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Abstract Heat shock proteins (HSPs) are recognized as
significant participants in cancer immunity. We previ-
ously reported that HSP70 expression following
hyperthermia using magnetic nanoparticles induces
antitumor immunity. In the present study, we examine
whether the antitumor immunity induced by hyper-
thermia is enhanced by administration of recombinant
HSP70 protein into the tumor in situ. Hyperthermia
was conducted using our original magnetite cationic
liposomes (MCLs), which have a positive surface
charge and generate heat in an alternating magnetic
field (AMF) due to hysteresis loss. MCLs and re-
combinant mouse HSP70 (rmHSP70) were injected
into melanoma nodules in C57BL/6 mice, which were
subjected to AMF for 30 min. Temperature within the
tumor reached 43�C and was maintained by control-
ling the magnetic field intensity. The combined treat-
ment strongly inhibited tumor growth over a 30-day
period and complete regression of tumors was ob-
served in 20% (2/10) of mice. It was also found that
systemic antitumor immunity was induced in the cured
mice. This study suggests that novel combined therapy
using exogenous HSP70 and hyperthermia has great
potential in cancer treatment.
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Introduction

Hyperthermia is a promising approach for cancer ther-
apy [21, 34]. The inevitable technical problem with
hyperthermia is the difficulty in heating only the local
tumor region and avoiding damage to healthy tissue.
Magnetic nanoparticles have been applied to hyper-
thermia in an attempt to overcome these disadvantages
[11, 18]. Magnetic nanoparticles generate heat in an
alternating magnetic field (AMF) due to hysteresis loss
[26]. We have developed magnetite cationic liposomes
(MCLs) for intracellular hyperthermia [27, 37]. The
hyperthermic effects of these MCLs were investigated in
an in vivo study, and complete tumor regression was
observed [38]. Because several researchers reported that
heat treatment itself can enhance the immunogenicity of
cancer cells [12, 19, 20, 23], we previously studied the
antitumor immunity induced by hyperthermia of T-9 rat
glioma cells in vivo [39]. This induced-immunity con-
tinued for an extended period of time, and rats treated
with hyperthermia completely rejected rechallenge with
T-9 cells. Furthermore, we examined the mechanism of
antitumor immunity induced by hyperthermia with re-
gard to the role of heat shock proteins (HSPs) [8, 9].

HSPs are families of highly conserved proteins that
are induced in cells by a large variety of stresses,
including heat shock [25]. Because expression of the
HSP70 protects cells from heat-induced apoptosis and
the cells acquire thermotolerance [22], HSP70 expression
has been considered to be a complicating factor in
hyperthermia. On the other hand, recent reports have
shown the importance of HSPs, such as HSP70, HSP90,
and glucose-regulated protein 96 (gp96), in immune
reactions [15, 28]. Three immunological roles for HSPs
have been proposed: (1) HSPs are chaperones that
physiologically associate with antigenic peptides [7]; (2)
HSP-peptide complexes encounter antigen-presenting
cells (APCs), and are then presented by MHC class
I molecules [5, 13]; and (3) HSPs activate APCs to
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stimulate secretion of proinflammatory cytokines and
up-regulation of costimulatory molecules, resulting in
response of the innate immune system [2, 3]. It has been
demonstrated that HSP-peptide complexes purified from
tumors can elicit cancer immunity via the innate and
adaptive immune response, and thus they have been
used as cancer vaccines [24, 30, 32, 33]. HSP-mediated
antitumor immunity is also caused by HSP-peptide
complexes released from dying tumor cells [4, 14, 31].
We previously demonstrated that HSP70 expression
following hyperthermia induced antitumor immunity in
T-9 rat glioma [8, 9]. Our hyperthermia system using
MCLs overcame thermotolerance and induced necrotic
cell death that was correlated with HSP70 expression.
We purified the HSP70-peptide complexes from the tu-
mor after hyperthermia, and found that rats immunized
with T-9–derived HSP70 strongly suppressed T-9 tumor
growth, suggesting that HSP70 chaperones some anti-
genic peptides after hyperthermia [9]. Tumor rejection
assay after hyperthermia treatment of implanted T-9
cells with incorporated MCLs was performed, and tu-
mor growth was strongly suppressed in rats subjected to
hyperthermia, and 50% of these rats were protected
from challenge with T-9 cells. Immunogenicity was also
enhanced when HSP70-overexpressing T-9 cells, which
constitutively expressed HSP70 by gene transfer ex vivo,
were killed via hyperthermia-induced necrosis in rats,
after which all rats were completely protected from
challenge with T-9 cells [9]. These results suggest that via
HSP70-peptide complexes released during necrotic tu-
mor cell death in vivo, our hyperthermia system confers
antitumor immunity. This phenomenon, which may be
called in situ vaccination, has important implications in
the development of novel antitumor therapies.

When applying hyperthermia as a tumor vaccine,
administration of an immunostimulant may supple-
ment the vaccine-induced response against tumor cells.
In the present study, we used a recombinant mouse
HSP70 protein (rmHSP70) as an immune adjuvant.
We studied the combined effects of rmHSP70 protein
administration into tumors in situ and hyperthermia
using MCLs on melanoma, and investigated the fea-
sibility of this novel strategy in vivo. To the best of
our knowledge, this is the first time that the combi-
nation of recombinant HSP70 and hyperthermia has
been shown to exhibit an obvious antitumor effect
against malignant melanoma.

Materials and methods

Cell line and animals

Mouse B16 melanoma cells (Riken Cell Bank, Tsukuba, Japan)
were cultured in Dulbecco�s Modified Eagle�s Medium (DMEM;
Gibco BRL, Gaithersburg, MD) supplemented with 10% fetal
bovine serum (FBS) and antibiotics (100 U/ml penicillin G and
0.1 mg/ml streptomycin). Cells were grown at 37�C in an atmo-
sphere containing 5% CO2. Female C57BL/6 mice (age 4 weeks)
were purchased from Charles River Japan (Yokohama). Animal

experiments were performed according to the principles laid down
in the ‘‘Guide for the Care and Use of Laboratory Animals’’ pre-
pared under the direction of the office of the prime minister of
Japan.

Preparation of magnetite cationic liposomes

Magnetite (Fe3O4; average particle size 10 nm), used as the core of
the MCLs, was kindly provided by Toda Kogyo (Hiroshima, Ja-
pan). MCLs were prepared with colloidal magnetite and a lipid
mixture consisting of N-(a-trimethylammonioacetyl)-didodecyl-D-
glutamate chloride, dilauroylphosphatidyl-choline, and dioleoyl-
phosphatidyl-ethanolamine in a 1:2:2 molar ratio as previously
described [27]. MCL concentrations were expressed as the net
magnetite concentration.

Establishment of tumors in mice

Cell suspensions including approximately 1·106 melanoma cells in
0.1-ml phosphate buffered saline (PBS) were injected subcutane-
ously into C57BL/6 mice, which were anesthetized by intraperito-
neal injection of pentobarbital sodium (50 mg/kg body weight).
Melanoma nodules growing to 6 mm in diameter were used for the
experiments. Tumor diameter was measured every 3 days. Size was
determined by the following formula,

Tumorvolume ¼ 0:5� length� width2
� �

ð1Þ

where, length and width are measured in millimeters.

The therapeutic effects of rmHSP70 injection
with hyperthermia in vivo

Two types of heat shock protein 70, an inducible type and a con-
stitutive type (HSP70 and HSC70, respectively), were used in this
study. Recombinant mouse heat shock protein 70 (rmHSP70) and
recombinant mouse heat shock cognate protein 70 (rmHSC70)
were purchased from BioDynamics Laboratory (Tokyo). The
endotoxin content of rmHSP70 and rmHSC70 was routinely
measured by Limulus ambocyte lysate assay kit (BioWhittaker,
Walkersville, MD) [2].

The rmHSP70 (20 or 80 lg) and rmHSC70 (80 lg) were re-
hydrated in 20 ll of PBS. MCL solution (0.1 ml; net magnetite
weight 2 mg) was mixed with each concentration of rmHSP70 or
rmHSC70 solution. The mixture was injected into the center of
the tumor using a 26-gauge needle and infusion pump (SP100i;
World Precision Instruments, Sarasota, FL) for 30 min. Mice in
the nontreated group and in the hyperthermia group were in-
jected with MCL solution only. Mice were then subjected to
hyperthermia treatment. A magnetic field was created by using a
horizontal coil (inner diameter 7 cm, length 7 cm) with a tran-
sistor inverter (Dai-ichi High Frequency, Tokyo) [38]. Anesthe-
tized mice were laid inside the coil such that the tumor region
was at the center. The magnetic field frequency and intensity
were 118 kHz and 30.6 kA/m (384 Oe), respectively. Tumor and
rectal temperatures were measured by optical fiber probe (Anritsu
Meter, Tokyo).

In vitro cytotoxicity assay

Splenic lymphocytes derived from cured mice, which were treated
with rmHSP70 (80 lg) plus hyperthermia, at 14 days after
hyperthermic treatment were isolated using the Medimachine
System (DAKO, Glostrup, Denmark). Naive mice that had been
born at almost the same time were used as controls. Contaminant
erythrocytes were lysed in 0.75% ammonium chloride. Cytotoxic
activity was determined by lactate dehydrogenase (LDH) release
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assay [6] according to manufacturer�s instructions (Promega,
Madison, WI). Briefly, target cells (B16 cells, 5·104 cells) were
mixed with different ratios of effector cells and incubated for 4 h
at 37�C in an atmosphere containing 5% CO2. Release of LDH
was then evaluated by fluorescence value. The percent cytotox-
icity was calculated as follows:

%cytotoxicity ¼
experimental� culture medium backgroundð Þ

maximum LDH relaease� culture medium backgroundð Þ

� �
� 100

ð2Þ

Statistical analysis

All experiments were repeated at least twice. Levels of statistical
significance in tumor growth experiments were evaluated using the
Mann-Whitney rank sum test. For survival analysis, differences in
survival rates were analyzed by a log-rank test. Differences were
considered statistically significant when the P value was less than
0.05.

Results

MCL-induced hyperthermia

MCLs were injected into the tumor, and AMF was
applied to the whole body of the mouse. Figure 1
shows the temperature at the tumor surface and in the
rectum during AMF application. Tumor temperature
increased rapidly to 43�C and was then maintained for
30 min by careful control of AMF intensity. When
AMF was discontinued, tumor temperature decreased
to 37�C within 5 min. In contrast, the temperature in
the rectum hardly increased during the treatment. This
suggests that the MCLs injected into the tumor were
specifically heated by AMF, and that heat generation

was controllable by adjusting the power of the AMF
generator.

Therapeutic effects of MCL-induced hyperthermia
with recombinant HSP70

Figure 2 shows the time courses of tumor growth in
each group. A control group of mice was injected with
MCLs, but AMF was not applied. Tumor volume
increased over 30 days in the control group, as shown
in Fig. 2A. In the hyperthermia group (Fig. 2B),
which was injected with MCLs and subjected to AMF
treatment, and in the rmHSP70 (80 lg) group
(Fig. 2C), which was injected with both rmHSP70
(80 lg) and MCLs but not irradiated, tumor volume
at 30 days posttreatment was not significantly reduced
when compared with the control group (P=0.12 and
P=0.06, respectively). For the rmHSP70 (20 lg) plus
hyperthermia group (Fig. 2D), which was injected with
both rmHSP70 (20 lg) and MCLs, and was then
subjected to AMF treatment, tumor volume at 30 days
was similar to that observed for the control group
(P=0.28). For the higher dose of rmHSP70 (80 lg)
plus hyperthermia group (Fig. 2E), which was injected
with rmHSP70 (80 lg) and MCLs, and was subjected
to AMF treatment, tumor growth was strongly
inhibited for 30 days and average tumor volume on
day 30 was 0.7±0.9 cm3, which was significantly
smaller than that of the control group (12.1±3.8 cm3,
P<0.01), the hyperthermia group (6.7±2.0 cm3, P<
0.01), and the rmHSP70 group (9.8±1.9 cm3, P<0.005).
In addition to these significant differences in tumor
volume between the rmHSP70 (80 lg) plus hyper-
thermia group and the other groups, a significant
difference was also observed with tumor size in the
rmHSP70 (20 lg) plus hyperthermia group (11.2±
1.9 cm3, P<0.05), suggesting that the effects of
rmHSP70 was dose dependent. Complete tumor re-
gression in mice undergoing combined therapy was
observed within 14 days in 2 of 10 mice. Interestingly,
no significant antitumor effects were observed in the
rmHSC70 plus hyperthermia groups, either with
administration of 20 lg (data not shown) or 80 lg of
rmHSC70 (Fig. 2F). The endotoxin content of both
HSP70 and HSC70 was less than 50 EU/mg.

The percentage survival of tumor-bearing mice over
a period of 90 days following hyperthermia is shown in
Fig. 3. In the control group, the hyperthermia group,
the rmHSP70 group, the rmHSP70 (20 lg) plus
hyperthermia group, and the rmHSC70 (80 lg) plus
hyperthermia group, all mice were dead due to pul-
monary metastases and/or enlarged tumor at the
inoculated site within 46 days. On the other hand, 2 of
10 mice in the rmHSP70 (80 lg) plus hyperthermia
group exhibited complete cure and survived for 90 days
after hyperthermia. Even though all mice in this group
were not cured completely, survival was significantly

Fig. 1 MCL-induced hyperthermia. MCLs were injected directly
into subcutaneous tumors in mice. Mice were subjected to an
alternating magnetic field for 30 min. Temperatures at the tumor
surface (open circles) and in the rectum (solid circles) were measured
by optical fiber probes. Temperature of the tumor was maintained
at 43�C. Data points and bars represent mean and SD of five mice
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extended when compared with the other groups
(P<0.05, versus that of all the other groups).

Antitumor immunity induction by combination therapy
of recombinant HSP70 with hyperthermia using MCLs

In order to determine whether combined therapy con-
ferred antitumor immunity against melanoma cells, in
vitro cytotoxicity assay was performed. Splenic lym-
phocytes were derived from cured mice (in the rmHSP70
(80 lg) plus hyperthermia group) and naive mice. As
shown in Fig. 4, splenic lymphocytes from cured mice

showed greater cytotoxic activity against B16 melanoma
cells than did spleen cells from naive mice.

Discussion

Hyperthermia has been used for many years to treat a
wide variety of tumors in both experimental animals
and patients. Almost all recent hyperthermia methods,
including capacitive heating using a radiofrequency
(RF) electric field [1], heat not only the tumor but also
surrounding healthy tissue, which is damaged by
nonspecific heating. Therefore, new methods that heat
only the target area are needed. Our method of
inducing intracellular hyperthermia using MCLs is able
to heat the tumor specifically, as shown in Fig. 1.
Moreover, the degree of heat generation in the tumor
can be controlled by altering the magnetic field
intensity, which allows the operator to induce the tu-
mor cell necrosis without damaging the surrounding

Fig. 3 Percentage survival of tumor-bearing mice over period of
90 days after MCL injection. Solid squares nontreatment (n=10),
open squares hyperthermia treatment (n=10), solid circles
rmHSP70 (80 lg)injection (n=10), open circles rmHSP70 (20 lg)
injection plus hyperthermia treatment (n=10), solid triangles
rmHSP70 (80 lg) injection plus hyperthermia treatment (n=10),
open triangles rmHSC70 (80 lg) injection plus hyperthermia
treatment (n=6)

Fig. 4 Cytotoxic activity of splenocytes against B16 melanoma
cells. Spleen cells were derived from mice in the combined therapy
group (treated with rmHSP70 (80 lg) injection plus hyperthermia
treatment) at 14 days after hyperthermia treatment (open circles)
and naive mice (solid circles). Effector cell to target cell (E:T) ratios
ranged from 3.125 to 25:1. Data points and bars represent mean and
SD of three independent experiments

Fig. 2A–F Antitumor effects of administration of rmHSP70 com-
bined with hyperthermia. Time courses of tumor growth after
MCL injection in nontreatment (A, n=10), hyperthermia treatment
alone (B, n=10), rmHSP70 (80 lg) injection alone (C, n=10),
rmHSP70 (20 lg) injection plus hyperthermia treatment (D,
n=10), rmHSP70 (80 lg) injection plus hyperthermia treatment
(E, n=10), and rmHSC70 (80 lg) plus hyperthermia treatment (F,
n=6) groups. Each line represents tumor growth in a single mouse.
Crosses indicate when each mouse died
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normal tissue [38]. In the present study, we set the
tumor temperature at 43�C in order to investigate the
effects of combining hyperthermia with administration
of HSP70, but this temperature was insufficiently high
to destroy the malignant melanoma. Our hyperthermia
system can be performed at higher temperatures and
can be conducted repeatedly without damaging healthy
tissue. For example, complete regression of B16 mel-
anoma was observed in 90% of mice using our
hyperthermia system at 46�C applied once daily for
2 days [29].

The most important finding from our studies was
that recombinant HSP70 administration in situ proved
to be a powerful immunostimulant for hyperthermia.
Immunization with HSP70-peptide complexes isolated
from cancer cells elicits T-cell responses [32]. The
immunogenicity of HSP70 protein results from its
capacity to bind peptides within cells. In the present
study, recombinant HSP70, which has not chaperoned
any peptides, was used. One possible mechanism of
the antitumor activity induced by hyperthermia with
rmHSP70 is the association of rmHSP70 with tumor
antigens produced in response to hyperthermic treat-
ment. We previously reported that necrotic cells sub-
jected to hyperthermia released endogenous HSP70
proteins [9], suggesting that endogenous proteins and
peptides, which were antigenic but not associated with
HSP70, may also be released from necrotic cells. These
endogenous antigens may form complexes with exog-
enous recombinant HSP70, and newly produced
HSP70-peptide complexes may induce antitumor
immunity. Interestingly, no significant antitumor ef-
fects were observed in the rmHSC70 plus hyperther-
mia group (Fig. 2F). Ménoret et al. [16, 17]
demonstrated that expression of inducible HSP70, but
not constitutive HSC70, was involved in tumor
immunogenicity, suggesting that interaction of induc-
ible HSP70 with polypeptide substrates may preferen-
tially occur in oxidized microenvironment because the
stresses that induce HSP70 expression also give rise to
cellular oxidation. Because hyperthermia is known to
induce intracellular oxidation [35], hyperthermia in-
duced by MCLs may promote an adaptive immune
response specific for newly chaperoned peptides.

Alternatively, HSP70 functions as a direct activator
of antigen-presenting cells (APCs), stimulating cyto-
kine secretion from monocytes and inducing the mat-
uration of dendritic cells (DCs) through CD14 [2] and/
or CD91 [5] receptors. This cytokine-like ability of
HSP70 to stimulate the innate immune system is
independent of the peptides they chaperone [2], sug-
gesting that HSP70 is a natural adjuvant. We previ-
ously reported that APCs, such as macrophages and
DCs, infiltrate into tumors following hyperthermia
with MCLs [9, 10]. The APCs recruited into tumor
tissue after hyperthermia may be stimulated by
administration of rmHSP70 to secrete inflammatory
cytokines and mediate maturation of DCs, resulting in
induction of immune responses.

We believe that these two functions of exogenous
rmHSP70 in the innate and adaptive immune responses
induce antitumor activity when administration is com-
bined with hyperthermia. However, further investigation
is needed to fully elucidate the mechanism.

B16 mouse melanoma cells are known to be poorly
immunogenic because they express a lower amount of
H-2 antigen, and are widely utilized in immunological
experiments to assess the effect of immunotherapy [10,
29, 36]. We previously studied the H-2Kb amount on
B16 cells by flow cytometry [10]. Flow cytometric anal-
ysis using the antimouse H-2Kb antibody revealed that
B16 cells expressed no or a lower amount of MHC class
I antigen compared with that of EL4 cells. Efficient
recognition of tumor cells by cytolytic T lymphocytes
(CTL) is often dependent on the presentation of cyto-
solic peptides in the context of MHC class I molecules.
This process may be influenced by various molecular
chaperones such as HSPs. Wells et al. reported that
stably transfected clones of B16 which constitutively
expressed the human HSP70 exhibited significantly in-
creased levels of MHC class I antigens on their surface
[36]. This HSP70-mediated up-regulation of surface
MHC class I antigen represented an increase in the
amount of functional MHC-peptide complexes as mea-
sured by conformation-dependent antibodies and rec-
ognition by MHC class I–restricted CTL. We previously
showed the augmentation of MHC class I antigen pre-
sentation via HSP70 expression by hyperthermia [8]. The
T-9 rat glioma cell surface presentation of MHC class I
antigen increased in tandem with increased HSP70
expression and the immunogenicity of the cells was en-
hanced by hyperthermia. We previously demonstrated
the augmentation of H-2Kb presentation in B16 mela-
noma cells by hyperthermia [10], and that the hyper-
thermia induced an antitumor immunity specific to B16
cells [29]. In the present study, although we have not
elucidated the roles of HSP70 in combination with
hyperthermia, we suppose that the antitumor immunity
specific to B16 melanoma induced by hyperthermia was
enhanced by the treatment of HSP70. Since the H-2Kb

expression on nonheated B16 cells is low, the role of
other effector cells such as the natural killer cells remains
to be investigated. In addition to the low immunoge-
nicity, we used large established tumors (0.6 cm in
diameter) to examine the preclinical feasibility of the
combined therapy used in the present study.

In the present study, we showed that combined
therapy using rmHSP70 and MCL-induced hyperther-
mia resulted in systemic antitumor immunity. Cured
mice were only obtained from the combined therapy
group, and antitumor immunity was induced in these
animals (Fig. 4). Although eight mice died from pul-
monary metastases and/or enlarged tumor after subcu-
taneous injection of B16 cells, survival was prolonged, as
shown in Fig. 3. These results indicate that this com-
bined therapy is able to kill tumor cells, not only by
direct heating but also by strongly inducing the antitu-
mor immune response. We therefore conclude that this
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novel approach (combined therapy of exogenous re-
combinant HSP70 and hyperthermia using MCLs)
should be applied to patients with advanced malignan-
cies.
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