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Abstract

The use of hyperthermia as an adjunct to cancer immunotherapy is supported by an increasing number
of research data. Both preclinical and clinical data results have demonstrated improved antitumor
immune responses with the addition of mild hyperthermia. The molecular mechanisms responsible
for the improved immune reactivity observed in the presence of hyperthermia include the generation
of Hsps, the activation of antigen presenting cells and changes in lymphocyte trafficking.
Understanding these hyperthermia-induced processes can serve as the foundation for analyzing
current clinical trials, as well as designing future trials in cancer immunotherapy.
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Introduction

Elevated body temperatures have been recognized as beneficial components of the defense
immune response against pathogenic stimuli since ancient times [1], with the notion of treating
human cancers with heat dates back to the writings of Hippocrates [2]. However, heat as a
treatment modality for cancer has only begun to be evaluated rigorously over the past few
decades [2-4]. There is a renewed interest in the application of heat to enhance the efficiency
of standard cancer therapies, such as chemotherapy and radiation treatment [5-7]. The
combination of immunotherapy with hyperthermia for treating cancer, however, is a
particularly intriguing notion, as significant clinical effects of hyperthermia have been
attributed to the immune system [8]. The accepted view of the cancer-host immune interface
is that tumors possess unique antigens that can be recognized by the immune system. After
antigen uptake at tumor sites, APCs have the ability to create a robust response by entering
lymphoid compartments and programming lymphocytes. Following generation and expansion
to large numbers, cytotoxic lymphocytes may then traffic to tumor sites for targeted cell killing
[9], as depicted in Figure 1.

To understand how temperature may influence the immune system, it is necessary to define
the concept of hyperthermia. As the father of clinical thermometry, Wunderlich is credited
with defining normal body temperatures at 37°C and describing a dynamic range of normal
body temperatures with diurnal variations [10]. Fever induces the elevation of the physiological
set point of body temperature, increasing core body temperatures via specific thermoeffectors.
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Hyperthermia differs fundamentally from fever in that it elevates the core body temperature
without changing the physiological set point. Typically, hyperthermia is induced by increasing
the heat load and/or inactivating heat dissipation [11].

Early studies in hyperthermia focused upon the cytotoxic effects of high temperatures and the
direct killing of tumor cells [2]. Although significant cell killing could be achieved by heating
cells or tissues to temperatures > 42°C for 1 or more hours, the application, measurement and
consistency of this temperature range within the setting of cancer clinical trials proved
problematic. Unless thermal ablation of tumor tissue is applied within a localized area,
hyperthermia in the cytotoxic range could not be reliably achieved in tumors of heterogeneous
size and tissue type [2]. Accordingly, mild temperature hyperthermia (ie, within the fever-
range, 39-41°C) and moderate hyperthermia (41°C) have emerged as focal points for ongoing
clinical investigations, as they are readily achievable and tolerated [2,12]. This review
delineates aspects of fever-range to moderate-level hyperthermia, and discusses the application
of hyperthermia as an adjunct to immunotherapy, focusing on Hsps, and APCs and the
enhancement of immunotherapy strategies.

Hyperthermia-induced Hsps as modulators of the immune system

Cellular functions of Hsps

Hsps are a family of stress-induced proteins with several critical cellular functions, and are
typically designated by their molecular weight. Hsps were discovered in 1962 as a result of the
accidental application of thermal stress to Drosophila preparations [13]. Over the last 30 years,
Hsps have been characterized in a variety of cells, in species ranging form prokaryotes to
humans, and are highly conserved. Hsps attenuate the effects of cell stressors and were
originally assigned a chaperone function, as they prevented intracellular protein misfolding
and aggregation during stress responses [14]. Hsps are now recognized as central mediators of
a variety of cellular functions under physiological conditions, as they are key regulators of
cellular protein activity, turnover and trafficking [15]. During homeostasis, Hsps ensure
appropriate post-translational protein folding, and are able to refold denatured proteins, or mark
irreversibly damaged proteins for destruction [16]. Unsurprisingly, given their crucial cellular
activities, Hsps represent one of the more abundant protein types in unstressed cells, accounting
for 1-2% of all cytosolic proteins [17]. Defining the function of Hsps in cancer cells has become
a burgeoning area of research, as described below.

Hsps in cancer

The activities of Hsps in transformed tumor cells are complicated and diverse. Hsps are present
in an abundance of tumor types and may function to confer several survival benefits to cancer
cells [15]. There is evidence that a specific Hsp, Hsp70, directly inhibits apoptosis pathways
in cancer cells, as demonstrated in human pancreatic, prostate and gastric cancer cells [18—
20]. Hsps have also been implicated in mediating resistance to potentially cytotoxic
hyperthermia in a process termed thermotolerance [21-23]. More specifically, the synthesis
and accumulation of Hsps in tumor cells exposed to hyperthermia may afford protection from
further heat-associated cytotoxic events, as the Hsps may rescue or restore vital cellular
proteins. Thermotolerance has the ability to generate a population of tumor cells that are
refractory to subsequent hyperthermic changes. Moreover, there is evidence that Hsps support
the malignant phenotype of cancer cells by not only affecting the cells’ survival, but also
participating in angiogenesis, invasion, metastasis and immortalization mechanisms [24].
Contrary to the many benefits conferred upon tumor cells expressing high levels of Hsps, tumor
cell dependence upon Hsps for several critical functions represents an attractive and potential
therapeutic target [25]; a virtual Achilles’ heel.
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Hsps and the immune system

The immune system has evolved to take advantage of the ability of Hsps to act as ‘danger
signals’, thus allowing the generation of an amplified immune response [26]. Hsps released
from stressed or dying cells activate dendritic cells (DCs), transforming them into mature
APCs. Hsp endocytosis by DCs increases the cell surface expression of MHC class 11
molecules, in addition to several costimulatory molecules, thereby potentiating immune
recognition of antigens [27]. Mature DCs can program lymphocyte effector cells in an antigen-
restricted manner, thus limiting collateral damage to normal healthy tissues, which do not
express the target antigen. The ability of Hsps to chaperone proteins prior to endocytosis and
processing by DCs can potentially broaden the repertoire of presented epitopes and thus, the
spectrum of the immune response [28].

Germane to this review, tumor cells express unique proteins that may serve as antigens for
targeted immune responses. The significant number of mutations present in any tumor cell can
create protein products with unigque antigens and epitopes for recognition by the immune
system as foreign bodies. Tumor cells also possess abundant amounts of constitutively
expressed Hsps [24,29]. In theory, fever-range hyperthermia may take advantage of tumor cell
Hsps by inducing their release from tumor cells and augmenting DC priming against tumor
antigens. In several models of hyperthermia, heat-treated tumors exhibited improved DC
priming and generation of systemic immunity to tumor cells [30-32], which, in one study,
could be abrogated by the loss of Hsp70 expression [30]. It has also been reported that
hyperthermia alone can enhance antigen display by tumor cells, thus rendering them even more
susceptible to programmed immune clearance [33,34]. Fever-range hyperthermia may also
induce Hsps [35], and has been found to improve the activity of Hsp-based vaccine strategies
[36], an approach further discussed in the following section.

Hsps as cancer vaccines

Ongoing research efforts are evaluating the potential role of Hsp-peptide complexes isolated
from cancer cells, as well as Hsps complexed to tumor antigens, as cancer vaccine candidates.
Comprehensive and detailed reviews have been published on this subject [37-43] and should
supplement the outline this topic that follows. A major potential benefit of utilizing Hsps in
vaccine development is that a dominant tumor antigen may not have to be fully characterized
or isolated to be complexed to the Hsp of interest[44], which is unique to only a few other
vaccine strategies [45,46]. Using tumor cell lysates as a rich source of Hsp-peptide complexes,
several tumor antigens could be presented to APCs, including multiple epitopes of the same
antigen. The use of Hsps may exert an adjuvant effect by bolstering MHC class Il and co-
stimulatory molecule expression by DCs [47].

The ultimate goal of using Hsps in cancer vaccine cliniclatrials is to assess whether the
published data derived from animal models of disease, demonstrating the generation of
effective antitumor responses in their presence, can be replicated in humans [44,48,49].
Extensive knowledge obtained from phase | and phase Il clinical studies using autologous,
tumor-derived Hsp (gp96)-peptide complex (vitespen, Antigenics Inc) for the treatment of
melanoma, colorectal, renal cell and pancreatic carcinoma [50-53], lead to a phase Il clinical
trial aiming to determine the clinical efficacy of the vaccine. This phase Il trial for renal cell
carcinoma suggested a potential benefit of the vaccine for patients with early-stage disease,
but did not demonstrate statistically significant differences in recurrence-free survival as a
clinical endpoint [52,54]. The ability to isolate and administer an Hsp-peptide complex from
patient tumors, as demonstrated by this study, offers the hope of individualized therapeutic
treatment for cancer patients based upon promising preclinical data.
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In theory, an autologous, tumor-derived Hsp-peptide vaccine can be generated by applying
fever-range hyperthermia or thermal ablation to tumor sites without the need for ex vivo
manipulations, but this technique has yet to be systematically evaluated. For example, various
histological findings associated with thermal ablation of tumors have been described, including
thermal fixation and narrow reactive zones [55]. Thermal fixation implies preservation of
cellular architecture with resistance to breakdown and a lack of wound healing responses.
Inflammatory reactive zones, however, may create an ‘interface’ between tumor antigens and
the immune system mediated by the release of Hsps [56]. The thermal ablation of liver tumors
in particular has demonstrated an ability to potentiate immune responses [57,58] and elicit
robust T-cell infiltrates at ablation sites [59,60]. Similar to thermal ablation methods, fever-
range hyperthermia may foster interactions between tumors and the immune system and is an
area of active research. More specifically, the ability of fever-range hyperthermia to induce
reactive immunity against tumor antigens through DCs and NK-cells is likely mediated by
Hsps, and is discussed in the following sections.

Improvement of dendritic cell and NK-cell function by hyperthermia

Hsps and dendritic cell activation

The release of Hsps from tumor cells can serve as a potent activating signal for quiescent APCs.
Accordingly, the ability to induce DC maturation seems directly proportional to the Hsp content
of tumor cells [29]. Moreover, the ability of tumor cell lysates from a murine thymoma to
induce maturation of DCs could be experimentally abrogated by the use of the Hsp90 inhibitor
geldanamycin [29]. Additionally, HSPs are able to mediate the cross-priming of tumor antigens
[28,61,62]. Cross-priming is the ability of extracellular Hsps complexed to tumor peptides to
be internalized and presented in the context of MHC class | molecules on APCs, thus allowing
potent priming of CTLs against tumor antigens. It has been reported that Hsps are generated
from necrotic tumor cell lysates, but not from tumor cells undergoing apoptosis [63-65]. There
are also published data demonstrating that necrotic tumor cell lysates enhance antigen cross-
presentation more efficiently compared with early apoptotic tumor cells [66]. In contrast, there
are conflicting data demonstrating improved DC activation with apoptotic renal, squamous and
pancreatic carcinoma cells, suggesting possible differences between cancer cell types and/or
cell lines [67-69]. These differences in tumor features are not trivial, as hyperthermia may
serve as a mediator of either tumor cell necrosis or apoptosis depending on the temperature
used and the exposure time. Temperature, time and other factors associated with hyperthermia
and cell killing have been comprehensively reviewed [70], and are likely to determine the mode
of cell death. In tumor cells exposed to hyperthermia in the heat shock range (42°C for 4h)
prior to lysing, DC activation and cross-priming were significantly enhanced with the
application of heat [33]. Enhanced cross-priming was directly attributed to increased
expression of Hsps in hyperthermia-treated cells [33].

Hyperthermia and dendritic cell-based cancer vaccines

The clinical use of tumor-primed DC vaccines can be hampered by several factors, including
the availability of usable tumor tissue, dependence upon ex vivo and in vivo antigen loading
and a potential lack of appropriate recruitment of DCs. In an effort to overcome these barriers,
a preclinical study evaluated the use of hyperthermia combined with intratumoral injection of
DCs to treat melanoma [71]. This study aimed to assess the proposed benefits of in situ tumor-
antigen loading of DCs in the presence of local stimulating factors elicited by hyperthermia.
A significant inhibition of tumor growth was noted, with concomitant migration of injected
DCs to tumor draining lymph nodes and priming of CTLs [71]. Similar findings were obtained
in a small clinical study using this treatment strategy [72]. Patients with advanced melanoma
were treated with intratumoral injections of immature DCs with or without adjuvant local
hyperthermia. The addition of hyperthermia extended the time to tumor progression, improved
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T-lymphocyte priming, and created a favorable balance between effector and regulatory T cell
(Treg) tumor infiltration [72].

Due to the ability of Hsps to activate DCs directly by chaperoning tumor antigens upon their
release [28], it is possible that both local and regional immune stimulation can be achieved
with hyperthermia. In a recent study using a murine prostate cancer model, localized
hyperthermia was combined with intratumoral injection of DCs [73]. Intratumoral DCs
engulfed tumor cell fragments generated by hyperthermia and induced a systemic T-cell-
mediated immune response. Most importantly, tumors treated with a combination of
hyperthermia and intratumoral DC injections exhibited significant growth inhibition compared
with controls. In this study, hyperthermia was reported to generate both necrotic and apoptotic
tumor cells, which may reflect the clinical realities of treating heterogeneous tumor tissues
[73]. In another study using a murine lung carcinoma model, Hsps released following local
heat shock (42-43°C) treatment of tumors acted as potent autocrine and paracrine signaling
molecules [30]. Tumor cells exposed to the released Hsps produced chemoattractants (like
CCL2 {chemokine [C-C motif] ligand 2}, CCL5 and CXCL10 {chemokine [C-X-C motif]
ligand 10}) that improved migration of DCs in vitro and was dependent upon TLR4 expression
on tumor cells. Interestingly, DCs in these experiments were directly activated by tumor-
derived Hsp70 via a TLR4-dependent mechanism present in the DCs [30]. Collectively, these
findings support the use of hyperthermia as an inducer of Hsps to serve as ‘danger signals’,
activating antitumor immune responses.

Attempts at targeting endogenous DCs to specific anatomic sites have also been evaluated by
Hsp-tumor antigen complex injection [74]. The activation of anatomically distinct DCs could
be manipulated by varying the mode of Hsp-tumor antigen injection (ie, intravenous versus
subcutaneous). Moreover, the Hsp-tumor antigen complex could be conjugated to specific
molecules, such as polyhistidine, to enhance intracellular trafficking upon endocytosis by DCs,
thus strengthening the priming of CTLs [74]. Efficient intracellular trafficking could obviate
the necessity for direct intratumora linjection, while maintaining the vaccination efficacy of
DCs.

Hyperthermia and immune tolerance

Tumor-induced immune tolerance continues to represent a significant barrier to effective
cancer immunotherapies. Tregs contribute to immune tolerance [75], but their behavior has
not been extensively evaluated in the context of hyperthermia. Immature myeloid cells (iMCs)
derived from the bone marrow of tumor-bearing hosts have been identified as significant
suppressors of antitumor immune responses [76,77]. Derived from iMC precursors, DCs
function as key regulators of T-cell activity [78]. Differentiation of a subset of iMCs to mature
DCs is inhibited by several postulated tumor-derived factors [76,77]. However, differentiation
of DCs to mature cells capable of presenting tumor antigens may be elicited through the
application of hyperthermia [79,80]. Whether hyperthermia can overcome tumor-induced
immune tolerance and induce differentiation of iMCs has yet to be determined experimentally.
The use of hyperthermia applied to DCs recovered from patients with medullary thyroid cancer
was examined in a preliminary clinical study [81]. Hyperthermia-treated DCs enibited
enhanced priming capacity and were more potent stimulators CTLs compared with controls.
An analogous clinical study investigating the effects of hyperthermia in human hepatocellular
carcinoma reported similar results [32]. Moreover, it should be noted that whole-body
hyperthermia not only augments immune responses, but also stimulates the migration of skin-
derived DCs to draining lymph nodes [82]. These preclinical findings suggest a valuable role
of hyperthermia in DC cancer vaccine strategies.
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Hyperthermia and NK cells

As an important mediator of innate antitumor immunity, NK-cells have been reported to be
responsive to hyperthermia [83-85]. The importance of NK cells in mediating antitumor
activity during hyperthermia treatment was demonstrated in mice bearing either human breast
tumor xenografts or syngeneic tumors [86]. In mice treated with fever-range whole-body
hyperthermia, tumor growth was significantly inhibited and NK-cell infiltration increased
compared with control-treated animals. In this study, NK cells were required for the antitumor
effects observed [86]. The mechanisms involved in hyperthermia-mediated activation of NK
cells were addressed in a separate murine study [87]. Although an increase in the cell-surface
expression of activating NK-cell receptors was not noted, clustering of these activating
receptors appeared to be induced by the hyperthermia. The clustering of receptors in addition
to increased tumor surface expression of an NK activating ligand, MICA (MHC-class-1-chain-
related gene A), was postulated to improve NK-mediated antitumor activities [87].

In clinical trials, exposure to fever-range hyperthermia resulted in improved endogenous NK-
cell cytotoxicity to several cancer types [88,89]. The distribution of NK cells throughout the
body could also be altered by whole-body hyperthermia, with increased numbers observed in
peripheral blood samples, suggesting mobili9zation and the possibility for improved
immunosurveillance [90,91].

Collectively, the evidence for improved activation and function of DCs and NK cells following
hyperthermia treatment justifies further investigation within clinical trials of the effect of
hyperthermia on these cell types in the oncology setting.

Enhancement of immunotherapies by hyperthermia

Improved lymphocyte-endothelial adhesion and leukocyte trafficking

Leukocyte trafficking is a highly regulated and orchestrated process that is tightly regulated
by hyperthermia at multiple levels [92,93]. Whole-body hyperthermia in the fever range has
been demonstrated to regulate adhesion molecule expression on select vascular endothelial
sites [92-94]. Hyperthermia increases the expression ICAM-1 a key adhesion molecule, on
high endothelial venules of secondary lymphoid tissues. Lymph node high endothelial venules
and Peyer’s patches are efficient portals of lymphocyte entry into areas of interaction with
APCs such as DCs [95]. Hyperthermia can augment this already efficient system and allow for
increased lymphocyte entry across this specialized endothelial layer [93].

Remarkably, hyperthermia can also act directly on lymphocytes to improve their adhesive
properties [94,96-98]. Lymphocytes exposed to fever-range hyperthermia demonstrated
enhanced L-selectin/a4B7 integrin affinity and/or avidity for endothelial adhesion molecules,
ultimately leading to improved homing to lymphoid tissues compared with nornothermal
controls. The combined effects of hyperthermia on lymphoid tissue endothelium and
lymphocytes can promote immune surveillance and increase the probability of naive
lymphocytes leaving the circulation and encountering their cognate antigen displayed by DCs
in lymphoid organs. In independent clinical studies, whole-body hyperthermia resulted in a
transient decrease in circulating lymphocytes in patients with advanced cancer [12,94,99,
1001, a finding which mirrored observations in animal models in which lymphocyte entry into
lymph noeds was increased following hyperthermia treatment [93]. Enhanced recruitment of
lymphocytes to lymphoid tissues may be exploited in the treatment of malignancies.

There is further evidence demonstrating that hyperthermia can enhance lymphocyte-
endothelial interactions by regulating a specific class of chemoattractant molecules.
Chemokines are chemoattractant molecules that control leukocyte trafficking and migration
and are responsive to hyperthermic stimuli [101]. Fever-range, whole-body hyperthermia
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strongly increases the intravascular display of CCL21, a key homeostatic chemokine, which
mediates lymphocyte trafficking across high endothelial venules [93]. Moreover, certain
inflammatory chemokines (1L-8, as well as other CXC chemokines) have been proposed to be
classical Hsps based on their regulation by Hsp transcription factors [101,102]. It has been
hypothesized that evolutionary changes have intertwined heat shock responses with enhanced
chemoattraction as would be required for neutrophil recruitment to sites of infection during
febrile illnesses [101].

The emerging picture from these studies is that hyperthermia acts at multiple levels to improve
lymphocyte and endothelial interactions via complex complementary mechanisms involving
a variety of trafficking molecules. Further studies are required to determine whether
hyperthermia can be exploited in immunotherapy protocols to enhance trafficking of immune
effector cells to tumor sites. Support for such studies is provided by the finding that there is
increase accumulation of endogenous neutrophils and lymphocytes in the tumor
microenvironment following exposure to hyperthermia. More specifically, in inflammatory
models, fever-range hyperthermia has been found to generate neutrophil accumulation at sites
of infection, as well as at tumor sites [86,103-105]. Increased leukocyte migration in
inflammatory models appears to be correlated to chemoattractants elicited by exposure to
hyperthermia. The synergy between local Hsp peptide release and chemokine production may
serve to amplify immune responses at tumor sites exposed to hyperthermia. Preliminary
preclinical and clinical studies suggest there is a benefit to the addition of hyperthermia to
adoptive immunotherapy protocols, which may be related to trafficking mechanisms [106].
The ability of fever-range hyperthermia to enhance adoptively transferred lymphocyte homing
to tumors is an area of active exploration.

Hyperthermia-mediated immune surveillance in cancer

The circulation of lymphocytes through lymphoid tissues may be mandatory for the generation
of cancer immunity. Endogenous immune responses to tumors occur within the unique
environment of draining lymph nodes [107]. The initial tumor antigen presentation and
initiation of clonal expansion of CTLs transpires in the lymph nodes and cannot take place
outside this specialized compartment [107]. Furthermore, the ability of DCs present in the
lymph nodes to stimulate an anti-tumor immune response is critical [108]. As hyperthermia
has been shown to improve immune surveillance by T-cells [93] and to increase DC trafficking
to lymph nodes [82], the application of fever-range, whole-body hyperthermia merits further
investigation in cancer immunology protocols.

In addition, the ‘seeding’ of lymphoid tissue by exogenous, adoptively transferred antitumor
lymphocytes may prove to have profound clinical significance [109]. Accordingly, the
depletion of host lymphocytes prior to adoptive immunotherapy appears important for
enhanced therapeutic efficacy. Inimmunodepleted hosts, there is less competition for cytokines
that may promote the effector function of adoptively transferred antitumor lymphocytes. The
process of immunodepletion with a combination of low-dose chemotherapy and non-lethal
total-body radiation may also eliminate any endogenous immune suppressor-cell populations
that can dampen the efficacy of adoptive transfers. One proposed mechanism of enhanced
efficacy is the homeostatic expansion of adoptively transferred lymphocytes in ‘empty’
lymphoid compartments [110]. Further activation and expansion of adoptively transferred
CTLs in lymph nodes may also be crucial for improving antitumor responses, as demonstrated
by the utilization of minimally cultured tumor-infiltrating lymphocytes [111]. Increased
costimulation of less differentiated, adoptively transferred lymphocytes by endogenous DCs
may act to amplify antitumor effects. Hyperthermia may supplement these requirements and
represent a useful adjunct to adoptive transfer regimens by increasing the entry of adoptively
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transferred lymphocytes into lymphoid compartments. Fever-range hyperthermia is being
evaluated in preclinical studies regarding these issues.

Conclusion

Insight into the mechanisms of hyperthermia and the influence of Hsps on the immune system
has created a cornerstone for future investigations on their potential use in cancer treatment.
A new emphasis on lymphocyte trafficking to lymphoid tissues, programming by DCs and
chemoattraction to tumor sites may be supported by the pleiotropic effects of hyperthermia, as
summarized in Figure 2. The use of hyperthermia as an adjuvant to existing immune therapy
regimens represents a non-toxic, readily achievable treatment modality that has the potential
to reinvigorate marginally efficacious protocols for the treatment of cancer.
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Figure 1. Improvement of antitumor adaptive immunity with hyperthermia
Hyperthermia impacts the ability of several factors to improve adaptive immunity to tumor
antigens culminating in antigen-targeted antitumor responses. DC dendritic cell.
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Fever-range hyperthermia
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Figure 2. Antitumor effects of fever-range hyperthermia

Beneficial immune consequences of fever-range hyperthermia are mediated via Hsp peptide
release, dendritic cell (DC) activation and changes in trafficking, including cellular adhesive
and immune surveillance
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