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1. Introduction 

1.1. Breast cancer 

Cancer of the breast is one of the most frequent malignancy among women [1]. There 

are over two million new cases and over half a million death dedicated to malignancies 

of the breast every year worldwide, and the global incidence is still rising [1]. Breast 

cancers are very heterogeneous, they differ in histological origin (e.g. ductal or lobular 

carcinomas) molecular characteristics (e.g. mutational status, hormone receptor and 

human epidermal growth factor receptor 2 (HER2) status, Ki67 status, etc.) and clinical 

behavior [2]. These features determine the disease phenotype, progression and outcome, 

as well as the therapeutic options. In this regard, several classifications have been made 

on the basis of histological and molecular characteristics of breast cancers to improve 

therapeutic decisions and predict the progression and outcome of the disease [2]. 

The main histological subtypes of breast malignancies are the ductal and the lobular 

carcinomas, i.e. cancer arising from the epithelial cells lining the ducts or the terminal 

duct lobular units [2]. As far as the malignant cells do not break through the basal 

membrane, the malignancy is referred as carcinoma in situ or preinvasive carcinoma [2]. 

Early-stage, non-metastatic breast cancers are considered nowadays as curable diseases, 

as ~70-80% of the patients can be cured thanks to the improvements in multimodal anti-

cancer therapies, namely surgery with radiotherapy and/or chemotherapy or targeted 

therapy [2]. However, invasive and metastatic breast malignancies – frequently referred 

to as advanced breast cancers – still remain incurable diseases with a median survival 

time of ~3 years and often lead to the death of the patient [2,3]. Thanks to the 

developments in breast cancer research, it has become clear, that not just histological, but 

other features – mutational status, gene amplifications, gene expression profile – also 

have crucial implications for successful therapy [2]. In 2000 Perou and Sorlie introduced 

the intrinsic subclassification of breast malignancies, which is based on a 50-gene 

expression signature (PAM50) (Figure 1.) [4]. This subclassification defines six intrinsic 

subtypes, that are: Luminal A, Luminal B, Claudin-low, Basal-like and Normal-like 

breast cancers [4]. In clinical practice a surrogate intrinsic subclassification is currently 

used to support the therapeutic decision, which is based on histological features and 

expression profiles of key proteins in breast cancers, like estrogen receptor (ER), 
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progesterone receptor (PR), human epidermal growth factor receptors 2 (HER2) and Ki67 

proliferation marker (Figure 1.) [2]. These surrogate intrinsic subtypes of breast cancers 

are the Luminal A-like, Luminal B-like HER2-, Luminal B-like HER2+, HER2-enriched 

and Triple-negative breast cancers [2]. 

 
Figure 1. Molecular subclassifications of breast malignancies The intrinsic 
subclassification of breast cancers is based on the expression signature of 50 genes (PAM50). 
The six intrinsic subtypes were defined by Perou et al. in 2000 the most characteristic features 
(e.g. gene amplifications, activations and mutations, histology) of the subtypes are 
summarized in the Tables. The normal-like subtype has an expression profile very similar to 
normal breast tissue, due to low tumor cellularity. Surrogate intrinsic subclassification is 
more practical and provides strong support in therapeutic decision as it is based on 
histological and immunohistochemical detection of key proteins, which can serve as 
therapeutic targets (estrogen receptor (ER), progesterone receptor (PR), human epidermal 
growth factor receptor 2 (HER2)) or which can predict disease progression (proliferation 
marker Ki67). The surrogate intrinsic subclassification of breast cancers is widely used in 
clinical practice [2]. 
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1.1.1. Triple negative breast cancer 

Triple negative breast cancer (TNBC) is one of the surrogate intrinsic subtypes of 

breast cancers, defined by the lack of estrogen-, progesterone-receptors and HER2 

expression [5,6]. Besides this, typical features are the high proliferation index (Ki67 

status), high grade, invasive histology and poor prognosis [2,5,6]. TNBC accounts for 10-

17% of all breast carcinomas, however it is more frequent among young patients (< 50 

years) and African-American women [7]. Due to its aggressiveness, the risk of recurrence 

peaks between the first to third years following therapy and the majority of deaths occur 

in five years [6,7]. Another major problem is, that there is no targeted therapy available 

for TNBC patients, since the tumors do not express any of the ER, PR or HER2 receptor 

proteins [2,5,6]. Worth to note that new targeted therapies are intensively investigated in 

TNBC [8] and it seems that currently emerging immune checkpoint inhibitors show 

encouraging results in TNBC patients according to recent clinical trials [9]. For TNBC 

patients the only available standard, guideline-approved systemic treatment option still is 

cytotoxic chemotherapy [3,10,11]. According to the St. Gallen guideline, patients with 

triple-negative breast cancer are recommended to receive cytotoxic chemotherapy 

containing an anthracycline and a taxane [11]. These drugs are not selective, are highly 

toxic and cause a lot of side effects which make them poorly tolerable by the patients 

[12,13]. Furthermore, both anthracyclines and taxanes can cause long-term side effects, 

like cardiotoxicity and neurotoxicity, which strongly affect the quality of life of the 

patients and sometimes even lead to their non-cancer-related death [14].  Some studies 

suggest that TNBCs respond better to chemotherapy than other breast cancers, however 

their prognosis remains poor, due to the extremely aggressive phenotype [15,16]. Based 

on all these aspects, new therapeutic options or complementary therapies are urgently 

needed to improve disease outcome and survival of TNBC.  

1.1.2. 4T1 and 4T07 mouse isograft models of triple negative breast cancer 

For modeling and investigating the human TNBC disease in preclinical settings, 

several small animal models were established [17]. One of these is the 4T1 mouse model, 

which is widely used in preclinical research [17,18]. 4T1 cells were isolated from a 

spontaneously arisen 410.4 mammary carcinoma of a female BALB/c mouse by Fred 

Miller et al. and selected from the other three sublines (4T07, 168FARN and 67NR) based 

on its natural resistance to 6-thioguanine [19]. 4T1 cells have a triple-negative phenotype 
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(no expression of estrogen-, progesterone-receptors or HER2) [20] and they are strongly 

tumorigenic and invasive with a very high metastatic ability to lymph nodes, blood, liver, 

lung, brain and bone [21,22]. Inoculating 4T1 cells into syngeneic BALB/c mice 

(isograft) provides a suitable, immunocompetent model for triple-negative breast cancer, 

since the molecular and pathophysiological characteristics are very similar to those of the 

human disease [20,22]. The 4T07 mouse model is also a commonly used preclinical 

model for TNBC. 4T07 is a 6-thioguanine-, ouabain-resistant variant of 410.4 mammary 

carcinoma, which has also highly tumorigenic triple-negative phenotype such as 4T1, 

however it has poor metastatic ability [19,23].  

1.2. Hyperthermia in oncology 

Hyperthermia in oncology refers to the use of therapeutic heat energy to treat various 

malignancies [24]. This treatment modality is considered as a complementary oncology 

treatment and is always used in combination with other therapies, such as chemo-, radio- 

or targeted and other biological oncotherapies. The intake of the applied energy usually 

results in an elevated intra- and peritumoral temperature at the treated site in the range of 

40-48 °C, which is maintained for one or more hours [25]. The energy absorption and 

concomitant heat generation at the treated site can cause various biological effect, e.g. 

direct cell stress and interruption of the mitotic cycle at metaphase (in the range of 39-

40°C), irreversible cell destruction (over 40°C), inhibition of microcirculation (over 

41°C) and cell death (above 42°C) [26]. Besides these direct antitumor effects of 

hyperthermia, it also has favorable properties as complementary treatment, working as a 

radio-sensitizer [27] and drug uptake enhancer [28,29]. According to the dimensions of 

the treated site, there are three main clinical applications of hyperthermia: local, regional 

or whole-body hyperthermia. 

1.2.1. Whole-body hyperthermia 

Whole-body hyperthermia (WBH) is a systemic hyperthermia treatment during 

which the core temperature of the body is elevated to 39-42°C by heating up the whole 

body of the patient within thermal chambers, hot water blankets or infrared radiators [25]. 

This type of hyperthermia can be used for patients of disseminated and metastatic tumors 

[25,30]. Among the different types of hyperthermia, whole-body hyperthermia is the most 
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challenging with the highest probability of side effects and complications, thus prudent 

preselection of the patients is inevitable (e.g. patients with heart, liver, kidney, bone 

marrow or pulmonary insufficiency should be excluded) [30]. Heating up the body core 

temperature to 39-42°C is a high burden for the patients, thus treatments are conducted 

under general anesthesia with strict control of physiological parameters (blood pressure, 

pulse rate, pO2/pCO2, ECG) and electrolyte fluid restoration [25,30]. While local and 

regional hyperthermic treatments cause only moderate side effects, such as irritation or 

mild burning of the skin and subcutaneous fat, whole-body hyperthermia can induce 

among others diarrhea, nausea, vomiting and thermal stress to several organs (most 

commonly brain, heart, lung and liver) [25,30].  

1.2.2. Regional hyperthermia 

Regional hyperthermia refers to the hyperthermic treatment of a more extented part 

of the body, such as the pelvis, the abdominal cavity or the limbs. This type of 

hyperthermia can be used for treating deep-seated or locally advanced tumors (e.g. 

cervical and ovarian cancers, rectal cancers, bladder cancers, prostate cancers, soft tissue 

sarcomas, mesotheliomas and peritoneal carcinomatosis) [25]. The three main methods 

that can be used for conducting regional hyperthermia are (i) external applicators 

operating with microwaves, radiofrequency or ultrasound, (ii) thermal perfusion of a limb 

or one or more organs and (iii) continuous hyperthermic peritoneal perfusion (CHPP) 

[25].  Another special regional hyperthermic treatment modality for advanced or 

disseminated malignancies located in the abdominal cavity is hyperthermic 

intraperitoneal chemotherapy (HIPEC), when the warm perfusion fluid is supplemented 

with one or more chemotherapeutic agents for improving the treatment efficacy [25]. 

1.2.3. Local hyperthermia 

Local hyperthermia is usually used on superficial (e.g. head and neck cancer, soft 

tissue sarcomas, breast cancers), intracavital (e.g. tumors in the abdomen, pelvis or chest), 

intraluminal (e.g. oesophageal cancer, rectal cancer) or intracranial (e.g. gliomas) tumors, 

which are not bigger than 6 cm in the longest diameter [25]. Local heating techniques use 

most commonly radiofrequency (13,56 – 100 MHz [31–36]), microwaves (300-2450 

MHz [37–45]; most frequently 915 MHz or 2450 MHz are used, as these are allowed for 

medical, industrial and scientific purpose in the US and worldwide, respectively [39–45]), 
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or ultrasounds (e.g. High-Intensity Focused Ultrasound, HIFU) to deliver heat to the 

treated site, but application of hot sources – such as infrared radiators or resistive wire 

implants – are also used [25]. A fairly new local hyperthermia approach is the use of 

ferromagnetic nanoparticles for the thermal treatments, which magnetic seeds that are 

administered intravenously or injected directly to the treatment site are heated up by 

applying electromagnetic field. This technique allows very precise heat targeting and it is 

highly suitable for local treatment of deeply seated tumors in the pelvis (prostate cancers, 

cervical cancers) or in the skull (glioblastomas) [46,47]. A special type of local 

hyperthermia is thermoablation. During thermoablation the tumorous tissue is heated up 

over 50°C for 4-6 minutes by laser or radiofrequency applicators [25,48]. At this 

temperature vascular stasis, coagulation and necrosis occur, which lead to tumor 

destruction. This method can be used for eradication of very small, focal tumors [25,48]. 

1.3. Modulated electro-hyperthermia 

 Modulated electro-hyperthermia (mEHT; trade name: Oncothermia®) is a special 

type of loco-regional hyperthermia applying capacitive radiofrequency at 13.56 MHz 

[24]. The communicated energy can be detected as a local temperature rise in the tumor. 

The mEHT treatment device (EHY-2030 Oncotherm®) consists of two electrodes. The 

adjustable upper electrode with shape-adapting, water-cooled bolus, fixed on a moveable 

arm, which can be placed on the treated area of the body. The built-in lower electrode is 

located in the treatment bed with water mattress, where the patient lies during the 

treatment (Figure 2.). Since the human body is an excellent conductor, when the upper 

and the lower electrodes are placed on the treated body region, the patient will be a part 

of the electric circuit and electromagnetic waves will flow through the treated region 

during the treatment [24]. 
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Figure 2. The clinically used modulated electro-hyperthermia treatment device EHY-
2030 (A) Adjustable upper electrode with shape-adapting, water-cooled bolus, fixed on a 
moveable arm; (B) Treatment bed with water mattress and built-in lower electrode; (C) 
Control panel and treatment monitoring [49]. 

1.3.1. Principles of modulated electro-hyperthermia 

Modulated electro-hyperthermia can induce highly selective heating of tumors by 

capacitive-coupled energy transfer, where the capacitor is the tumor itself [24]. The 

mechanism of this selective heating is based on the altered complex electric properties of 

the tumors compared to normal tissues [24]. Conductivity (σ) is the measure of the ease 

at which an electric charge or heat can pass through a material. Dielectric permittivity (ε) 

is a diagnostic physical property which characterizes the degree of electrical polarization 

a material experiences under the influence of an external electric field. Impedance (Z) is 

a measure of the overall opposition of a circuit to current, in other words: how much the 

circuit impedes the flow of charge. It is like resistance, but it also considers the effects of 

capacitance and inductance. The σ and ε values of a malignant tissue are significantly 

higher than those of the normal tissues around the tumor, which leads to decreased 

complex impedance of the tumorous tissue [50,51] and, consequently, accumulation of 

the electromagnetic waves in the tumor, when the patient is treated using radiofrequency 

(RF) radiation [24]. The energy transferred by radiofrequency current is absorbed 

dominantly and induces local temperature rise in the tumor, because of the significantly 

higher local RF-current density [24]. The thermal effect of the RF-current is based on the 
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dielectric heating phenomenon: the rotation of the dipolar molecules due to the rapid 

changing of current direction (at 13.56 MHz carrier frequency, the direction of the current 

changes 13.56 million times/second) generates heat in the dielectric material [24,52]. 

The background of the decreased impedance of the tumor tissue is quite complex. 

Since tumors use dominantly anaerobic metabolism to provide ATP (Warburg effect: 

glucose uptake and preferential production of lactate, even in the presence of oxygen), 

the final product of this fermentative process – the lactic acid – is highly accumulated, 

resulting in a lower pH compared to the surrounding normal tissues [53,54], which is an 

impedance-reducing factor [24]. Furthermore, tumor cells metabolize much faster, than 

normal cells, requiring a much higher transport activity, consequently a definitive change 

occurs in the electrolyte composition and concentration of the microenvironment [55]. 

The higher ionic concentration also lowers the impedance. The higher metabolic rate 

results in a higher local temperature in the tumor [56], which is another factor contributing 

to the lower impedance of the tissue [57]. The intracellular and extracellular water levels 

in the tumor are usually elevated. The water molecules are more disordered, which 

promote the mobility of the ions and thereby decreases the impedance [58,59]. Besides, 

in advanced malignancies, when tumor-angiogenesis is active, blood perfusion becomes 

much higher in the tumor because of its newly developed, rich vasculature, which lowers 

the impedance of the tissue even more [24,60]. In summary, factors lowering tumor tissue 

impedance are: lactate acidosis, faster metabolism/transport with higher ion-

concentration and temperature, higher water content and hyperperfusion.  

Modulated electro-hyperthermia operates with a 13.56 MHz RF-current, which is a 

constant carrier frequency combined occasionally with fractal amplitude modulation [24]. 

The 13.56 MHz frequency was chosen because it is a free frequency range, which has no 

interference with other electrical devices (shielding is not required) and it can penetrate 

well into the human body (< 25 MHz) [24]. Furthermore, it is safe, since it is far above 

the level of neural excitation (around 10 kHz) and below microwave radiation (around 1 

GHz) [24]. The frequency around 10 MHz has a favorable effect on the cellular membrane 

and is also optimal for low frequency modulation (up to 20 kHz) [24]. 
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1.3.2. Biological impacts of modulated electro-hyperthermia 

Modulated electro-hyperthermia has several thermal and non-thermal effects. 

Thermal effects are direct consequences of the elevated temperature and they are 

absolutely temperature-dependent. At macroscopic level, hyperthermia causes robust 

vascular and blood flow changes [61,62], which are highly distinct between tumorous and 

normal tissues [63]. It has been described that at elevated temperatures tumor blood 

vessels contract and perfusion becomes significantly lower compared to the surrounding 

healthy tissues, where concomitantly vasodilatation occurs [24,63]. Decreased blood flow 

leads to hypoxia, while also functions as a heat trap in the tumor (cooling effect of the 

blood perfusion cannot prevail) [24,64]. At the cellular level, mild hyperthermia – under 

39°C – increases biochemical reaction rates, cell metabolism and cell growth [24,26]. 

Above 39°C may blockade the mitotic cycle (39-40°C) takes place, and irreversible 

cellular damage and cell death occur over 40°C. These effects may result from the heat-

inhibited DNA replication [65,66] and from the cell membrane changes, e.g. softening of 

the lipid bilayer, changes in lipid-protein interactions and protein denaturation [24]. These 

mechanisms also affect the transport proteins, resulting in altered ion gradient (K+, Na+ 

and Ca2+), membrane potential and cellular function [67]. Electrically excitable cells can 

be blocked by thermal treatment [68]. During hyperthermia the initially induced cell 

metabolism leads to enhanced glycolysis and production of lactic acid, which rapidly 

lowers the pH of the tissue and provokes cell stress [24,53]. Furthermore, at low pH (pH 

≈ 6) and elevated temperature (41°C) complete blockade of tumor blood perfusion can 

occur [26,69], worsening even more the hypoxia of the cells. The initially elevated cell 

metabolism uses up all cellular ATP. ATP depletion leads to electrolyte imbalance, 

protein aggregation, cytoskeletal and plasma membrane damage and finally cell death 

[24]. 

Non-thermal effects of modulated electro-hyperthermia are mediated by the 

alternating electromagnetic field. The non-thermal effects are mainly frequency-

dependent and result from the interaction of the biological substance with the RF-current 

[26]. These effects can be classified into four groups: (i) polarization effects, (ii) 

membranotropic effects, (iii) molecular effects and (iv) macro effects [70]. Polarization 

effects of the RF-current-generated electromagnetic field (EMF) are the electrophoresis 

of dielectric particles [71] and the orientation and rotation of cells and cell nuclei [72]. 
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EMF-induced membranotropic effects are electroporation and electro-permeabilization, 

which lead to changes in cell membrane structure and function (e.g. transmembrane 

transport) and can even result in fusion of the cells [73,74]. Molecular effects refer to the 

altering expression and functions induced by EMF on macromolecules, including DNA 

and proteins. The exact basis of the interaction between these macromolecules and EMF 

are still not clarified, but some papers suggest that EMF may interfere with these 

macromolecules, which can absorb the energy of the RF-current (at low frequencies) [75]. 

The absorbed energy can catalyze biochemical reactions (e.g. enzyme functions) [76] and 

influence the transcriptional features  of the DNA (e.g. induced transcription of certain 

mRNAs, such as those of heat shock proteins (Hsps)) [77,78]. Finally, EMF also has 

macro effects, which are cumulated from the micro effects, discussed above. As a 

summation of polarization, membranotropic effects and interference with biologically 

active macromolecules, during modulated electro-hyperthermia the RF-current-generated 

alternating electromagnetic field diminishes cell proliferation [79], causes mitotic 

catastrophe [80] and induces cell death [81,82]. 

1.4 Heat shock response 

Heat shock response (HSR) of living organisms is an ancient and universal 

mechanism, which refers to a complex molecular defense process activated upon cell 

stress [83]. Although the first observations of this mechanism were made upon heat shock 

[84,85], it is already known that not only heat, but several other cell stress-inducing 

factors such as oxidative stress, heavy metals and other toxic agents can provoke the heat 

shock response, which is intended to protect the cell from damage [86–88]. 

Heat shock – or more generally cell stress – induces disturbance in protein 

homeostasis, cytoskeletal structure, nuclear processes and brings about changes in the cell 

membranes [83]. Since proteins are very sensitive to any kind of changes of the 

microenvironment, heat or other stress factors heavily affect their structure and function 

[83]. Upon cell stress foremost protein misfolding and unfolding occur, which lead to 

nonfunctional proteins, moreover entanglement and aggregation of the protein molecules 

[89,90]. The dysfunction cytoskeletal proteins can disrupt the intracellular localization of 

the cell organelles and interfere with intracellular transport [91]. Upon serious heat shock, 

the endoplasmic reticulum, Golgi network, mitochondria and lysosomes can get 
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fragmented [90] and mitochondrial damage could eventually lead to the abrogation of 

oxidative phosphorylation and ATP production [92]. Nuclear processes can also get 

damaged leading to deregulated RNA splicing [93,94], aggregation of RNA chains and 

eventually a global decrease in translational activity [90,95,96]. Morphology of the cell 

membrane and intracellular membranes also get altered upon robust cell stress, resulting 

in increased fluidity and permeability and, consequently, changes in the pH and ion 

homeostasis [83,97]. All of these effects together result in the stagnation of cell growth 

and proliferation through cell cycle arrest and finally death of the cells [83,94,98]. 

The morphological and functional changes discussed above trigger the heat shock 

response, which strictly speaking is a rapid and transient gene transcription program in 

order to protect the organism against damage [83]. The main effectors of the heat shock 

response are the so-called heat shock proteins, like Hsp70 and Hsp90, which are 

molecular chaperons and, as such, they are able to recognize and refold or assist in 

eliminating misfolded proteins [83,99–101]. When cell stress occurs, misfolded proteins 

induces the transcription of Hsps, which restore normal protein homeostasis [83]. The 

transcription of Hsps is initiated by the transcription factor heat shock factor-1 (Hsf-1) 

[83,102]. Under physiological conditions Hsf-1 monomers are located in the cytosol and 

they form complexes with Hsp molecules (mainly Hsp70 and Hsp90) [83,102]. Upon cell 

stress Hsps recognize the hydrophobic polypeptide chains of the misfolded proteins and 

dissociate from the Hsf-1/Hsp complex to repair the nonfunctional proteins [83,102]. Free 

Hsf-1 monomers form homotrimers in the cytosol, which is a sign for nuclear 

translocation [83,102]. Nuclear Hsf-1 trimers get hyperphosphorylated, bind to the heat 

shock element (HSE) on the DNA and induce the transcription of Hsps [83,102]. 

1.4.1. Inhibitors of the heat shock response 

Activation of the heat shock response provides protection for the tumor cells 

against the heat-, radiation- or chemotherapy-induced damage, and thus it attenuates the 

efficiency of antitumor treatments [99,101]. It has been already described that 

overexpression of the heat shock proteins is one of the survival mechanisms of cancers, 

which helps them to resist therapies [101]. Inhibition of this defense mechanism could 

sensitize the tumor cells to hyperthermia or other antitumor therapies. 
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1.4.1.1. Quercetin 

Quercetin (3,3’,4’,5,7-pentahydroxyflavone) is a well-known phyto-flavonoid 

present in several plants, and therefore a common compound of the normal human diet 

[103–105]. Its biological impacts such as its anti-inflammatory, antioxidant and anti-

cancer effects have already been widely explored in vitro and in vivo [104–106]. A special 

feature of this compound is the ability of inhibiting the heat shock response by 

diminishing the activity of Hsf-1 [107,108]. Quercetin is able to block Hsf-1 kinases and 

thus the activation (hyperphosphorylation) of Hsf-1 [107–109]. In the absence of 

hyperphosphorylation, Hsf-1 cannot bind to the heat shock element on the DNA, 

preventing transcription of Hsps  [107,108,110]. However, quercetin is a potent HSR 

inhibitor, which also affects apoptotic pathways, cell cycle, metastatic processes, 

autophagy and angiogenesis, ergo it has pleiotropic ways of action [104,111]. 

1.4.1.2. KRIBB11 

KRIBB11 (N2-(1H-indazole-5-yl)-N6-methyl-3-nitropyridine-2,6-diamine) is a 

novel synthetic low-molecular-weight inhibitor of the heat shock response, which has 

been introduced by Yoon et al. in 2011. This molecule is the first direct inhibitor of Hsf-

1, since it binds straight to Hsf-1 and blocks its Hsp-inducing activity [112]. KRIBB11 is 

a highly selective and potent inhibitor of HSR both in vitro and in vivo [112–114]. 
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2. Objectives 

The studies summarized in this thesis are aimed to investigate the macro- and 

micromolecular effects of mEHT in the 4T1 triple-negative breast cancer models both in 

vitro and in vivo by focusing on: 

• the development of a rodent modulated electro-hyperthermia device for 

orthotopic mouse breast cancer treatment in vivo 

• the tumor cell killing and tumor destructive effects of repeated mEHT in vivo 

• the apoptosis-inducing effects of repeated mEHT in vivo 

• the temporal changes in mEHT effectiveness in vivo 

• the heat shock response and its dynamics after repeated mEHT treatments in 

vivo 

• the synergistic effects of mEHT and heat shock response inhibitors (quercetin 

and KRIBB11) in vitro 
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3. Results 

All experiments presented below have been approved by the National Scientific 

Ethical Committee on Animal Experimentation under permission numbers PE/EA/633-

5/2018 and PE/EA/50-2/2019. 

3.1. Development of a more feasible and accurate in vivo treatment setup 

Until 2020 the standard preclinical mEHT treatment setup for treating small animals 

was the LabEHY-100 device with a tissue electrode provided by the Oncotherm® 

company (Figure 3. A). However, this setup was not optimal for treating tumors in the 

inguinal region of mice, since the tissue electrode was too large (total area: 1385 mm2, 

conductive area: 490 mm2), so it did not adapt properly to the concave surface, therefore 

skin contact and coupling were inappropriate (Figure 3. A). As a consequence, mEHT 

also elevated the rectal temperature (representing the core temperature of the animal) 

during treatment (Figure 3. C). Thus, treatment implementations were problematic, 

temperature curves were highly variable, more power had to be applied and treatments 

caused heat-related side effects such as skin burning. 

The development of the LabEHY-200 device with pole electrode in cooperation with 

the engineers of Oncotherm® resulted in an improved small animal treating setup which 

was optimized for treating the mammary tumors of mice. Technical improvements of the 

LabEHY device included a new tuning method performed by a warbler which is identical 

to the clinically used method. The new device is connected to a PC through a USB port 

and the treatment parameters (time, power, modulation) can be adjusted by the software 

with a more user-friendly graphical interface. The new ergonomic pole electrode adapts 

to the surface of the tumor and the inguinal region, and the size of the electrode was 

optimized (conductive area: 255 mm2; Figure 3. B). 

With the LabEHY-200 and the newly developed pole electrode a more accurate skin-

electrode contact was achieved, thus tissue coupling improved. The treatments became 

more efficient and standard even at lower power (Figure 3. D), and the more focused 

treatments prevented heat-related side effects. Better focus and coupling reduced the 

variability in temperature and power during treatments. The rectal temperature remained 

within the normal range (Trectal = 37.03 ± 0.61 °C) and treatments became local and 

reproducible (Figure 4.). 
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Figure 3. Comparison of LabEHY-100 with tissue electrode and LabEHY-200 with pole 
electrode (A) Tissue electrode and treatment setup (B) Improved ergonomic pole electrode 
and treatment setup (C) Representative recording of skin, rectal, heating pad and room 
temperatures and applied power during a treatment with LabEHY-100 and tissue electrode; 
(D) Representative recording of skin, rectal, heating pad and room temperatures and applied 
power during a treatment with LabEHY-200 and pole electrode [18]. 
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Figure 4. Temperature recordings of mEHT treatments with LabEHY-200 and pole 
electrode Skin and rectal temperature and applied power recordings from 12 mEHT and 12 
sham treatments with LabEHY-200 and pole electrode. n = 12/group, Mean ± SEM [18]. 

3.2. mEHT induced local temperature rise in the tumor 

The mEHT treatments were performed in a temperature-driven way, that is, the 

applied power was adjusted to heat up the tumor to 42°C. To properly adjust the amount 

of energy delivered into the tumor by mEHT, we determined the temperature within the 

tumor and its surroundings (skin, rectum) in a pilot experiment (Figure 5.). Temperatures 

were monitored by a four-channel TM200 thermometer, the four temperature sensors 

were positioned (i) directly into the core of the tumor, (ii) on the skin above the tumor, 

(iii) in the rectum and (iv) on the surface of the heating pad (Figure 5. A). The tumor 

temperature was 2.5 ± 0.5°C higher (p < 0.0001) compared to the skin directly above the 

tumor (Figure 5. B, C) and 4.4 ± 1.2 °C higher (p < 0.0001) than in the rectum below the 

tumor (Figure 5. D). Based on these findings, only the noninvasive rectal and skin 

temperatures were recorded in all further experiments to monitor the energy 

communicated to the tumor without any mechanical injury of the tumor. 

T im e  (m in )

T
e

m
p

e
ra

tu
re

 (
°C

)
P

o
w

e
r (W

)

0 5 1 0 1 5 2 0 2 5 3 0 3 5

3 4

3 6

3 8

4 0

0

5

1 0

1 5

S k in -sham

R e c tum -m E H T

R ec tum -sh am

P ow e r-m E H T

S k in -m EH T

40 45 50



20 
 

 

Figure 5. Selective warming of the tumor tissue (A) Temperature curves of the tumor, skin, 
and rectum during mEHT-treatment; (B) Temperature gradient between the tumor core and 
skin above the tumor; (C, D) Temperature of skin (C) or rectum (D) vs. tumor core during 
treatment; n=5, (A, B) Mean ± SEM; (C, D) Average and box and whiskers: min to max, 
**** p < 0.0001 [18]. 

3.3. mEHT decreased the number of viable tumor cells but did not influence 
tumor size after only two treatments 

For investigating the prompt cell-killing effect of mEHT in vivo, we inoculated firefly 

luciferase transfected 4T1 cells ortotopically into mice using 1:1 Matrigel®-PBS matrix 

as vehiculum for augmented tumor growth and better tumor integrity. Then we monitored 

the amount of viable cells after mEHT treatments by the IVIS In Vivo Imaging System. 

In the presence of D-luciferin the viable 4T1 cells, which stably express the luciferase 

enzyme, cleave luciferin, which is accompanied by fluorescent light emission. The 

requirement of cellular ATP means that only viable tumor cells emit light. Thus, there is 

a quantitative correlation between the intensity of the emitted light and the number of 

viable tumor cells. The measurements were performed 24 hours before and after the 

mEHT treatments. Luciferin was dissolved in 0.9% NaCl solution and was administered 

via intraperitoneal injection to the mice 10 minutes before the measurement. We could 

demonstrate that luciferase-transfected viable 4T1 cells emitting fluorescent light were 
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significantly reduced already after two consecutive mEHT treatments (p = 0.0082; Figure 

6. A, B).  

We also measured the tumor volume with more conventional techniques using digital 

caliper and ultrasound. Two mEHT treatments did not reduce significantly tumor sizes as 

measured by these methods (Figure 6. C, D). Neither was the tumor weight reduced at 

termination 24 h after the second mEHT treatment (Figure 6. E). 

 

Figure 6. The effects of modulated electro-hyperthermia (mEHT) on tumor size (A,B) 
Total fluorescent flux measured by IVIS 24 h before and after two mEHT treatments; (C, D) 
Tumor volumes after two mEHT treatments, measured by (C) digital caliper and (D) 
ultrasound (E) Tumor weight after resection (24h post-treatment); Mean ± SEM; n = 6/group; 
(A) two-way ANOVA, Bonferroni correction, ** p < 0.01; (C–E) Mann–Whitney test [18]. 

3.4. Two mEHT treatment induced tumor destruction 

The reduced number of vital tumor cells—as detected by IVIS—was strongly 

corroborated by the histologic analysis of the tumors. The damage of the tumorous tissue 

was quantified on histological sections from the resected tumors by the Tumor 

Destruction Ratio (TDR), which was defined as the ratio of the whole tumor area and the 

damaged tumor area. On hematoxylin and eosin (H&E) stained sections tissue damage 

appeared as pale, eosinophilic areas due to vacuolized cytoplasm and shrunk or 
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fragmented nuclei of damaged tumor cells, which could be clearly differentiated from the 

morphologically undamaged cells and also from the unstructured, homogenous, cell-poor 

eosinophilic Matrigel residues (Figure 7. A-C). 

Following two mEHT treatments, TDR was significantly higher in the mEHT-treated 

tumors than in the sham-treated ones based on the analysis of the H&E-stained sections 

(p = 0.0174; Figure 7. D). 

 

Figure 7. mEHT induced tumor destruction 24h after two treatments 
(A) Matrigel®, damaged and intact tumor areas on H&E-stained sections (Magnification: 
36×); (B) Apoptotic areas (red contour) and Matrigel® (blue contour) on representative H&E-
stained sections; (C) Representative image of intact vs. damaged area and Matrigel® 
(magnified from the H&E section (B) black rectangle, magnification: 8.5×); (D) Tumor 
destruction ratio (TDR) evaluated on hematoxylin-eosin (H&E) stained sections; Mean ± 
SEM, Mann–Whitney test, n = 6/group, * p < 0.05  [18]. 
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3.5. Two mEHT-treatments induced caspase-dependent apoptosis 

To identify the way of cell death provoked by mEHT, we analyzed cleaved caspase-

3 (cC3) immunohistochemical staining of the histological sections from resected tumors. 

Cleaved caspase-3 – the activated form of caspase-3 – is a widely used marker of 

programmed cell death, as it plays a central role in the caspase-cascade mediated 

apoptosis [115]. 

Analysis of the cC3-immunostained sections showed that the cC3-positive, apoptotic 

areas extensively overlapped with the damaged areas seen on consecutive H&E sections, 

which confirmed that the mEHT-related tissue damage was a consequence of the 

treatment-induced programmed death of the tumor cells (Figure 8. A-C). In addition, a 

significant increase (**p=0.0020) in the cC3-positive areas could be detected in the 

tumors after two mEHT treatments compared to the sham-treated tumors (Figure 8. D), 

which demonstrated that mEHT treatment induced apoptotic cell death in the tumor.  
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Figure 8. mEHT-induced tumor destruction was mediated by cleaved caspase-3 (cC3) 
(A) Damaged and intact tumor areas on cC3- and H&E-stained sections (Magnification: 
36×); (B) Representative images of intact vs. damaged area and Matrigel® (magnified from 
H&E and cC3 sections (C) black rectangles, magnification: 8.5×); (C) Apoptotic areas (red 
contour) and Matrigel® (blue contour) on representative cC3-stained sections and 
consecutive H&E-stained sections. (D) Tissue destruction ratio (TDR) evaluated in cC3-
stained sections; Mean ± SEM, Mann–Whitney test, n = 6/group, ** p < 0.01 [18]. 
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3.6. Repeated mEHT induced hypocellularity on a short-term and reduced 
the Ki67 expression of treated tumors on a long-term 

For investigating the short-term and long-term effects of repeated mEHT treatments 

on the proliferation activity of the cells, we examined the cell density of the tumors by 

immunostaining cell nuclei using Ki67-specific antibodies revealed with 3,3’-

diaminobenzidine (DAB, brown) chromogen following two or five mEHT treatments. 

The total number of cell nuclei in the viable part of the tumors – evaluated on 

Ki67/DAB-stained sections – was significantly smaller in the mEHT-treated tumors 

compared to the sham-treated tumors after two treatments, resulting in a lower density of 

viable tumor cells in the mEHT-treated tumors (Figure 9. A, B).  

 
Figure 9. Ki67 expression 24 h after two mEHT treatments (A) Number of cell 
nuclei/mm2 in the intact tumor areas; (B) Ki67 staining in the viable tumor tissue (blue 
assigned areas), representative sections; (C) Number of strong Ki67-positive nuclei/mm2 in 
the intact tumor areas; (D) Ki67 mRNA expression in tumor tissue from half tumor 
homogenate (normalized to 18 S rRNA); Mean ± SEM, unpaired t-test, n=6/group, *p < 0.05 
[18]. 
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This finding strongly supported the observation of less viable tumor cells with IVIS 

after two mEHT treatments. The number of Ki67-positive nuclei evaluated in the intact 

tumor area (Figure 9. C) as well as Ki67 mRNA (Figure 9. D) was similar between the 

groups, suggesting that mEHT treatments on a short-term did not affect strongly the 

proliferation activity of the tumor cells. 

We analyzed the same parameters – cell density and Ki67 expression – from a 

separate experiment, where 4T07 isografts were treated five times with mEHT following 

the same protocol as before. In our experiments these isografts has a very similar nature 

and growth rate in Balb/C mice as 4T1 isografts. The sections showed a clearly visible 

difference between the sham- and mEHT-treated groups after five treatments, as all sham-

treated tumors were dark brown but all mEHT tumors were pale (Figure 10. A). At higher 

magnification we could see that sham-treated tumors were extremely dense – based on 

DAB staining of the cell nuclei – and strongly positive for Ki67, whereas mEHT-treated 

tumors appeared to be much less dense (Figure 10. B) and less Ki67-positive nuclei could 

be detected (Figure 10. C).  
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Figure 10. Ki67 expression 24h after five mEHT treatments (A) Ki67 staining in the viable 
tumor tissue (blue assigned areas), representative sections; (B) Number of cell nuclei/mm2 in 
the intact tumor areas; (C) Number of strong Ki67-positive nuclei/mm2 in the intact tumor 
areas; Mean ± SEM, unpaired t-test, n = 6-9/group, *p < 0.05, **p < 0.01 [23]. 

Quantification of the cell nuclei/mm2 parameter in the viable tumor area after five 

treatments showed a significant decrease in the case of mEHT-treated tumors compared 

to sham-treated ones, similarly as after two treatments (Figure 9. A; Figure 10. B). 

However, there was a significant reduction in the Ki67 expression of the tumors after five 

mEHT treatments compared to sham treatments, which could not be seen after only two 

mEHT treatments (Figure 9. C; Figure 10. C). With the five mEHT treatments protocol 

we could demonstrate that mEHT is able to diminish significatnly the proliferation 

activity of the tumors as a long-term effect. 
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3.7. Repeated mEHT induced heat shock protein 70 (Hsp70) in viable tumor 
cells 

Hsp70 is one of the most abundant molecules, which gets highly overexpressed upon 

cell stress (e.g. hyperthermia) in order to activate and mediate defense mechanisms – i. e. 

heat shock response – to help the organism to survive. Since heat shock response is one 

of the most important protective mechanisms used by tumor cells to survive treatment-

related damage, we intended to investigate whether mEHT treatments provoked Hsp70 

expression in our 4T1 isograft model. 

Twenty-four hours after two mEHT treatments the tumors had intense Hsp70-

specific dark brown (DAB) immunostaining. The staining was especially intense in the 

viable tumor cells surrounding the damaged tumor areas. Similar intense, specific staining 

was absent in sham-treated tumors (p = 0.0028; Figure 11. A, B), indicating that it was a 

strong mEHT-related overexpression of Hsp70 at the protein level in the surviving tumor 

cells. We also examined the Hsp70 expression at mRNA level by real-time qPCR 

measurements. At the same time point, Hsp70 mRNA was also elevated in some of the 

mEHT-treated tumors but not in all of them (Figure 11. C), thus mRNA was only 

tendentially but not significantly higher in the mEHT-treated tumor homogenates twenty-

four hours post-treatment. 
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Figure 11. Heat shock protein 70 (Hsp70) expression in tumor tissue 24 h after two 
mEHT treatments (A) Representative cC3- and Hsp70-stained sections with high and low 
magnification. The damaged area is cC3-positive (marked with *). The living area is cC3-
negative (marked with #). Red line: the border of the damaged areas. Hsp70 expression was 
measured in the living area (marked with #). Blue line: borders of the living areas; (B) 
Relative Hsp70-stained mask area of the viable tumor tissue. (C) Hsp70 mRNA expression 
(normalized to 18S rRNA); Mean ± SEM, Mann-Whitney test, n = 6/group, **** p < 0.0001 
[18]. 
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Since Hsp70 is a very potent protector of the tumor cells against mEHT-induced 

damage [83], it is crucial to know the dynamics of the overexpression upon  

treatment in order to be able to optimize therapy. Thus, we performed a time kinetics 

experiment, where the 4T1 isografts were treated three times with mEHT, followed by 

sampling of the tumors at 4, 12, 24, 48, and 72 hours after the last mEHT treatment. 

This experiment showed that Hsp70 mRNA peaked as early as 4 h post-treatment 

and started to decline already at 12 h in most tumors (Figure 12. A). At 24 h Hsp70 mRNA 

was already at the sham level in all, except one tumor, and decreased further in the 48- 

and 72-h post-treatment groups (Figure 12. A). On immunostained sections, there was a 

significant elevation of Hsp70 protein already at 4 h post-treatment, but the peak of 

overexpression was at 12 h post-treatment, closely following the dynamics of the Hsp70 

mRNA expression (Figure 12. A, B). Hsp70 protein level started to decrease at 24 h post-

treatment compared to the 12 h post-treatment group, but it was still significantly elevated 

at this timepoint compared to the sham group (Figure 12. B–D). Hsp70 protein levels 

returned to the sham level in all tumors 48 h post-treatment and remained low at 72 h 

post-treatment similarly to Hsp70 mRNA (Figure 12.). 

Our data show that the Hsp70-mediated protection of the tumors against mEHT 

therapy is short and temporary, and is exhausted by 48 h after the treatment. 
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Figure 12. Time kinetics of Hsp70 expression after three mEHT treatments (A) Hsp70 
mRNA expression of the tumors at different time-points after treatment; (B) Area-
proportional expression of Hsp70 protein at different time points after treatment; (C) 
Representative tumor images from the sham and mEHT groups; (D) High-magnification 
images of cC3 and Hsp70 immunostainings from sham- and mEHT-treated tumors. Blue line 
marks the border between live and damaged tumor areas assigned based on the cC3-stainings 
* marks damaged areas (based on cC3-positivity), # marks viable areas (based on cC3-
negativity) (Magnification: 5×); (A, B) sham vs. mEHT, unpaired Mann–Whitney test. Mean 
± SEM, * p < 0.05, *** p < 0.001, **** p < 0.0001. [18] 
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3.8. Tumor-destructive effect of mEHT was time-dependent 

We aimed to investigate the dynamics of mEHT-induced tissue damage and 

programmed cell death to examine the temporal changes in mEHT effectiveness. For this 

reason, we evaluated TDR (%) both on H&E- (indicated as H&E-TDR (%)) and on cC3-

immunostained sections (indicated as cC3-TDR (%)) at different time points following 

three consecutive mEHT treatments. 

According to our results, H&E-TDR (%) was already significantly elevated 12 h 

post-treatment, but reached its peak 24 h after the third treatment, compared to sham 

(Figure 13. A, B). This finding was in good agreement with our previous data, which 

demonstrated that the protective mechanisms, marked by Hsp70 expression, has already 

started to decline by this time (Figure 12. A, B; Figure 13. A, B). Our results also 

demonstrated that the mEHT-induced tumor damage was robust and long lasting, as TDR 

(%) was still significantly higher 72 h after the treatments compared to sham treatments 

(Figure 13. A, B). 

The proportion of the cC3-positive, apoptotic area compared to the whole tumor area 

(cC3-TDR (%)) also increased significantly in the mEHT-treated tumors at 12h post-

treatment and peaked at 24h post-treatment (Figure 13. C, D). Both the dynamics and the 

magnitude of elevation highly overlapped with the H&E-TDR (%) changes, just as the 

location of the cC3-positive areas on the IHC sections with the damaged areas on the 

consecutive H&E sections (Figure 13.). 
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Figure 13. Time kinetics of tumor tissue destruction after mEHT (A) Quantification of 
tumor destruction ratio (TDR %) on hematoxylin-eosin (H&E)-stained sections; (B) 
Representative images of H&E-stained sections from sham and mEHT-treated tumors from 
4, 12, 24, 48, and 72 h after 3 treatments. Red lines mark the damaged areas; (C) 
Quantification of TDR % on cleaved caspase-3(cC3)- stained sections from sham- and 
mEHT-treated tumors; (D) Representative images of cC3-stained sections from sham- and 
mEHT-treated tumors. Red lines mark the damaged areas; A, C) unpaired Mann–Whitney 
test. Mean ± SEM, n = 6–12/group, * p < 0.05, ** p < 0.01, *** p < 0.001) [18]. 
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3.9. The tumor-cell-killing effect of mEHT was enhanced synergistically by 
combination with heat shock inhibitors in vitro 

We hypothesized that inhibition of the protective heat shock response of the tumor 

cells by blocking Hsp70 overexpression could improve the treatment outcome of mEHT. 

To examine this hypothesis, we treated 4T1 cells in vitro with two potent heat shock 

response inhibitors, quercetin and KRIBB11 in combination with mEHT. 

First, we demonstrated that in vitro mEHT treatment was effective, as Hsp70 mRNA 

was robustly upregulated 2 hours after the mEHT treatment compared to control (Figure 

14. A). In our in vitro model both inhibitors were able to diminish significantly the 

overexpression of Hsp70 mRNA compared to the vehiculum (dimethyl sulfoxide, 

DMSO) treated control after mEHT treatment (Figure 14. A). The more specific HSR 

inhibitor KRIBB11 could decrease (p<0.0001) Hsp70 mRNA expression more than the 

less specific inhibitor quercetin (p=0.01; Figure 14. A). 

According to the resazurin viability assay, the in vitro mEHT treatment of 4T1 cells 

in combination with the HSR inhibitors resulted in significantly lower tumor cell viability 

24 h post-treatment (Figure 14. B). KRIBB11 was able to reduce viability significantly 

already in monotherapy, suggesting that the more specific and more powerful inhibition 

of the heat shock machinery of the cells can be effective in itself in inducing tumor cell 

death (Figure 14. B). Combined treatment of the HSR inhibitors with mEHT resulted in 

a synergistic effect, as both combinations lead to significantly lower viability than the 

sum of the viability losses due to the two single therapies applied individually 

(significance of interaction: p=0.0001; Figure 14. A). 
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Figure 14. Synergistic effect of mEHT and heat shock inhibitors 4T1 cells pre-treated 
with heat shock response inhibitors, quercetin (Que) or KRIBB11, or vehiculum (DMSO) for 
1 h before mEHT (42 °C, 30 min) treatment. (A) Hsp70 mRNA 2 h post-mEHT, normalized 
to 18S rRNA. (B) Resazurin viability assay, 24 h post-mEHT, viability expressed as percent 
of DMSO control (37 °C, vehiculum only). Two-way ANOVA, Mean ± SEM, n = 5–
12/group, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 [18]. 
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4. Discussion 

The mEHT treatment of the orthotopic mammary tumors of mice was not feasible 

with the previously used LabEHY-100 preclinical mEHT device with tissue electrode for 

small animal treatment. Therefore, our research group participated in the development of 

an improved preclinical device and electrode optimized for treating inguinal mammary 

tumors to be able to investigate the effects of mEHT on a triple-negative breast cancer 

model. The new preclinical mEHT setup – LabEHY-200 device with the ergonomically 

designed pole electrode – was introduced at the first time by our research group [18]. This 

new setup allowed highly selective tumor treatment as detected by selective warming of 

the tumor tissue. The core temperature of the tumors was 2.5 ± 0.5 °C higher compared 

to the skin temperature above the tumor. The temperature gradient was reproducible and 

constant during treatments. Others reported comparable temperature gradients between 

the core of the tumors and the skin above the tumor using the former preclinical mEHT 

treatment setup under similar treatment conditions in other tumor types [116–118]. Thus, 

we concluded that the newly developed preclinical mEHT setup was successfully 

optimized for treating mouse mammary tumors in the inguinal region, which could not 

be achieved before. The other notable benefit of the highly reproducible and constant 

temperature gradients during treatments was that invasive temperature recording of the 

tumors – insertion of a temperature sensor into the core of the tumor – was not necessary, 

since we validated that the skin temperature can precisely and reliably indicate the 

estimated temperature of the tumors. Thus, we could conduct the temperature follow-up 

in a non-invasive way, and could therefore exclude the bias and side effects (bleeding, 

infection, tumor dissemination) caused by invasive puncturing of the tumors with the 

thermal probe. 

The selective increase of tumor temperature is a specific feature of modulated 

electro-hyperthermia, since heat accumulation with whole-body hyperthermia or non-

modulated radiofrequency induced capacitive hyperthermia approaches generally do not 

allow ΔT > 1 °C, due to altered vascularization of tumors, which result in highly variable 

heating [26,119,120]. 

The energy trap hypothesis proposes that the energy communicated during mEHT 

treatment is absorbed predominantly in the most hypoxic areas of the tumors. These are 
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less perfused hypoxic regions, which have lower impedance because of the accumulated 

acidic metabolites (e.g. lactic acid) compared to normoxic tissues, thus the current density 

induced by RF is larger in the hypoxic parts of the tumors [24]. Furthermore, the lower 

perfusion results in heat trapping, as the heat dissipation by the circulation of the tumor 

is significantly reduced. In our case this theory is supported by the observation of 

destruction in the cores of the tumors, as hypoxia is usually most pronounced in the 

central area of the tumors, because it is vascularized the least [121]. 

Furthermore, an important reason for the highly effective and selective heating and 

killing of the tumor by mEHT is amplitude modulation (AM) and its non-thermal effects 

on the tumor cells. In addition to the thermal effect of the dielectric heating by the 13.56 

MHz carrier frequency, the non-thermal effects result in much more extensive tumor 

destruction than expected from non-modulated radiofrequency capacitive hyperthermia 

[122–124]. The non-thermal effects are also demonstrated in cell culture experiments, 

where mEHT treatment was compared with conventional radiation heating to similar 

temperatures [122,125]. 

One of the most commonly used parameters to characterize hyperthermia treatments 

in biological models as well as in clinical practice is the specific absorption rate (SAR), 

which is the mass-normalized rate of energy-absorption (W/kg) by a biological material 

[126]. The SAR can be calculated from the dynamics of temperature rise during the initial 

heating-up period of the hyperthermia treatment [126]. 

SAR = ΔT × C/t 

(ΔT: temperature gradient, C: specific heat of the biological material [J/K*kg], t: 

time [s]) 

In our experiments, the temperature rise was around 1.5 °C/minute in the pre-heating 

period, corresponding to a SAR of ~90 W/kg achieved in the tumors, which is higher than 

the usual SAR (30–40 W/kg) in clinical use [127]. However, in some cases documented 

by Griffiths et al., SAR values even as high as 89 W/kg – which is comparable to the 

SAR in our experiment – could be achieved during human hyperthermia treatments, 

mostly in superficial tumors [128]. The bigger size of human tumors may also contribute 

to the explanation why SAR values are lower in clinical practice than in our mouse 

experiment, as larger tumors need lower SAR to achieve the same temperature, due to the 
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inverse relationship between the SAR value and the weight of the biological material. 

Nevertheless, in the case of modulated electro-hyperthermia the standard way of SAR 

calculation (see formula above) may be misleading, as during mEHT the energy is 

absorbed by lipid rafts of the tumor cell membranes (nanoheating) and this leads to the 

warming up of the whole tumor [124,129]. Thus, the actual weight of the heated target 

(lipid rafts) is much lower than the weight of the tumor. As a result, the estimated value 

of SAR in the case of mEHT is ~1 kW/kg, which corresponds to nanoparticle heating, 

and the heating is heterogeneous [130]. As SAR calculation is dependent on the weight 

of the heated target as well as on the average temperature of the target, its usefulness for 

the definition of the thermal parameters of mEHT treatment is limited [124]. 

During mEHT treatment, the energy absorption in the tumor causes cell stress and 

initiates the expression of cell stress-associated molecules [131]. One of the most 

abundant stress-induced molecules is Hsp70, which becomes strongly overexpressed in 

response to heat stress and damage [132]. Hsp70 has ambivalent effects on tumor 

progression as it can mediate both tumor-promoting and tumor-suppressing pathways, 

depending on its macroscopic (tumor cells or tumor stroma) and microscopic 

(intracellular, membrane-bound or extracellular) localization [99,133]. Hsp70 

overexpression is a common feature of tumor cells and in several cancer types – including 

breast cancers [134,135] – the expression level of Hsp70 correlates with cancer 

aggressiveness and disease progression [133]. However, in certain malignancies Hsp70 

expression even indicates good prognosis or improved therapeutic response [136–138].  

Not just tumor cells, but cells of the tumor stroma can also express remarkable level 

of Hsp70 [139]. Tumor stroma is becoming more and more the focus of cancer research, 

as it seems to play a crucial role in tumor progression. However, these mechanisms are 

not yet sufficiently explored [140]. It is already known that expression of Hsp70 by 

stromal cells can be a key tumor-promoting factor and it is often essential in supporting 

tumor growth, thus its inhibition can serve as a potential therapeutic target [139]. 

However, Hsp70 has a “Janus face”, as membrane-bound or extracellular expression of 

Hsp70 can mediate anti-tumor mechanisms [118,133,141]. Juhasz et al. provide a detailed 

description of the tumor-suppressing effects of extracellular Hsp70, which acts as a 

danger signal and induces the activation of the immune system against the tumor cells 

[133]. But they also noted the controversial role of Hsp70 in tumor progression, as the 
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above mentioned tumor-promoting function of Hsp70 has also been described [133]. In 

our experiments – as in the literature – 4T1 tumors had very poor immunogenicity and 

very low rate of tumor-infiltrating immune cells called as an immune-desert or non-

inflamed phenotype. According to our unpublished findings and literature data [142], we 

assumed that the immune cell-mediated tumor-suppressing effects induced by Hsp70 may 

be negligible in the 4T1 model. This was confirmed by the fact that inhibiting Hsp70 in 

vitro with quercetin or KRIBB11 significantly augmented the tumor-destructive effect of 

mEHT (discussed in detail later). It has been reported that mEHT provoked Hsp70 

overexpression in HepG2 hepatic [143], B16F10 melanoma [118], and CT26 colorectal 

[144,145] cancer cells after mEHT treatment in vitro and in B16F10 (melanoma) [118], 

CT26 [146] and HT29 [147] (both colorectal) tumors in vivo. Similarly, we also found 

that mEHT treatments induced substantial damage in the core of the TNBC tumors 

surrounded by extensive Hsp70 expression. The central damage and the Hsp70-positive 

“ring” around the dead area supports the assumption that (i) mEHT heated the tumor 

centrally, in consequence of the heat and energy trap phenomena (discussed earlier) and 

that (ii) tumor destruction started in the core of the tumor and progressed outward. The 

cells surrounding the damaged area must have been exposed to severe stress by mEHT, 

but the high Hsp70 expression could protect them from cell death. The lack of similarly 

strong staining in sham-treated tumors demonstrates the specific Hsp70-inducing effect 

of mEHT. The time kinetic experiment demonstrated that Hsp70 mRNA peaked already 

4 h post-treatment, followed by a peak of Hsp70 protein at 12 h post-treatment. Andocs 

et al. also reported similar dynamics of Hsp70 mRNA changes after mEHT treatment 

[147]. As Hsp70 protein returned close to sham level at 24 h, we observed tumor cell 

death marked by cleaved caspase-3 positivity, suggesting that exhaustion of Hsp70-

mediated protection led to apoptotic cell death. Our findings are in good agreement with 

the literature, as Hsp70 has been demonstrated to inhibit caspase-mediated apoptosis 

[133,148]. The mEHT-induced tumor cell destruction is a long-lasting effect, as TDR was 

still significantly higher in mEHT-treated tumors 72 h post-treatment compared to sham. 

Previous reports support that mEHT induces caspase-3 activation (i.e. cleavage) in vitro 

in human ovarian (OVCAR-3), cervical (SNU-17) [149], and mouse colorectal (CT26) 

[146] carcinoma cells. The cleaved caspase-3 expression also increased in CT26 cells in 

vivo as a result of mEHT monotherapy [144,146]. However, we demonstrated for the first 
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time that mEHT first activates the protective machinery (i.e. Hsp70 induction), and then, 

as a consequence of the exhaustion of these protective mechanisms, cells undergo 

caspase-3-mediated cell death. Although we cannot exclude necrotic and other forms of 

cell death, the cC3 positivity of the dead area as well as the lack of morphological signs 

of necrotic cells on hematoxylin and eosin stained sections, such as pale or absent nuclei 

or hypereosinophilia of the cytoplasm, suggest that the dominant form of cell death was 

apoptosis. 

The tumor-cell-killing effect of mEHT and the consequent reduction in viable tumor 

cell count have already been demonstrated in several in vitro experiments using other cell 

lines, such as U87-MG and A172 human glioma cells [150], OVCAR-3, SK-OV-3, HeLa, 

and SNU-17 human ovarian and cervical cancer cells [149], CT26 colorectal carcinoma 

cells [144] and B16F10 mouse melanoma cells [118]. However, the acute viability-

reducing ability of mEHT treatment has not yet been confirmed with imaging techniques 

in vivo. Furthermore, mEHT therapy has not been investigated before in any TNBC 

mouse model, possibly due to the lack of appropriate tools. Our study demonstrated a 

significant reduction of viable tumor cell numbers in vivo already after two mEHT 

treatments in monotherapy. The decrease in viable cell count, as detected by IVIS imaging 

in vivo, was corroborated by determination of the tumor destruction ratio on hematoxylin-

eosin-stained sections and hypocellularity by Ki67 immunostaining. The area of tumor 

destruction was cleaved caspase-3-positive, suggesting apoptotic cell death. We were not 

able to confirm tumor size reduction using conventional and less sensitive tumor size 

measuring methods such as the digital caliper and the ultrasound after 2 treatments. The 

most likely explanation for this deficiency is that the apoptotic/damaged tumor area 

(detected as TDR on the histology sections) had not yet been removed by the immune 

system during the short follow-up period. We confirmed this hypothesis on histology 

examinations so as another study by our team [23] with longer follow-up, where tumor 

cell death also manifested in a significant tumor size reduction after five mEHT 

treatments. 

Ki67 is a proliferation marker, as its expressed throughout the cell cycle from G1 to 

M-phase [151]. Elevated expression of Ki67 has been associated with poor prognosis in 

numerous cancer types, including breast cancer [152–157]. In breast cancers the Ki67 

index – the fraction of Ki67-positive tumor cells – is used as a prognostic marker, and it 
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is also important in the molecular characterization of these malignancies [2,154,157]. In 

triple negative breast cancers the Ki67 index is usually very high, in fact, the highest in 

all molecular subtypes [2,157]. The high Ki67 index contributes to fast disease 

progression, higher rate of relapse and inferior survival [157]. In the present study, just 

two mEHT treatments did not reduce Ki67 mRNA and protein. However, five 

consecutive mEHT treatments were already able to significantly reduce Ki67 protein 

levels in our tumor model as assessed by immunohistochemistry [23]. Furthermore, the 

reduced density of viable tumor cells in histological sections also suggests reduced 

proliferation activity of mEHT-treated tumor cells as also detected by IVIS. Similarly, 

Thomas et al. presented significant reduction in Ki67 expression of B16F10 metastatic 

tumor nodules after six consecutive mEHT treatments of melanoma lung metastases in 

vivo [158]. 

We described modulated electro-hyperthermia-induced Hsp70 dynamics in our triple 

negative breast cancer model. Proper timing of treatments is extremely important to find 

the most vulnerable window for optimal effects. Based on our data, the maximized impact 

of mEHT can be expected with the application of the treatments every other day (at 48h 

intervals), as the protective machinery (i.e. Hsp70 overexpression) is exhausted by 48h 

post-treatment, whereas the tumor tissue damage is still extensive at this time point. 

We also demonstrated that the anti-tumor effect of mEHT can be enhanced by 

inhibiting the Hsp70-mediated defense mechanisms of tumor cells in vitro. Moreover, 

according to the paper by Gabai et al., Hsp70 inhibitors may also diminish Hsp70 

activation in the tumor stroma, and thus they can also abrogate the tumor-promoting 

microenvironment [139]. Using quercetin as a sensitizer to conductive hyperthermia 

(carried out in a regular water bath) was first described in 1984 by Kim et al. on HeLa 

cells and they interpreted its sensitizing effect on hyperthermia through the  inhibition of 

lactate transport [159]. Since then, the synergistic effect of quercetin with conductive 

hyperthermia has been demonstrated in leukemic cells [160], melanoma cells [161], and 

prostate cancer [162], as a result of Hsp70 inhibition in all three cases. We demonstrated 

in vitro for the first time that quercetin was able to diminish the induction of Hsp70 

mRNA upon capacitive hyperthermia (using mEHT technology) in 4T1 cells, to 

synergistically potentiate mEHT treatment. However, we have to note that the quercetin 

concentration (50 µM = 15 µg/mL) used in the in vitro experiments is much higher than 



42 
 

the steady state plasma concentration (~0,1 – 0,5 µg/mL) in patients after quercetin 

administration [163,164]. However, the plasma concentration of quercetin in humans can 

cover a very wide range (even up to 500 µg/mL) depending on dosage and way of 

administration [165]. According to the investigations of Ferry et al. the concentration of 

quercetin used in our model corresponds to patients’ plasma concentrations 1 h after 

intravenous administration of extremely high quercetin doses: 25–50 mg/kg = 945–1700 

mg/m2; at doses of such magnitude, however, serious side effects may occur [165]. 

Besides, quercetin has very poor solubility, stability and bioavailability, thus its clinical 

use as HSR inhibitor in humans is rather limited [166]. Our in vitro model of the combined 

treatment using mEHT and quercetin served as the proof of principle for using an HSR 

inhibitor as a sensitizer to modulated electro-hyperthermia.  

Based on our findings, we hypothesized that a more specific and more effective 

inhibitor of the Hsp70 machinery, KRIBB11 could enhance the tumor-killing effect of 

mEHT even more efficiently. Quercetin – besides its above mentioned unfavorable 

properties – is quite pleiotropic in mechanisms of action, and its Hsp70 inhibitory effect 

is the consequence of the indirect inhibition of Hsf-1 by blocking its 

hyperphosphorylation and thus its activation [109,111]. Since Hsf-1 is the central 

regulator of the cellular heat shock response, its more direct and specific blockade could 

lead to enhanced synergism with mEHT [110]. Therefore, we combined mEHT with the 

novel direct Hsf-1 inhibitor, KRIBB11. This molecule was introduced in 2011 by Yoon 

et al. as a highly effective Hsp70 synthesis inhibitor, as it binds directly to Hsf-1 and 

abolishes its Hsp70-promoting activity very specifically [167,168]. In the past few years, 

an increasing number of articles have been published about KRIBB11; however, it hasn’t 

been investigated yet as a sensitizer to hyperthermia. We report for the first time, that 

KRIBB11 can be effectively combined with hyperthermia treatment, based on its Hsp70-

inhibitory effect. The synergism of mEHT with Hsp70 inhibition should be confirmed 

and the pharmacokinetics and bioavailability of KRIBB11 should be determined in 

humans, as such data are not yet available. Our results suggest that inhibition of Hsp70 

synergizes with modulated electro-hyperthermia and thus could enhance the anti-cancer 

therapeutic effects of mEHT. 
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5. Conclusion 

The studies summarized in this thesis aimed to investigate the effects of modulated 

electro-hyperthermia in a triple-negative breast cancer animal model in vitro and in vivo. 

As a conclusion, our novel findings can demonstrate, that: 

• a newly developed preclinical mEHT treatment device (LabEHY-200) could be 

optimized for treating orthotopic mammary tumors of small animals 

• highly reproducible treatments could be performed with the optimized LabEHY-200 

device in vivo 

• highly effective and selective heating of the tumors could be achieved by mEHT 

treatments in vivo 

• repeated mEHT treatments decreased the number of viable tumor cells in vivo 

• repeated mEHT induced significant destruction of the tumors in vivo 

• mEHT induced hypocellularity of the tumors already after two treatments in vivo 

• mEHT inhibited proliferation by decreasing Ki67 expression after five treatments in 

vivo 

• repeated mEHT induced caspase-dependent apoptosis in vivo 

• repeated mEHT provoked Hsp70 overexpression in vivo 

• the tumor destructive effect of mEHT is time-dependent in vivo 

• the tumor cell killing effect of mEHT can be enhanced by combination with heat 

shock inhibitors in vitro 
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6. Summary 
Breast cancer is one of the leading causes of cancer-related death among women. One of 

the most aggressive type of breast cancers is triple-negative breast cancer (TNBC), which 

accounts for about 15% of all breast cancers and has a very poor prognosis. Triple-negative 

breast cancer is a special subtype of breast cancers, as it does not express any estrogen-, 

progesterone-receptors or HER2, thus targeted therapies cannot be used. For those patients, 

who are diagnosed with TNBC the only approved systematic treatment option is the highly 

toxic and non-selective chemotherapy. Further steps are needed to identify new therapeutic 

possibilities. 

Modulated electro-hyperthermia (mEHT) is a novel complementary loco-regional 

antitumor therapy, which applies alternating electromagnetic field to communicate energy to 

the tumor. mEHT is a unique capacitive electromagnetic treatment modality, as it induces 

both thermal and non-thermal effects in the tumor by using amplitude modulation of the 13.56 

MHz radiofrequency. 

The experimental work summarized in this thesis aimed to investigate the effects of 

mEHT on TNBC by using a preclinical mEHT treatment device on a mouse model of TNBC. 

We inoculated 4T1 mouse triple-negative breast cancer cells orthotopically into 

immunocompetent female Balb/C mice to form isografts. The isografts were treated with 

mEHT two or more times with 48h intervals. Tumor size were followed by IVIS, caliper and 

ultrasound. After the last treatment the tumors were removed, weighted and processed for 

histological and qPCR analysis. 

Our experiments demonstrated that the tumors could be heated up effectively and 

selectively by the improved rodent mEHT device and the ergonomic pole electrode, and the 

treatments were highly reproducible. The treatments had a significant tumor cell-killing effect 

testified by In Vivo Imaging (IVIS). This finding was confirmed by the histological analysis 

of hematoxylin- and eosin-stained sections, which showed significant tissue damage in the 

mEHT-treated tumors originating from the center of the tumors. The damaged areas showed 

prominent signs of apoptosis and pronounced cleaved caspase-3 positivity, indicating that 

mEHT induced apoptotic cell death in the tumors. The mEHT treatments provoked Hsp70 

overexpression in the surviving tumor cells, implying the activation of the heat stress-related 

protective machinery of the tumor cells. This tumor-protecting mechanism was exhausted by 

48h after the treatment. The effectivity of the mEHT treatments could be amplified 

significantly by combing mEHT with heat shock inhibitors – quercetin or KRIBB11 – in 

vitro. This finding has great translational potential. 
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