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Abstract Heat shock proteins (HSPs) are highly con-
served proteins whose syntheses are induced by a variety
of stresses, including heat stress. Since the expression of
HSPs, including HSP70, protects cells from heat-in-
duced apoptosis, HSP 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. If HSP expres-
sion induced by hyperthermia is involved in tumor
immunity, novel cancer immunotherapy based on this
novel concept can be developed. In such a strategy, a
tumor-specific hyperthermia system, which can heat the
local tumor region to the intended temperature without
damaging normal tissue, would be highly advantageous.
To achieve tumor-specific hyperthermia, we have
developed an intracellular hyperthermia system using
magnetite nanoparticles. This novel hyperthermia sys-
tem can induce necrotic cell death via HSP expression,
which induces antitumor immunity. In the present arti-
cle, cancer immunology and immunotherapy based on
hyperthermia, and HSP expression are reviewed and
discussed.
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Introduction

Hippocrates (460-370 BC), the father of medicine, sta-
ted the following: ‘“‘the diseases which fever cannot cure,
those are to be reckoned wholly incurable.”” He believed
that any diseases could be cured with artificial control of
body temperature. Today, hyperthermia is a promising
approach to cancer therapy [49]. Worldwide interest in
hyperthermia was generated by the first international
congress on hyperthermic oncology in Washington in
1975. In the following decade, there was a growing
enthusiasm for hyperthermia. Thereafter, interest de-
creased mainly due to problems with heating systems.
Nowadays, there appears to be a renewed interest, due
to new developments including improved heating tech-
niques. A major technical problem with hyperthermia is
the difficulty of heating the local tumor region to the
intended temperature without damaging normal tissue.
The rationale underlying hyperthermia is the fact that
temperatures over 42.5°C are cytotoxic for tumor cells
[7], especially in an environment with a low pO, and low
pH conditions that are typically found in tumor tissue
due to insufficient blood perfusion. Conventional
hyperthermia systems are designed to heat tissue to
around 42.5-44.0°C. However, higher temperatures can
kill greater numbers of tumor cells, and in principle,
tumor-specific hyperthermia can kill all kinds of tumor
cells.

Using magnetite nanoparticles, we have developed an
intracellular hyperthermia system that we believe is the
first to achieve artificial local control of temperature
within tumors in the human body [12, 34, 44, 52,
53].This novel hyperthermia treatment has produced
unexpected biological responses, including overcoming
thermotolerance due to specific heating of the tumor at
high temperature, and an antitumor immune response
induced by expression of heat shock proteins (HSPs).
These results suggest that our hyperthermia system can
kill not only heated tumors but also nonheated tumors,
including metastatic cancer cells. We have investigated



the role of HSP70, which is a well-defined HSP that has
immunostimulatory properties [11, 26, 54], in order to
elucidate the mechanism of immune induction by
hyperthermia [13, 14]. In the present article, the mech-
anism of the anticancer immune response induced by
hyperthermia is reviewed and discussed.

Tumor-specific hyperthermia using magnetite
nanoparticles

Hyperthermia is a promising approach to cancer ther-
apy. Various methods have been used to induce hyper-
thermia, including the use of hot water, capacitive
heating, and inductive heating [49]. However, an inevi-
table technical problem with hyperthermia is the diffi-
culty of uniformly heating only the tumor region to the
required temperature without damaging normal tissue.
Accordingly, some researchers have proposed the use of
“intracellular” hyperthermia, and have developed sub-
micron magnetic particles for this purpose [20, 32].
Intracellular hyperthermia is based on the principle that
a magnetic particle can generate heat by hysteresis loss
under an alternating magnetic field (AMF). In 1979,
Gordon et al. [10] first proposed the concept of intra-
cellular hyperthermia using dextran magnetite (Fe3;0y4)
nanoparticles. They administered magnetite nanoparti-
cles to Sprague-Dawley rats bearing mammary carci-
nomas, and showed that AMF-induced heating occurred
in their in vivo experiments. Jordan et al. [21] have
conducted several comprehensive in vitro studies of
magnetic fluid hyperthermia using dextran magnetite
nanoparticles.

As magnetite nanoparticles, including dextran mag-
netite, have no tumor-specific targeting ability, we have
used drug delivery system (DDS) techniques to develop
antibody-conjugated liposomes (immunoliposomes)
containing magnetite nanoparticles (antibody-conju-
gated magnetoliposomes, AMLs). The targeting ability
of AMLs mainly depends on the specificity of the anti-
body and the quantity and quality (including homoge-
nous antigen expression) of the antigen on the tumor cell
surface. We constructed immunoliposomes using mouse
G22 monoclonal antibody (MAD) against human glioma
cells [24], mouse G250 MAD against human renal cell
carcinomas [35], and humanized MADb against human
epidermal growth factor receptor-2 (Herceptin) [15]. We
have demonstrated the tumor-specific targeting ability of
these immunoliposomes. Also, accumulation of magne-
tite nanoparticles in tumor cells can be enhanced by
conferring a positive surface charge to liposomes. We
have developed “magnetite cationic liposomes” (MCLs)
with improved adsorption and accumulation properties.
MCLs, which have a positive surface charge, have ten-
fold higher affinity for glioma cells than neutrally
charged magnetoliposomes [34]. These two types of
magnetite liposomes have a sufficiently high specific
absorption rate (SAR), which determines the heat evo-
lution rate in hyperthermia, and a general biocompati-
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bility that is comparable to that of dextran magnetite.
We demonstrated the efficacy of hyperthermia using
magnetite nanoparticles in animals with several types of
tumor, including B16 mouse melanoma [44], MM46
mouse mammary carcinoma [12], T-9 rat glioma [52],
Os515 hamster osteosarcoma [27], and VX-7 squamous
cell carcinoma in rabbit tongue [28]. The strategy of our
hyperthermia system and the two types of liposomes
that we have developed containing magnetite nanopar-
ticles are shown in Fig. 1.

Interestingly, we observed antitumor immunity
resulting from hyperthermia, induced using magnetite
nanoparticles, in an experimental T-9 rat glioma model
in which one tumor was transplanted into each femur of
a rat (Fig. 2) [53]. Although only one tumor was sub-
jected to hyperthermia, the other tumor also disap-
peared completely. An immunohistochemical assay
revealed that NK cells and CD8- and CD4-positive T
cells migrated not only into the heated tumor but also
into its nonheated counterpart. Also, an in vitro cyto-
toxicity assay using spleen cells revealed that the CTL
activity was selective for T-9 cells. These results suggest
that our therapeutic magnetic particles are potentially
effective tools for hyperthermic treatment of tumors,
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Fig. 1 Hyperthermia using magnetite nanoparticles. a Scheme of
hyperthermia treatment. Magnetite nanoparticles are concentrated
in tumor tissue by the DDS. Then the nanoparticles are irradiated
with an AMF produced outside the human body, resulting in
tumor-specific hyperthermia. b Liposomal drugs containing mag-
netite nanoparticles for DDS. Left antibody-conjugated magneto-
liposome (AML); right magnetite cationic liposome (MCL)

MCL
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Fig. 2 Anticancer immune response induced by hyperthermia
using magnetite nanoparticles. Rats bearing tumors on each side
of the body were prepared. MCLs were injected into the left tumor
only, and the rats were irradiated with an AMF using the
apparatus shown in (a, left). Temperature of left tumor, containing
MCLs (closed circles), increased specifically, whereas temperature
of right tumor (open circles) and rectum (open triangles) remained
below 38°C (a, right). The tumor-specific hyperthermia treatment
induced an antitumor immune response, and both tumors had
disappeared on the 28th day after hyperthermia treatment. [/
Control rat without AMF irradiation; I7 rat with AMF irradiation.
Open triangles in (b), the side without MCLs; closed triangle in (b),
the side with MCLs

because in addition to killing tumor cells with heat, they
induce a host immune response. We have performed
detailed analysis of the HSPs that were upregulated and
released from tumor cells during hyperthermia to assess
their role in antitumor immune responses.

Augmentation of tumor immunogenicity by hyperthermia
via HSP expression

Hyperthermia induces expression of HSPs [25]. As the
expression of HSPs protects cells from heat-induced
apoptosis [33], HSP expression has been considered a
complicating factor in hyperthermia. Since hyperthermia
is a physical treatment, it is likely to have fewer side
effects than chemotherapy. Consequently, an advantage
of hyperthermia is the feasibility of frequent repeated
treatment [12]. However, conventional hyperthermia
systems involve treatment only once or twice per week,
performed at an interval of more than 48 h to prevent
thermotolerance [42, 43] caused by HSP expression.
Recent reports have shown the importance of HSPs
in immune reactions, including HSP70, HSP90, and
glucose-regulated protein 96 (gp 96); and studies suggest
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that HSPs chaperone tumor antigens [30, 36]. With re-
gard to the mechanism of antitumor immunity induced
by hyperthermia using MCLs, our findings suggest two
possible mechanisms of antigen presentation via HSP70
expression during hyperthermia [13, 14]. One possible
mechanism is heat-induced augmentation of tumor
immunogenicity due to presentation of antigenic pep-
tides via MHC class I antigens of tumor cells. Srivastava
et al. [37-39] proposed the following “relay line model”
for tumor antigenic peptide transfer during antigen
processing and presentation by HSPs (Fig. 3). (1) The
peptides are first bound to HSP70 or HSP90, which
carry them to the endoplasmic reticulum (ER) via the
transporter associated with antigen processing (TAP).
(2) The peptides are transferred to gp96 in the lumen of
the ER. (3) In the terminal step, gp96 transfers the
peptides to the MHC class I-f, microglobulin com-
plexes. Wells et al. [50, 51] demonstrated that stably
transfected B16 melanoma cells which constitutively
expressed human HSP70 exhibited significantly in-
creased levels of MHC class I antigens on their surface.
We have shown that augmentation of MHC class I
antigens on the tumor cell surface via HSP70 expression
causes immune induction [13] (the working hypothesis is
illustrated in Fig. 4). In that study, HSP70 expression
reached its maximum 24 h after heating, and the aug-
mentation of MHC class I surface expression began 24 h
after heating and reached its maximum 48 h after heat-
ing. The expression of other immunologic mediators,
such as intracellular adhesion molecule-1 (ICAM-1), did
not increase. In an in vivo experiment, growth of T-9
cells in immunocompetent syngenic rats (F344) was
significantly inhibited by hyperthermia, with augmen-
tation of MHC class I antigen surface expression,
whereas growth of T-9 cells was not inhibited in nude
rats (F344/N Jcl-rnu), suggesting that the effector cells



Fig. 3 Relay line model for
tumor antigenic peptide
transfer during antigen
processing and presentation by
HSPs. HSP family, including
HSP70 and HSP90 in
cytoplasm, and gp96 in ER, is
involved in peptide transfer to
MHC class I molecule

were T lymphocytes. Furthermore, compared with
lymphocytes from nonimmunized (injected with PBS)
rats or rats injected with nonheated T-9 cells, the splenic
lymphocytes of rats injected with heated T-9 cells dis-
played specific cytotoxicity against T-9 cells. These re-
sults suggest that HSP70 is an important modulator of
tumor cell immunogenicity during hyperthermia, and
that CTLs are the effector cells.

Thus, we have demonstrated that augmentation of
MHC class I antigens on the tumor cell surface via

Fig. 4 Mechanism of induction of anticancer immune response by
hyperthermia. Augmentation of tumor immunogenicity by an
increase of the number of MHC molecules on the surface of cancer
cells via inducible HSP expression
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HSP70 expression is a possible mechanism of immune
responses induced by hyperthermia treatment. However,
the mechanism of enhanced tumor immunogenicity via
HSP70 expression has not been fully elucidated. As
mentioned above, Wells et al. demonstrated that stably
transfected B16 melanoma cells that constitutively ex-
pressed human HSP70 exhibited significantly increased
levels of MHC class I antigens on their surface [50]. In
contrast, Dressel et al. [8] observed that human mela-
noma cells that overexpressed HSP70 “without” en-
hanced expression of MHC class I antigens exhibited
enhanced susceptibility to CTLs. These results suggest
that the effects of HSP70 expression on tumor immu-
nogenicity differ among tumor types. It has recently
been reported that sublethal irradiation can alter the
phenotype of target tissue by upregulating gene products
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that can increase susceptibility of tumor cells to CTLs.
Garnett et al. [9] examined responses of 23 human car-
cinoma cell lines (12 colon, 7 lung, and 4 prostate) to
nonlytic doses of radiation, and observed changes in
their surface expression of Fas (10/23 tumors were up-
regulated), ICAM-1 (14/23), carcinoembryonic antigen
(CEA, 16/23), mucin-1 (MUC-1, 8/23), and MHC class I
antigens (8/23). We speculate that sublethal heating can
alter the phenotype of tumor cells, and that the changes
depend on the type of target tumor cell. Further analysis
(e.g., using microarrays [22]) is presently being con-
ducted to examine the range of phenotypic changes
caused by altered gene expression after hyperthermia
treatment. Although hyperthermia has been used in
combination with radiotherapy and chemotherapy, little
data is available concerning the clinical effects of stim-
ulation of the immune response using such methods.
Further investigation of changes in tumor cell charac-
teristics such as immunological phenotype after such
combination therapy may lead to development of novel
strategies for cancer immunotherapy.

Release of HSP-peptide complex from necrotic cells
induced by hyperthermia treatment

An alternative mechanism of recognition of antigens of
tumor cells by the host immune system in hyperthermia
is cross-presentation of antigenic peptides by dedicated

Fig. 5 Mechanism of induction
of anticancer immune response
by hyperthermia. In-situ
vaccination by HSP-peptide
complexes released from dying
cells via necrosis by
hyperthermia treatment
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antigen-presenting cells (APCs) [5, 40, 41] (the working
hypothesis is illustrated in Fig. 5). HSP-mediated anti-
tumor immunity may be caused by a vaccine-like effect
of HSP-peptide complexes released from dying tumor
cells. The released HSP-peptide complexes encounter
APCs that express receptors such as CD91, CD40, and
Toll-like receptors 2/4 [5]. Interaction of HSP-peptide
complexes with these receptors leads to receptor-medi-
ated endocytosis, processing of the antigenic peptide by
the endogenous MHC class I pathway, and representa-
tion on the cell surface to CD8-positive T cell receptors
[3]. Additionally, HSP70 functions as a direct activator
of APCs, stimulating cytokine secretion from mono-
cytes, and inducing the maturation of dendritic cells
(DCs) via CD14 and/or CD91 receptors [1]. This cyto-
kine-like ability of HSP70 to stimulate the innate im-
mune system is independent of the peptides it
chaperones, suggesting that HSP70 is a natural adjuvant
[40, 41].

We demonstrated that HSP70 expression following
hyperthermia using MCLs induced antitumor immunity
in rats with T-9 rat glioma [14]. Since MCLs are heated
in our hyperthermia system, the distribution of magne-
tite nanoparticles within tumors is an important issue.
When MCLs were repeatedly heated, the surrounding
tumor tissues underwent necrosis, and magnetite nano-
particles subsequently expanded into the necrotic area
within the tumor, resulting in a wide distribution of
magnetite nanoparticles. Thus, the entire tumor area



was necrosed by repeated (three times) hyperthermia
(with a 24-h interval over 3 days) [14]. The 24-h interval
corresponded to the time when HSP70 expression in T-9
cells reached its maximum, and a large amount of
HSP70 was detected in the tumor tissue. We previously
examined expression of HSP70 in B16 melanoma nod-
ules in mice treated with MCL-induced hyperthermia
(once at 43°C for 30 min) 24 h after the treatment, and
in nodules of nontreated mice. HSP70 expression in the
tumor heated at 43°C was 1.6+0.2 ng/mg-tumor, and
the expression in the nontreated mice was
0.17+£0.06 ng/mg-tumor [44]. Thus, our hyperthermia
system using MCLs overcame thermotolerance and in-
duced necrotic cell death that correlated with HSP70
expression.

Next, we purified the HSP70-peptide complexes ob-
tained from the tumor after hyperthermia, and found
that immunization of rats with T-9-derived HSP70
strongly suppressed tumor growth [14]. HSP70-peptide
complexes obtained from liver (control) were also puri-
fied, and their vaccine effects were examined, but no
antitumor effects were observed. These results suggest
that HSP70 in tumor cells chaperones some antigenic
peptides after hyperthermia. T-9 cells were subjected to
hyperthermia, and were then examined using an apop-
tosis assay. The apoptosis/necrosis assay, which was
based on flow cytometric analysis, revealed that necrotic
cell death was induced by hyperthermia at 42°C for
30 min. After hyperthermia, HSP70 released into the
supernatant from treated cells was detected on a Wes-
tern blot probed with antibody to HSP70/HSC70. These
results suggest that our hyperthermia system induces
necrotic cell death via HSP70 expression. Then, in order
to investigate the vaccine-like effect of the tumor cells
killed via hyperthermia-induced necrosis in rats, a tumor
rejection assay was performed after hyperthermia
treatment of implanted T-9 cells; tumor growth was
strongly suppressed, and 50% of the rats were protected
from challenge with T-9 cells.

Our hyperthermia system is designed to induce ne-
crotic cell death. Whether vaccination with apoptotic
cells or necrotic cells is more efficient in terms of release
of HSPs from cells has been a controversy among
cancer immunologists. Apoptosis is programmed cell
death, and is also considered ““clean” cell death because
the contents of the cells (including tumor antigens) are
not released into the external environment but get
packaged into the apoptotic body. In contrast, necrotic
cell death is considered an unprogrammed event that is
“not clean,” because the cell contents are released into
the environment. In necrotic cell death, as mentioned
above, HSPs released from necrotic tumors chaperone
antigen. HSP-antigen complexes bind to the surface of
DCs, thereby transferring the antigens to DCs for
MHC-restricted presentation [2]. In apoptosis, apop-
totic bodies are engulfed by APCs, followed by antigen
processing and presentation of tumor antigens by
MHC class I antigens [23]. In fact, appropriate pro-
cessing by APCs may occur in both apoptosis and
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necrosis. Apoptotic cell death seems preferable to ne-
crotic cell death, because of the predictability of the
results of apoptosis. When the complex program of
apoptotic cell death is fully decoded, it will be possible
to control activation of a specific cascade of apoptotic
events and induce apoptosis in any type of cancer using
techniques such as molecular target therapy. However,
at present, cancer therapy specifically designed to in-
duce apoptosis does not appear to be feasible, because
cancer cells are adapted to escape from ‘“death,”
especially from apoptotic cell death, due to continual
gene mutation. In contrast, it is relatively easy to in-
duce necrotic cell death. Generally, when cells undergo
extreme stress, they die in a necrotic manner. Yonez-
awa et al. [55] examined the manner of cell death in-
duced by hyperthermia. Apoptotic cell death was
induced in malignant fibrous histiocytoma cells by mild
hyperthermia treatment at 42°C, whereas necrotic cell
death was induced by hyperthermia at 44°C. Thus,
hyperthermia can easily induce necrotic cell death (in
principle, in any type of tumor cell) by heating cells to
a sufficiently high temperature.

Our intracellular hyperthermia treatment can heat
the tumor specifically via the MCLs. Moreover, the
amount of heat generated in the tumor can be controlled
by modulating the magnetic field intensity, making it
possible to induce necrotic cell death without damage to
the surrounding normal tissues. Another reason why
necrotic cell death is effective for cancer therapy is that
necrotic cell death may strongly induce a danger signal.
We have observed that numerous and diverse kinds of
immunocytes, such as CDS§- and CD4-positive T-cells,
NK cells, macrophages, and DCs, infiltrate into the
necrotic area of tumors after hyperthermia treatment
using MCLs [14, 16, 53]. Todryk et al. [47] observed
infiltration of such cells into B16 melanoma nodules
transfected with the HSP70 gene, suggesting that HSP70
expression is a danger signal for the recruitment of im-
munocytes.

Recently, a vaccine consisting of autologous tumor-
derived gp96-peptide complexes (HSPPC-96, Onco-
phage; Antigenics, Inc., Woburn, MA, USA) has en-
tered clinical trials, and the feasibility of its use to treat
metastatic melanoma [4] and colorectal cancer [29] has
been demonstrated. Since HSP-peptide complexes must
be extracted from tumors in the body, surgery is needed
in this therapeutic protocol. In contrast, in hyperthermia
using MCLs, no surgery or extraction is necessary.
Udono et al. [48] reported that the vaccination effect of
HSP70-peptide complexes was directly dependent on the
dose. The HSPs in the tumor can be regarded as an
antigen source, and 1 g (approximately 10® cells) of tu-
mor tissue may contain approximately 2 mg HSP70.
This represents a much higher dose than that used for
the clinical trials. In our hyperthermia system, the
expression of HSP70 was enhanced, and tissue lysis via
necrosis was observed throughout the tumor. Thus, our
hyperthermia system using MCLs increases levels of
HSP-peptide complexes (possibly including HSPs such
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as HSP90 and gp 96) within tumor cells, and can induce
their release via necrosis, resulting in vaccination.
Chandawarkar et al. [6] recently reported that low doses
of gp96 generated immunity, whereas doses ten times the
immunizing dose did not. Further investigations of
hyperthermia protocols (e.g., target temperature and
heating period) are needed to determine the most suit-
able conditions for the induction of immune responses
via HSP expression and HSP release from dying cells.

These results suggest that our hyperthermia system
confers antitumor immunity via release of HSP70-pep-
tide complexes during necrotic tumor cell death in vivo.
This phenomenon, which we have termed “in situ vac-
cination,” has important implications for the develop-
ment of novel antitumor therapies.

Concluding remarks

A proposed scenario in which HSPs function during
successive stages of an antitumor response after hyper-
thermia is summarized and illustrated in Fig. 6. (1) A
poor immunogenic tumor cell has a low concentration of
intracellular HSP-peptide complexes, decreased function
of the endogenous antigen-processing machinery, and a
very low level of MHC class I-peptide complexes at the
cell surface. (2) A sublethal stress response induced by
hyperthermia using MCLs results in increased levels of

Fig. 6 Proposed scenario of the mechanism of induction of
anticancer immune response by hyperthermia
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intracellular HSP-peptide complexes, enhanced pro-
cessing of endogenous antigens, and an increase in the
density of MHC class I-peptide complexes at the cell
surface [13]. These tumor cells are then recognized di-
rectly by MHC class I-restricted CTLs [8, 50]. (3) Dying
tumor cells, which are killed by the CTLs or by lethal
hyperthermia treatment, release their intracellular con-
tents, including HSP-peptide complexes [14]. (4) The
released HSPs and/or antigenic peptides activate neigh-
boring monocytes to produce proinflammatory cyto-
kines and recruit APCs [1, 47]. (5) The HSP-peptide
complexes are taken up by DCs, and are in turn pre-
sented to T cells via MHC class 1 and/or II antigens
(cross-priming) [2, 3, 31, 39].

Furthermore, we are currently developing novel
cancer immunotherapy based on the mechanism of
anticancer immune response via HSP expression. Three
key elements may be involved in this mechanism: (1)
CTLs as effector cells; (2) APCs as antigen-processing
and antigen-presenting cells for HSP-peptide complex
released from necrotic cells; and (3) HSPs as natural and
powerful immunostimulants. This strategy is based on
combinations of hyperthermia using MCLs with cyto-
kines (IL-2 and GM-CSF [16]), heat-inducible TNF-«
gene therapy [17], recombinant HSP70 [18], HSP70 gene
therapy [19], and DC therapy [45, 46]. We are con-
ducting further studies to establish a novel cancer
immunotherapy based on the concept of heat-controlled
necrosis with HSP expression.
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