-1 that grows rapidly in syngeneic mice (36) as the target cell
line for challenge experiments. TC-1 clones transfected with the Mage3 expression vector were
generated and shown to express Mage3 by RT-PCR (data not shown). When subcutaneously
implanted into syngeneic C57BL/6 mice, TC-1/Mage3 cells showed aggressive tumor growth
(albeit slightly slower than the parental TC-1 cells), producing visible tumors in mice by only
7–10 days after inoculation. To test if the enhanced anti-Mage3 immune response could lead
to effective inhibition of TC-1/Mage3 growth in immunized mice, C57BL/6 mice were
immunized with pc-sMage3Hsp, -Mage3, -sHsp DNA, or PBS, followed by challenge with
TC-1/Mage3 cells. As shown in Fig. 5A, pc-sMage3Hsp immunization produced superior
protection, with 60% of the mice tumor-free for the observed period (more than 12 weeks),
and the total tumor volume only ≈1/3 that of the other groups (P < 0.05, pc-sMage3Hsp vs. pc-
sHsp) (Fig. 5B). In contrast, immunization with the pc-Mage3 only inhibited tumor occurrence
to 30% (P < 0.05, pc-sMage3Hsp vs. pc-Mage3, by a Chi-square test) pc-sHsp DNA inhibited
to 20% (P < 0.05, pc-sMage3Hsp vs. pc-sHsp) and the PBS group had 100% tumor occurrence
(P < 0.01, pc-sMage3Hsp vs. PBS). Repeated experiments showed similar results. Thus, the
anti-tumor activity shown by immunization with pc-sMage3Hsp DNA correlated with the
ability to induce immune responses.

One major challenge faced by tumor immunotherapy is how to control existing tumor in cancer
patients. To test if the sMage3Hsp DNA vaccine has any efficacy in inhibiting existing tumor
growth, C57BL/6 mice were first inoculated with TC-1/Mage3 cells. Three days later, the mice
were treated with i.m. injection of 100 g of different DNA constructs. As shown in Fig. 5C,
50% of the mice were tumor-free following injection with sMage3Hsp DNA, while either
Mage3 or sHsp DNA injection only protected 16.7% of the mice from tumor occurrence (P <
0.05). However, we were unable to detect any significant difference on the tumor volume
between pc-sMage3Hsp and pc-sHsp immunization, although the tumor volumes in these two
groups were apparently smaller than that in pc-Mage3 immunized group (Fig. 5D). We also
noted that protection mediated by Mage3 DNA immunization only functions at an early stage
of tumor development when tumor cell number is low, as the DNA vaccine either keeps mice
tumor-free, or leaves tumor growing in the immunized mice with similar dynamics among the
groups (Fig. 5D). This was further verified by inoculation of mice with a larger number of
TC1/Mage3 cells (3×105) which led to all groups having tumor growth (data not shown). The
result suggested that pc-sMage3Hsp immunization might only have a slight advantage to inhibit
pre-existing tumor.

Role of different immune effector cells in sMage3Hsp DNA immunization
As described above, sMage3Hsp DNA immunization induced a potent CD4+ and CD8+ T
immune response. To dissect the effect of CD4+ and CD8+ T cells in sMage3Hsp-mediated
anti-tumor activity, we tested sMage3Hsp DNA immunization to control pre-existing tumor
cells in CD4+ or CD8+ KO mice. Groups of mice including C57BL/6 wild type, CD8+KO, or
CD4+KO mice were s.c. inoculated with TC-1/Mage3 tumor cells. Three days later, the mice
immunized with 100ug of pc-sMage3Hsp twice at one week interval. One group of C57BL/6
wild type mice were injected with PBS to serve as a control. We failed to detect the function
of CD8+ and CD4+ T cells in the experimental setting, i.e. all pc-sMage3Hsp DNA immunized
mice displayed a similar and low level of tumor rejection (Data not shown) compared with
PBS-injected group. In consideration of the possibility that cultured TC-1/Mage3 cells may
gradually reduce Mage3 expression even in the presence of Zeocin (100ug/ml), which was
later confirmed by RT-PCR (data not shown), we repeated the experiment by inoculation of
newly generated TC-1/Mage3 instead of the in vitro maintained. Result showed that with no
tumor-free mice found in non-immunized wild type group, pc-sMage3Hsp immunization led
to 80% of wild type mice tumor-free, 40% of CD4+ KO mice tumor-free (P < 0.05, CD4+ KO
vs. wild type, by a Chi-square test), and no tumor-free mice in CD8+ KO group after the
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observed period (32 days post-inoculation) (P < 0.01, CD8+ KO vs wild type) (Fig. 6A). The
result implies that both CD4+ and CD8+ T cells play a role in pc-sMage3Hsp controlling pre-
existing tumor cells, but CD8+ T cells are more critical for the pc-sMage3Hsp-mediated anti-
tumor activity. The experimental results also suggest that pc-sMage3Hsp-induced adaptive
immunity controls the pre-existing tumor cells when the tumor cells express the tumor antigen
above a certain threshold.

We also tested the prophylactic immunization of pc-sMage3Hsp in these knockout mice.
CD4+ and CD8+ T cell KO mice, in parallel with wild-type C57BL/6 mice, were immunized
with sMage3Hsp DNA twice, and then challenged with 50,000 TC-1/Mage3 tumor cells (the
in vitro maintained) two weeks later. We found that CD4+ T cells were dispensable, while
CD8+ T cells played some (but not whole) role in the anti-tumor effect of pc-sMage3Hsp
prophylactic immunization, as immunization with sMage3Hsp DNA resulted in 60% of the
CD4+ KO mice or wild type mice tumor-free, and 40% of the CD8+ KO mice tumor-free (P <
0.05, CD8+ KO vs. wild-type, by a Chi-square test) (Fig. 6B).

To investigate whether other components of the immune system also play a role in pc-
sMage3Hsp-induced prophylactic effect, we investigated contribution of NK cells to the anti-
tumor effect by depletion of NK cells from pc-sMage3Hsp-immunized mice. For this study,
three groups of mice were included: C57BL/6 wild-type; C57BL/6 with NK depletion; and
CD8+ KO mice with NK depletion. The antibody PK136, which reacts with the NK-1.1 surface
antigen expressed on NK cells (as well as NKT cells) of C57BL/6 mice, was used in the
antibody-mediated NK depletion assay prior to and after tumor challenge. The results showed
that immunization with sMage3Hsp DNA only protected 20% of the NK-depleted wild-type
mice from TC-1/Mage3 challenge (P < 0.01, wild-type vs. NK-depleted, by a Chi-square test),
and did not protect any NK-depleted CD8+ T cell KO mice from the tumor challenge (P <
0.01). In comparison with that sMage3Hsp protected 60% of the wild-type mice from tumor
challenge (Fig. 6B), this result suggests that NK cells and CD8+ T cells synergically function
for sMage3Hsp-mediated prophylactic effect.

To further confirm NK-mediated non-specific immunity in pc-sMage3Hsp prophylactic
vaccination, C57BL/6 mice immunized with pc-sMage3Hsp were challenged with parental
TC-1, not TC-1/Mage3 cells. Half of the mice received PK136 treatment, and half received
control IgG prior to and after TC-1 tumor challenge. The results show that sMage3Hsp
immunization protected 33.3% of the wild-type mice, but did not protect NK-depleted mice
from parental TC-1 challenge (P < 0.05, NK depleted vs. wild type) (Fig. 6C). The result further
supported that NK was important for the pc-sMage3Hsp-induced anti-tumor immunity.

To demonstrate activation of NK cells in the prophylactic immunization is owed to the Hsp
component in pc-sMage3Hsp, we performed the NK depletion assay in mice immunized with
pc-sHsp. Four groups of mice were included in the study: C57BL/6 injected with PBS; C57BL/
6 immunized with pc-sHsp; C57BL/6 depleted of NK, immunized with pc-sHsp, and C57BL/
6 depleted of NK, immunized with pc-sMage3Hsp. Two weeks after the 2nd immunization,
the immunized mice were challenged with newly generated TC-1/Mage3, which expressed a
higher level of Mage3. As expected, while no tumor-free mice were found in the non-
immunized group, pc-sHsp immunization led to 80% of wild-type mice tumor-free, but only
20% of NK-depleted mice tumor-free (P < 0.05, NK depleted vs. wild type). As a control, pc-
sMage3Hsp immunization led to 40% of NK-depleted mice tumor-free (Fig. 6E). The result
confirms that Hsp has an adjuvant function in activation of NK-mediated innate immune
response to control growth of the inoculated tumor. Of note, a big deviation was observed in
the ability of pc-sHsp immunization to control tumor occurrence between the described
experiment here (Fig. 6E) and that in Fig. 4A., which may be owed to the newly generated
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TC-1/Mage3 cells expressing a higher level of Mage3 and also possibly having a lower growth
rate.

DISCUSSION
We and others have demonstrated the superior adjuvant ability of HSPs in DNA vaccination
(21,22). Here, we applied this strategy to a frequently-expressed CT antigen, Mage3, to test if
HSP70 can improve the efficacy of a Mage3 DNA vaccine. Our results are consistent with
other studies in that the HSP-based DNA vaccine induced both innate and adaptive immune
responses for prevention of tumor occurrence in prophylactic models. Furthermore, we also
demonstrated that vaccination with sMage3Hsp DNA overcame pre-existing tumor cells that
was inoculated three days prior to vaccination with a higher efficiency. This finding is very
significant for the clinical treatment of early stage cancer patients.

Anti-tumor immunity consists of the innate and adaptive immune responses. CD8+ and
CD4+ T cells represent major adaptive cellular immune mechanisms: CD8+ T cells recognize
tumor cells through an MHC I-dependent process, and then lyse cells harboring tumor-
associated antigens by the secretion of perforin and granzymes; CD4+ T helper cells are
activated by antigen presenting cells (APCs) via the MHC II/antigen complex. Activated
CD4+ T helper cells produce different cytokines for polarization and optimization of immune
responses. Administration of naked plasmid DNA only leads to a low level of protein
expression in APCs in immunized animals (33). HSPs possess a superior ability to chaperone
exogenous protein or peptide to access the MHC I pathway but also, albeit less efficiently, the
MHC II pathway by cross-presentation to elicit CD8+ and CD4+ T cell responses (20,34,37–
39). In support of the function of HSPs in mediating priming or cross-priming of CD4+/
CD8+ T cells, our results showed that the sMage3Hsp DNA vaccine induced both CD4+ T cell
responses and CTL immune responses more efficiently compared with the control groups, and
the antitumor activity induced by pc-sMage3Hsp reduced in both CD4+ KO or CD8+ KO mice.
The result supports that Hsp protein possesses an adjuvant function for DNA-based vaccination
to trigger CD4+ and CD8+ T cell response.

The prophylactic immunization of pc-sMage3Hsp still preserved a certain antitumor immunity
in either CD4+ KO or CD8+ KO mice, implying innate immune response might involve the
antitumor activity of sMage3Hsp DNA. The innate immune system provides many ways to
quickly resist tumor. The two best-studied mechanisms are the production of protective
cytokines and the activation and expansion of innate lymphocytes (40). NK cells are a critical
component of the innate immune response and can rapidly kill tumor or infected cells without
prior activation (41,42) by recognizing abnormal or reduced levels of MHC class I molecules
(39–42) and/or ‘stress-induced’ proteins (47). In addition, NK cells also activate CD4+ and
CD8+ T cells by production of cytokines and cross-talk with dendritic cells (48). As expected,
NK depletion was found leading to a major loss of antitumor activity in pc-sMage3Hsp
immunized mice, and pc-sMage3Hsp immunization also triggered antitumor activity against
the parent TC-1 tumor which does not express Mage3 antigen in a NK cell-dependent manner.
Furthermore, the pc-sHsp immunization induced potent tumor rejection in wild-type but not
the NK-depleted mice, which supports activation of NK cell response is owed to the Hsp
component of pc-sMage3Hsp. These studies reveal the adjuvant function of Hsp in activation
of NK cells, also somehow support the recently proposed alternative Hsp working model
(49), which suggests the role of Hsp in tumor immunity is activation of innate immune cells
such as NK and/or NKT cells and γδT cells. These activated, innate immune effector cells non-
specifically kill tumor which releases tumor antigens into the extracellular milieu. These tumor
antigens can then be internalized and processed by DCs for the presentation of tumor-derived
peptides and activation of tumor-specific CD4+and CD8+ T cells.
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As above described, Mage3 is an ideal target for tumor immunotherapy given its
immunogenicity and the tissue-restricted expression. However, although a mouse homolog of
human MageA is reported (50), currently no mouse homologue of Mage3 has been defined,
and neither has Mage3-transgenic mouse been developed, which greatly restricts development
of Mage3-based tumor vaccine. It is certain that testing sMage3Hsp DNA vaccine in a mouse
model would incur immune rejection against the human Mage3 antigen, as evidenced by that
prophylactic immunization of pc-Mage3 resulted in 30% of immunized mice tumor-free in our
present study. However, we noticed in the present study that all non-immunized mice had the
inoculated TC-1/Mage3 tumor growth and all the immunized mice had the inoculated TC-1/
Mage3 tumor growth when a larger number of TC-1/Mage3, e.g. 3–5×105 was given (data not
shown), which implies the immune rejection response triggered by human Mage3 is limited
in the mouse model, there is still a space in the mouse model to allow evaluation of Mage3-
based vaccine strategy. Indeed, mouse model has been used for early preclinical study of human
tumor-associated antigen (TAA)-based vaccine strategy. For instance, You et al tested
immunization of mice with the transduced DCs expressing a human Mage3 fusion protein, and
found the IgG-Fc fused to Mage3 can enhance ability of the transduced DCs to trigger Mage3-
specific CD4 T cell immune response (28). Bae et al tested immunization of mice with DCs
pulsed with human carcinoembryonic antigen (CEA), and found the human HIV
transactivating Tat fused to CEA upregulated the pulsed DCs to induced CD4 Th1 immune
response, and thereby enhanced protection from CEA-expressed tumor challenge (51). These
studies testing human TAA in animal model, although don’t exactly reflect the genuine in
human body, still provided important insights into developing better TAA-based tumor
vaccines.

Even human Mage3 represents a foreign antigen, and Hsp enhanced activation of both innate
and adaptive immune responses in the vaccine regimen, the pc-sMage3Hsp immunization is
only effective to control a small number, Mage3-highly expressed, pre-existing tumor cells.
The result suggested that tumor-mediated immune tolerance is developed by multiple
mechanisms in addition to the central tolerance mechanism, which protects not only TAA-
expressed tumor, also mutated Ag-expressed tumor from immune surveillance. Thus, further
vaccine development necessitates incorporation of the component which can maximally
overcome tumor-associated peripheral tolerance, such as myeloid-derived suppressor cells
(52), tumor-associated macrophages (53), and regulatory T cells (54), etc. It is also worth
pointing out that tumor cell might develop the mechanism to down-regulate expression of a
mutated gene (here a foreign gene) to escape immune surveillance for the survival, as in vitro
cultured TC-1/Mage3 was observed to gradually reduce Mage3 expression in the study. If the
tumor-associated down-regulation mechanism is confirmed, it will throw an obstacle for
immunotherapy to overcome tumor.

Finally, our experiment showed the secretory Mage3 and intracellularly expressed Mage3 have
the same efficiency in induction of cellular and humoral immune response, which is consistent
with our previously unpublished result. The reason may be that the vector expresses many
proteins, which can function as antigens to invoke immune responses. Thus, the vector-
transfected cells will possibly become a target for immune attack, and leak or release
intracellular Mage3 for induction of both T cell and B cell immune response.

In summary, our results demonstrate that the sMage3Hsp DNA vaccine could inhibit tumor
occurrence with a higher efficiency in a mouse model by inducing both the innate and adaptive
immune responses. Future studies will need to test if the sMage3Hsp DNA vaccine can inhibit
the occurrence and growth of tumor with a higher efficiency when Mage3 serves as a self
tumor-associated antigen such as in syngeneic Mage3-transgenic mouse models or clinical
trials.
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Fig. 1. Construction and characterization of the pc-sMage3Hsp plasmid
A, Schematic representation of recombinant pcDNA3.1 vectors. The sMage3Hsp fusion gene
and control genes Mage3 and sHsp70 were cloned into the pcDNA3.1 vector under control of
the CMV promoter. B and C, Expression and secretion of proteins expressed from recombinant
pcDNA3.1 vectors. The transfected COS-1 cells were radiolabeled. Clarified cell lysates and
culture media were then incubated with monoclonal anti-HSP70 (B) or anti-Mage3 (C)
antibodies bound to protein A-Sepharose. The immune complexes were analyzed by 4–15%
SDS-PAGE reducing gels. Lane 1, COS-1 cell lysate; lane 2, pc-sHsp (B) or pc-Mage3 (C)
transfected COS-1 cell lysate; lane 3: pc-sMage3Hsp-transfected COS-1 cell lysate; lane 4:
COS-1 cell culture medium; lane 5: pc-sHsp (B) or pc-Mage3 (C) transfected COS-1 cell
culture medium; lane 6: pc-sMage3Hsp-transfected COS-1 cell culture medium.
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Fig. 2. Enhancement of Mage3-specific T cell immune responses
Mice were immunized i.m. with 100 μg of different DNA constructs twice at a two-week
interval. Data were mean +/− s.d. of triplicate wells. A, Splenocytes were harvested and
incubated with TC-1/Mage3 cell lysate for 20 hr. The frequency of T cells producing IFN-γ
was determined by using Elispot. B, Specificity of splenocytes from pc-sMage3Hsp-
immunized mice responding to TC-1/Mage3 vs. parental TC-1 cells, and Mage3 protein vs.
irrelevant CD20 protein was determined by using Elispot. C, Response of CD4+ T cells to
Mage3-pulsed DCs was determined by using Elispot. D, CTL response of splenocytes to TC-1/
Mage3 was determined by using a 51Cr-release assay.
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Fig. 3. Enhancement of antibody responses
Mice were immunized with different DNA constructs twice at a two-week interval, and sera
were harvested two weeks after the second immunization. The Mage3-specific IgG antibody
levels from sera of different mouse groups were determined by ELISA. The mean OD450 values
of sera from different groups were presented as mean +/− s.d. of three samples. The background
OD450 of normal mouse sera was <0.05. A. IgG activity from different immunized C57BL6
mice. B. IgG subtypes analysis from C57BL/6 immunized with pc-sMage3Hsp.
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Fig. 4. Characterization and immunostimulatory effect of pc-sMage
A, Expression and secretion of Mage3 from pc-Mage3 or pc-sMage3-transfected 293 T cells,
tested by western blotting (the upper panel) or ELISA (the lower panel). B. Antibody reponse
from pc-Mage3 or pc-sMage3 immunized mice evaluated by ELISA. C. CD4+ and CD8+ T
cell responses from pc-Mage3 or pc-sMage3 immunized mice evaluated by intracellular IFN-
γ staining. The data are the representative of the two independent experiments.

Wang et al. Page 17

Vaccine. Author manuscript; available in PMC 2010 December 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Antitumor effect of various DNA vaccines
A & B, C57BL/6 mice were immunized by i.m. injection with 100 g of different expression
constructs twice at a two-week interval. Two weeks after the second injection, the mice were
inoculated s.c. with TC-1/Mage3 tumor cells. A, Tumor occurrence was monitored, and the
percentage of tumor-free mice was calculated on the indicated days. B, Tumor size was
measured for the tumor-bearing mice, and the data were reported as the tumor volume of each
mouse per group and were from a representative experiment. C & D, C57BL/6 mice were
inoculated s.c. with TC-1/Mage3 tumor cells. Three days later, the mice were immunized by
i.m. injection with 100 μg of different constructs twice with a one-week interval. C, The
percentage of tumor-free mice was calculated on the indicated days. D, Tumor size was
measured on the indicated days. The data were reported as the tumor volumes of each mouse
per group and were from a representative experiment.
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Fig. 6. Function of different immune effector cells in Mage3Hsp DNA vaccination
A C57BL/6 wild-type, CD4+ KO, or CD8+ KO mice were inoculated with newly generated
TC-1/Mage3 cells. Three days later, the mice were immunized by i.m. injection with 100 μg
of pc-sMage3Hsp DNA or PBS twice at a one-week interval.. The percentage of tumor-free
mice was calculated on the indicated days. B. C57BL/6 wild-type, CD4+ KO, or CD8+ KO
mice were immunized by i.m. injection with 100 μg of pc-sMage3Hsp DNA twice at a two-
weeks interval. Two weeks after the second injection, the mice were inoculated s.c. with in
vitro maintained TC-1/Mage3 tumor cells. The percentage of tumor-free mice was calculated
on the indicated days. C. C57BL/6 wild-type and CD8+ KO mice were immunized by i.m.
injection with 100 μg of pc-Mage3Hsp DNA twice at a two-week interval. Two weeks after
the second injection, the mice were inoculated s.c. with TC-1/Mage3 tumor cells. The CD8+

KO mice and a half of the C57BL/6 wild-type mice received PK136 treatment prior to and
after TC-1/Mage3 challenge. The remaining half of wild-type mice received control IgG
administration. The percentage of tumor-free mice was calculated on the indicated days. D.
C57BL/6 mice were immunized by i.m. injection with 100 g of pc-Mage3Hsp DNA twice at
a two-week interval. Two weeks after the second injection, the mice were inoculated s.c. with
TC-1 tumor cells. Half of mice received PK136 treatment, and half received control IgG
administration. The percentage of tumor-free mice was calculated on the indicated days. E.
C57BL/6 mice were immunized by i.m. injection with 100 μg of pc-sHsp, pc-Mage3Hsp DNA
or PBS twice at a two-week interval. Two weeks after the second injection, the mice were
inoculated s.c. with the newly generated TC-1/Mage3 tumor cells. Half of pc-sHsp-immunized
mice and all pc-sMage3Hsp-immunized mice received PK136 treatment. The percentage of
tumor-free mice was calculated on the indicated days.
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