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Hyperthermia is a type of medical modality for cancer treatment using the biological effect 
of artificially induced heat. Even though the intrinsic effects of elevated body temperature 
in cancer tissues are poorly understood, increasing the temperature of the body has been 
recognized as a popular therapeutic method for tumorous lesions as well as infectious diseases 
since ancient times. Recently accumulated evidence has shown that hyperthermia amplifies 
immune responses in the body against cancer while decreasing the immune suppression and 
immune escape of cancer. It also shows that hyperthermia inhibits the repair of damaged 
cancer cells after chemotherapy or radiotherapy. These perceptions indicate that hyperthermia 
has potential for cancer therapy in conjunction with immunotherapy, chemotherapy, 
radiotherapy, and surgery. Paradoxically, the anticancer effect of hyperthermia alone has 
not yet been adequately exploited because deep heating techniques and devices to aggregate 
heat effects only in cancer tissues are difficult in practical terms. This review article focuses 
on the current understanding concerning cancer immunity and involvement of hyperthermia 
and the innate and adoptive immune system. The potential for combination therapy with 
hyperthermia and chemotherapy, radiotherapy, and surgery is also discussed.
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INTRODUCTION

Cancer is one of the most fatal diseases in the world, 
inducing various conditions such as organ disorders 
from primary lesions or metastatic lesions and cachexia. 
Three standard therapeutic methods include surgery, 
chemotherapy, and radiotherapy; however, these are 
not satisfactory on the whole. Difficulties in treating 
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cancer are due to its distinctive abilities for immune 
escape, metastasis, and tolerance to cancer therapies. 
These abilities result from the heterogeneity of cancer 
cells[1] and the anticancer efficacy of conventional 
treatment methods has limitations. Recent progress 
has been made in cancer immunotherapy, a fourth 
cancer therapeutic method, including activated T-cell 
therapy and dendritic cell (DC) vaccines; however, 
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their therapeutic efficacy is still limited[2,3]. The more 
recent discovery of immune check-point inhibitors 
has demonstrated sensational long-term benefits in 
patients with advanced cancer and has highlighted 
the importance of immune responses to cancer, but 
its efficacy has been recognized only in a minority of 
patients[4,5]. Hence, current therapeutic methods need 
to be improved or new therapeutic cancer therapy 
developed for single or combination use. Recently, 
many reports have shown that an appropriate heat 
effect has potential anticancer efficacy and can 
enhance the efficacy of other cancer therapies. 
Nonetheless, fever itself is a complex physiological 
response[6], with the intrinsic effects of elevated body 
temperature regarded as an important defense system 
for the body by increasing the immune reaction not 
only against infectious disease but also against cancer.

Hyperthermia
Even though the efficacy of intrinsic effects of elevated 
body temperature in tissues to cells is still being studied, 
it has been disclosed that the survival rate of cells is 
reduced by heating at 39-42 °C, and it is amplified 
remarkably by heating at ≥ 42.5 °C for ≥ 1 h. There 
is no variation in tolerance between tissue types[7,8]. 
Hyperthermia is a type of cancer treatment using this 
feature to target cancer cells and their surrounding 
environment[9]. In the early days, hyperthermia alone 
at 42-44 °C was performed against recurrent tumors 
derived from head and neck cancer and breast cancer, 
which appeared on the surface of the body. The 
objective antitumor response in this set of superficial 
tumors was around 40%[10-12]. However, most cancers, 
including primary sites as well as recurrent or metastatic 
sites, are located deep inside the body. This makes 
hyperthermia alone less effective because it is quite 
difficult to heat only cancer tissues to more than 42 °C 
using currently available heating devices. Recently, the 
usefulness of mild hyperthermia with 39-42 °C (fever-
range hyperthermia) for 1-2 h has been reported for 
combination use with other cancer therapies[13]. This 
method takes advantage of the difference in sensitivity 
to heat stress between normal tissues and cancerous 
tissues. The logic behind its use is that normal 
tissues have enough vascular distribution to drain the 
congestion of fever and avoid tissue damage in these 
shorter time periods. In contrast, in cancerous tissues, 
fever and heat stress tend to accumulate. Consequently, 
an anticancer effect can be obtained within the fever 
range while normal tissues endure[14]. Nevertheless, 
irradiation for a long period with a higher temperature 
than body temperature until cancer is eliminated is still 
harmful to normal tissues and homeostasis of the body.

In widespread use, the term hyperthermia generally 

includes regional hyperthermia, whole-body hyperthermia, 
and hyperthermic intraperitoneal chemotherapy 
(HIPEC). Ablation therapy, which uses microwave 
or a laser at 80-100 °C, leading to direct cancer cell 
death by heat denaturation of proteins or necrosis[15], 
may also be categorized as hyperthermia in the broad 
sense. Regional hyperthermia is a less invasive method 
of thermal therapy. In this method, heat effects are 
limited to the range of irradiation and have an expected 
role as a chemosensitizer or radiosensitizer used to 
augment the efficacy of chemotherapy or radiotherapy 
in situ[9]. The currently popular method for hyperthermia 
in clinical practice is mild hyperthermia applied to the 
regional cancer area by using an 8 MHz[16,17] or 13.56 
MHz[18] radiofrequency capacitive heating device, 
applied to the surface of the body directly above the 
cancer. In contrast, whole body hyperthermia heats 
areas of body and increases the systemic body 
temperature of patients[19]. This method is suitable for 
patients with metastases in multiple organs, including 
carcinomatosis. Increased effects of immune cells such 
as T cells and DCs located in the peripheral organs or 
circulation are also expected, in addition to the effect of 
regional hyperthermia[20].

T-cell-based immune responses
 to cancer
T-cells are key immune cells with regard to specific 
immune responses against cancer. The pivotal events 
involved in the induction of successful T-cell mediated 
immune responses and those in the immune effector 
phase are shown in Figure 1. DCs are the major 
antigen-presenting cells (APCs), which are capable 
of initiating T-cell mediated immune response[21]. 
These cells usually reside in the epidermis of the skin 
and mucosal tissues to prepare to combat foreign 
enemies. This includes cancer antigens, which are 
fragments of tumor cells generated as a consequence 
of natural death or the interaction of tumors and innate 
immune cells such like natural killer (NK) cells[22,23]. 
DCs process and present these fragments on their cell 
surface along with major histocompatibility complex 
(MHC) antigens after capturing cancer antigens. The 
complex of cancer antigens and MHC class I antigens 
are presented to CD8+ cytotoxic T lymphocytes (CTLs), 
while the complex of cancer antigens and MHC class 
II antigens engage to stimulate CD4+ helper T-cells. 
The CD4+ helper T cells enhance the differentiation of 
CTLs into effecter T-cells by secreting cytokines such 
as interferon-γ (IFN-γ) and interleukin-2 (IL-2).

Naïve T-cells receive the presentation of cancer 
antigens from DCs in the T-cell zones of lymphoid 
organs to acquire an appropriate immune response[24]. 
To achieve antigen presentation, these two cells 
constantly migrate to the lymphoid organs (homing). 
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The homing mechanism is regulated by chemokines 
and the chemokine receptor axis. CCL21 and CCL19 are 
homeostatic chemokines that are constantly secreted 
from secondary lymphoid organs, including lymph 
nodes and Peyer’s patches, without any exogenous 
stimulation[25-27]. Meanwhile, C-C chemokine receptor 
7 (CCR7) is a concomitant chemokine receptor of 
CCL21 and CCL19[25]. Cells expressing CCR7 can 
migrate to organs where CCL21 and CCL19 are 
secreted depending on the concentration gradient[28]. 
Most naïve T-cells constantly express CCR7. DCs 
matured by exogenous stimulation with antigens 
derived from bacteria or cancers begin to express 
CCR7, whereas immature DCs do not express 
CCR7[24,29]. Thus naïve T-cells and antigen-presenting 
DCs can migrate to secondary lymphoid organs from 
peripheral organs. As a final step in homing, these 
immune cells need to carry out transvasation through 
high endothelial veins to infiltrate into the lymphatic 
organs from the lymphatic system. To complete 
homing through the interval between endothelial cells, 
expression of adhesion molecules such as L-selectin 
and integrin is up-regulated for rolling and adhesion 
with intercellular adhesion molecule (ICAM), which is a 
co-receptor for integrin[30,31]. After antigen presentation, 
T-cells are induced to proliferate and differentiate into 
effecter T-cells. The expression of CCR7 on T-cells is 
then down-regulated to leave the lymphoid tissue for 
migration to cancer tissues.

Effecter T-cells recognize the complex of cancer 
antigens and MHC class I antigens expressed on 
cancer cells through a T-cell receptor (TCR). Then, the 
lethal effects against cancer cells are triggered along 
two different pathways: granule exocytosis and death 
ligand/death receptor system. Granule exocytosis 
induces the secretion of perforins and granule enzymes 

(granzymes)[32,33]. Even though the nature and the role 
of these proteases in response to cancer is still unclear, 
perforins generally act as a carrier for the delivery of 
granzymes and build pores in the plasma membrane of 
target cells to allow granzymes to gain entry to the target 
cell cytosol. Granzymes are considered to execute the 
target cells through the cleavage of factors required for 
replication and defense[33]. Death ligands are proteins 
including Fas ligand (FasL) that is expressed on 
effector T-cells. FasL can engage target cells through 
the Fas receptor, which belongs to the tumor necrosis 
factor (TNF) superfamily, to induce target cell death by 
apoptosis[34]. The main role of FasL is to regulate the 
immune system, but cancer cells may over-express 
FasL spontaneously or as chemotherapy resistance 
to make a countercharge by inducing the apoptosis of 
tumor-infiltrating lymphocytes (TILs) to escape from the 
immune system[34].

T-cell based immunotherapy for cancer
As has been mentioned, the human immune system 
always works in response to antigens expressed on 
cancer cells, thus distinguishing cancer cells from 
noncancerous cells. This causes the induction of 
TILs to be found in the tumor microenvironment[35]. 
However, anticancer immunity is usually not enough 
to overcome the tumor’s growing speed owing to the 
low immunogenicity of cancer cells because these cells 
are derived from an individual’s own cells. Thus, it was 
inevitable that immunotherapy would be developed to 
overcome the low immunity against cancer. With regard 
to T-cell-based immunotherapy, adoptive transfer of 
CD3-activated T-cells has been induced traditionally 
as a compulsory activation stimulus to compensate 
for the reduction in stimulation frequency due to low 
antigenicity. Moreover cancer-specific-antigen loaded 
DC vaccines are also utilized to induce more types of 
cancer-specific T lymphocytes.

Figure 1: T-cell-mediated immune responses against cancer[76]
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The more recent discovery of immune check-point 
inhibitors achieved outstanding progress in cancer 
immunotherapy by showing sensational long-
term benefits in patients with advanced cancer[4,5]. 
The purpose of this medicine is to inhibit immune 
suppressive signals between cancer cells and T-cells; 
thus the agent that eliminates a cancer during the final 
phase is T-cells[36,37]. Immune check-point molecules 
such as programmed death-1 (PD-1) and T-lymphocyte-
associated antigen 4 (CTLA4) are expressed on T 
cells and play a vital role in limiting the exaggerated 
immune response in both adaptive immune response 
and autoimmune response to maintain homeostasis by 
acting as an inhibitory signal against APCs. Recently, 
it has been disclosed that cancer cells take advantage 
of this mechanism to survive. For example, cancer 
cells express PD-L1, which is a concomitant ligand 
against PD-1, to attenuate T-cell-based immune 
reactions in association with cancer progression. With 
the discovery of this mechanism, immune check-point 
inhibitors have been shown to carry great promise. 
However, its efficacy has only been recognized still in 
a small number of patients, and PD-L1 expression on 
tumor cells has been regarded as a negative prognostic 
factor[4,5].

Hyperthermia enhances immune systems in 
response to cancer
Body temperature elevation has been considered an 
important phenomenon associated with regulation 
in both innate and adaptive immune responses[38]. 
Hyperthermia elicits various effects in several steps 
of the immune reaction for cancer. It up-regulates the 
homing of immune cells and the function of adhesion 
molecules on both immune cells and endothelial cells, 
activating immune cells including CTLs, DCs, and 
NK cells, and inhibiting immune suppression. In this 

section, we discuss how thermal stress up-regulates 
the immune system.

Hyperthermia, especially whole body hyperthermia, 
has the potential to increase the homing of immune 
cells. Continuous secretion of homeostatic chemokines 
including CCL21 and the expression of adhesion 
factors including selectin, integrin, and ICAM regulate 
immune homeostasis by maintaining the homing of 
these immune cells. Thermal effect can enhance the 
expression of ICAM-1 and CCL21 in high endothelial 
venules (HEVs)[39] and can up-regulate L-selectin- and 
integrin-dependent adhesive interaction to induce the 
adhesion and migration of DCs and T-cells toward 
HEVs[40]. Additionally, increases in the migration 
capacity of DCs ex vivo has been reported[41].

We reported previously that heat treatment stimulated 
cytokine production from peripheral T-cells in vitro and 
in vivo in fresh peripheral venous blood obtained from 
5 healthy volunteers[42]. We first incubated peripheral 
blood mononuclear cells (PBMCs) separated from 
obtained blood samples at 37 °C or 39 °C for 2 h in 
a water bath, then PBMCs were co-cultured with anti-
CD3/CD28 monoclonal antibodies for 24 h at 37 °C. To 
evaluate the secretory properties of cytokines in T-cells, 
IFN-γ and IL-2 levels in the supernatant were measured. 
Results showed that both cytokine production levels 
were significantly increased (approximately twofold) 
when PBMCs were cultured at 39 °C [Figure 2]. Next, 
the volunteers underwent whole body hyperthermia 
until the rectal temperature reached 38.5 °C (generally 
it required 1 h of treatment). After terminating heating, 
volunteers were covered with a leather tent for 60 min 
as a heat-retention phase. Blood samples were 
obtained four times: before the treatment, at the end 
of the heat-retention phase, and then 24 and 48 h after 
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Figure 2: In vitro hyperthermia stimulates IFN-γ and IL-2 production from T-cells stimulated with monoclonal antibodies against CD3 
and CD28. Blood samples were collected and incubated at 37 °C and 39 °C for 2 h, then PBMCs were extracted and co-cultured with 
monoclonal antibodies against CD3 and CD28 to measure IFN-g and IL-2 production levels in each supernatant. Results are shown as 
twofold over the control (37 °C) for the average of five separate donors, and expressed as mean ± SEM. Statistical differences from the 
control were evaluated using paired t-test. P < 0.05 was recognized as statistically significant[42]. IFN: interferon; IL: interleukin; PBMCs: 
peripheral blood mononuclear cells
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treatment. IFN-γ and IL-2 levels in each supernatant 
were measured in response to monoclonal antibody 
against CD3 and CD28. The results showed significant 
increases in the production of both IFN-γ and IL-2; 
these were observed not only immediately after but 
also 24 h after whole body hyperthermia. At 48 h after 
whole body hyperthermia, the production levels of 
both cytokines had returned to the pretreatment levels 
[Figure 3].

The potential mechanisms that stimulate cytokine 
production after hyperthermia may be explained by 
an increase in the membrane fluidity of T-cells. It was 
reported that physiological heat stress enhanced the 
membrane fluidity of T-cells. It also showed an increase 
in the cluster formation of the GM1+ CD-microdomain 
in CD8+ T-cells, clustering TCRβ and the CD8 co-
receptor, and enhanced conjugate formation between 
T-cells and APCs in mice[43]. These results suggest that 
a heat-stress-induced increase in membrane fluidity 
is one of the primary events, and it subsequently 
triggers a cascade of molecular events that eventually 
make T cells crosstalk more rapidly and efficiently with 
APCs. These cellular events, including the formation 
of TCR microclusters, consist of several adhesion 
and signaling molecules[44], which accumulate at the 
immune synapse[45]. This is also known as the central 
supramolecular activation complex[46].

Heat-shock proteins (HSPs) have been considered to 
play an important role in the effects of heat treatment 
on T-cell function. Indeed, the synthesis of HSPs was 
shown to increase with elevated body temperature in 
fever-range whole-body hyperthermia[47]. The essential 
function of HSPs is known to involve their actions 
as molecular chaperones. As part of this function, 
HSPs are involved in antigen presentation and cross-

presentation in DCs by delivering chaperoned antigenic 
peptides to MHC class I molecules, thereby inducing 
antigen-specific T-cell activation[48-50]. It was reported 
that the presence of recombinant Hsp60 allows antigen-
dependent T-cell activation with antigen-specific IFN-γ 
secretion in conditions when even stimulation is not 
sufficient to activate T-cells[51]. 

In contrast, Hsp70 is also expressed in cancers and acts 
as an effective inhibitor of apoptosis caused by heat 
stress, thereby participating in tumor progression[52]. 
Hsp70 can prevent aggregation, remodel folding 
pathways, and regulate activity of cancer cells[53]. 
However, the effects of HSPs on DCs and T-cells are 
still contradictory[54]. Thus, the function of HSPs must 
continue to be investigated in order to clarify whether 
and how HSPs are involved in antigen presentation 
between T-cells and DCs during heat stress.

NK cells can behave as a spearhead of the innate 
immune response toward exogenous antigens and 
can make an initial attack against targets without prior 
exposure to the specific antigens. Basically, normal 
cells express MHC class I molecules, whereas aberrant 
cells such as cancer cells extinguish the expression 
of MHC class I molecules on themselves[55]. This 
phenomenon was especially observed in pancreatic[56], 
cervical[57], breast[58], prostatic[59], and penile cancer[60]. 
Down-regulation of MHC class I molecules on cancer 
cells is one of the steps for immune escape from 
cancer-specific immune response by T-cells, because 
abnormal antigens must be presented with MHC 
class I molecules when T-cells recognize them. In 
contrast to T-cells, NK cells target cells that have lost 
the expression of MHC class I molecules, because 
NK cells express inhibitory receptors that engage with 
MHC class I antigens. Hence, the anticancer ability of 
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Figure 3: Whole-body hyperthermia stimulates IFN-g and IL-2 production from T-cells. Blood was obtained from donors before (Pre), 
immediately after (Post), 24 h after (24 h), and 48 h after (48 h) whole-body hyperthermia. PBMCs from each time point were extracted and 
co-cultured with monoclonal antibodies against CD3 and CD28 to measure IFN-g and IL-2 production levels in each supernatant. Results 
are shown as fold over the control (Pre) for the average of five separate donors, and expressed as mean ± SEM. Statistical differences 
from control was evaluated using paired t-test. P < 0.05 was recognized statistically significant[42]. IFN: interferon; IL: interleukin; PBMCs: 
peripheral blood mononuclear cells
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NK cells is exercised at this time to complement T-cell-
based immune reactions owing to attenuated inhibitory 
signals between NK cells and cancer cells[61]. Activated 
NK cells have nonspecific anticancer potential by 
secreting cytotoxic molecules including perforin and 
granzyme[33] and death receptors such as FasL, TRAIL, 

and TNF-α[62,63]. Additionally, heat stress can enhance 
the distinct clustering of NK cell-activating receptors 
such as NKG2D on the surface of NK cells and the 
expression of NK cell-activating ligands, including 
major histocompatibility complex class I-related chain A 
(MICA)[64,65]. Moreover, an increase in the expression of 

Heating phase                                 Retention phase

Time (min)
Figure 4: Approach for immunotherapy with whole-body hyperthermia. (A): cell preparation for DC vaccine and activated-T-cell therapy; (B): 
fever-range hyperthermia using heckle HT-3000 device; (C): representative data of body temperature during whole-body hyperthermia. DC: 
dendritic cell; PBMCs: peripheral blood mononuclear cells

A
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MICA and increased cytotoxicity of NK cells were also 
observed in several cancer cell lines[66]. Concerning 
the contribution of NK cells to cancer-specific immune 
responses, after an initial attack, fragments including 
cancer antigens of tumor cells are generated as a result 
of the interaction of the tumor and NK cells. These 
cancer antigens are recognized by DCs for T-cell-
based cancer-specific immune responses. Additionally, 
activated NK cells secrete cytokines including IFN-γ 
and IL-2 to enhance acquired immune responses with 
immunoglobulin production from B-cells and activation 
of T-cells[55,61]. This perception leads to the conclusion 
that increasing the function of NK cells by hyperthermia 
could be expected to result in the augmentation not only 
of nonspecific anticancer immune reactions regulated 
by NK cells but also of specific anticancer immune 
reactions regulated by T-cells and DCs.

To avoid exaggerated immune responses that cause 
harmful effects on the body, the immune system is 
regulated to limit adaptive immune responses and 
prevent autoimmune responses and auto-inflammatory 
reactivity in the normal situations. To achieve this, our 
immune system combines immunological tolerance 
system. Regulatory T cells (Tregs) are a subpopulation 
of T-cells, expressing CD4, CD25, and FOXP3, which 
negatively modulate both innate and adopted immune 
response by down-regulating or suppressing induction 
and proliferation of immune cells including T cells, DCs, 
and NK cells[67-69]. Even though Tregs usually account 
for about 4% of CD4+ T cells, they can make up as 
much as 20-30% of the total CD4+ population in the 
tumor microenvironment and are associated with poor 
prognosis in many cancers, such as ovarian, breast, 

renal, and pancreatic cancer[70]. Depletion of Tregs in 
animal models has been shown to increase the efficacy 
of immunotherapy. So, achieving the depletion of 
Tregs is one of the pivotal targets of recent research 
and therapy associated with cancer immunology[71]. 
The potential effect of hyperthermia is considered to 
enhance the cytotoxicity of NK cells against Tregs, and 
to inhibit the induction of Tregs while the apoptosis of 
Tregs is induced. A significant decrease in the number 
of Tregs was observed while NK cell activity and the 
percentage of NK cells increased in peripheral blood 
samples of healthy volunteers after irradiation of fever-
range hyperthermia to the upper abdominal region[72]. 
Moreover, combination therapy of intratumoral injection 
of immature DCs and local hyperthermia for patients 
with advanced malignant melanoma demonstrated 
decreased infiltration of Tregs and increased infiltration 
of activated CTLs, even though there was no statistical 
difference in overall survival time[73].

The efficacy of hyperthermia in down-regulating the 
expression of PD-L1 in some cancer cell lines was 
reported. In this study, decreased expression of PD-
L1 in cancer cell lines was shown when samples were 
exposed to temperatures between 40 °C and 43 °C[74]. 
Further accumulation of data associated with this new 
experimental model is eagerly awaited.

Combination therapy with immunotherapy
Hyperthermia has been reported to enhance the efficacy 
of DC vaccines by up-regulating IFN-γ secretion to 
stimulate naïve T-cells, enhancing DC migration toward 
lymphatic organs and protecting DC from apoptosis[75]. 
We introduced a whole body hyperthermia device 

Figure 5: Required number of immunotherapy injections with DC vaccine and activated T-cells to elicit DTH-like skin reaction. (A): 
comparison between patients who received immunotherapy alone or in combination use with hyperthermia; (B): comparison of patient’s 
rectal temperatures during hyperthermia[76]. DC: dendritic cell; DTH: delayed type hypersensitivity
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(HECKEL HT3000, Heckel medizintechnik GmgH, 
Esslingen, Germany), and have performed combination 
therapy with adoptive transfer of CD3-activated T-cells 
and cancer-antigen loaded DC vaccines. Patients with 
various solid tumors were vaccinated once a week 
with DC vaccine prepared from autologous monocyte-
derived DCs, which were pretreated with tumor antigens. 
The DC vaccine was injected intradermally near the 
inguinal lymph nodes and CD3-activated T-cells were 
administered intravenously [Figure 4A]. Some patients 
underwent whole-body hyperthermia at the same time, 
with the target rectal temperature set at 38.5 °C and 
heat-retention for another 1 h [Figure 4B and C]. To 
evaluate the induction of immune responses in patients 
who received antigen-loaded DC vaccination, we 
examined the onset of skin reaction at the vaccination 
site because this reaction indicates antigen-specific 
T-cell responses against tumor antigens presented 
by DC vaccine. Then, we examined how much DC 
vaccination was required in each patient up to the 
point when delayed hypersensitivity like skin reaction 
sizes 48 h after DC vaccination became consistently 
larger than 1.5 cm in diameter. The average number of 
vaccinations to induce skin reaction was 3.87 and 3.32 
in patients without and with whole-body hyperthermia, 
respectively [Figure 5A]. Moreover, 12 of 19 patients 
who underwent whole-body hyperthermia successfully 
elevated their core body temperature above 38.5 °C 
in every treatment and displayed earlier expression of 
skin reaction [Figure 5B]. This result indicated that the 
combined use of hyperthermia with a DC vaccine and 
activated T-cells had a positive impact on the induction 
of T-cell based immune responses[76].

Combination therapy with radiotherapy
The enhancement of anticancer efficacy of combination 
use of radiotherapy and hyperthermia was clinically 
recognized in cervical, breast, and head and neck 
cancer and so on[77]. Even though radiological 
cytotoxicity induces DNA damage of cancer cells[78], 
some cancer cells can come back into existence 
(termed sublethal damage repair or lethal damage 
repair)[79,80]. In the analysis of the cell cycling, quiescent 
tumor cells were more resistant to irradiation because 
cells in this stage have the potential for lethal damage 
repair[81]. In contrast, hyperthermia can inhibit the repair 
of radiation-induced damage in cancer cells, so that 
combination use of hyperthermia can enhance the 
anticancer efficacy of radiotherapy[82,83]. Cells in the 
synthesis (S) phase are also relatively radio-resistant, 
while they are the most sensitive to hyperthermia. 
Additionally, hypoxic cells in tumors are also radio-
resistant, while hyperthermia improves the anaerobic 
condition by oxygen delivery due to increased blood 

flow. These perceptions indicate the synergetic effect 
of combination use of radiotherapy and hyperthermia[7]. 
Moreover, additional use of DNA repair inhibitors was 
reported to further enhance its efficacy[84].

Combination therapy with chemotherapy
Chemotherapy is the most popular therapeutic method 
for patients with inoperative cancer and recurrent or 
metastatic cancer; however, there are serious problems 
including its uncertain efficacy, drug resistance, and 
adverse effects. To improve therapeutic results, 
combination use of hyperthermia was tested, and 
increased anticancer effect was reported in paclitaxel, 
docetaxel, gemcitabine, oxaliplatin, and irinotecan[85]. 
The mechanism of interaction of chemotherapy and 
hyperthermia was considered as follows: increased 
drug uptake into cancer cells by causing damage to 
the membrane of cancer cells and reducing oxygen 
radical detoxification. Eventually, DNA damage 
increased while DNA repair decreased. Additionally, 
hyperthermia was reported to have a potential ability 
to avoid drug resistance[86,87]. In addition, it is also 
expected that elevated blood flow could result in a 
relative increase in anticancer drug concentration 
within the tumor. Moreover, adverse effects can be 
decreased because increased drainage of the drugs 
may accelerate in normal cells due to the up-regulation 
of metabolism. On the other hand, some anticancer 
drugs, including 5-fluorouracil, gemcitabine, and 
oxaliplatin, are considered to enhance cancer immunity 
by inducing the infiltration of CTLs while reducing Tregs 
in the tumor[88]. Accordingly, enhancing the efficacy of 
chemotherapy will result secondarily in up-regulation of 
cancer immunity.

Combination therapy with surgery
Chemotherapy is usually performed for peritoneal 
metastases, but its prognosis is nonetheless bad, 
because blood flow to the peritoneum is poor owing 
to the presence of the peritoneal-plasma barrier[89]. 
Hyperthermic effects are considered to impair the 
peritoneal-plasma barrier and result in increased 
resorption of anticancer drugs in peritoneal tumors. 
Hence, the combination of hyperthermia and 
chemotherapy by intraperitoneal administration 
resulted in more anticancer drug accumulation in 
peritoneal tumors than after chemotherapy alone[90]. 
Using this concept, the effectiveness of cytoreductive 
surgery with subsequent HIPEC has been reported for 
peritoneal metastasis from gastric[91], colorectal[92,93], 
appendiceal[94], and adrenal cancer[95]. Generally HIPEC 
is performed after resection of the cancer lesion with 
or without systemic peritonectomy by intraperitoneal 
administration of an anticancer drug containing saline, 
which is heated in advance to maintain the peritoneal 
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surface at around 43 °C while irrigating the drug solution.

Adjuvant chemotherapy is often given after surgery for 
certain types of cancer, such as pancreatic, colorectal, 
and breast cancer, to improve prognosis by reducing 
the potential for recurrence and metastasis[96-99]. 
However, in some cancers, including intrahepatic 
cholangiocarcinoma (ICC), the prognosis of patients 
is extremely poor because the recurrence rate 
after curative operation is very high and there is no 
standard adjuvant setting. We reported previously that 
postoperative adjuvant immunotherapy with intradermal 
administration of a DC vaccine and intravenous 
administration of activated T-cells would be a feasible 
and effective treatment for preventing recurrence and 
achieving long-term survival in patients with ICC. In 
this study, the median 5-year progression-free survival 
and overall survival were 18.3 and 31.9 months in 
the patients receiving adjuvant immunotherapy, and 
7.7 and 17.4 months in the group with surgery alone 
(P = 0.005 and 0.022, respectively). Additionally, 
patients whose skin reactions at the vaccine site 
were ≥ 3 cm showed dramatically better prognosis 
in patients receiving adjuvant immunotherapy[100]. 
As has been explained above, hyperthermia can 
elicit early skin reactions when used in conjunction 
with immunotherapy including with DC vaccines and 
activated T-cell transfer[76]. Hyperthermia can also 
augment the efficacy of adoptive immunotherapy by 
up-regulating IFN-γ secretion to stimulate naïve T-cells, 
and enhancing homing of DCs and T-cells[75]. For the 
reasons stated above, hyperthermia is considered to 
be useful for adjuvant settings.

Neoadjuvant chemotherapy and chemoradiotherapy 
have become well established, especially for 
esophageal cancer patients[101]. These neoadjuvant 
therapies improved the long-term survival rate, but 
the therapeutic benefit was sometimes countered 
by a significant increase in adverse effects[102]. In 
addition, postoperative complications, including cardiac 
diseases and pulmonary diseases, are much more 
severe after chemoradiotherapy[103,104]. Preoperative 
radiotherapy increases the risk of postoperative 
anastomosis leakage, an unfavorable complication. 
As has been mentioned above, hyperthermia has 
the potential to augment the effects of chemotherapy 
or radiotherapy. Combination use of hyperthermia 
with chemotherapy or radiotherapy may be useful 
even in the neoadjuvant setting to suppress the 
possibility and seriousness of adverse effects and 
complications by reducing the dose of chemotherapy or 
radiotherapy required while maintaining or increasing 
its anticancer effects. Indeed, in 1995, the result of a 
randomized phase III study for patients with resectable 

squamous cell carcinoma of the thoracic esophagus 
was disclosed. Patients underwent neoadjuvant 
chemoradiotherapy with or without radiofrequency 
wave local hyperthermia, and the 3-year survival rate 
was 24.2% and 50.4%, respectively. There were no 
procedural complications[105]. Additionally, in 2010, the 
results of a randomized phase III trial of patients with 
high-risk soft-tissue sarcoma were reported. Patients 
underwent neoadjuvant chemotherapy consisting of 
etoposide, ifosfamide, and doxorubicin with or without 
local hyperthermia. The treatment response rate in the 
group that received regional hyperthermia was 28.8%, 
compared with 12.7% in the group with chemotherapy 
alone (P = 0.002)[106].

During the postoperative period, immunity is suppressed 
by operative invasion[107] and the administration of 
anesthetic drugs such as opioids[108], and it results in the 
encouragement of postoperative cancer metastasis[109]. 
Concerning the biological effect, preoperative fever-
range whole-body hyperthermia was reported to 
augment postoperative cancer immunity by increasing 
the blood level of TNFα and HSP60[77]. Thus, 
hyperthermia increased the benefit of neoadjuvant 
therapy.

Adverse effects of hyperthermia
Adverse effects of acute or chronic periods of 
regional hyperthermia do not develop often and are 
usually minor, owing to a recent development of 
heating techniques and thermometry, or treatment 
schedule[110]. Adverse effects of hyperthermia include 
skin burns and skin pain, but these events usually heal 
spontaneously[111]. In terms of combination therapies 
with hyperthermia, radiation toxicity is not increased, but 
toxicity of chemotherapy might be enhanced depends 
on the increase in drug efficacy[110]. In rare settings of 
combination therapy with chemotherapy, the formation 
of severe subcutaneous fat or muscle necrosis that 
required surgery to cure was reported. Adverse effects 
of regional hyperthermia vary with the type of targeted 
organ or heating device and techniques. Whole body 
hyperthermia is a slightly more invasive hyperthermal 
method accompanied by a feeling of heat, tiredness, 
and loss of sweat due to a rapid elevation of the core 
body temperature. Dehydration, heat illness, cardiac 
disease, or thrombosis might appear depending on 
underlying disease or physical condition. In addition, 
whole body hyperthermia has a risk for toxicity to the 
peripheral nervous system. Hence, this method is 
contraindicated for patients with neurodegenerative 
diseases, such as multiple sclerosis[112].

On the other hand, no reports that describe hyperthermia  
having a positive impact on cancer progression in 
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regard to biological effects are found until now.

Overall, hyperthermia is considered a convenient 
therapeutic method so long as it is used appropriately. 
Paradoxically, the safety of hyperthermia is maintained 
by avoiding excess irradiation with the purpose of deep 
heating, because it is still difficult to aggregate the heat 
effect only in cancer tissue. By using hyperthermia 
in combination with chemotherapy or radiotherapy, 
the dose of these therapies may be reduced to ease 
their side-effects without reducing therapeutic effects, 
because hyperthermia has the potential to augment 
the effect of chemotherapy or radiotherapy in a less 
invasive manner.

CONCLUSION

This report shows that hyperthermia increases the 
advantage of the following biological features. Heat 
stress lowers the survival rate of all cells, but normal 
tissues are better able to tolerate this than cancerous 
tissues. Heat has a potential to augment immune 
responses while decreasing immune suppression. 
Heat inhibits the recovery of cancer cells from DNA 
damage. Heat enhances the resorption of anticancer 
drugs into cancer cells. The sensitivity of cancer 
cells against heat and radiation differs depending 
on the condition of cancer cells in the cell cycle. The 
anticancer efficacy of hyperthermia alone with currently 
available heating devices is not enough to suggest its 
use as a standalone therapy. However, some studies 
have shown that combination therapy with conventional 
methods including immunotherapy, radiotherapy, 
chemotherapy, and surgery improves its anticancer 
efficacy in vitro and vivo.

Perspective
Currently, clinical experience and data of oncological 
hyperthermia are still limited because both information 
and devices for hyperthermia have not become 
common. Therefore, multicenter clinical trials for cancer 
treatment including hyperthermia should be done to 
provide convincing data. The combination hyperthermia 
with immune check-point inhibitors should be involved 
in these studies to achieve fuller anticancer efficacy 
with fewer adverse effects. Development of drugs 
such as DNA repair inhibitors or regulators of HSPs is 
also expected to augment the efficacy of hyperthermia 
itself. Additionally, further efforts will be required to 
solve the mechanism of the involvement of cancer 
and hyperthermia to optimize cancer therapy. The 
development of heating devices and thermometry is 
also needed to achieve more appropriate heat delivery 
that is limited to the tumor lesion.
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