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Abstract

The aim of this study was to investigate the effect of heat shock protein-70 (HSP-70) on splenocyte proliferation and nitric oxide (NO) pro-
duction in the BALB/c mice fibrosarcoma tumor model. To do so, HSP-70 was induced in the lysate of heat-shocked tumor cells and WEHI-164
cells (mouse fibrosarcoma cell line) were injected subcutaneously into the right flank of inbred BALB/c mice to establish a tumor model. Three
animal bearing tumor groups were applied: the test group; vaccinated with HSP-70 enriched tumor lysate; control group I, vaccinated with tumor
lysate only; and control group II, which received PBS. Using immunoblot analysis, an increase of HSP-70 expression was detected in the lysate of
heat-shocked cells in comparison with non-heat-shocked cells. The effect of the test lysate on NO production was measured both in vitro and
in vivo in the peritoneal macrophages and splenocytes of tumor bearing mice, respectively. The result showed a significant increase in NO production
both in vitro by peritoneal macrophages and in vivo after immunization with HSP-70 enriched tumor lysate. In addition, tumor growth was sig-
nificantly postponed and the proliferation of splenocytes was increased in the test group. Our results indicate that the lysate of heat-shocked
tumor cells was more potent than that of non-heat-shocked tumor cells in inducing anti-tumor immunity. Since production of NO by HSP-activated
antigen presenting cells (APCs) is likely to affect innate immunity and tumor growth, the probable mechanism of postponing tumor growth would be
NO production by innate immune cells. These findings provide a useful therapeutic model for developing novel approaches to cancer treatments.

© 2008 Published by Elsevier Ltd on behalf of International Federation for Cell Biology.

Keywords: Heat shock proteins; HSP-70; Nitric oxide; Cancer immunotherapy; Fibrosarcoma; Tumor cell lysate

1. Introduction

Although significant advances have been made for some
subtypes, many cancers remain resistant to conventional thera-
pies. Immunotherapy, which involves stimulating the immune
system to attack tumor cells, has long been investigated as an
alternative to conventional therapies. It is attractive, as the
specificity of the immune system gives it the potential to target
tumor cells while leaving normal cells unharmed (Parney et al.,
2002). It has been known for some time that heat shock proteins
(HSPs) bind and chaperone a large number of peptides derived
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from the cells (Gething and Sambrook, 1992; Srivastava
and Udono, 1994). HSPs such as gp96, HSP-70 and HSP-90
elicit protective immune responses against challenge with the
antigenic context from which they are isolated. This immuno-
genicity results from the receptor mediated uptake, processing
and re-presentation of HSP-associated peptides by MHC I mol-
ecules of APCs to cognate T cells. HSP—APC interaction also
results in the activation of a proinflammatory program of gene
expression, culminating in the production of cytokines TNF-a.,
IL-12, IL-1 and GM-CSF, and the up-regulation of Ag-present-
ing and co-stimulatory molecules such as MHC II and CD86
(Panjwani et al., 2002; Srivastava, 2002; Srivastava and Udono,
1994). Early studies have shown that fractionated tumor cell
lysate has the capacity to reduce tumor cell growth in mice
(Srivastava et al., 1986). The ability of human melanoma-
derived HSP-70 to stimulate autologous melanoma-specific T

1065-6995/$ - see front matter © 2008 Published by Elsevier Ltd on behalf of International Federation for Cell Biology.
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cells has been also shown in vitro (Castelli et al., 2001).
Clinical trials of tumor-derived HSPs have been conducted in
patients with a broad range of malignancies including lym-
phoma, renal cell carcinoma, melanoma, colorectal cancer,
gastric cancer, pancreatic cancer and breast cancer (Srivastava,
2002). In a recent phase II clinical trial, vaccination of
metastatic melanoma patients with autologous gp96 proteins
induced clinical and tumor-specific T-cell responses in a sub-
stantial proportion of patients (Belli et al., 2002). It has previ-
ously been shown that HSP-70 up-regulation in tumor cells,
through heat- or drug-induced stress or by gene transfection
(Hashemi et al., 2007; Ito et al., 2001; Todryk et al., 1999,
2004), increased tumor immunogenicity and protected animals
from challenge by a wild-type tumor. Additionally the interac-
tion of gp96 and HSP-70 with a variety of murine and human
APCs and APC cell lines resulted in the induction of iNOS
and the release of NO, which was discovered to have anti-
tumor effects when activated macrophages were cultured
with tumor cells (Panjwani et al., 2002). NO is produced by ac-
tivated macrophages through the enzymatic action of iNOS on
L-arginine. The induction of iNOS can be detected in macro-
phages recovered from individuals undergoing active infection.
In vitro, iNOS induction occurs in response to stimuli such as
IFN-v, endotoxin and TNF-a (Panjwani et al., 2002). The
aim of the present study was to enhance whole cell lysate vac-
cine immunogenicity through increased HSP expression by
heat stress without any purification of HSPs or using any adju-
tants. In this study, we immunized the mouse model for fibro-
sarcoma tumors with the lysate of heat-shocked WEHI-164
tumor cells. Tumor growth and several immunological param-
eters such as splenocytes proliferation and NO production by
mouse splenocytes and normal macrophages were detected.

2. Materials and methods
2.1. Mice and tumor models

Female inbred BALB/c mice (6—7 weeks old) were pur-
chased from the Pasteur Institute, Tehran, Iran. They were
given sterilized water and autoclaved standard mouse chow
ad libitum throughout the study. To establish subcutaneous tu-
mors, BALB/c mouse fibrosarcoma cells (WEHI-164) were
purchased from the Pasteur Institute, Tehran, Iran. Some
5 % 10° cell/100 pl were injected subcutaneously into the right
flank of the inbred BALB/c mice to establish a tumor model
(Panthel et al., 2006). Palpable tumors started to develop after
7 days. Tumor growth was monitored every 5 days with ver-
nier calipers after tumor challenge until the experiment was
completed. Tumor volume (mm3) was calculated by the for-
mula: length x width? x 7t/6 (Zeng et al., 2003).

2.2. Cell culture and vaccine preparation

The WEHI-164 cells were cultured in Dulbecco’s Modified
Eagle’s Minimal Essential Medium (GIBCO BRL, USA) sup-
plemented with 10% fetal bovine serum (GIBCO BRL, USA)
and incubated in an incubator with 5% CO2 and 95% air at

37 °C. The WEHI-164 cells in the logarithmic growth phase
were heated by direct immersion of the cell culture dishes in
a water bath, the temperature of which was controlled within
£0.1 °C. After heat treatment of the WEHI-164 cells at
42 °C for 60 min and incubation periods of 8 and 12 h, the
cells were collected by detachment with trypsin/EDTA
(GIBCO BRL, USA), washed 3 times in PBS and then resus-
pended in PBS (5 x 10° cell/100 pl). Tumor cell lysate was
prepared following a previously published method (Kim
et al., 2006; Schnurr et al., 2001). Briefly, the cell suspensions
in the medium were disrupted by five cycles of freeze-thaw us-
ing liquid nitrogen and a 37 °C water bath. Large particles
were removed by centrifugation (20 min, 3000 X rpm) and
the supernatants were passed through a 0.2 um filter.

2.3. Western blotting for HSP-70 expression

HSP-70 expression was investigated using Western blotting
analysis. Equal amounts of the proteins (1.3 mg/ml), deter-
mined by Bradford assay from the lysate of 5 x 10° WEHI-
164 cells, were fractionated on 10% SDS-PAGE gels and
transferred into a polyvinylidene difluoride membrane. After
washing, the membrane was blocked with 10% skim milk at
room temperature for 1 h and incubated with mouse monoclo-
nal antibody against HSP-70 (1:1000 R&D systems) at 4 °C
overnight. After washing, the membrane was incubated with
horseradish  peroxidase-conjugated anti-mouse antibody
(1:1000, Sigma) at room temperature for 1 h. After washing,
the immunoreactive bands were detected by 0.5 mg/ml diami-
nobenzidine (DAB, Sigma) and 0.1% H,0, in PBS.

2.4. Vaccination protocol

Ten days after tumor challenge, the mice of the three
groups were treated with the lysate of 1 x 10° cell/ml of the
heat-shocked tumor cells at 42 °C for 60 min and incubation
periods of 12 h for the test group; the lysate of 1 x 10° cell/
ml non-heat-shocked tumor cells for control group 1; and
PBS for control group 2. All treatment groups contained six
mice. Vaccination was performed subcutaneously into the
flank of the mice at weekly intervals for three consecutive
weeks.

2.5. Lymphocytes proliferation index

One week after the last vaccination, splenocytes were iso-
lated from the three sacrificed mice. The splenocytes from
the untreated mice were used as a negative control. The
spleens were passed through 100-pum filters to obtain a sin-
gle-cell suspension and erythrocytes were lysed at room tem-
perature using ACK lysis buffer (NH4Cl, KHCOj3, Na,EDTA).
The spleen cells were washed and resuspended in RPMI 1640
(GIBCO BRL, USA) supplemented with 10% FCS (GIBCO
BRL, USA). The cells, at a concentration of 1 x 10° cell/
well, were cultured with the lysate of heat-shocked and non-
heat-shocked WEHI-164 cells (1 x 10° cell/well) and ConA
(5 pg/ml) (Sigma) as a positive control in a total volume of
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200 pl. The plates were incubated for 5 days at 37 °C in a 5%
CO, humidified atmosphere. The lymphocytes proliferation
was determined by an MTT [3, (4, 5-dimethylthiazal-2-yl)-2,
5-diphenyl tetrazolium bromide] assay. The cells, cultured in
96-well plate, were incubated for 4 h in the presence of
MTT (5 mg/ml) (Sigma) followed by addition of 0.1 ml di-
methyl sulfoxide (DMSO). The formazan crystals were dis-
solved and absorbance was read at 490 nM by an ELISA
reader.

2.6. Nitrite measurement

2.6.1. Nitrite production by splenocytes

One week after the last vaccination, the splenocytes were
collected as described above. A total of 1 x 10®ml spleen
cells were washed and resuspended in RPMI 1640 (GIBCO
BRL, USA) containing LPS (1 pg/ml) plus IFN-y (50 U/ml)
in 96-well plates. Then, 48 h after incubation, the supernatants
were collected and tested for nitrite. Nitrite was measured by
adding 100 pl of Griess reagent (1% sulphanilamide and 0.1%
naphthylenediamine in 5% phosphoric acid) to 100 pl samples
of the medium. The optical density at 550 nm (OD 550) was
measured with a microplate reader. The concentrations were
calculated by comparison with OD 550 of the standard solu-
tions of sodium nitrite prepared in culture medium.

2.6.2. Nitrite production by peritoneal macrophages

Nitrite production was measured in the supernatants of
peritoneal macrophages from the normal mice. Briefly, the
cells were cultured in 96-well plates with 200 ml of culture
medium until the cells reached confluence (approximately
200,000 cells per well). In order to induce iNOS, fresh culture
medium containing LPS (1 pg/ml) plus IFN-y (50 U/ml) was
added. Nitrite accumulation in the medium was measured
24 h after the application of LPS/IFN-y. To assay the effect
of the lysate of the heat-shocked and non-heat-shocked cells
on nitrite production, the lysate was added, and nitrite produc-
tion was measured as previously described.

2.7. Statistical analysis

A Student’s ¢ test was used to calculate the significance of
statistical comparisons. In all the analyses, statistical signifi-
cance was claimed at the 5% level (P < 0.05) and for notice-
able results (P < 0.1). All computations were performed with
Statistical Package, version 11.0 (SPSS Inc., Chicago, IL,
USA).

3. Results
3.1. HSP-70 expression by Western blotting analysis

To assess the level of HSP-70 in the supernatants of the ly-
sate of the heat-shocked WEHI-164 cells, two groups of the
cells were shocked with different temperatures and the lysate
of the non-heat-shocked WEHI-164 cell was used as control.
The results indicated a significant increase in the level of

HSP-70 accumulation in the cells after heat-shock treatment
compared with the non-heat-shocked control cells (Fig. 1).

3.2. Tumor volume following the vaccine therapy

The changes of the tumor volume in the three groups of
mice were assessed as shown in Fig. 2. The results indicated
that the tumors in the test group grew more slowly than those
in the control groups. Immunization of the mice with the lysate
of heat-shocked tumor cells significantly (P < 0.01) sup-
pressed tumor growth compared to the control groups (on
days 20, 25, 30 and 35). Similar results were obtained in
two separate experiments.

3.3. Lymphocyte proliferation index following
vaccine therapy

To estimate the proliferation of lymphocytes of the mice
vaccinated with the lysate of the heat-shocked tumor cells,
all the three groups of mice were used and the protocol in
Fig. 3 was performed. The results indicated a significant in-
crease in the proliferation index of the transformation of the
lymphocytes in the test group compared with the control
groups.

3.4. Nitrite production by normal mice
peritoneal macrophages

In this study, we detected the effect of the lysate of heat-
shocked tumor cells on nitrite production by normal mice peri-
toneal macrophages. NO production by peritoneal macrophages
was significantly (P < 0.01) higher after in vitro treatment with
the lysate of heat-shocked tumor cells in comparison with treat-
ment with the lysate of non-heat-shocked tumor cells and media
as negative control (Fig. 4).

3.5. Nitrite production by splenocytes

We assessed nitrite production by the splenocytes from the
mice vaccinated with heat-shocked vs. non-heat-shocked ne-
crotic tumor cells. Nitrite oxide production by the splenocytes
from the mice treated with the lysate of heat-shocked and non-
heat-shocked tumor cells was significantly (P < 0.01) higher
than in the PBS treated mice after stimulation with LPS and
IFN-y (Fig. 5).

M 1 2 3 4

97.4 kDa mm——

66.2kDE

Fig. 1. HSP-70 expression of heat-shocked tumor cells. Western blot analysis
of HSP-70 expression in WEHI-164 cells, maintained at 37 °C (1); heat-
shocked up to 42 °C, 60 min, (8 h recovery in 37 °C) (2); (12 h recovery in
37 °C) (3); and molecular weight marker (M).
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Fig. 2. Change of tumor volumes after immunization. Test group: treated with lysate of heat-shocked tumor cells. Control group I, lysate of non-heat-shocked
tumor cells. Control group II, PBS. The values are mean + SD of tumor volumes (n = 6 mice per group).

4. Discussion

HSPs have the ability to chaperone and present a broad
antigenic repertoire of tumor cell peptides. There is now com-
prehensive experimental evidence that the antigenicity of
tumor-derived HSP-70, HSP-90 and gp96 preparations results
from diverse arrays of endogenous peptide antigens com-
plexed with these stress proteins. Vaccination with tumor-de-
rived stress protein/peptide complexes leads to their uptake
and processing by professional APCs and presentation of as-
sociated tumor peptide antigens to cytotoxic T cells. This in-
duces a tumor-specific cytotoxic T-cell response (Heike et al.,
1999). In addition, HSP-70 itself activates polymorphonuclear

30

cells to produce proinflammatory cytokines suggesting that
HSPs are natural adjuvants involved in innate immunity (Ito
et al., 2005). Many studies have shown that HSPs, purified
from tumor cells, are potent immune modulators and can
lead to stimulation of both the innate and adaptive immune re-
sponses to tumors (Srivastava, 2002; Srivastava and Udono,
1994). Vaccination with HSPs isolated from tumor cells cir-
cumvents the need to identify specific tumor antigens and,
hence, extends application of HSP-based immunotherapy to
the majority of cancers (Wang et al., 2000). Although irradi-
ated heat-shocked tumor cells (Todryk et al., 2004) and puri-
fied HSPs from tumor cells (Srivastava, 2002) have been
both reported to elicit anti-tumor immune response, there

M Test group Control group 1

& Control group 2

25

T

20

7

Stimulation index (Sl)
o

Lysate of heat
shocked tumor cells

Lysate of non-heat
shocked tumor cells

Con A
(positive control)

RPMI media
(negative control)

In vitro stimulation

Fig. 3. Proliferation of splenocytes from mice treated with the lysate of heat-shocked tumor cells. The mean = SD of triplicate determinations are shown (n =3

mice per group).
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Fig. 4. NO production by peritoneal macrophages from normal mice in the presence of different stimulator. Stimulation with LPS and IFN-y (control positive) and
cell culture media (control negative), (n =3 mice per group, the values are mean £ SD).

has been little information about the cellular immune response
to the lysate of heat-shocked tumor cells. Our hypothesis was
that after cellular hyperthermia, HSPs would be induced as
peptide chaperones and immunostimulators. This could im-
prove the anti-tumor effects of the whole tumor lysate. Our
previous results with the same tumor model indicated a signif-
icant increase in the CD8+ lymphocytes as well as a significant
increase of cytotoxic activity and IFN-y production by spleno-
cytes (Hashemi et al., 2007); this might be the cause of the de-
crease in the tumor size. Since there has been little information
about the effect of lysate of heat-shocked tumor cells on NO
production as an anti-tumor mediator of innate immune sys-
tem, we assume that the effect of this vaccination procedure
is due to NO production. To assess our hypothesis, the lysate
of heat-shocked fibrosarcoma cells was administered to the
BALB/c mice fibrosarcoma tumor model. Western blot

35

30

25

20 ~

15 1

10 1

Nitric oxide (micro mol)

Test group Control group 1

Study groups

Control group 2

Fig. 5. NO production by splenocytes from immunized mice (n =3 mice per
group, the values are mean + SD).

analysis showed an increase of HSP-70 level in the heat-
shocked cells compared with the non-heat-shocked controls,
indicating that HSP-70 was induced during the cellular hyper-
thermia. Our findings showed that the immunization of mice
with this heat-shocked tumor cell lysate was terminated to
a significant reduction in tumor size. Accordingly, a significant
increase in the index of splenocyte stimulation and proliferation
were significant in the test group. Furthermore, an increase in
NO production by peritoneal macrophages was observed after
treatment with the lysate of the heat-shocked tumor cells.
HSP—APC interaction has been shown previously to result in
the secretion of an array of inflammatory cytokines by APCs
(Basu et al., 2001; Binder et al., 2000). Additionally, the inter-
action of the gp96 and HSP-70 with a variety of murine and hu-
man APCs and APC cell lines results in the induction of iNOS
and NO production (Panjwani et al., 2002). Furthermore, HSP-
90 has been shown to be an important endogenous protein en-
hancer of iNOS. HSP-90 associates with iNOS in cells, and
this association facilitates NO synthesis (Yoshida and Xia,
2003). In all recent studies, different HSPs have been purified
from tumor cells and the effects of the purified HSPs on NO
production have been detected. In the present study we have
not purified any kind of HSPs; heat treatment of the tumor cells
caused enrichment of the cells with HSP-70 and probably other
HSPs that may induce NO production. We also analyzed one of
the important heat inducible HSPs, HSP-70, and the result indi-
cate a significant increase in its expression after heat treatment.
We know that tumor cells in normal condition express different
HSPs, as detected about HSP-70 in the lysate of non-heat-
shocked tumor cells (Fig. 1). One of the functions of the mac-
rophages is to provide a defense mechanism against tumor cells.
In recent decades, the mechanism of macrophages killing tumor
cells has been studied extensively. Macrophage-mediated tumor
cytotoxicity is a slow, cell-to-cell contact-dependent process
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requiring 1—3 days. The susceptibility to macrophage-mediated
tumor cytotoxicity varies greatly among different tumor cells
(Klimp et al., 2002). The tumor cytotoxic function of macro-
phages requires stimulation with cytokines such as IFN-y. Ac-
tivated macrophages secrete several substances that are directly
involved in the killing of tumor cells, i.e., TNF and NO (Klimp
et al., 2002). Taken together, TNF and NO are considered as the
most important mediators directly involved in killing tumor
cells. These mediators are most effective when there is a close
cell-to-cell contact. In addition to production of TNF-a, NO
production has been shown to be a major tumoricidal mecha-
nism of activated macrophages in vitro and in vivo. The toxic
effects of NO and its derivatives on target cells are due to sev-
eral mechanisms (Klimp et al., 2002). First, NO mediates loss of
iron from cells thereby inactivating iron—sulfur cluster-contain-
ing enzymes in the citric acid cycle and the mitochondrial elec-
tron transport. Second, NO is capable of inducing zinc release
from zinc-containing proteins, thereby inducing disulfide for-
mation, which inhibits DNA-binding activity of zinc finger
type transcription factors. Third, NO is capable of influencing
the activity of ion channels, thereby destroying the mitochon-
drial membrane potential (Klimp et al., 2002). Overall, the pres-
ent study suggests that increased expression of HSPs through
heating, within whole tumor cell vaccines, is a means of en-
hancing immunogenicity without genetic modification or inclu-
sion of potentially toxic adjuvants. Our findings also suggest
that the lysate of the heat-shocked tumor cells can activate the
monocytes and macrophages. The lysate of the heat-shocked tu-
mor cells appears to exert its anti-tumor effects by stimulating
the production of NO and through other mechanisms such as se-
cretion of the cytokines including IL-1b and TNF-oo which
should be analyzed in detail in future studies.
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