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1. Introduction

1.1. Hyperthermia in oncology
1.1.1. Principles of hyperthermia

Hyperthermia in oncological disease was first utilized by Hippocrates, when he
successfully applied it to breast cancer patients (1). The primary application of medical
hyperthermia is complementary, adjuvant treatment of tumors nowadays (2). Other
applications include the eradication of parasites like Leishmania (3), the treatment of
rheumatic autoimmune diseases like ankylosing spondylitis and fibromyalgia (4),
autoimmune skin diseases like psoriasis (5) or Peyronie's disease (6).

Oncological hyperthermia means the heating of malignant tissues in the 40-48 °C
range with curative or palliative intention. Higher temperatures can be used in oncological
processes for coagulation (>50 °C) or thermal ablation (60-90 °C ) (7), which are not
discussed in detail in this dissertation. Based on the extension of heating, systemic and
local/regional hyperthermia are distinguished. Blood is heated up during systemic
hyperthermia, which conductively warms up the malignant tissue (8). On the other hand,
during local/regional hyperthermia, energy/heat is applied directly to the tumor, while the
rest of the body remains at body temperature, including blood, therefore blood flow acts
as a cooling medium (8). Heat can be transmitted via conduction (diffusion), convection
(invasive or semi-invasive) or radiation (infrared heating, microwaves or radiowaves) (9)
or can be generated by mechanical waves (ultrasound) (7).

Hyperthermia can induce numerous biological processes in tumors on tissue,
cellular and molecular levels. On the tissue level, the higher basal metabolism of tumors
than healthy tissues and local blood-flow regulation are the basis of hyperthermia effects.
Tumor heating elevates the already high metabolic rate. The oxygen and nutrient supply
cannot keep up with the enhanced demand, resulting in hypoxia and anaerobic
metabolism. This leads to the accumulation of acidic metabolic intermediates and
consequent acidosis within the tumor. Similarly, in expanded tumors, the poorly
vascularized central regions do not get enough oxygen leading to spontaneous hypoxic
necrosis. The aimed temperature by tumor heating is critical regarding blood flow: over
42 °C, blood flow is reported to decrease, whereas below 42 °C, blood flow is
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demonstrated to increase (10) in tumors. On the cellular and molecular level,
hyperthermia is reported to induce

- DNA repair inhibition by the denaturation of DNA repair proteins (10)

- heat shock response (11)
The DNA-repair inhibition and exhaustion of the heat shock response become irreversible
after a certain point leading to

- cell cycle arrest (12)

- different types of cell death (such as necrosis, apoptosis (extrinsic and intrinsic)

and other types of cell death) (13).

One of the main challenges of hyperthermia treatment is the focus of treatment
and the transfer of heat to malignancies localized in deeper tissues.

Hyperthermia in oncological treatment is used as a complementary treatment in
general: it can enhance and complete the effects of conventional oncological treatments
like chemo- (14), radio- (15), targeted (16) and immunotherapy (17). Intravenously
administered chemotherapeutic drugs are most effective in the well-vascularized areas,
where the bioavailability of the drug is the highest, while hyperthermia is more effective
in hypoxic, low-vascularized regions of the tumor (9). Moreover, hyperthermia agents
exert their effects in the S phase of the cell cycle, while widely used chemotherapeutic
agents, like taxanes and anthracyclines are more likely to act in the M and G2 phases (18).
The vasodilatation effect of hyperthermia can enhance drug delivery of intravenously
applied chemotherapeutic agents by increasing blood flow (19) and even the absorption
of drugs can be improved by hyperthermia via electro-osmosis (20). Radiotherapy
efficacy is also higher in well-oxygenized parts of the tumor, where oxygen supports the
formation of DNA-damaging free radicals. The increased cell killing effect of
hyperthermia + radiotherapy combinational therapy is primarily due to an increase in the
PO> in tumors by hyperthermia-induced vasodilatation (21). Furthermore, similarly to
chemotherapy, radiotherapy acts during proliferation in the M and G phases of the cell-
cycle, whereas hyperthermia in the S phase (18). The mechanisms of synergism between

hyperthermia and chemo- or radiotherapy are listed in Table 1.
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Table 1. Synergistic mechanisms between hyperthermia and chemo-/radiotherapy. Modified from the

original table from Szasz et al., 2011 (8).

Modality
Effect

Hyperthermia

Chemotherapy

Radiotherapy

Effect on cell cycle

effective in S phase

"push out’ cell from Go

phase

effective in M + G,
phase

no activity in Go phase

effective in M + G;
phase

pH dependency

effective in acidic
environment

effective in alkaline
environment

Oxygenation,

effective in hypoxic

effective in regions,

effective in well-

vascularization regions, further from close to vessels oxygenized regions

vessels
Drug absorption enhanced by electro- low, due to high pressure -
0SMosis
Drug metabolism enhanced normal -
Reaction rate enhanced normal -

Regarding the expansion of heating, three main types of medical hyperthermia are

used: Whole body hyperthermia (WBH), regional and local hyperthermia.

1.1.2. Whole-body hyperthermia

Whole-body hyperthermia (WBH) is mostly used in metastatic cancer diseases. It
is diffuse heating of the patient’s body. Thermal chambers, hot water blankets or infrared
radiation are used to warm up the whole body at around 41.8-42.2 °C. The procedure is
usually performed under anesthesia for 3-4 hours (39.5-41.0 °C) or for 2 hours as an
intensive (42 °C), short treatment. WBH results in a homogenous thermal distribution;
thus it has the most adverse effects of all hyperthermia forms. Adverse effects include
nausea, vomiting, diarrhoea and the thermal stress of vital organs such as the heart, the
lung, the liver and the brain (22). Further side-effects include disconcertment of blood
pressure regulation, blood clotting, systemic skin irritation, etc. WBH is often used in
combination with fever generation by IL-2 and/or IFN-y. The hypothetic beneficial

mechanism includes the non-specific activation of the immune system (23).

1.1.3. Regional hyperthermia

Regional hyperthermia means the heating up of extensive body areas containing
the tumor. Tumors of the pelvis, thighs (soft tissue sarcomas) or abdominal malignancies
(cervical, prostate, bladder, colorectal, ovarian carcinomas) are treated this way. Three

subtypes of regional hyperthermia exists: deep-positioned tumors heated with external
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applicators; limbs or organs heated by thermal perfusion and continuous hyperthermic
peritoneal perfusion (CHPP). External applicators heat up the affected region to 41-42°C,
using at least one pair of dipole antennas, positioned around the patient’s tumor. The
applicators can apply radiofrequency or microwave emission. Regional hyperthermia
techniques can perform deep-heating with capacitive or conductive radiofrequency
methods. The amplitude and phase parameters of the antennas can be controlled according
to the Specific Absorption Rate (SAR) distribution, a physical parameter intended to
describe the interaction between the electric field and the stimulated material (see in
1.1.5.). Cumulative Equivalent Minutes at 43°C (CEM43) is the unit used to to calculate
the thermal dose during therapeutic hyperthermia.

Regional perfusion is applied in the case of malignancies found in distinct limbs
or organs (liver, lung). A large artery of the limb or organ and a draining vein are bypassed
and the blood is warmed up extracorporeally. The treatment can be completed by
administering chemotherapeutic agents and having less side effects than WBH.
Continuous hyperthermic peritoneal perfusion (CHPP) is used perioperatively to deliver
heated washing fluid (41.0-42.5°C). CHPP can also be completed by adding
chemotherapeutic agents to hyperthermic intraperitoneal chemotherapy (HIPEC). The
indication of HIPEC treatment is disseminated tumors in the abdominal cavity, such as
carcinomatosis of unknown origin, multifocal ovarian or colorectal metastases, stomach
cancer or mesothelioma. The therapeutic strategy includes the resection of the primary

tumor and cytoreduction of the extended peritoneal metastases (7).

1.1.4. Local hyperthermia

Local hyperthermia methods - often referred to as loco-regional hyperthermia -
communicate energy with the target area, that is transformed into heat locally in the
tumor. It is mainly used in small tumors, found in superficial regions of the body, or in
approachable locations, like the orifices of the gastrointestinal tract (rectum or
esophagus). The great advantage of local hyperthermal treatment, is that just the
malignancy-containing volume, a small portion of the body is heated up. Thus, systemic
side effects (see in 1.1.2), are reduced. Different approaches are used to focus local
hyperthermia, e.g. administration of iron-oxide or gold nanoparticles intravenously or

directly to the tumor site. These particles acquire the energy of the heating source and
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indirectly transferring the energy to the tumor locally (24). However, even local
hyperthermia has side effects: bleeding, infection, local irritation of the skin, muscles or
nerves, blistering. For preventing skin-related complications during treatments, water
boluses are used, to keep the surface temperature at 37 °C. Tumors of the skin are the
easiest to treat. Superficial applicators or antennas of different forms can be positioned
on the tumors. Temperature monitoring during treatment is crucial. For temperature
monitoring, needles or tubes are inserted into the tumors after anesthetization. Heating
can be generated by electromagnetic waves, like microwaves (300 MHz-300 GHz, (25,
26)) or radio frequency waves (1 — 300 MHz, (27)) or by mechanical waves, like
ultrasound (High-Intensity Focused Ultrasound, HIFU, (28)). Intracavital applicators can
provide local hyperthermia in certain types of tumors (cervical, vaginal, rectal,
oesophagus cancer). Interstitial local hyperthermia is applied in tumors, treated with
brachytherapy (head and neck tumors, prostate, breast cancers, brain tumors). For this
purpose, microwave antennas, ultrasound transducers or radiofrequency electrodes are
inserted into the tumor tissue. Thermoablation is a specific type of interstitial
hyperthermia, when the applied temperature exceeds 50 °C and causes vascular stasis,
cellular coagulation and tissue necrosis (7).

Comparison of the three main types of medical hyperthermia is presented in Table
2.

Table 2. Comparison of different types of medical hyperthermia. Based on the publication of Chichet
etal. (7) and Szasz and al. (8).

Type Whole Body Regional Local Hyperthermia
Aspect Hyperthermia Hyperthermia
Area of heating Whole body Parts of the body (limbs,  Small portion of tissue

abdomen, pelvis)

Tumor site

Disseminated, metastatic

Deep seated, locally
advanced

Superficial, intracavital,
intraluminal, interstitial

Heat transfer

Conduction

Convection, radiation

Radiation

Adverse effects Most serious, Moderate Least severe, localized,
systemic skin symptoms
Focusing - Moderate necessary
Role of blood Transfer medium Cooling medium Cooling medium

Application form

Blankets, hot water,
infrared

External applicator,
perfusion

Superficial applicators,
antennas

10
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1.1.5. Modulated electro-hyperthermia

Modulated electro-hyperthermia (mEHT) is a loco-regional, non-invasive
treatment modality, applied in cancer, preferentially in combination with traditional
oncological treatments like chemo-, radiotherapy and lately with targeted- and
immunotherapy. It uses the electromagnetic method with a capacitively coupled
electromagnetic field for heating the targeted, tumorous area (8).

The upmost requirement of anti-cancer modalities is selectivity: to harm the
malignant cells but spare the healthy ones. The principle of mMEHT is the auto-focusing
effect, which is based on the metabolic reprogramming of malignant cells (29) and the
consecutive altered impedance of the tumor tissue. Electrical impedance (Z) is the
physical parameter, that describes the resistance of a material in an alternating current
(AC). Cancer cells prefer to use glucose and favor the less-effective glycolysis instead of
oxidative phosphorylation, even in aerobic conditions, which is called the Warburg effect
(30). This type of metabolism produces less ATP (2 mol ATP/mol glucose), than
oxidative phosphorylation (36 mol ATP/mol glucose) (31). However, it preserves the
carbon-carbon bonds of the macromolecules, which supports the biomass production
rather than energy production, unlike in healthy tissues. Therefore, the Warburg effect
can be interpreted as an adaptation mechanism to support the biosynthetic requirements
of uncontrolled proliferation of the tumors (30). However, the role of Warburg effect in
cancer metabolism is a disputed, Nobel laureate statement. It is controversial, whether it
is a cause or a consequence of the cancer cells’ development (31). The concept of

Warburg effect is presented in Figure 1.

11
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Figure 1. Comparison of Warburg effect to oxidative phosphorylation and anaerobic glycolysis.
When oxygen is present, differentiated tissues prefer to metabolize glucose to pyruvate via glycolysis and
then completely oxidize most of that pyruvate in the mitochondria to CO. during the process of oxidative
phosphorylation. Oxygen is indispensable for this process, as the final electron acceptor to completely
oxidize the glucose. When oxygen access is limited, cells redirect the pyruvate generated by glycolysis
away from mitochondrial oxidative phosphorylation by generating lactate (anaerobic glycolysis). This
generation of lactate during anaerobic glycolysis allows glycolysis to continue (by cycling NADH back to
NAD+), but results in minimal ATP production when compared with oxidative phosphorylation. According
to the Warburg effect, cancer cells tend to convert most glucose to lactate regardless of whether oxygen is
present (aerobic glycolysis). Mitochondria remain functional and some oxidative phosphorylation
continues. Aerobic glycolysis is less efficient than oxidative phosphorylation for generating ATP. Modified
from the original image, published by Heiden et al. (32).

As a result of the altered metabolism, cancer cells produce more lactate and H*,
which reduces the pH in tumor tissue and creates an acidic environment (33). The
modified metabolism causes altered bioelectrical properties (elevated permittivity and
conductivity) of the tumor tissue (34). Dielectric permittivity (g) is a physical property
which characterizes the degree of electrical polarization, a material experiences under the
influence of an external electric field. A material with high permittivity polarizes more
and stores more energy in response to an applied electric field than a material with low
permittivity. € is associated with the dipole content of a biological material, which are
mainly the water molecules and cytoplasmic, extracellular or membrane-bound

macromolecules, e. g. proteins, but not the simple, water-dissolved ions (Na*, K*, Ca?*,

12
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CI"). These dipole molecules tend to rotate due to excitation by an electric field, which
causes the dielectric heating of the biological material (35). Conductivity (c), on the other
hand, refers to the free-charged molecules of a biological material, which can drift as the
consequence of the electric current (36). In addition, tumor tissues have been described
to have elevated water, metal-ion and salt content. All of these factors lead to the
decreased complex impedance of the tumors, which is utilized in cancer diagnostics
(Electrical Impedance Tomography: EIT), in breast (37), skin (38) and cervix (39) cancer.
Moreover, the decreased impedance causes a consequent predisposition of tumor tissues
to the excitation by electric fields (40). Setup and color-scaled results of EIT in breast

cancer is presented in Figure 2.

M
Electrode Array

Solution: breast-16-1L-750kHz.epsilon  Scale: 0.908

7000
0.04
6000
003
% 0.02 r Ly
00 4000 :
= Malignant Tumor
g 0 3000
3 .
= 001 e Dense Fl.brou‘s
> o0 = Connective Tissue
-0.03 .
- e Mamillary glands
005 -1000 Fat Layer

0
Honz Position (meters)

Regime of Electrode Artifacts

Figure 2. Electrical Impedance Tomography (EIT) examination in breast cancer. EIT electrode setup
in breast cancer examination. Absolute permittivity image: Coronal View Breast with malignant tumor at
750 kHz. Modified from the original image, published in the review of Zou et al. (41).

mEHT uses a 13.56 MHz frequency, capacitively coupled, alternative current
electromagnetic field (EMF) with 1/frequency (1/f) amplitude modulation to transfer
energy and heat to the malignant tissue. Two electrodes are positioned on two sides of the
tumorous area, which becomes part of the electric circuit. Because of the aforementioned
altered electric properties (reduced complex impedance) of the malignant tissue, the
energy of the EMF is mostly absorbed by the tumor.

13
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Applied frequency range (13.56 MHz) was chosen, because the radiofrequency
should penetrate deeply into the tissues (<25 MHz) and avoid the neuron excitation range
(10 KHz). Also, this frequency doesn’t interfere with other electronic devices, therefore
no adumbration is needed (8).

mEHT performs inhomogenous heating of the tumor tissue: the energy of the EMF
Is absorbed chiefly in the extracellular space, where the electric impedance is the lowest.
SAR can be used to measure the absorbed energy in a unit of mass (dose), related to the
thermal effect of the electromagnetic field. SAR can be calculated by the following
formula: SAR = AT x C/t, where AT = temperature change, C: specific heat of the
biological material [J/K*kg], t: time [s] (35). Capacitance is the ratio of the amount of
electric charge stored on a conductor to a difference in electric potential
(charge/potential). Cancer cells are insulated from the electric field, as the cell membrane
maintains a high resistance related to it’s high capacitance values (10 millifarad/square
meter (MF/m?)) (9). The absorbed energy creates a remarkable rise of temperature in the
extracellular fluid, which generates a large heat-gradient (~1 kelvin/micrometer (K/um))
and heat-flow through the cell membranes and consequent ion- (Na* (42), Ca®* (43)) and
water flow towards the intracellular space. These flows cause the swelling of cells, harm
the membrane functions and membrane potential, and lead to cell disintegration (9).
Moreover, heat, generated by mEHT is absorbed mostly in the lipid rafts of cancer cells
membranes, creating hot spots with peculiarly high energy absorption (nanoheating) (44)
and cancer cell membranes have higher rigidity, than healthy cells, makes the tumors
more susceptible to mEHT (8). mEHT induced cellular stress initiates cellular death
forms, primarily apoptosis and via the release of DAMPs, secondarily Immunogenic Cell
Death (ICD).

Besides the thermal effects, the EMF itself exposes own non-thermal effects.
During mEHT, an 1/f amplitude-modulation is applied on the carrier EMF, which is in
the stochastic resonance frequency range (sometimes referred as pink noise). Since
malignant cells are more susceptible to this frequency, it could cause a definite resonant
effect on cancer cells, disintegrating enzymatic processes and ionic channels of their
membranes (8, 45). Energy of the EMF can also influence DNA function (46) and protein
expression (47). Moreover, the EMF creates the motion (electrophoresis) of dielectric

particles (48) and the rotation of cells and cell nuclei (49). The EMF has a prominent

14
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effect on cell membranes, like electroporation and electro-permeabilization, which can
greatly affect membrane transport mechanisms and membrane integrity (50, 51).

During mEHT treatment the thermal and non-thermal effects amplify each other’s
cancer cell killing effects, leading to an effective tumor destruction (52). The most

important anti-cancer effects of mMEHT on cellular level are summarized in Figure 3.
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Figure 3. Summary of the most important cellular-level anti-cancer mechanisms of mEHT. The
energy of the EMF is absorbed in the extracellular space, generating heat, fluid and ion flows towards
intracellular space, which hurts the membranes. Energy is also absorbed by the membrane dipoles, like
death receptors and other lipid rafts. mMEHT-induced stress activates caspase-dependent and — independent
apoptotic pathways and the release of DAMPs. With the assistance of antigen-presenting cells, DAMP
signals initiate T cell-mediated and NK cell-mediated immunogenic cell death consequentially. Beside the
thermal effects, the EMF has its own cell-damaging effects, like electroporation and
electropermeabilization of the cancer cells’ membrane. Modified from the original image, published by

Krenacs et al. (13).

1.1.6. Clinical applications of oncological hyperthermia

Oncological hyperthermia is used in the clinics mostly as a complementary
therapy. It improves the therapeutic effects of radio-and chemotherapy (1.1.1/Table 1).
Furthermore, the combination of hyperthermia with chemo-or radiotherapy can reduce

the therapeutic dose and consequently, the adverse effects’ severity can be attenuated.
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Phase 11l randomized controlled trial of head and neck cancer patients, treated
with radiotherapy or thermoradiotherapy, demonstrated a remarkable improvement of
complete response (CR). In 451 cases, radiotherapy alone reached 39.6% CR, while the
combinational treatment (thermoradiotherapy) reached CR in 62.5% (53). A meta-
analysis demonstrated, that the risk difference to achieve CR was 22% greater (p < 0.001)
and to achieve loco-regional control (LRC) was 23% greater (p < 0.001) with
thermoradiotherapy compared to radiotherapy alone in cervical cancer (54). In a review
summarizing 38 trials on different tumor types (breast, cervix, head and neck, rectum,
urinary bladder, esophagus, lung, skin melanoma, choroidal melanoma, anal canal) the
overall complete response rate (RR) was 54.9% from 1761 patients treated with
hyperthermia and radiotherapy, while CR was 39.8% from 1717 participants treated with
radiotherapy alone. A breast cancer study demonstrated, that the efficacy of hyperthermia
treatment depends on the tumor size. In terms of local response (LR), capacitive coupled
thermoradiotherapy was 13.7% more effective, when tumors were smaller than 100 cm?,
compared to mono-radiotherapy, while 22.6% more efficacy was gained, when the tumors
were bigger, than 100 cm? (55).

Phase | and Il studies, evaluated in a small number of intracranial metastatic
patients, treated with interstitial hyperthermia in monotherapy showed 53.8% decrease in
volume, measured by CT or stabilization of the disease and no serious complications, like
bleeding, meningitis, abscesses, occurred (56).

A study from 2017, involving 38 patients with cervix carcinoma, compared the
effectiveness of platinum-based chemotherapy alone or in combination with mEHT.
Combinational therapy was significantly more effective: CR: 50%, partial response
(PRe): 11.1% and stable disease (SD): 11.1%, while these results were 20%, 15% and 5%
in the chemotherapy-alone group. Progression of the disease happened in 27.8% of
patients in the combination group and 60% in the chemotherapy alone group (57). The
most recent randomized controlled Phase 11l trial with high number (210) of cervical
cancer patients demonstrated that combination of chemoradiotherapy with mEHT is
beneficial: mEHT improved both Disease Free Survival (DFS) rates (control group:
13.7%, mEHT group: 36.4%, p < 0.0001) and the quality of patients’ life (58). Local
chemoembolization technique’s efficacy in hepatocellular carcinoma (HCC) was

synergistically improved with hyperthermia: remission rate (RR) increased by more than
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12% by adding hyperthermia to the treatment, (59). Hyperthermia, applied together with
liposomal doxorubicin was reported to elongate the 4-year survival almost four times,
than liposomal doxorubicin alone in recurrent breast cancer phase | and Il study (60). A
retrospective analysis in 2020 in metastatic colorectal cancer patients demonstrated that
Bevacizumab plus FOLFOX-4 regimen combined with electro-hyperthermia reached a
95% disease control rate (DCR) - counted as the percentage of patients who had the best
response rating — 90 days after treatment and 89.5% 180 days after the treatment. The
median overall survival was 21.4 months (61). The median progression-free survival
(PFS) was 12.1 (61) months. Furthermore, a recent study demonstrated, that the median
PFS of the first three lines of Folfox—avastin treatment were 8.5, 5 and 3 months,
respectively (62).

Taken together, mEHT can be considered as an efficient anti-cancer method,
which is capable of selective, local treatment of solid tumors in monotherapy and can
bountifully potentiate and complete the effect of traditional oncological therapies.

1.2. Breast cancer
1.2.1. Types, staging, prognosis
1.2.1.1. Histological types

The GLOBOCAN study has demonstrated, that breast cancer (BC) had the
highest incidence in 2020 and was responsible for most tumor-related deaths among
women worldwide (63). Breast cancer represents a very heterogenous group of cancer.
The vast majority of breast cancers are carcinomas (epithelial origin). By the
histological/morphological appearance, the two most common types are ductal and
lobular breast carcinomas. Ductal carcinomas are derived from milk ducts, lobular
carcinomas originate from the milk-producing glands of the breast. Those, which don’t
break through the basal membrane of the affected tissue and stay at the place of
development (non-invasive) are called carcinoma in situ (ductal carcinoma in situ
(DCIS); lobular carcinoma in situ (LCIS)). However, most BCs are invasive, with the
ductal origin being more common than the lobular origin. More than 50% of all breast
cancers are invasive ductal carcinomas and less than 10% are invasive lobular carcinoma
(64).

17



DOI:10.14753/SE.2023.2838

1.2.1.2. Molecular types

According to the presence or absence of molecular markers, hormone-
receptor positive and negative breast cancers can be distinguished. In the hormone
receptor-positive group, two subgroups, Luminal A (estrogen receptor (ER)+,
progesteron receptor (PR)+/-, Human epidermal growth factor receptor 2 (Her2)-, Ki67])
and Luminal B (ER+, PR+/-, HER2+/-, Ki677) are discerned. The hormone receptor-
negative group contains HER2+ (ER-, PR-, HER2+, Ki671) and Triple Negative (ER-,
PR-, HER2-, Ki677) subgroups. Cancer cells' receptor-expressing properties greatly
affect whether targeted therapy is applicable or not and therefore the prognosis of BC.

1.2.1.3. Staging

Nottingham grading system is used to assess the aggressiveness of breast
cancer cells and the prognosis of the disease. The Nottingham system enrolls breast
cancers into Grade 1 (well-differentiated, best prognosis), Grade 2 (moderately
differentiated, medium prognosis) and Grade 3 (poorly differentiated, worst prognosis),
considering attributes like tubule formation, nuclear pleomorphism and mitotic count
(65). Tumor size (T), lymph node involvement (N) and the presence of metastasis (M)
are the basics of the TNM classification and the enrollment of breast cancer into stages.
Early stage breast cancer cases can be cured, primarily with surgical removement and
with additional, chemo-, immuno-, targeted or radiotherapy. However, in advanced-stage

breast cancer the 5-year survival is < 28% (66).

1.2.2. Triple Negative Breast Cancer (TNBC)

12% of BC cases are triple negative BC (TNBC) (Figure 4), where the neoplastic
cells lack the intracellular ER, PR and surface HER2 expression. TNBC tumors have
particularly aggressive behaviour with a high recurrence rate after diagnosis, high
pathological grade, and greatly reduced 5-year survival compared to non-TNBC patients
(67).

The lack of hormone- and HER2 expression hamstrings the anti-hormone and
targeted therapies. The primary treatment regime for TNBC is anthracycline

(Doxorubicin) and taxane (Paclitaxel)-based chemotherapy. These cytotoxic agents have
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serious side effects such as cardiotoxicity (cardiomyopathy), enterocolitis, neutropenia,
fever, diarrhoea and vomiting.

Based on recent genomic profiling, TNBC can be classified into 7 major classes
of molecular subtypes: Basal Like 1 (BL1), Basal Like 2 (BL2), Immunomodulatory
(IM), Mesenchymal (M), Mesenchymal stem-like (MSL), Luminal androgen receptor
(LAR) and Unstable (UNS). According to their expression profile, these seven major
subtypes have unique ontologies and different characteristics: in BL1 tumors, the main
upregulated cellular mechanisms are the cell cycle, cell division, and DNA replication.
BL2 are susceptible to growth factors and metabolic signaling is essential. In M and MSL
types, the Epithelial-Mesenchymal Transition (EMT) is a pivotal process, while in LAR,
the androgene-hormone mediated and in IM type the immune-mediated signaling are
articular (68, 69).

Despite recent years’ diagnostic and therapeutical efforts, TNBC treatment is still
challenging and remains one of the breast cancer types with the worst prognosis.

Prevalence and prognosis in breast cancer and TNBC subtypes are presented in Figure 4.

Breast cancer TNBC

/| LAR
E Luminal A =
Bl Luminal B O BL2
[ HER2+ | BL1
El Triple Negative

/| ™M

3 MSL

Hl UNS

Prevalence Prevalence
Luminal A Luminal B HER2+ Triple Negative LAR M BL2 BL1 ™M MSL
Worst Worst

Prognosis Prognosis

Figure 4. Prevalence and prognosis of breast cancer and TNBC subtypes. Prevalence, breast cancer:
(70), TNBC: TNBC prevalence: (69) Prognosis, breast cancer and TNBC: (71)
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1.2.3. TNBC mouse model

Several laboratory animal models were established to model and study the human
TNBC disease in preclinical conditions (72). 410.4-derived mammary carcinoma cell
lines, 4T1 and 4T07 are the most commonly used TNBC cell lines to create syngeneic
(non-immunogenic) isografts in BALB/c mice. 410.4 was isolated from a single
spontaneous tumor raised in BALB/c mouse. 4 subclones originates from 410.4 cell line:
168FARN, 67NR 4T07 and 4T1 in the order of agressiveness and metastatic ability,
respectively (73). Subcutaneous implantation of these cells into immunocompetent
BALB/c mice creates syngeneic isograft, which is feasible for modelling human TNBC.
In the present study, the most agressive 4T1 cell line was used for in vitro and short and
medium-term in vivo experiments. The less aggressive 4T07 was used for long-term
experiments in vivo. 4T1 tumors are capable of performing the whole process of
Epithelial-Mesenchymal Transition (EMT) and by the reverse Mesenchymal-Epithelial
Transition (MET) process, they can form macrometastases in the lungs of the host. 4T07
tumors are capable of EMT but not MET, therefore they can leave the primary tumor but
can only form micrometastases (74) (Figure 5A). 4T1 cell line-derived tumors are
described as an immune desert phenotype in the literature (75), while 4T07 tumors are
characterized by higher immunogenicity, making them a promising model for studying
immunotherapy, such as checkpoint inhibitor (CPI) therapy. Our data supports these
characteristics, as both CD3 and PD-1 were less expressed and the CD3+ T cell
infiltration was also lower in 4T1 than 4T07 tumors (Figure 5B). In the TNBC
classification, 4T1 cells correspond mostly to the basal-like subtype and can be referred
to as “Basal-like and immune suppressed (BLIS)” type (76). Characteristics of 410.4-

derived subclones are presented in Figure 5.
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Figure 5. Characteristics of 410.4 derived subclones. Four isogenic subclones, derived from the
spontaneous 410.4 mouse breast cancer. 67NR cells cannot leave the primary tumors, 168FARN cells can
enter vessels but not leave it, therefore cannot form metastases. 4T07 are capable of leaving the vessels and
form only micrometastases and the most aggressive phenotype, 4T1 cells can form macrometastases in the
lungs. Based on the data published by D. M. Dykxhoorn, J. Lieberman et al., 2009 (77) and Korpal et al.,
2011 (78) (A). 4T1-developed tumors are poorly immunogenic, as their CD3 and PD-1 expression is low
and their CD3+ T cell infiltration is low (lower, immunohistochemistry panel, DAB staining of CD3,
magnification: 12x, scale: 100 um), while 4T07-derived tumors show more immunogenic features. (B) our

workgroup’s data, unpublished.

1.3. Cellular stress response and acute-phase proteins (APPS)

The stress theory was established by Janos Selye, who described stress as ’the non-
specific response of the body to any demand’ (79). Cellular stress response serves the
adaptive purpose of protecting prokaryotic and eukaryotic cells against contrarious
environmental impacts. Cellular stressors can be positioned on a wide spectrum like
mechanical (shear stress (80)), physical (heat, ionizing radiation, EMF (47)), chemical
(oxidative stress, heavy metals) or biological (toxins) stressors. Living organisms develop
different mechanisms to adapt to stress. One of the most widely known molecules serving
as protectors against cellular stress is heat shock proteins (Hsps). In response to different
cellular stressors, Heat shock factor-1 (Hsf-1), the key regulator of Heat Shock Response
(HSR) is activated and translocated into the nucleus to initiate the transcription of Hsps.
Their intracellular expression can be induced not just by heat but by almost any other
aforementioned stressors (81). Hsps function as inducible chaperones, as part of the
cellular adaptational mechanism to prevent or correct damage caused by misfolding of
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proteins as a result of heat (81). Therefore Hsps are important participants of the cancer
cells to avoid programmed cell death. Hsps are responsible for thermotolerance during
hyperthermia treatment as heat shock proteins prevent or parry the cell-killing effects at

the cellular level (8, 82). Induction of Hsps are presented in Figure 6.

Pathophysiological State
Environmental Stress Hypoxiafischemia, hypertrophy,
Heat shock, metal toxicity, ROS, aging/apoptosis, inflammation,
amino acid analogues, toxins viral/bacterial infection,
tissue injury

Cellular protection,
Cancer cell survival

Cytoplasm

~HSP27
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Figure 6. Induction of Heat Shock Proteins. In response to stress, HSPs-HSF1 complex dissociates and
HSF1 is translocated into the nucleus. HSF1 binds to specific Heat Shock Element (HSE) sequences that
are present upstream of heat shock gene promoters. Therefore, the transcription of HSPs are activated in
order to promote cellular protection for the survival. Modified from the original image, published by
Chatterjee and Burns (83).

Stress can also induce the activation of the Acute-Phase Response (APR) with
increased production of acute-phase proteins (APPs) by the liver (84). APR is classically
interpreted as a nonspecific, systemic response of vertebrate organisms to different types
of harming stimuli/stress, e.g. infection, tissue injury or different chronic diseases. It is
also described, that heat stress (85), sepsis (86) or ischemia (87) can induce the APR.
Factors that increase during the APR are called positive APPs and those that decrease are
negative APPs. APR is part of the innate immune system acting as a humoral defense
mechanism to restore the homeostatic state and tissue repairment. APPs are ancient

evolutionarily conserved types of proteins, found throughout most species. In vertebrates,
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APPs are traditionally considered to be produced by the liver (88). However, the local,
non-hepatic production of APPs has been studied in a vary of extra-hepatic cells,
including immune (89), epithelial (90), kidney (86) and other healthy cell types (91) and

cancer cells (92) as well.

1.3.1. Complement factors

Complement is the humoral arm of the innate immune system and acts as a first
line of defence against pathogens and stressed host cells to maintain homeostasis (93, 94).
The complement system is composed of more than 50 plasma proteins, released into the
circulation by the liver and activated on the membrane surface of target cells (95).
Canonically, complement works as a cascade system of the blood, activated by pathogens.
There are three pathways, via the complement system can be activated: classical,
alternative and lectin pathways (96). The classical pathway can be activated by pathogen
antigen-antibody complex, the alternative pathway is continously acitvated on a low level
and the lectin pathway can be activated by binding mannose-binding lectin (MBL) on the
pathogen surface. Classical and lectin pathways can also be initiated by pentraxins, such
as Ptx3 (97). The result of the activation of all pathways is the terminal pathway and the
assembly of the Membrane Attack Complex (MAC). The three main functions of
complement cascade are opsonization, anaphylatoxic effects, and MAC formation.
Anaphylatoxins (C3a, C4a, C5a) induce the degranulation of endothelial cells, mast cells
or phagocytes, contributing to local inflammatory processes. Opsonization promotes the
phagocytosis of targeted cells, while the MAC transmembrane pore, formed at the end of
the complement cascade enables the osmotic flux through cell membrane, causing the
lysis of the cell (98). The complement system provides a substantial connection between
the innate and adaptive immune systems. Besides the classical, pathogen-mediated
activation of complement, it can be activated by different types of cellular stress like
oxidative stress (99), mechanical (shear) stress (80) or ischemia-reperfusion (87).

1.3.1.1.  Extrahepatic production of complement factors

Beyond their canonical roles, complement factors comprise other, non-
canonial functions locally, that are independent from the activation of complement
cascade. Moreover, the source of complement factors is not exclusively the liver and some

of the complement factors, like C1q have non-hepatic origin decisively. C1lg has an
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important role during pregnancy in remodeling of the decidua and during embryonic
development. In addition, C1q acts in coagulation processes and neurological synapse
functions (100). Several complement factors are reported to be produced by immune cells
(89). Locally produced and activated complements act in the initiation of the immune
response. Complement activation increases vessel permeability and a subsequent
systemic plasma protein (APP) leakage contributing to the initial local immune response.
Complement factors can exert non-canonical, local effects via complement receptors,
which are abundantly expressed on immune cells, therefore complement factors can
perform paracrine or autocrine functions. Complements participate such way in the T cell
— DC synapse, promoting T cell differentiation, expansion and survival (101). Another
non-canonical role of complement factors is based on their intracellular effects. It has
been reported, that intracellular cleavage and activation of C3 and C5 can contribute to
the activation of T cells (102, 103). Complement factors (C3, C5), interacting with their
corresponding receptors can also regulate physiological and pathological angiogenesis
processes like wound healing or retinal regeneration either as anti-or proangiogenic actors
(104). Ptx3 is a member of the pentraxin superfamily, a highly evolutionary conserved
protein group. The blood level of Ptx3 elevates in response to external, harming stimuli
therefore it is considered as a positive acute-phase protein. Ptx3 also participates in the
activation of complement system and acts in several crosstalk mechanisms in humoral,
innate immune responses. Extrahepatic production of Ptx3 was reported in macrophages
and dendritic cells (97, 105).

Complement expression by different immune cells are summarized in Table
3. Complement production is reported by several tumor cell types, which is presented in

details in chapter 1.3.5. APPs role in cancer.
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Table 3. Complement factor and receptor production/secretion/expression by immune cells. Modified
from the original table by Lubbers et al. (2017) (89).

Immune cell type Secreted Complement factor Complement factor receptor

Polymorphonuclea C3, Cfp, Cfb, C6, C7, ficolin CR3, CR4, C3aR, C5aR

r leukocytes

Macrophages Clg, Cls, C2, C4, C3, Cfb, Cfd, C5, C3aR, C5aR1, C5aR2, CR1, CR3, CR4
C2, C3, Cfb, Ptx3

Dendritic cells Clg, Cls, Clr, C2, C3, C4, Cdbp, CR1, CR3, CR4, CRIg, C3aR, C5aR1
C5,C7, C8, C9, Cfb, Cfd, Cfi, Cth
Cfp, Ptx3

Natural killer cells - C3aR, ChaR, C5aR2, CR3, CR4

B lymphocytes C5, Cfh, Cfi CR1, CR2,CR4

T lymphocytes C3, C5, Cfb, Cfd, Cfp, CD46 CR1

Besides immune cells, other non-hepatic cells are able to produce complement
factors: production of several complement factors by renal cells has been described,
especially in pathological states. C4 can be expressed in healthy tubular epithelial cells
(106). In systemic lupus erythematosus (SLE) patients’ kidneys tubular epithelial cells
produced C3 and Cfb only in affected kidneys. It has been also demonstrated, that C3
takes part in the local APP response of the kidneys in sepsis-induced acute kidney injury
(86). Local complement production on protein (C1r, C4b, Cfp, CRP) and mRNA (Cfi,
Cfb, C7) level were demonstrated in focal segmental glomerulosclerosis (107).
Complement factor synthesis was also reported by adipocytes (C3, Cfb, Cfd) (108) and
by brain cells, like astrocytes (C1q, C1r/s, C2, C4, C1-INH) and microglia (C1q, C4) (91).
Ptx3 is expressed by a wide spectrum of cells, including epithelial cells, adipocytes,

mesangial cells and different glial cells (105).

1.3.2. Protease inhibitors

Protease inhibitors (serpins and Itihs) have been described as ancient markers
of cell stress (109). Protease inhibitors participate in different processes like coagulation,
fibrinolysis, inflammation, tumor-suppression etc. The main function of protease
inhibitors is to maintain a fine-tuned balance of proteolysis. Protease inhibitors exert an

auto-protective function, preventing auto-lysis by granule proteinases. Protease inhibitors
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are often found in proteinase-secreting cells, either produced by the cell itself, or may get
into the cell by uptake (endocytosis) (110).

Serpins are the largest superfamily of protease inhibitors in nature, with more
than 1500 members identified to date. They are homologous proteins with a size of around
350-500 amino-acids and sorted into 16 clades, marked with letters (A-P). Serpins are
found in all kingdoms of life (110). Genomic analysis demonstrated, that all eukaryotic
multicellular organisms from fungi to humans and procaryotes, moreover, even viruses
use serpins for protection (111). The name ’serpin’ comes from ’Serine protease
inhibitor’, as serine proteases are the enzymes, serpins inhibit the most, however, serpins
have other activities as well. Serpins are mostly extracellular molecules and have a unique
mechanism: they perform an irreversible conformational change to inhibit their target
protease, therefore they are often referred to as suicide or single-use inhibitors (112, 113).
They function like a mouse-trap, with a protruding reactive center loop (114). The first
described human serpins interestingly share a common tertiary structure with chicken
ovalbumin, implementing that they could have been derived from a common ancestor,
corroborating the ancient origin of these molecules (115). Serpins regulate homeostasis

by keeping balance with serine proteases.

Serpins are participants of the humoral immune response. Serpins are released
from the liver as part of the Acute-Phase Response. They can effectively fight against
pathogens by directly neutralizing pathogen proteases, interfering with pathogen binding,
and enhancing the host immune cell’s functions (116).

Inter-alpha trypsin inhibitors (Ials) are another ancient type of serine-protease
inhibitors. They form approximately a 225 kDa complex and are made of two heavy
(Inter-alpha-trypsin inhibitor heavy chain = ITIH) and one light chain called bikunin.
Heavy chains have four isoforms: ITIHL, ITIH2, ITIH3, ITIH4 (117). The serine protease
inhibitor activity of ITIHs is linked to the bikunin component (118). ITIHs have a vital
role in extracellular matrix (ECM) stabilization via crosslinking hyaluroniac acid
molecules and thus, the inhibition of cell migration. ITIHs have an inhibitory effect on
the complement cascade, blocking all (the classical, alternative and lectin) pathways
(119). ITIHs - especially ITIH4 - have been also reported as APPs (93).

26



DOI:10.14753/SE.2023.2838

1.3.2.1. Extrahepatic production of protease inhibitors

SerpinAl (AAT) production by macrophages
SerpinAl also known as Alpha-1 antitrypsin (AAT), encoded by the SERPINA1 gene in
humans is one of the most abundant serpins. Besides the hepatic production, monocytes
and macrophages also express AAT locally (120, 121), even in greater orders of
magnitude, than hepatocytes (122). AAT expression can be induced by
lipopolysaccharides (LPS) and by different cytokines in human monocytes (123). AAT
has also been demonstrated in human alveolar macrophages in lung tissue, which express
large quantities of proteases. AAT exerts a prominent protective function in alveolar
macrophages against enzyme (cathepsin) overactivation, autolysis and consecutive
emphysema (124).
Serpin production by other cells

Human neutrophil polymorphonuclear granulocytes (PMN) can also produce AAT (125).
Moreover, different subfractions of T lymphocytes can express AAT (126, 127). Both
SerpinAl and SerpinA3 are expressed by hemopoietic progenitor cell populations in the
bone marrow (114). Macrophages can express SerpinA3 in the hypothalamus under
pathological conditions (128).
Expression of AAT was described in the kidney in tubular epithelial cells in the proximal
tubule and in the loop of Henle (129). The upregulation of protease inhibitors was also
documented in the kidneys in focal segmental glomerulosclerosis (FSGS) at protein
(SerpinAl, SerpinA3, Itihl) and mRNA (SerpinAl) level (107).
AAT production was also described in human bowel’s enterocytes, namely in the Paneth
cells of the jejunum and ileum. Under physiologic conditions, protease inhibitors may
exert a protective function against self-digestion. Protease inhibitor expression is further
increased in inflammatory states, like Crohn-disease (130). AAT in human intestinal
epithelial cells is regulated by inflammatory cytokines (IL-1, IL-6, TNFa) (90).

Moreover, the presence of AAT in pancreatic islet cells was also demonstrated
(131). Overexpression of SerpinA3 was detected in JEG-3 trophoblast cells, and
contributed to decreased cell adhesion to adjacent cells and ECM and shielded cells from
apoptosis (132). Astrocytes express low-level antichymotrypsin, coded by SerpinA3
(133). Monocyte-derived macrophages express SerpinCl during HIV-1 infection
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following estrogen pre-treatment (134). ITIHs are also predominantly synthesized in the
liver, however they are also reported to be produced by extrahepatic cells:

ITIH production by non-hepatic cells

- proximal tubular epithelial cells (bikunin and Itih3) - stimulated by IL-1p (135).

- Epithelial and stromal cells of human amniotic membrane constitutively express
Itihl, 2 and 3 besides bikunin (136).

- Lung fibroblasts express Itih5 and it is related to the transformation from
fibroblast to myofibroblast (137).

- Bikunin, itihl and 2 production by chondrocytes in cartilages of osteoarthritis
patients were abundantly increased, while absent in normal donors' cartilages
(138).

- ITIH components were expressed in the human cerebral cortex from early phase

of development through the neonatal period as well as in adults (139).

1.3.3. Haptoglobin

The primary role of haptoglobin (Hp) is binding free hemoglobin (Hb), released
by erythrocytes upon hemolysis and expedite their removal from the circulation by the
reticuloendothelial system (primarily the spleen and macrophages) (140). As cell-free
hemoglobin is an oxidant, Hp can be considered as a protective factor, as it reduces the
oxidative stress induced by hemolysis (141) and has anti-inflammatory effects. Hp is also
regarded as a bacteriostatic agent through anti-inflammatory and antioxidant activities via

facilitating free Hb clearance (142).

1.3.3.1.  Extrahepatic production of haptoglobin

Immune cells:
Haptoglobin is expressed in granulocytes during their maturation and differentiation and
is stored in specific granules (142). Mature neutrophil granulocytes also have been
described as a source of Hp (143). Furthermore, T-, B-, and dendritic (D)- cells are
capable of producing Hp, also in a form that is different from the hepatic Hp (144, 145).
Macrophages are able to produce fucosylated Hp and prohaptoglobin (ProHp) (146).

Non-immune cells:
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There is evidence for Hp expression, followed by septic injury in kidneys (86). The local
expression of Hp has been described in the lungs of pigs, after influenza virus infection
(147). Several components of the skin, namely epidermal keratinocytes, epithelial cells
of hair follicles, sebaceous glands and eccrine glands may produce Hp mRNA. In
addition, the Hp expression increase in different dermatopathies, like psoriasis, lichen
planus, erythroderma, seborrhoea keratosis and verruca vulgaris (148). Hp production

was also detected in human keratinocytes and in Langerhans cells of the skin (149, 150).

1.3.4. Fibrinogens

The coagulation factor fibrinogen (Fg) is classically interpreted as a liver-derived
plasma-protein. Fibrin (Fb) is the precipitated form of fibrinogen. Precipitation may be a
consequence of cleavage of fibrinogen side chains by thrombin or the consequence of
direct contact of fibrinogen with the extracellular matrix (ECM). Fb is the final effector
of blood coagulation: as the last step, Fb molecules polymerize to form an extensive
interconnected fibrin network (fibrin clot) (151).

However, Fb/Fg participates in the fight against pathogens by forming a fibrin
matrix. As a rapidly assembled matrix protein, fibrin(ogen) functions as one of the earliest
lines of host protection by limiting bacterial growth, suppressing the dissemination of

microbes, and mediating host bacterial killing (152).

1.3.4.1. Extrahepatic production of fibrinogens

Fibrinogen production is reported in human lung epithelial cells (A549) in
vitro, after glucocorticoid (dexamethasone) and IL-6 induction (153), while IL-1p inhibits
the expression of fibrinogen (154). Granulosa cells of the ovarium are also capable of
generating fibrinogen and after stimulation by FSH, the fibrinogen production could be
elevated by 2-3 times (155). Human intestinal epithelial cells have been also reported to
produce fibrinogen in response to inflammatory cytokine exposure (90). Local production
of all fibrinogen chains (Fga, Fgb, Fgg) among other APPs as a major proteomic response
to septic injury of the kidney has been also reported (86). Moreover, fibrinogen (Fga, Fgb,
Fgg) were locally produced in the kidneys during focal segmental glomerulosclerosis
(107).
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1.3.5. APPs'role in cancer

The association of APPs with cancer is complex and the source of the
factors/proteins greatly influence, whether a factor performs a tumor-promoting or tumor-
suppressing role (94). Most of these factors act extracellularly.

Besides pro- and antitumoral cellular components of the immune system, like
dendritic cells, macrophages, CD4" helper and CD8" cytotoxic T cells, Trg cells, the
tumor microenvironment (TME) is enriched with humoral factors, including complement
components (94). For a long time, it was thought, that complement acts as an effector
arm of the immune system in TME and contributes to the destruction of tumor cells.
Recent studies demonstrated, that complement also can articulate pro-tumoral effects in
TME and even cancer cells can express complement factors. Complement factors
produced by cancer cells are intensively examined in many remarkable publications from
recent years and they are described to exert mostly non-canonical functions, different
from the plasmatic cascade (156). Several complement factors have been reported to
promote tumor growth via modulating the antitumoral immune processes. Summary of
the pro-tumoral roles of complement factors in general in the TME is presented in Figure
1.
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Figure 7. Pro-tumoral roles of complements in tumor microenvironment. Cancer cells and tumor-
infiltrating immune cells can secrete complements in TME. Local pro-tumoral activities of complements
include the release of pro-inflammatory factors, recruitment of Myeloid Derived Suppressor Cells
(MDSCs), oppression of T cell response, facilitation of angiogenesis, metastasis formation, invasion and

proliferation. Modified from the original image, published by Reis et al. (157)

Cb5a depressed CD8" T cell-mediated antitumor response in primary lung
epithelial cell line-derived tumors (TC-1) in vivo. The effect was related to the Cba-
mediated recruitment and promotion of RNA and ROS production of myeloid-derived
suppressor cells (MDSC) (158).

C1q was expressed in the vascular endothelium and fibroblasts of several human
malignant tumors in mouse models. C1qg was an important actor in tumor progression via
the promotion of tumor growth, metastasis-formation and angiogenesis. Moreover, C1g-
deficiency was related to prolonged survival (159).

C5 receptor (C5aR1) was recently reported to be important in metastasis
formation via increasing motility and metalloprotease activity in lung xenograft model
(A549M1, H460M5) (160).
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4T1 cells express C3 (161) and C5a receptors on their membrane (161, 162) and
the blockage of this receptor with antagonist (PMX205) significantly decreased tumor
growth and viability in vitro (162).

Complement factor 4 (C4), encoded by C4a and C4b genes is a participant of the
classical and lectin pathway of the complement cascade. The cleavage products of C4
were found to be associated with poor response to chemoradiotherapy in esophageal
cancer (C4a) (163) and decreased survival in lung cancer patients (C4d) (164).

Ptx3 has a dual role in tumors, which is highly dependent on the cancer type. Via
the regulation of complement processes, Ptx3 can contribute to carcinogenic
inflammatory processes in colon cancer. However, Ptx3 was found to be an antitumoral
factor, as it exerts anti-angiogenic effects in fibrosarcoma, melanoma and prostate cancer
(165). Ptx3 was pro-tumoral by promoting cell migration, invasion and proliferation in
different cancer types (165). In basal-like breast cancer Ptx3 contributes to the stem cell-
like properties via the PI3K pathway and can be a potential target aiming this pathway
(166). Ptx3 expression was also found to be an unfavorable prognostic marker in basal
breast cancer (166) and ovarian epithelial cancer patients (167).

Theoretically, the MAC, dedicated to destroy pathogen cells by cell-lysis, is
capable of damaging tumor cells as well. However tumors express a broad spectrum of
negative regulators of the complement system (CFH, CFI, CD46, CD55), especially of
the terminal pathway (94). The gene encoding the terminal pathway negative regulator,
CD59 is among the most highly expressed of all complement genes in the analysed
tumour types. High expression and active secretion of negative complement regulator
factor H (Cfh) was found in non-small cell lung cancer cell lines. The blockage of Cfh
activity increased the susceptibility of these cells to complement-mediated cytotoxicity
(168). Complement regulators, CD46, CD55 and CD59 were highly expressed in head
and neck squamous cell- (HNSC), ovarian-, and renal- carcinomas, implicating a
widespread protective role of these factors (94). The complement regulator expression
was much lower or absent in non-neoplastic squamous epithelia or in the submucosa of
both normal and tumor tissues. Moreover, the expression of C8A, C8B, C9 genes,
participants of the terminal pathway’s MAC were expressed at a particularly low level by
cancer cells, contributing to the avoidance of complement-mediated cell lysis (94).
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Haptoglobin protect cells from oxidative stress (141). While, the tissue
expression of Hp in hepatocellular carcinoma (HCC) is a favorable marker, (169).
Elevated plasma Hp is a poor prognostic biomarker in TNBC (170). Hp contributes to
tumor-promotion in BC. Hp knockdown inhibited proliferation, cell cycle and increased
apoptosis in breast cancer cell lines (MDA-MB-231, MDA-MB-468) (171). Hp
knockdown decreased glycolysis-related key enzyme expression. Hp and glucose-6-
phosphate isomerase (GPI) - a downstream effector of Hp - knockdowns significantly
decreased tumor growth in breast cancer (MDA-MB-231) xenografts, in vivo (171).

SerpinAl was anti-apoptotic factor in non-small cell lung cancer (NSCLC) and
had an elevated serum level in several cancer types (NSCLC, pancreas, prostate, cervix,
ovary, breast, larynx) (92). SerpinA3 expression was upregulated in tissue samples of
colon cancer patients (172). In vitro experiments had demonstrated, that the SerpinA3
expresson correlated with the metastatic potential. SerpinA3 silencing impaired the
migration and invasion ability of NSCLC cells. In addition, SerpinA3 inhibition reduced
liver metastasis formation (172). Elevated SerpinA3 expression with consecutive cell
growth-promotion was also reported in endometrial cancer cells and the knockdown of
SerpinA3 inhibited cell viability and induced apoptosis (173). Moreover, the increased
SerpinA3 expression correlated with high mortality in melanoma patients (174).
However, proper operation of serpins prevents steps of cancer development, like invasion
and metastasis, thus inhibiting tumor progression (175).

The association of coagulation factors and cancer was first described in 1865
(176). Fibrin(ogen) has an essential role in ECM formation. The tumor stroma may be
considered “wound healing gone awry” and tumors themselves can be considered
“wounds that do not heal” (177). Deposition of fibrin(ogen) into the ECM, and also other
adhesive glycoproteins, function as a scaffold, binding growth factors, like vascular
endothelial growth factor (VEGF) and fibroblast growth factor (FGF). Thus, Fibrinogen
(Fg) can serve as a reservoir of growth factors, increasing their bioavailability for tumor-
promoting processes like adhesion, proliferation, migration and tumor cell growth (177,
178). Moreover, fibrinogen was reported to be a key actor in tumor angiogenesis and
consecutive metastasis formation via regulating endothelial cell migration, proliferation,

and other direct and indirect vessel development processes (179).
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Fg (especially Fibrinogen G (Fgg)) production by breast cancer cells has been
demonstrated in patients without coagulation activation (180) and in MCF-7 breast cancer
cell line in vitro without fibrin formation (181). The cleavage product of fibrinogen
(fibrin) surrounding tumor cells can also be protective by acting as a barrier against
tumor-targeting immune cells (177). Thus, inhibition of mEHT-induced Fg upregulation
may have anti-tumor effects via diminishing the tumor-supportive microenvironment and
may synergize with mEHT. Fgg was reported to contribute to therapy (anthracycline)-
resistance, and the inhibition of Fgg expression reversed chemoresistance in breast cancer
(MCF-7) xenografts (182). Moreover, loss of fibrinogen was protective against

pulmonary metastases formation in a mouse model of melanoma (183).

1.3.6. Heat shock inhibitor, KRIBB11

KRIBB11 (N2-(1H-indazole-5-yl)-N6-methyl-3-nitropyridine-2,6-diamine) is a
direct inhibitor of heat shock factor-1 (Hsf-1), which is a key regulator of the heat shock
response. It’s a synthetic low molecular weight compound that acts by inhibiting HSF1-
dependent recruitment of positive transcription elongation factor b (p-TEFb) to the
promoter region of hsp70 gene (184). KRIBB11 has been reported as a selective and
potent inhibitor of HSR and also to induce cell cycle arrest and apoptosis in vitro and
tumor growth inhibition in vivo (184, 185).

34



DOI:10.14753/SE.2023.2838

2. Objectives

We aimed to investigate the tumor growth-inhibiting effects of mEHT in TNBC mouse
model. We aimed to reveal the most relevant molecular effects and pathways induced by
mMEHT in treated tumors with a comprehensive, multiplex analysis at mMRNA and protein
level.

e To investigate the short, medium and long-term effects of mEHT treatment
protocols with 1 x, 3 x and 5 x repeated treatments were applied.

e For the assessment of time-kinetic changes of the most important molecular
markers, experiment with different sampling times (4, 12, 24, 48, 72 hours after
last treatment) was performed.

e To evaluate the most important gene- and protein changes in response to mEHT,
multiplex-level measurements (NGS, Nanostring, MS) were performed.

e To assess the most important networks, that are affected by mEHT, pathway
analysis was performed using the Gene Ontology database.

e To confirm the cellular source of the most promising targets, cell culture

measurements were performed with in vitro mEHT applicator.
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3. Materials and Methods

3.1. Tumor model

Female BALB/c mice (Six- to eight-week-old) were kept with ad libitum access to
food and water under 12 h dark/light cycles in the Basic Medical Science Center animal
facility, Semmelweis University Budapest. Triple negative murine breast cancer cells,
derived from 410.4 cell-line (4T1/4T07) were cultured and prepared for inoculation to
generate orthotopic isografts, described previously by Ostrand-Rosenberg et al. (186).
The last passage was performed freshly on the day of inoculation. Cells were inoculated
in standard concentration, 1 x 10° cells/50 pL PBS (Phosphate Buffered Saline without
Calcium and Magnesium #17-516F, Lonza A. G., Basel, Switzerland) subcutaneously by
Hamilton syringe (Hamilton Company, Reno, NV, USA) into the 4th mammary gland’s
fat pad of each mice. Mice were shaved in the inguinal area on the day before inoculation.
Tumor progression was investigated in experiments with different repeats: experiments
with once or three-times repeated treatments (short-term) were performed on the most
aggressive, 4T1 cell line, however, to minimalize the deteriorative effects, long-term
experiment with five treatments was performed on the more immunogenic, less
aggressive 4T07 cell-derived tumors. The multiplex, gene-level and proteomic response
analyses were performed on the more commonly used and more aggressive 4T1 cell line
to obtain results that are more generally applicable to the treatment of human TNBC.

Euthanasia was performed on mice by cervical dislocation. Tumors were resected,
cleaned from fat and connective tissue and precisely cut into two equal pieces along the
longest diameter. One part was fixed for histological evaluation in 10% formaldehyde
solution (Molar Chemicals Ltd., Halasztelek, Hungary) and transferred for histological
processing, detailed later. The other part was fixed in liquid nitrogen for molecular
analysis (RNA isolation).

For tumor-cell inoculation, animals were anesthetized with isoflurane (Baxter
International Inc., Deerfield, IL, USA), 4-5% for induction, 1.5-2% to maintain
anesthesia, with compressed air (0.4-0.6 L/min).

Laboratory animals were kept and interventions were performed following the
Hungarian Laws No. XXV111/1998 and LXV11/2002 about the protection and welfare of

animals, and the directives of the European Union. The study was approved by the
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Governmental Ethical Committee under the No. PE/EA/50-2/2019, date of approval:
01/11/2019.

3.2. Experimental design

After the inoculation, size of tumors (Figure 8.) and body weight (BW) of mice
(Figure 13) were monitored during the experiment. Tumor size was measured by digital
caliper (Fine Science Tools Inc., Foster City, CA, USA) and ultrasound (Phillips Sonos
5500, Philips, Amsterdam, Netherlands). Tumors were measured in two perpendicular
planes, diameters (a, b) and depth of the tumor (c) was determined. Assuming an ellipsoid
form, the volume (V) of tumors was calculated based on both the ultrasound and the
caliper data by the following formula: V = (a x b x ¢ x 7)/6. Mice were randomized into
mMEHT- and sham-treated groups based on the size of the tumors, measured by US and
their BW. Mice were randomized on day 3 in the short-term experiments and on day 6 in
the medium- and long-term experiments. Luciferase transfected 4T1 cells were used to
assess tumor growth in vivo in the short-term experiment. A rapid, immun-mediated
reduction of transfected 4T1 cells was observed in tumor bearing mice from day 10.
Therefore we used non-labeled cells in medium- and long-term experiments (data not
shown). Randomization US data on day 6 from the medium-term experiment are
presented in Figure 8. US and caliper measurements were made at the third and fifth day
after inoculation (day 3 and day 5) and at the day of termination (day 7) in the short-term
(1 x mEHT), day 6 and day 12 in the medium-term experiment (3 x mEHT), while in the
long-term experiment (5 x mEHT) tumor size was measured on every other day beginning
on day 6 after inoculation until the termination of the experiment. mEHT 24 hours was
spent after the last treatment until tumor sampling (harvest). To assess time-kinetic
changes after treatment, medium-term experiment after 3 x mEHT was repeated with

multiple harvest times at 4, 12, 24, 48 and 72 hours after last treatment.
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Figure 8. Randomization of mice into sham and mEHT groups according to tumor volume as
measured by US at day 6. 3 x mEHT nsham = 10, Nment = 11. Mean + SEM, Mann-Whitney test. Cell line:
4T1. (187)

Tumor progression and tissue-level analysis were performed on short (1 x mEHT),
medium-long (3 x mEHT) and long-term (5 x mEHT) experiment samples. As
demonstrated in the histological sections, five treatments had such a strong effect on the
tumors that RNA or protein isolation in plausible quantity and quality was not feasible.
Thus, mRNA and proteomic studies were performed after three mEHT treatments, when
the mEHT tumor size reductive effect was already significant, but RNA and protein
isolations were still possible. Numbers of animals were nsham = 7 and Nment = 6 in the
short-time experiment, Nsham = 7, NmenT = 18 in the medium-term experiment in vivo part,
Nsham= 10 and nment = 11 in the histological analysis, Nsham = 9 and Nment = 7 in the long-

term experiment. The schematic schedule of the experiments are presented in Figure 9.
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Figure 9. Design of experiments with differently repeated treatments. Cell inoculation was performed
at day zero, randomization at day 3 in short- and at day 6 in both medium- and long-term experiments.
Modulated electro-hyperthermia treatments were performed at day 5 in short-, day 7, 9, 11 in the medium-
and on day 7, 9, 11, 13, 15 in the long-term experiment. Ultrasound, and caliper measurements were
performed at day 3, 5 and 7 in the short-term, day 6 and 12 in the medium-term, and at day 6, 8, 10, 12, 14,
16 in the long-term experiment. Harvests were performed in the short-, medium- and long-term experiments
atday 7, 12 and 16, respectively. (187)

3.3. In vivo treatments

Tumors were treated with the LabEHY?200 modulated electro-hyperthermia device
(Oncotherm Ltd., Budaérs, Hungary), dedicated for laboratory usage of rodents as
described in detail in our earlier work (188). A capacitively coupled, amplitude-
modulated, 13.56 MHz electromagnetic field was established between two (upper and
lower) electrodes around the tumor in the inguinal region of the mice. The upper
electrode, placed on a mobile pivot arm was a column-shaped plastic case with 2 mm
diameter, filled with stainless steel rods, enveloped with a 3.1 cm? silver-plated textile,
positioned on the tumor. Animals were placed on an in vivo applicator, which was

functioning as the lower electrode and as a heating pad, connected to the LabEHY 200
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device with a heating and radiofrequency (RF) cable. The mice were shaved on the day
before the first treatment in the inguinal and abdominal region, where the mobile pole
electrode was positioned. No active cooling of the area under the electrode was applied.
Constant temperature was assured by the new, highly adaptable electrode, ensuring a
closed microenvironment between the electrode and tumor surface with low chance of
temperature fluctuation. We have estabilished this method and its reproducibility in pilot
experiments (188). For optimal electric coupling the back of the mice was shaved before
the treatments. Treatments were performed for 30 minutes after a 5-minute long warmup.
The forwarded power was 0.7 + 0.3 watts on average. Treatments were executed in a
temperature-controlled way. The four-channel TM-200 thermometer (Oncotherm Ltd.,
Budaodrs, Hungary) was used for temperature monitoring. Temperature sensors were
placed on the skin above tumor (1), in the rectum for core temperature monitoring (2), on
the heating pad (3) and nearby the treatment setup for room temperature monitoring (4).
For the most optimal mEHT effects, tumors should be heated up to 42 °C. Our workgroup
reported that there’s a 2.5 °C higher temperature inside of the tumor than on the skin
during mEHT treatment (188). Therefore skin temperature was kept at 40 + 0.5 °C
throughout the treatments, as it assured the required 42 °C inside of the tumor. The
applicator’s temperature was set between 37.0-38.0 °C and the rectal temperature was
maintained in the physiologic range (37.5 + 0.5 °C). Room temperature was at 25 + 1 °C.
Sham treatments equaled the mEHT treatment (anesthesia, treatment length, heat pad
temperature, upper electrode position), except the electromagnetic field was not turned

on. Schematic visualization of the treatment is presented in Figure 10.
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Figure 10. Schematic illustration of in vivo mEHT treatment setup. Mice were placed on the lower
electrode (applicator) under isoflurane anesthesia. The upper electrode was positioned on the tumor in the
inguinal region. The LabEHY200 was connected with the lower electrode with a radiofrequency (RF) and
a heating cable. Temperature monitoring of tumor surface (red: skin temp. sensor), rectum (blue), heating
pad (yellow) and room temperature (green) was performed by a TM-200 thermometer and the data were

registered with Labehy Controller software on a computer during the treatment. (187)

3.4. In vitro treatments

4T1 cells in suspension with 1 x 10° concentration were treated with the LabEHY 200
and in vitro applicator in a plastic bag. The cells were pretreated with 5 uM KRIBB11
(#385570, Sigma-Aldrich Co., St. Louis, MO, USA) or 0.01% DMSO (#D2438, Sigma-
Aldrich Co., St. Louis, MO, USA) as a control for 1h before mEHT in cell culture.
Thermal sensor TM-200 (Oncotherm Ltd., Budadrs, Hungary) was placed into the bag
for monitoring temperature during treatment. The plastic bag was placed into a glass
cuvette, filled with distilled water, and the electromagnetic field was established around
it by the two electrodes of the applicator surrounding the cuvette (Oncotherm Ltd.,
Budaérs, Hungary). 4 = 1 Watt was applied on average with the same amplitude-
modulation (AM) as it was used during in vivo treatments. 2.3 + 0.8 °C/min of
temperature rise was established at the beginning of treatment. After attainment of 42 °C,
treatment was continued for 30 minutes in a temperature-driven way. 2 h after mEHT
treatment, cells were collected and lysed with Tri-Reagent (#TR118/200, Molecular
Research Center, Inc., Cincinnati, OH, USA) for RNA isolation.
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3.5. Histopathology and Immunohistochemistry

Formalin-fixed tumor samples were dehydrated, embedded in paraffin (FFPE), and
cut 2.5 um wide serial sections. Sections were mounted on silanized glass slides and kept
in a thermostat at 65 °C for 1 h. The sections were dewaxed and rehydrated for
hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC). For antigen
retrieval, Avair electric pressure cooker (ELLA 6 LUX (D6K2A), Bitalon Kft, Pécs,
Hungary) was used. The samples were heated for 20 min in Tris-EDTA (TE) buffer pH
9.0 (0.1 M Tris base and 0.01 M EDTA), followed by a 20-min cooling with an open lid.
Endogenous peroxidase blocking was performed for 15 min using 3% H2O> in methanol.
Non-specific proteins were blocked for 15 min in 3% bovine serum albumin (BSA, #82-
100-6, Millipore, Kankakee, Illinois, USA) diluted in 0.1 M Tris-buffered saline (TBS,
pH7.4) containing 0.01% sodium azide. Primary antibodies diluted in 1% BSA/TBS +
TWEEN (TBST, pH 7.4) were incubated on the sections overnight in a humidity chamber.
To visualize the reaction, peroxidase-conjugated anti-rabbit & anti-mouse 1gGs
(HISTOLS-MR-T, micropolymer -30011.500T, Histopathology Ltd., Pécs, Hungary)
were used for 40 min incubations and the enzyme activity was revealed with 3, 3’-
diaminobenzidine (DAB) chromogen/hydrogen peroxide kit (DAB Quanto-TA-060-
QHDX-Thermo Fischer Scientific, Waltham, MA, USA) under microscopic control. The
incubations were performed at room temperature with washing the samples between the
steps in TBST buffer for 3 x 5 min.

Digitally scanned slides (Pannoramic Digital Slide Scanner, 3DHISTECH Ltd.,
Budapest, Hungary) were used for evaluation with the CaseViewer image-analysis
software (3DHISTECH Ltd., Budapest, Hungary).

To assess the strength of the reactions on IHC slides, the area with positive
immunoreaction was masked by setting the intensity, color, and saturation in the
QuantCenter module of CaseViewer. The masked area was evaluated in the digitally
annotated area, which was the intact, living area of the tumor in the case of hsp70 and the
whole tumor area in the case of cC3. The ratio of the masked area to the annotated area
was used to quantify the staining of the target protein, expressed in percentage (masked
area/annotation area*100), as relative mask area (rMA). Hsp70 was evaluated regardless
of cellular location (HistoQuant module). TDR (%) was calculated on H&E-stained slides
as dividing the pale, damaged area with the whole tumor area, annotated digitally.
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Antibodies used for IHC were purchased from Cell Signaling (Danvers, MA, USA): cC3
(#9664), Hsp70 (#4872). All antibodies were rabbit, polyclonal antibodies used in
dilution 1:300 (cC3) and 1:200 (Hsp70).

3.6. RNA isolation and real-time PCR

RNA was isolated, using TRI reagent (Molecular Research Center Inc., Cincinatti,
OH, USA) according to the manufacturer’s protocol. Reverse transcription of isolated
RNA was performed using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA, USA) and after amplification, cONA was used as a template
for RT-PCR. SYBER Green based RT-PCR with SsoAd-vanced™ Universal SYBER®
Green Supermix and the CFX96 Touch Real-Time PCR Detection System (Bio Rad,
Hercules, CA, USA) was used to detect messenger RNAS in the samples. Expressions
were normalized to 18S. Primers used were as follows: 18S [Mus musculus] forward:
CTCAACACGGGAAACCTCAC, reverse: CGCTCCACCAACTAAGAACG; C4b
[Mus musculus] forward: AACCCCTCGACATGAGCAAG, reverse:
TGGAACACCTGAAGGGCATC,; Hp [Mus musculus] forward:
GTGGAGCACTTGGTTCGCTA, reverse: CCATAGAGCCACCGATGATGC; AIlF
[Mus musculus] forward: CTGGTTCATCAGGGGGCAAA, reverse:
CCTCTGTAGCGGAGGCAATG.

3.7. Next-Generation Sequencing (RNA Seq) and Bioinformatical
Analysis

Based on the quality and quantity of the isolated RNA and the relative Hsp70
expression (used as a marker of effective treatment), measured by immunohistochemistry,
five-five 3 x treated tumor samples from sham and mEHT group were chosen. RNA HS
Assay Kit with the Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) and the RNA ScreenTape system with the 2200 Tapestation (Agilent Technologies,
Santa Clara, CA, USA) were used for RNA integrity and concentration measurement.
The Ribo-Zero rRNA removal (Illumina, San Diego, CA, USA), the KAPA Stranded
RNA-Seq libraries (Roche Diagnostics, Indianapolis, IN, USA) and the DNasel treatment
(Thermo Fisher Scientific, Waltham, MA, USA) were prepared, following
manufacturer’s instructions. The High Sensitivity DNA1000 ScreenTape system with the
2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and dsDNA HS Assay
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Kits with Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) were
used to determine the quality and quantity of libraries. Pooled libraries were diluted to
1.6 pM for 2 x 80 bp paired-end sequencing with 150-cycles of the High Output v2 Kit
on the NextSeq 550 Sequencing System (Illumina, San Diego, CA, USA) following the
manufacturer’s instructions. Raw sequenced reads >50 M per sample were demultiplexed
and adapter-trimmed with NextSeq Control Software, and for trimming bases at the 3'-
and the 5’-ends with a quality score < 30, the FastQ Toolkit (Illumina, San Diego, CA,
USA) was used. Reads shorter than 32 bp and with a mean quality score < 30 were filtered
out.

Reads were aligned with reference genome of the adequate species (Mus musculus,
GRCm38 Ensembl release, STAR v2.6.1c) and associated with known protein-coding
genes. The number of reads aligned within a given gene was quantified by the HTSeq
tool v0.6.1p1. The trimmed mean of M values (TMM) normalization method of the edgeR
R/Bioconductor package (v3.28, R v3.6.0, Bioconductor v3.9) was used for the
normalization of gene count data. For statistical testing, data were further log transformed
using the voom approach in the limma package and TMM normalized counts were
displayed as transcripts per million (TPM) values. Fold-change (FC) values were
calculated by comparing the sham and mEHT treated groups, using a linear modeling
process and modified t-test p-values, produced by the limma package. FC > 2 and p-value
< 0.05 thresholds were used for filtering out differentially expressed (DE) genes. As a
result of comprehensive literature search on PubMed, UniProt, Protein Atlas, nonprotein-
coding genes, previously unidentified genes or genes with insufficient literature data (lack
of information on expression, function, and regulation) were excluded from further
analysis. Remaining DE genes were grouped into categories according to the main role
of gene product. Functional analysis was performed using the gene ontology (GO)
database to consider the functional annotations of given genes. Detection of functional
enrichment was performed in the DE gene list (DE list enrichment) and towards the top
when all genes were ranked according to the evidence for being differentially expressed
(ranked list enrichment) applying the topGO v2.37.0 packages. Results of the
significantly upregulated genes (DEListEnrichment_upR) from the GO analysis are
presented. Kendall tau’s method was used to create heat map from the normalized NGS
RNA Seq data with heatmapper.ca (Wishart Research Group, University of Alberta,
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Canada). Raw RNA-Seq data sets generated as part of this study are publicly available at
the European Nucleotide Archive (https://www.ebi.ac.uk/ena, accessed on 19/03/2021),
under study accession number PRJIEB43813.

3.8. Mass Spectrometry Analysis

From the same samples used for NGS RNA Seq, liquid chromatography with tandem
mass spectrometry (LC-MS/MS) analysis was performed using the EASY-nanoLC Il
HPLC unit (Thermo Fisher Scientific, Waltham, MA, USA) coupled with the Orbitrap
LTQ Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). C18 trap
column (Proxeon Easy-column, Thermo Fischer Scientific, West Palm Beach, FL, USA)
was used for samples containing 0.1% FA and separated on a C18 PicoFrit Aquasil
analytical column (New Objective, Inc., Woburn, MA, USA). Peptides were eluted using
a 5-40% (v/v) for 90 min linear gradient of acetonitrile at a constant flow rate of 300
nL/min in a 0.1% formic acid solution. The Orbitrap mass analyzer was used for obtaining
the full MS mass spectra in the mass range of 300 to 2000 m/z at a resolution of 30,000.
The MS/MS spectra were acquired by higher-energy collisional dissociation (HCD)
fragmentation of the nine most intense MS precursor ions and recorded at a resolution of
7500. Only those precursor ions that possessed charge states (>1) were selected for the
MS/MS fragmentation. The dynamic exclusion was adjusted to a repeat count of 1,
exclusion duration of 20 s and repeat duration of 30 s. MaxQuant proteomics software
(version 1.6.0.13; Max-Planck Institute for Biochemistry, Martinsried, Germany) was
used for data analysis, database search and quantification by spectral counting. The
database search was performed against the adequate species (Mus musculus, Uniprot
database, database date 15.10.2017, 16,923 entries). Methionine oxidation (+15995 Da)
and protein N-terminal acetylation (+45011 Da) were conceded as variable modifications
in the database search and carbamidomethylation of cysteines (+57021 Da) as a fixed
modification. For enzyme specificity trypsin cleavage at arginine and lysine residues was
used. One missed cleavage was allowed in the database search. Besides, precursor ion
and fragment ion mass tolerances were adjusted to 20 ppm and 0.5 Da, respectively. A
peptide and protein identification was performed with reversed database search and the

false discovery rate was adjusted to 1%. Raw data and database search files are available
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at ProteomeXchange (identifier PXD024150). The quantification of identified proteins
was performed by the relative label-free quantification (LFQ) algorithm in MaxQuant.

3.9. Nanostring Analysis

RNA samples from the same tumors used for sequencing (NGS) and one additional
sample per group were chosen for gene expression validation by Nanostring. The RNA
concentration of samples was examined by Qubit 4 Fluorometer (Thermo Fisher
Scientific, USA). The samples compassing adequate RNA concentrations were
hybridized to the customized nCounter® gene panel (NanoString, Redwood, CA, USA).
The custom gene panel we applied, contained 134, differentially expressed genes,
identified by NGS RNA Seq. The chosen genes had the highest FC and lowest p values
and fulfilled the criteria to be relevant in breast cancer and/or heat shock response
according to literature. Those genes, that resulted no or deficient information according
to the literature search were excluded from subsequent analysis. Samples were transferred
to the nCounter Prep Station for further processing. The nCounter Digital Analyzer was
used to digitalize the samples' gene expression profiles, and the nSolver 4.0 Analysis
Software (NanoString, Redwood, CA, USA) was used to quantify the results. Background
was determined as the level of maximum negative control count number, which were

defined by synthetic negative probes provided by the Nanostring company.

3.10.  Statistical Analysis

GraphPad Prism software (v.6.01; GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analysis. For comparing sham and mEHT treated groups, parametric
unpaired t tests or nonparametric unpaired Mann-Whitney tests were performed. One-
way ANOVA was used for comparing more than two groups in the time-kinetic
experiment. Follow-up experiments were statistically evaluated by Two-way ANOVA
with Bonferroni or without correction. Differences were declared as statistically
significant at * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are presented

as mean = SEM.
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4. Results
4.1. Tumor growth inhibition by mEHT

Single treatment didn’t result detectable difference between the mEHT treated and
sham group in tumor growth. The growth curve of tumors in mEHT group showed a
smaller slope followed by traditional methods, like ultrasound and caliper (Figure 11A),
however, the reliability of both modalities are low, in measuring tumors at this small size.
The final volume of tumors didn’t show any difference measured by caliper (sham: 48.59
+ 3.797 mm?® vs mEHT: 53.35 + 12.05 mm?; Figure 11D) and US (sham: 69.07 + 8.932
mm?3 vs. MEHT: 73.84 + 12.86 mm?3; Figure 11E).

Three treatments were enough to eventuate significant reduction in tumor growth rate
(Figure 11B) and the size of tumors was also significantly smaller 24 hours after the last
treatment, measured by both modalities (caliper: sham: 193.8 +26.62 vs mEHT: 129.1 +
13.50 mm?3; Figure 11D; US: sham: 265.4 + 47.61 vs. mEHT: 133.5 + 13.83; Figure 11E).

Elevating the number of treatments to five had resulted an even greater effectiveness.
The growing tendency of the tumors in the mEHT group turned into a reduction tendency
(Figure 11C) and the difference in final volume after the last treatment became even
greater (caliper: sham: 223.9 + 38.30 mm? vs. mEHT: 106.0 + 25.21 mm?; Figure 11D;
US: sham: 282.1 + 54.45 mm? vs. mEHT: 102.0 + 25.48 mm3; Figure 11E). Ultrasound
images of representative tumors from sham and mEHT groups, measured by longest
diameter are presented in Figure 11F.

To assess tumor size the most possible objective way, weight of the tumors were
measured on the day of harvest after euthanasia. Three (sham: 245.5 + 46.17 mg vs
mMEHT: 127.7 + 12.72 mg; Figure 12A) and five (sham: 288.3 + 58.05 mg vs mEHT:
97.51 + 20.10 mg; Figure 12B) mEHT treatments both resulted in significantly lower
tumor weight. Tumor weights were not measured after one treatment. Proportionally
scaled pictures of tumors after 3 and 5 treatments are presented in Figure 12A and B,

respectively.

47



A 1x mEHT

Tumor volume (mm?)

DOI:10.14753/SE.2023.2838

B 3x mEHT

Tumor volume (mm?)
N
(=3
o

10 0 5 10

C 5x mEHT

Tumor volume (mm?)
N
(=3
o

® mEHT - US

Tumor volume, ultrasound

%k *

1

0 2 4 6 8 15
Days Days
B sham - caliper & mEHT - caliper © sham - US
Tumor volume, caliper
ham
300{ Msham ns 300 Bs
N mEHT mEHT
€200 € 200
£ £
100 100
i
0

1x mEHT

3x mEHT

5x mEHT

5x treated (sham)

1x mEHT

3x mEHT 5x mEHT

5x treated (mEHT)

Figure 11. Effect of repeated modulated electro-hyperthermia (MEHT) treatments on tumor growth

and final tumor volume. Tumor growth curves measured by digital caliper and ultrasound after 1 (A), 3
(B) and 5 (C) treatments (dotted lines, A,B,C). Final tumor volumes after 1, 3 and 5 treatments, measured
by caliper (D) and ultrasound (E). Ultrasound images of representative sham and mEHT tumors after 5
treatments, red arrow shows the tumor (F). 1 x mEHT Ngham = 7, Nment = 6, 3 X MEHT Ngham = 7, Nment =
18, 5 x MEHT Nsham = 9, Nment = 7. Mean = SEM, Two-way ANOVA (A, B, C), Mann-Whitney test (D,
E), ns: p=0.059, *: p < 0.05, **: p <0.01. Cell line: 4T1 (1 x, 3 x treated), 4T07 (5 x treated). (187, 188)
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Figure 12. Effect of repeated modulated electro-hyperthermia (mMEHT) treatments on tumor
weight. Tumor weight and scaled images of the excised tumors after 3 mEHT treatments (A). Tumor
weight and scaled images of the excised tumors after 5 mEHT treatments (B). 3 x MEHT Nsham = 7, NmenT
=18, 5 x MEHT Nsham = 9, Nment = 7. Mean + SEM, Mann-Whitney test. *: p < 0.05, **: p < 0.01. Cell
line: 4T1 (3 x treated), 4T07 (5 x treated). (187)

4.2. mEHT had no toxic effect on mice

Measurement of the body weight (BW) of animals is a widely approved indicator of
the well-being of laboratory animals. From the BW changes the general status of the
animals and the tolerability of the treatment or intervention can be concluded. BW was
taken into consideration during the mice's randomization, creating similar BW
distribution in mMEHT and sham treated groups. One treatment didn’t affect the body BW
of mice. The mEHT treated group’s BW was reduced with 3.1% (MEHT: Mean BWay 4:
23.01 + 0.3424 g vs Mean BWouay 7: 22.30 £+ 0.3921 g), while the sham-treated group’s
BW was reduced with 0.7% (sham: BWgay 4: 23.28 £ 0.5078 g vS BWqay 7: 23.12 + 0.6253
g). Three treatments also didn’t seem to be toxic to the animals at all, the average weight
loss of MEHT treated mice was 3.8% (MEHT: Mean BWqay s: 20.68 + 0.3985 g vs Mean
BWoay 12: 19.90 + 0.3610 g). The BW of sham-treated mice increased by 2.2% on average

49



DOI:10.14753/SE.2023.2838

(sham: Mean BWay 6: 20.49 + 0.6900 g vs Mean BWay 12: 20.95 + 0.6508 g). Even five
consecutive treatments were tolerated well by the mice: the mean BW loss was 5.4% in
the mEHT group (mEHT: Mean BWogay 6: 20.75 £ 0.9327 g vs Mean BWoqay 16: 19.63 =
0.7461 g) and a 2.7% higher average BW was observed in the sham group (sham: Mean
BWoaay6: 20.74 = 0.7485 g vs Mean BWaay 12: 21.30 + 0.7167 g). There was no significant
difference between the groups during the whole experiment, analysed with Two-way
ANOVA (Figure 13).
Body weight Body weight Body weight

1x mEHT 3x mEHT 5x mEHT
30 : 30 : : : 307 : :

gramm

4 5 6 7 6 8 10 12 6 10 15
Day Day Day

© sham @ mEHT
Figure 13. Body weight changes after repeated mEHT treatment. Follow-up measurement of the mice
body weight during 1 x (A), 3 x (B), 5 x (C) repeated mEHT treatments. 1 x mEHT Nsham = 7, Nmert = 6, 3
x MEHT Nsham = 7, Nment = 18, 5 X MEHT Nsham = 9, Nment = 7. Mean £ SEM. Cell line: 4T1 (1 %, 3 x
treated), 4T07 (5 x treated). Our workgroup’s unpublished data.

4.3. Tumor tissue destruction induced by mEHT

To investigate the tissue-level destructive effects of mMEHT, H&E stained slides were
digitally assessed. The area of the eosinophil, damaged part of the tumor demonstrated
the region that was harmed by mEHT. These damaged parts appeared mostly in the central
area of the tumors. Tissue Destruction Ratio (TDR), expressed in percentage (%), was
assessed on the H&E stained slides to quantify the damage. Elevated TDR ratio was
observed in some of the tumors already after a single mEHT treatment, however, this
tissue-level damage didn’t emerge in all of the tumors, therefore no significant difference
was seen between sham and mEHT groups (TDR: sham: 1.376 + 1.282 % vs mEHT:
16.43 + 8.294 %; Figure 14A). Three mEHT treatments were enough to reach
considerable damaging effects: TDR ratio was significantly higher in the mEHT group
tumors (72.23 + 7.143 %), than in the sham-treated ones (34.88 + 6.080 %; Figure 14B).

Increasing the number of treatments to five, TDR became even greater in the mEHT-
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treated tumors (78.86 + 5.140 %). However, TDR was also high in some of the sham-
treated tumors (52.84 + 10.27 %) and no statistically significant difference was seen
between sham and mEHT groups (Figure 14C). The sham-treated tumors, presenting
elevated tumor-tissue destruction were the heaviest ones in this group and there was a
strong correlation between TDR and tumor size (Figure 14D). Comparing the TDR values
in the tumors of the two groups with comparable tumor weight (Figure 14E), mEHT-
treated tumors represented significantly elevated TDR values, implementing that in the
sham group TDR elevation was size-dependent, whereas in the mEHT group it was size-
independent but treatment-related (Figure 14F). Representative H&E stained samples
from sham and mEHT -treated groups with low (0.9 x) and high (40 x) magnification is
presented in Figure 14G.

A 1x mEHT B 3x mEHT C 5x mEHT
TDR TDR TDR
*k%k
100 100 o 100 o
J
80 80 ole 80 090 %
< 0 . <60 ° < 80
40 — 40 40
20 I S 20 20
o . oo
e ~O o
sham mEHT sham mEHT sham mEHT
) tumor weight TDR
R2=074 250 150 *
1001 o< 0.0031
80 200 .
= 100
s 6 . 150 X °
B 40 = ®
100
20 50
- 50
N N S & 0 0 %
tumor weight (mg) sham mEHT sham mEHT
©
N -
7]
(-
p =
€

51



DOI:10.14753/SE.2023.2838

Figure 14. Tissue-level destructive effect of mEHT. TDR% quantified in hematoxylin-eosin-(H&E)-
stained sections, 24 h after 1 x (A), 3 x (B) and 5 x (C) mEHT treatment. Correlation between tumor weight
and TDR (%) in sham animals (D). Three smallest sham tumors’ weights comparable to those of mEHT
tumors (E). Comparison of TDR (%) of sham and mEHT tumors of comparable weight (F). Representative
H&E-stained tumors from sham and mEHT-treated groups with 0.9 x and 40 x magnification (G). 1 x
MEHT Nsham = 7, Nment = 6, 3 X MEHT Ngham = 7, Nment = 18, 5 x MEHT Ngham = 9, Nment = 7. Mean + SEM,
Mann-Whitney test. *: p < 0.05, ***: p < 0.001. Cell line: 4T1 (1 x, 3 x treated), 4T07 (5 x treated). (187,
188)

4.4. mEHT induced caspase-related apoptosis

Examining the mechanism of the tumor tissue damage, caused by mEHT, cleaved-
caspase-3 (cC3) IHC staining was performed on FFPE tumor samples. The area of cC3+
was compared to the whole tumor area and expressed in %. The mEHT treatment resulted
considerable-size cC3-positive areas in half of the tumors, even after one treatment.
However, the other half of the tumors were lack of these cC3+ areas (14.45 + 7.916 %)
and no significant difference was observable compared to sham tumors (0.9632 + 0.7733
%, Figure 15A). After three treatments, almost all of the mEHT treated tumors displayed
higher than 50% cC3+ area relative to total area, and the difference compared to sham-
treated tumors was significant (sham: 29.84 = 5.065 % vs mEHT: 67.71 + 7.448 %, Figure
15B). Five treatments were enough to cause an elevation of cC3+ areas more than 60%
in all tumors. However, the significant difference between the groups disappeared since
6 out of 9 sham treated tumors displayed elevated cC3+ area too (sham: 54.73 +9.991 %
vs MEHT: 72.23 + 6.808 %, Figure 15C).

Comparing the H&E and cC3+ areas, a highly overlapping arrangement pattern was
observed in the tumors, implementing, that the main tissue destructive effect of mEHT
was caspase-related cell death. Representative cC3-stained samples from sham and
MEHT-treated groups with low (0.9 x) and high (40 %) magnification are presented in
Figure 15D. To investigate, if mMEHT induced apoptosis via caspase-independent
pathway, Apoptosis Inducing Factor (AIF) expression was measured with gPCR. Samples
from five different time points (4,12,24,48,72 hour) were investigated from tumors that
were treated three-times. No significant difference was detected in AIF expression, at the
five different time-points compared to sham tumors (Figure 15E).

52



DOI:10.14753/SE.2023.2838

A 1x mEHT B 3x mEHT C 5x mEHT

cC3+ area cC3+ area
*%

cC3+ area

100 100 100 L4

80 80 (234 80 O¢o
e 60 60 - 60 %
o
40 - 40 R 40 *
o
20 o 20 20
L] 0%
0

0
L]
L)

bo—— 0 o° 0
sham mEHT Sham mEHT Sham mEHT
©
L
7
-
ke
€

E AIF
0.000004
P .
<= 0000003 %% o o ¢
Zc L o QE‘
n:,_% PO ¢ °
Eﬁ 0.000002{ o % oo
E —
< 0.000001 o
w
[ ]
0.0000¢(

sham mEHT mEHT mEHT mEHT mEHT
4h 12h 24h 48h 72h

Figure 15. Caspase-dependent tissue destruction, caused by mEHT. Quantification of cC3+ area in the
ratio of total area in cC3-stained immunohistochemical sections, 24 h after 1 x (A), 3 x (B) and 5 x (C)
MEHT treatment. Representative cC3-stained tumors from sham and mEHT -treated groups with 0.9 x and
40 x magnification (D). 1 x MEHT Nsham = 7, Nment = 6, 3 X MEHT Nsham = 7, Nment = 18, 5 X MEHT Ngham
=9, Nment = 7. Mean £ SEM, Mann-Whitney test. **: p < 0.01. Cell line: 4T1 (1 x, 3 x treated), 4T07 (5 x
treated). (187, 188). AIF mRNA relative expression of tumors at different time-points after 3 x mEHT (E).
Nsham = 12, Nanour = 7, N12hour = 7, N2anour = 7, Naghour = 8, N72hour = 8). Mean + SEM, One-way ANOVA. Cell
line: 4T1. Our workgroup’s unpublished data.
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4.5. mEHT induced heat shock protein 70 (Hsp70) accumulation

Hsp70 expression was assessed as the ratio of specific staining area/living tumor area
(relative mask area: rMA%). Strong, specific Hsp70 expression was detected in the
mMEHT treated tumors (1.11 + 0.715 %, Figure 16A), especially in a ring-shaped form
around the central damaged area, demonstrated by the still viable cells (Figure 16B, C).
This expression elevation was absent inside the damaged area and also, no specific hsp70
expression elevation was detectable in the sham-treated tumors (0.18 + 0.2 %, Figure
16A). This Hsp70 expression elevation may considered as a defensive reaction of the

harmed but still viable tumor cells.
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Figure 16. Heat shock response induced in tumors after 5 x mEHT. Quantification of hsp70 protein
expression as rIMA% in the ratio of total tumor area on immunohistological sections, 24 h after treatment
(A). Representative tumors from sham and mEHT -treated mice with Hsp70 staining (0.9 x magnification),
black rectangles magnified at ‘C’ (B). Representative sections of Hsp70 expression near the damaged tumor
area (blue annotation), 40 x magnification (C). Nsham = 9, Nment = 7. Mean + SEM, Mann-Whitney test, ***:

p < 0.001. Cell line: 4T07. (187)

4.6. Multiplex analysis revealed mEHT-induced activation of a local

acute-phase response

4.6.1. Next-generation sequencing (RNA-Seq) and pathway analysis
demonstrated locally elevated expression of APPs, induced by mEHT in

Vivo

Three-times treated samples, examined 24 hours after the last treatment, were

analysed with NGS RNA Seq for a more comprehensive investigation of mEHT effects.
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Comparing sham and mEHT, NGS measurement resulted 290 differentially expressed
(DE) genes, which fulfilled the following criteria: p < 0.05 (log10(p) < 1.30103); Fold
Change (FC) > 2 (logFC > 1). DE genes, clustered into a heat map with Kendall’s Tau
distance measurement demonstrated that 63.8% (185/290) of the DE genes got
upregulated due to the treatment and 36.2% (105/290) genes got downregulated (Figure
17A). Since the vast majority of DE genes, recognized with NGS analysis, demonstrated
upregulated expression by mEHT, these genes were further investigated with pathway
analysis. Based on the literature search, we established 19 categories from the genes (not
presented). The Gene Ontology (GO) database was used for further functional enrichment
(DEListEnrichment_upR) of the genes. 200 pathways was found, ’Response to stimulus’
pathway (GO:0050896 pathway, p value: 0.00012) contained the most, 38 genes after
ranked list enrichment. 15 upregulated pathways with the most genes and lowest p values

are presented at Table 4.

Table 4. Significant Gene Ontology pathways, according to NGS (RNA-Seq) data after 3 x mEHT

treatment. Our workgroup’s unpublished data.

GO pathway GO ID Nr. of sign. genes p value
Response to stimulus G0:0050896 38 0.00012
Response to chemical G0:0042221 31 2.7E-09
Regulation of biological quality G0:0065008 24 0.000052
Response to organic substance G0:0010033 20 0.000048
Cell surface receptor signaling pathway G0:0007166 17 0.00062
Nervous system development G0:0007399 16 0.0012
Response to external stimulus G0:0009605 16 0.00032
Positive regulation of cell communication G0:0010647 13 0.00179
Positive regulation of signaling G0:0023056 13 0.00184
Response to endogenous stimulus G0:0009719 13 0.000039
Cell-cell signaling G0:0007267 12 0.00043
lon transport G0:0006811 11 0.00121
Response to drug G0:0042493 11 4.9E-06
Response to oxygen-containing compound G0:1901700 11 0.00091
cellular response to endogenous stimulus G0:0071495 10 0.00088

38 genes, organized into the ’Response to stimulus’ pathway, according to their

FC values are presented in Figure 17B. 7 stress-related genes (coagulation factors — Fgb,

55



DOI:10.14753/SE.2023.2838

Fgg, protease inhibitors — Itih4, Serpina3n, Serpina3m, complement factors — Cfd, Hp)
out of total 38 genes were part of the *Response to stimulus’ pathway. These factors —
marked with red names in Figure 17B - are traditionally interpreted as Acute-Phase
Proteins (APPs), however, they fulfill different, non-canonical effects, produced locally
by certain cells, when exposed to different types of cellular stress (e.g. ischemia
reperfusion, heat, etc.). Investigating further these factors, 13 stress-related genes were
observed to be significantly upregulated in total from the entire NGS database, including
complement cascade-related genes: pentraxin-related protein 3 gene (Ptx3), classical
pathway (C1sl, C4b), alternative pathway (Cfd) and terminal pathway (Hc) complement
components, protease inhibitors (Itih2, Itih4, Serpina3n, Serpina3c, Serpina3c),
coagulation factors (Fbg, Fgg) and the free hemoglobin-binding haptoglobin (Hp). 4 heat
shock factors (Hspbl, Hspala, Hspalb, Hsphl) were found to be upregulated by mEHT
according to NGS data, however, the level of upregulation didn’t reach level of
significance. A Volcano plot visualization of gene logFC and —log10(p) values of NGS
data is presented in Figure 17C, where APPs are highlighted as red dots and numbered 1-
13. APPs are identified in Table 8. Individual NGS RNA Seq expression data of further

analysed APPs and heat shock factors are presented in Table 5.
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Figure 17. NGS and pathway analysis of 3 x mEHT treated tumor samples, 24 h after treatment. Heat
map clusterization with dendograms (Kendall tau’s method) of differentially expressed (DE) genes
according to next-generation sequencing (NGS) RNA Seq data. Columns represent samples, rows represent
genes. Red = upregulation, green = downregulation (A). Pathway with most upregulated genes (Response
to stimulus pathway, GO:0050896) based on the gene ontology (GO) analysis of the NGS data. Dotted line:
FC = 2. Red: further analysed genes (B). Volcano plot visualization of all genes according to NGS RNA
Seq data. —log10(p) values plotted against fold changes (logFC). Vertical dotted line: logFC = 1, horizontal
dotted line: —log10(p) =1.30103. Red dots marked with numbers (1-13) represent APPs, further analysed
and presented in Table 8. (C). Nsham = 4, Nment = 4. Mean + SEM. Statistical analysis described in chapter
3.7.*:p<0.05, **: p<0.01, ***:p < 0.001, ****: p < 0.0001. Cell line: 4T1. (187)
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Table 5. Expression data of APPs, measured by NGS RNA Seq after 3 x mEHT treatment (sham vs.
MEHT). Nsham = 4, Nment = 4. Mean + SEM. Statistical analysis described in chapter 3.7. *: p < 0.05, **: p
< 0.01, ***:p < 0.001, ****: p < 0.0001. Cell line: 4T1. Our workgroup’s unpublished data.

Sﬁgsession sham I;/rllgarlrr: mEHT raﬂéﬁlr'll' vaFI)ue
Itih2 0.0071| 0.0023 |0.0000 |0.0000|0.0023| 0.2491 | 0.2031 | 0.0388 | 0.1567 | 0.1619 | ****
Itih4 0.0000 | 0.0000 |0.0000 |0.0046 [0.0012| 0.0746 | 0.1277 | 0.1160 | 0.0717 | 0.0975 | ***
gﬁrp'”a 1.3335| 2.2827 | 0.6600 | 1.5898 | 1.4665 | 20.3675 | 15.3504 | 19.1424 | 9.1429 | 16.0008 |
Serpina *
3 0.0953| 0.1327 |0.0319|0.0104 [0.0676 | 0.9129 | 0.6584 | 0.6087 | 0.2929 | 0.6182

Serpina ok
3m 0.0527 | 0.0677 |0.0529 |0.0172[0.0476 | 0.5866 | 0.4476 | 0.3603 | 0.4127 | 0.4518

Fgb 0.0000 | 0.0034 |0.0000 | 0.0000 |0.0009 | 0.3017 | 0.0797 | 0.0147 | 0.0791 | 0.1188 | ***
Fgg 0.0000 | 0.0514 |0.0000|0.0000|0.0128| 0.3541 | 0.3963 | 0.0000 | 0.4585 | 0.3022 | **
Hp 0.1574| 0.3822 |0.1453|0.2966 | 8.7733 | 1.4097 | 1.3107 | 0.5856 | 0.3307 |103.2392 | ***
Ptx3 0.0325| 0.2398 |0.0434|0.1062|0.1055| 1.0274 | 1.1953 | 1.3912 | 0.2992 | 0.9783 | *
Cfd 6.6680 | 14.9655 | 3.3919 | 2.9289 | 6.9886 | 109.9876 | 65.6001 | 122.9642 | 48.5822 | 86.7835 | **
C4b 0.6526 | 0.5658 |0.1686|0.9452|0.5830| 4.3547 | 2.9110 | 3.1118 | 1.5990 | 2.9941 | *
Hc 0.0119| 0.0255 |0.0139 |0.0454 [0.0242| 0.2301 | 0.1116 | 0.0217 | 0.1188 | 0.1206 | *
Clsl 0.5484 | 0.8426 |0.2792|0.5357 [0.5515| 4.9577 | 2.6261 | 1.4571 | 1.4873 | 2.6320 | *
Hspb1 1.6838| 3.5277 |5.2901|1.4372|2.9847 | 16.0510 | 9.7997 | 49.0756 | 9.9873 | 21.2284 | ns
Hspala |0.0442| 0.2982 |0.1686|0.0983|0.1523| 0.3006 | 0.6198 | 8.6106 | 0.1304 | 2.4153 | ns
Hspalb  |1.8818| 3.1755 |3.2405|1.2898 |2.3969| 2.9264 | 6.6712 | 32.1136 | 5.0305 | 11.6854 | NS
Hsph1 0.2712| 0.2931 |0.3328|0.1804|0.2694 | 0.8451 | 0.5277 | 0.6856 | 0.4728 | 0.6328 | Ns

4.6.2. Nanostring analysis demonstrated upregulated absolute RNA count of

locally produced APPs

After a comprehensive literature search, 134 DE target genes, found with NGS
were selected for further analysis and validation with Nanostring method, creating a
customized gene panel. Nanostring nCounter® Technology (Nanostring Technologies,
Seattle, WA, USA) counts individual RNA molecules without reverse transcription and
amplification, enabling a direct quantification of mMRNA molecules of the genes of
interest. 77,6% of the genes (104/134) were identified and all of the genes’ changing
direction (up- or downregulation), found by NGS was confirmed by Nanostring
measurement. 3 genes confirmed with Nanostring didn’t fulfill the DE criteria (p < 0.05
and Fold Change (FC) > 2). Nanostring results of the genes, logFC values (x) plotted
against —log10(p) (y) are portrayed as a volcano plot in Figure 18. Genes numbered 3, 4,
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5 7,8,9, 10, 11, 12, 13 are the APP genes that have been detected with Nanostring.

Stress-related APPs’ individual RNA count data are presented in Table 6.
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Figure 18. Nanostring analysis of 3 x mEHT treated tumor samples, 24 h after treatment. VVolcano

plot visualization of all genes according to Nanostring data. —log10(p) values plotted against fold changes
(logFC). Vertical dotted line: logFC = 1, horizontal dotted line: —log10(p) =1.30103. Red dots marked with
numbers (3, 4,5, 7, 8,9, 10, 11, 12, 13) represent APPs, further analysed and presented in Table 8. Nsham =
6, Nment = 6. Mean = SEM. Cell line: 4T1. (187)

Table 6. Absolute RNA count of APPs measured by Nanostring after 3 x mEHT treatment (sham vs.
MEHT). Nsham = 6, Nment = 6. Mean + SEM. **: p < 0.01, ***:p < 0.001, ****: p < 0.0001. Cell line: 4T1.

(187)

RNA Mean Mean p
Count sham sham mEHT mEHT | Vvalue
Itih4 48 9 [ o [13] 2 | 4 [ 142 196 | 42 | 60 | 20 | 188 | 40 86 o
Serpina falekalel
a 100 | 62 | 186|110 | 25 | 96 | 98 | 1265 | 614 | 565 | 444 | 1016 | 352 | 709.3

H *k*k
gcerp'”a 690 | 37 | 78 | 47 | 12 | 18 | 435 | 284 | 191 | 216 | 64 | 251 | 111 | 186.2

H *kkk
gﬁ:p'”a 17 | 13 |16 | 15| 7 | 8 | 127 | 8 | 49 | 30 | 19 | 75 | 34 | 487
Fgg 7 |16 9 19| 4] 5| 10 4 | 103|121 18 | 19 | 170 | 725 | **
Hp 7782 | 3082 | 4825 | 7449 | 1505 | 1632 | 4379.2 | 48983 | 25954 | 16208 | 11680 | 56174 | 16738 | 29289.5 | ***
Ptx3 | 244 | 87 | 180 | 100 | 15 | 107 | 1222 | 2024 | 568 | 983 | 566 | 2202 | 185 | 1088 | ***
cfd 3224| 975 | 1846|2293 | 260 | 402 | 1500 |22431| 7571 | 7408 | 2341 | 16311 4961 |10170.5| ***
C4b 1242|1081 | 997 | 1244 | 166 |1443|1028.8| 9234 | 4573 | 3806 | 2930 | 5258 | 1794 | 4599.2 | **
Hc 17 | 28 |16 | 32| 6 | 33| 22 2 77 | 47 6 6 49 | 312 | ns
Cisl | 493 | 479 | 744 | 233 | 141 | 345 | 405.8 | 2036 | 1638 | 1390 | 841 | 979 | 672 | 12593 | **
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4.6.3. Local APP and heat shock factor protein production were induced by
MEHT in TNBC isografts

Mass spectrometry analysis was performed from the tumor samples to study the
target genes identified by NGS on protein level. 69.2% (9/13) of the APPs were identified

with mass spectrometry as well. All of these APPs showed same direction in their changed

expression (upregulation) as seen from NGS data and 88.9% (8/9) of these upregulated

proteins reached significance level. Moreover, 4 heat shock proteins (Hspbl, Hspala,

Hspalb, Hsphl) were identified as significantly upregulated by MS, which has not been
found as DE by NGS. LFQ data of different APPs and heat shock factors, detected by MS
are presented in Table 7.

Table 7. LFQ values of APPs and Hsps, measured by mass spectrometry after 3 x mEHT treatment
(sham vs. mEHT). Nsham = 5, Nment = 5. Mean £ SEM. *: p < 0.05, **: p < 0.01, ***:p < 0.001, ****: p <
0.0001, *****:p < 0.00001. Cell line: 4T1. Our workgroup’s unpublished data.

LFQ sham sham mEHT MENT | value
intensity
Itih2 23.05 | 24.26 | 23.34|22.19 | 22.59 | 23.08 | 25.55 | 26.38 | 25.73 | 25.91 [ 26.42 | 26.00 | ****
Itih4 25.46 | 25.24 | 24.86 | 24.69 | 24.33 | 24.92 | 26.82 | 26.84 | 28.16 | 27.77 | 27.58 | 27.44 | ****
Serpina3n |24.14|22.95|21.84|23.26 | 21.30 | 22.70 | 25.06 | 26.46 | 26.60 | 26.21 | 25.33 | 25.93 | ***
Serpina3m |21.87|21.30|20.81|22.14|20.80 | 21.38 | 20.29 | 19.44 | 21.72| 22,63 |22.34| 21.29 | ns
Fgb 27.12|27.97 | 27.01|27.47 | 26.77 | 27.27 | 29.67 | 29.39 | 29.77 | 29.97 | 29.77 | 29.72 | *****
Fgg 26.42 | 26.64 | 26.16 | 26.57 | 26.42 | 26.44 | 27.89|28.04 | 28.71 | 29.01 [ 29.06 | 28.54 | ****
Hp 23.26 | 24.52|21.09|24.22 | 21.64 | 22.95 | 27.44 | 25.41 | 28.48 | 28.35 | 28.44 | 27.62 | ***
Cfd 24.43 (2559 |24.18 | 23.70 | 23.62 | 24.30 | 26.68 | 26.44 | 26.00 | 25.73 | 26.66 | 26.30 | **
C4b 23.06 | 23.08 | 21.22|21.40 | 21.75 | 22.10 | 24.51 | 24.68 | 25.19 | 25.36 | 26.24 | 25.20 | ***
Hspb1 26.20 | 25.67 | 26.61 | 26.44 | 25.83 | 26.15|29.20 | 28.33 | 28.85 | 29.37 | 28.37 | 28.82 | ****
ﬂiEZiE 25.78 | 25.17 | 26.07 | 25.49 | 25.88 | 25.68 | 27.96 | 27.44 | 28.20 | 27.77 [ 27.40 | 27.75 | ****
Hsph1 22.51|23.20 | 24.65|23.00 | 24.27 | 23.52 | 25.37 | 24.36 | 24.68 | 24.39 | 25.23 | 24.81 | *
Summarizing all three multiplex methods, fold-changes and p values of the

aforementioned upregulated APP genes with 1D numbers, detected with NGS RNA Seq,

Nanostring and MS data are presented in Table 8.
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Table 8. Cellular stress response upregulated by 3 x mEHT treatment. Genes (official name
abbreviations as used in all multiplex platforms and descriptions of the coded proteins) detected as
upregulated with all three multiplex methods (NGS RNA Seq, Nanostring, MS) are designated with bold
letters. Nanostring validated all NGS hits with a similar FC value. Hspala and Hspalb are the most common
isoforms of Hsp70. Cell line: 4T1. # uniquely expressed in mEHT-treated samples but not in the sham-

treated tumors, no FC applies by the Nanostring evaluation. (187)

Nr NG:rrr]li Description NGS Nanostring MS
LFQ
FC p FC p Intensity p
Difference
Protease inhibitors
1 Itih2 inter-alpha trypsin inhibitor. heavy chain 2 (31.12.1E-05 # 2.9 7.7E-05
2 Itiha inter alpha-trypsin |2h|b|tor. heavy chain 997 ng 95| 0.005 25 6.1E-05
. serine (or cysteine) peptidase inhibitor. 6.8E- 9.11E- )
3 |Serpina3n clade A member 3N 8.4 04 8.1 05 3.2 6.1E-04
. serine (or cysteine) peptidase inhibitor. ) Not Not
4 | Serpinasc clade A. member 3C 7.0 0.011 15.3/5.08-04 detected |detected
5 |Serpina3m serine (or cysteine) peptidase inhibitor. 6410001 6261051 01 0.891
clade A. member 3M
Fibrinogens and haptoglobin
6| Fgb fibrinogen beta chain 28.4 Zéf # 24 |5.2E-06
7 Fgg fibrinogen gamma chain 15.0| 0.006 (14.2| 0.003 21 3.8E-05
8| Hp haptoglobin 9.7 7'6""15' 75D5E04 47 |8.3E-04
Complement factors
9 Ptx3 pentraxin related gene 5.6 | 0.046 |10.1{7.5E-04 Not Not
' ' o detected |detected
10, Cfd complement factor D (adipsin) 10.0| 0.001 | 7.8 8.8E-04{ 2.0 0.001
11| cap |complement Comgﬁgsg;m (Chidoblood| ;6| 03 |48] 0001 | 31 |2.9E-04
12 Hc hemolytic complement 39| 0.04 |1.9|0.335 1.2 1.7E-04
13| ci1s1 complement component 1. s subcomponent 3410049 |33 0.002 Not Not
1 detected | detected
Heat shock factors
Hspbl Heat shock protein beta-1 3.8 0.075 |. nc_;t 2.7 1.1E-05
investigated
Hspala Heat shock 70 kDa protein 1A 2.0| 0.551 not 21 1.3E-05
Hspalb Heat shock 70 kDa protein 1B 2.4 | 0.362 |investigated ' '
Hsphl Heat shock protein 105 kDa 1.8]0.761 |. nc_;t 13 0.023
investigated

4.7. Local APP production is induced by mEHT in a time-dependent
manner In vivo
To further analyse the procession of local APP activation of tumor cells, a time-kinetic
experiment was performed. According to Nanostring analysis, two APPs, C4b and Hp,
have been identified as differentially expressed with all three multiplex methods (Table
8) and had the highest absolute RNA count (Table 6). Measurement with gPCR in
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different time-points (4,12,24,48,72 hour) after last mEHT corroborated the significant
upregulation of both APPs on mRNA level, compared to sham (Hp: 3.220e-005 + 5.184e-
006, Figurel9A; C4b: 5.394e-006 + 6.805e-007, Figurel9B). None of the APPs had
significantly increased level at 4 or 12 hour, but reached at 24 hour (Hp: 9.640e-005 +
3.572e-005; C4b: 9.246e-006 + 2.025¢-006). Expression of Hp showed a decrease at 48
hours (4.255e-005 + 1.394e-005) and returned to almost sham level at 72 hours (3.593e-
005 + 1.005e-005) after treatment. However, expression of C4b remained high at 48h
(8.309e-006 + 1.317e-006) and was significantly increased even 72 hours (8.961e-006 +
1.508e-006) after treatment (Figure 19).
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Figure 19. Time kinetic changes of APP (Hp, C4b) expression after three mEHT treatments. Hp
MRNA relative expression of tumors at different time-points (4,12,24,48,72 hour) after last treatment (A).
C4b mRNA relative expression of tumors at different time-points (4,12,24,48,72 hour) after last treatment
(B). Nsham = 12, Nment = 7-8. Mean = SEM, One-way ANOVA (Fisher’s LSD test). ns: p = 0.0864, *: p <
0.05, *: p < 0.01. Cell line: 4T1. Our workgroup’s unpublished data.
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4.8. Local APP production by 4T1 can be partially inhibited by
KRIBB11 in vitro

To determine the source of the APPs, found by multiplex methods, in vitro experiment
was performed, culturing the 4T1 cell line and C4b and Hp expression was measured with
gPCR. Both factors were measured in a detectable amount in 4T1 monoculture,
confirming that they are produced by the cancer cells. KRIBB11 is a heat shock response
inhibitor, by selectively inhibiting the heat-shock factor-1 (Hsf-1) function (184). In our
in vitro treatment, KRIBB11 reduced the C4b baseline expression of the 37 °C-treated
control 4T1 cells, compared to DMSO treated cells (p = 0.0256). However, similar effect
was not observable in Hp expression. Single mEHT treatment induced significant
upregulation of C4b, 2 hours after treatment (p < 0.0001), whereas in the Hp expression,
this upregulation didn’t reach significance levels, but an increasing tendency was
perceptible. Combination of mEHT + KRIBB11 treatment resulted in a significant
reduction of C4b expression, compared to mEHT + DMSO treatment (p < 0.0001; Figure
20A), while this effect was not observable in Hp expression (Figure 20B). Moreover, a
strong correlation was detected between the expression of C4b and hsp70 (R? = 0.75, p <
0.0001; Figure 20C), and a similar correlation was also apparent between Hp and hsp70
(R? = 0.48, p < 0.0001; Figure 20D).
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Figure 20. mEHT-induced and KRIBB11-affected production of APPs in 4T1 in vitro. C4b mRNA
relative expression, 2 h post-mEHT, normalized to 18S, with KRIBB11 treatment, vs. DMSO (A). Hp
MRNA relative expression, 2 h post-mEHT, normalized to 18S, with KRIBB11 treatment, vs. DMSO (B).

Correlation between C4b and Hsp70 expression (C). Correlation between Hp and Hsp70 expression (D). ,
n = 5-15/group. Mean + SEM, Two-way ANOVA. *: p <0.05, ***: p < 0.001, ****p < 0.0001. Cell line:

4T1. (187) and our workgroup’s unpublished data.
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5. Discussion

Modulated electro-hyperthermia (mEHT) is a complementary therapeutical method used
as a locoregional hyperthermia treatment in solid tumors (189, 190). Previously, our
workgroup presented significant tumor inhibitory effect of mEHT monotherapy,
demonstrated by impaired cell viability after two mEHT treatments in vivo and enhanced
efficacy via simultaneous inhibition of the heat shock response by KRIBB11 in vitro
(188). Several mEHT-induced antitumoral mechanisms have been identified before (13),
however, a comprehensive, integrative analysis of mMEHT-induced molecular pathways
with multiplex methods in an in vivo tumor model was not performed before.

We investigated the impact of mMEHT on tumor growth in monotherapy. Our data
suggests that 1 x mEHT treatment was insufficient to impair tumor size, although in our
previous study, viable tumor-cell count was already reduced by 2 x mEHT treatment
(188). Increasing the number of treatments to 3 x with 48 intervals was enough to
significantly slow down tumor growth and 5 x treatment was enough to reach decline in
the growth tendency, achieving tumor shrinkage in both tumor volume and weight. Five
treatments resulted repetitively (in 2 separate experiments) in RNA degradation (not
presented in current study), so we were unable to isolate adequate RNA from the tumor
samples. Therefore 3 x repeated samples seemed to be optimal for all further
investigations.

mEHT treatment is a complementary therapy in the clinics, but it’s effectiveness
in monotherapy has been demonstrated already in both preclinical and clinical settings
(190-192). Single treatment with mEHT in monotherapy was enough to compass tumor
growth arrest in melanoma (A2058) model. However, that study used a xenograft model,
which affects the immune-related anti- and protumoral aspects of the TME, therefore it
is not completely comparable to our isograft model. In a different, BALB/c isograft model
(colon carcinoma, CT26 cell line), similarly to our findings, single mEHT treatment
reached no significant (193) or moderate tumor growth inhibitory effect (194) in
monotherapy. However, three treatments resulted significant decrease in tumor growth in
syngeneic squamous cell carcinoma model (195). Five mEHT treatments induced
traceable growth decline and tumor shrinkage in hepatic cancer xenografts (HepG2) (196)
and rat glioma xenografts (U87-MG) (197).
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Toxicity is a critical problem of every anti-cancer modality. In small animal
experiments, body weight (BW) reduction is a widely-used marker of treatment-
associated toxicity.

There was no significant BW decrease in our study after one-, three- or five-times
repeated mEHT treatments. In vivo pancreatic adenocarcinoma xenograft study reported,
that even a total dose of ten mEHT treatments didn’t affect the mouse BW significantly
(8). mEHT treatment was also reported to be well tolerable without severe side effects in
a Phase 11 study of hepatocellular carcinoma patients (198). Moreover, a recent clinical
study with 210 cervical cancer patients demonstrated, that mEHT has no additive toxicity
to chemoradiotherapy (199).

In our present study, cancer tissue destruction, as interpreted by elevated TDR was
demonstrated in all three-times treated samples, but just in some tumors after a single
mEHT treatment. TDR evaluation is a frequently used method to assess treatment-related
tumor tissue destruction and it is a reliable marker for measuring the effectiveness of
mMEHT treatment (13, 200, 201). Five x mEHT treatments induced an even greater tumor
tissue destructive effect, however, TDR was present in large sham tumors as well and the
difference was not significant between mEHT-treated and sham-treated tumors. TDR in
even untreated large tumors is often a consequence of fast tumor growth with inadequate
concomitant neoangiogenesis. Thus, the blood supply becomes insufficient leading to
necrosis in the central core of these tumors. This phenomenon is described articularly in
410.4-derived tumors (202). In contrast, mEHT-treated tumors with high TDR were much
smaller, implementing, that the increase of tumor tissue destruction was only size-related
in the sham group, but treatment-related in the mEHT group.

Histological analysis showed, that cleaved caspase-3 (cC3) expression was
upregulated already after three mEHT treatments, but not after one treatment. Further
analysis revealed a highly overlapping pattern of the destructed area on H&E stained
sections and the cC3+ areas on the IHC sections, implementing that the tumor tissue-
destruction was primarily caspase-mediated apoptosis in our model.

Our previous studies demonstrated that tissue destruction and cC3-mediated
apoptosis peaks 24 hours after mEHT treatment in 4T1 isografts (188). Our workgroup
described, that this cC3 upregulation-related apoptosis peak is connected to the

exhaustion of defensive mechanisms in the 4T1 model (188). mEHT induced caspase-
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dependent apoptosis was described in other preclinical, in vivo tumor models: after single
and repeated mEHT treatments in colorectal cancer C26/CT26 (200, 203, 204) and
melanoma (205) models.

Contrarily, caspase-independent apoptosis didn’t play significant role in the
MEHT-induced cell damaging process, AIF didn’t show significant change at any time
point after treatment in our model.

Caspase-independent apoptosis, induced by single mEHT treatment was
demonstrated in colorectal cancer (HT29) model (201), however, in this case, not the
expression, but the nuclear translocation of AIF was demonstrated. Upregulated
expression of AIF induced by mEHT was described, but only at protein level, in a
different, melanoma (A2058) model (205). Moreover, hsp70 is able to inhibit the action
of AIF by forming a complex with it (206). Overall, we can say, that caspase-mediated
apoptosis seemed to be more relevant, mEHT-induced cell death form in our TNBC
model.

In our study, Hsp70 expression at protein level was elevated 24 hours after the last
mMEHT treatment in surviving cells around the destructed tumor area, implementing their
upregulation as a defense mechanism against heat stress. This data was corroborated by
the MS results, which demonstrated the significant upregulation of two paralogs of Hsp70
(Hspala, Hspalb) and two other hsps (Hspbl, Hsphl) 24 hours after last treatment. NGS
data showed a non-significant upregulation of these Hsps. One possible explanation is,
that the heat shock response on mRNA level decreased earlier than the sampling time in
our experiment (24 hours).

Heat shock proteins (Hsps) are among the most highly conserved and abundant
intracellular proteins in nature. Hsps were originally described as chaperones, whose
expression is induced by heat as a part of the intracellular defense mechanism, Heat Shock
Response (11, 81). However, further studies revealed, that their expression can be
initiated by several different cell stressor types, such as oxygen radicals, ethanol, heavy
metals, ischemia-reperfusion or haemorrhagic shock (81), so their upregulation can be
considered as an ancient, general stress response. Our previous report documented that
the RNA-level, mEHT-induced Hsp70 expression peaks 4 hours, stays high until 12
hours, and decreases back to sham level 24 hours after treatment (188). Moreover, we

described that the exhaustion of the Hsp-related defense mechanism contributes
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significantly to tumor tissue destruction (188). Furthermore, the inhibition of the Heat
Shock Response by KRIBB11 could synergistically improve the effectiveness of mEHT
treatment in vitro (188). Therefore, heat shock proteins are a promising target for
inhibition to improve the efficacy of mEHT. However, Hsps can act as a double-edged
sword: beside the intracellular, chaperone function, Hsps can act extracellularly (207),
e.g. as Damage-associated Molecular Patterns (DAMPs). Deployment of these DAMPs
on the cancer cell’s surface facilitate the T cell mediated immunogenic cell death (200).
Inhibition of this and other antitumor functions of Hsps can act contrary to the medical
intentions. Therefore the aiming of heat shock response in cancer therapy should be
highly specific to intracellular Hsps and targetting other, protective factors may also be
essential.

Although the most relevant heat shock protein, Hsp70 was upregulated at the
MRNA level within 12 hours and at the protein level up to 24 hours, several other heat
shock proteins (Hspbl, Hspala, Hspalb, Hsphl) were not differentially expressed
according to our multiplex screens, detecting mRNA (NGS). On the other hand, another
group of stress-related molecules, classically interpreted as acute-phase proteins (APPs:
complement factors: C1sl, C4b, Hc, Cfd, Ptx3; protease inhibitors: Serpina3n,
Serpina3m, Serpina3c, Itih2, Itih4; coagulation factors: Fgb, Fgg; and haptoglobin) were
massively upregulated after mEHT treatment on the mRNA level as demonstrated by
RNA Seq NGS. These RNA results, measured by NGS were corroborated by Nanostring
and gPCR measurements. Moreover, the mEHT-induced upregulation of these APPs were
also confirmed at the protein level by MS. It is important to emphasize, that the data,
demonstrating APP upregulation comes from RNA and protein isolated directly from the
tumor tissue, implementing the local production of these factors by cancer cells.

The generally held concept is, that APPs are produced mainly by the liver upon
cytokine stimulation of hepatocytes as part of a general inflammatory response to cell-
stress in any part of the body (84). Contrary to this concept, our data strongly support a
local APP production by non-hepatic cells. These locally produced APPs may fulfill non-
canonical functions and the APP genes we found massively upregulated by mEHT,
related to cellular stress response appear to have a tumor-protective or tumor-promoting
role in different types of cancer (92, 94, 171, 175, 177).
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Several complement factors were upregulated by mEHT according to the NGS
and MS data. The 4T1 isograft model is considered as an immune-desert phenotype,
confirmed by our data (see in 1.2.2.). Therefore we assumed, that the major source of
APPs were more likely the cancer cells themselves and not the infiltrating immune cells,
which are another relevant source of complement factors in the TME (94). The tumor cell
origin of complement factors was corroborated in vitro when detectable complement
expression and mEHT-induced upregulation was demonstrated in 4T1 cell monoculture.

In our studies one of the complement factors, identified with all multiplex methods
(NGS, Nanostring, MS) and demonstrated one of the highest absolute RNA counts
(Nanostring) was C4b (Chido blood group). C4b is the basic isotype of C4 in mice and
humans as well, whereas the acidic form is C4a (Rodgers blood group). C4b production
by 4T1 cells and upregulated expression after mEHT was confirmed in vitro in
monoculture, a phenomenon never described before, according to our current knowledge.
Furthermore, we demonstrated in vitro, that mEHT-induced expression of C4b can be
inhibited by KRIBB11 treatment.

Growing evidence suggests, that besides the cellular arm of immunity, humoral
immune response has a vital role in the antitumor immune response. Thus, modulation of
complement factors/local complement expression may prove beneficial in the fight
against cancer (208). The inhibition of local complement production in tumors has great
potential and may be another tool to utilize in immune-modulation based techniques in
cancer therapy (208). C4 has been reported to be fundamental in cervical tumor (TC-1)
growth (158). Moreover, the co-inhibition of C4 and VEGFA repressed tumor
progression significantly in colorectal cancer (161).

In our study, protease-inhibitors demonstrated remarkable upregulation, detected
by NGS (RNA-Seq). Itih2 showed the highest (31.1x) upregulation.

Protease-inhibitors play essential roles by neutralizing proteases, which are
derived from injurious cells and threatening host cells. Serpina3n was another highly
upregulated gene, according to the RNA-Seq data. Serpina3n inhibition by RNA silencing
decreased matrix metalloprotease (MMP-2, MMP-9) expression and inhibited the
migration and invasion of colon cancer cells (172). In addition, silencing Serpina3n
reduced the abilities of colon cancer to form liver metastasis (172). Serpina3 was also an
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important gene in endometrial cancer. Serpina3 knockdown reduced cell viability,
inhibited proliferation and induced apoptosis in vitro (HEC-1A; KLE) (173).

Haptoglobin (Hp) was upregulated with the highest absolute MRNA count by our
Nanostring analysis. gJPCR measurements from in vitro 4T1 monoculture corroborated
that Hp was produced by the cancer cells.

Hp’s major known canonical role is to scavenge extracellular, free hemoglobin
(Hb) and thus, Hp has an important protective role against oxidative stress (140). Hp
production by a TNBC cell line (171) as well as serum Hp’s role as a progression marker
of 4T1-tumor in mice has been demonstrated before (209). In our studies, Hp induction
was time-dependent with a peak at 24 hours after treatment. The serum level of Hp was
elevated in TNBC patients’ serum (170). Furthermore, Hp may be oncogenic in breast
cancer: Hp knockdown leads to increased apoptosis and cell cycle arrest in TNBC cells
(MDA-MB-231, MDA-MB-468) in vitro. Furthermore, Hp knockdown reduced tumor
growth and proliferation in MDA-MB-231xenografts (171). Therefore, the Hp inhibition
may be beneficial via dampening the unfavorable metabolic reprogramming of cancer
cells.

We reported the upregulation of two fibrinogen-coding genes, Fbb and Fbg, 24
hours after mEHT treatment.

The local production and deposition of fibrin(ogen) into the extracellular matrix
(ECM) of 4T1 tumors can be tumor-promoting by serving as a scaffold to bind growth
factors and also by promoting cellular processes of adhesion, proliferation, and migration
during angiogenesis and tumor cell growth (177). Ligustrazine, a phytogenic agent was
able to decrease Fgg expression. Fgg inhibition was accompanied by chemotherapy-
sensitization and cancer stem-cells elimination in breast cancer cells (MCF-7) in vitro.
Furthermore, in vivo Fgg inhibition by Ligustrazine was accompanied by apoptosis
promotion and reduced proliferative activity of MCF-7 xenografts (182).

The observed local production of fibrinogen and protease-inhibitors may
contribute to the reprogramming of TME towards a tumor-promoting state, and the
inhibition of these factors may enhance the efficacy of mEHT. From the studied factors
C4b inhibition may be the most promising as we observed a long-lasting elevation after
treatment, implementing it’s importance in the cancer cells’ stress response and indicating

a good targetability of this molecule for inhibitors.
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Our data suggest, that modulated electro hyperthermia (mEHT) has effective
antitumor effects and capable to inhibit tumor growth even in monotherapy in the highly
aggressive TNBC. Significant portion of cancer cells commit to apoptosis, the surviving
cells initiate cellular stress response (Heat Shock Response). Besides the intracellular
protective response, the most substantial response to the mEHT treatment is the
development of an extracellular defensive mechanism in the form of local production of
APPs (complement factors, protease inhibitors, fibrinogens, haptoglobin). The two
processes may complement each other’s function and cooperate to protect the cancer cells
from therapy-induced damage. As the local APP production is the most abundant
response to the mEHT treatment, those factors, that show the most robust upregulation
can serve as therapeutic targets. Inhibition of these intra- and extracellular protective
factors and mechanisms may enhance the therapeutic effect of mEHT and probably other
heat shock or local APP production inducing treatment modalities (such as chemo- or
radiotherapy). The main findings of this thesis is summarized in Figure 21.
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Growth factor reservoir
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Figure 21. Local APP production, induced by mEHT. In response to mEHT treatment, those TNBC
cancer cells that did not receive lethal dose of mEHT and did not commit to cell death react with a local
stress-response. Intracellular part of this reaction is the heat shock response and extracellularly, a local
upregulation of Acute Phase Proteins (APPs) is induced. These APPs act mostly in the extracellular space

via the modulation of the tumor-microenvironment serving as a protective mechanism for the cancer cells
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against the harming stimuli. These APPs fulfill a non-canonical function: fibrinogens without fibrin-
formation contribute to the formation of extracellular matrix of the TME and serve as a scaffold for growth
factors, promoting tumor progression. Complement factors without activation of the complement cascade
process promote angiogenesis, improving the blood supply, thus the nutrient and O2 supply of the tumors.
Moreover, they can participate in the pro-tumoral immune-editing of tumor microenvironment.
Haptoglobin protects cancer cells from oxidative stress, and helps the metabolic shift of the cancer cells.
Serine-protease inhibitors and inter-alpha trypsin inhibitors protect the host cells from the protease
enzymes, released by effector immune cells. The arranged expression of multiple, different Acute Phase
Proteins in response to a cellular stressor stimulus by cancer cells was never described before. Inhibition of
these factors by phytogenic agents, like Ligustrazine, by fusion proteins, like CR1-Fc fusion protein (CID)
or by silencing RNA or by gene knockout have antitumoral effects, according to literature. Combination of
MEHT or other, cellular stress-inducing anticancer treatments with these aforementioned APP inhibition
may beneficially improve the theraputic efficiency.
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6. Conclusions

This study synthesizes the tumor-growth inhibitory effects and multiplex analysis data

about the pathways activated by modulated electro-hyperthermia in mouse TNBC model.

Novel observations of the thesis:

Repeated modulated electro hyperthermia (mEHT) inhibited tumor growth in the
4T1/4T07 TNBC mouse isografts. Tumor size reduction become manifest after >
3 treatments in our model.

mMEHT treatment induced a local acute phase protein (APP) production in the still-
living cancer cells.

Protease inhibitors, haptogobin, complement and coagulation factors
demonstrated the most significant response which are all considered acute phase
proteins. This local APP production may serve as a mechanism to protect cancer
cells, that received a non-lethal dose of mMEHT and did not commit to cell death.
4T1 cancer cells express C4b and Hp as a response to mEHT treatment at the
mRNA level in 4T1 monoculture in vitro.

Local Hp and C4b, induced by mEHT was most significant 24 hours after last
treatment. Hp production returned to baseline, while C4b production stayed high
even 72 hours after the last mEHT treatment.

The inhibition of the heat shock response by KRIBB11 was accompanied by
inhibition of mMEHT-induced C4b upregulation in vitro.

Hsp70 expression correlated with C4b and Hp expression 2 hours after treatment,

in vitro.
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/. Summary

Oncological hyperthermia is a complementary therapeutic option in cancer patients.
In the clinical setting, several hyperthermia forms (whole body, regional or local) and
application methods (microwave, ultrasound, radio waves) are applied. In local
hyperthermia, treatment effectiveness is related to the dose-absorbing capability of the
targeted tissue, which is affected by the tissue itself and the heat-communicating method.
Modulated electro-hyperthermia using an EMF with a well-chosen frequency (13.56
MHz) enables a selective heat-and energy transmission into the malignant tissue. The
reprogrammed metabolism of cancer cells and the consequently altered bioelectrical
properties (elevated electric conductivity) of the tumor are the basis of the selective
energy absorbtion.

We implanted syngeneic TNBC (4T1/4T07) cells in BALB/c mice to form orthotopic
isografts. Repeated mEHT treatment slowed down tumor growth without toxic side
effects. Tumor growth inhibition was related to elevated caspase (cC3)-mediated
apoptosis. mEHT induced a Heat Shock Response (HSR) of the surviving cancer cells.
RNA sequencing analysis revealed a significant upregulation of 2/3 part of the
differentially expressed genes. The pathway analysis of these genes revealed a prominent,
local upregulation of acute-phase proteins (APPs: protease inhibitors: Itih2, 4;
Serpina3n,m,c; complement components: C1s1, Ptx3, C4b, Hc, Cfd; coagulation factors:
Fgb, Fgg; haptoglobin). Absolute RNA count analysis (by Nanostring) corroborated the
local production of APPs and the majority of these factors were upregulated on the protein
level as well, detected by Mass Spectrometry (MS). This local upregulation of APPs can
be interpreted as a protective mechanism of the tumor, complementing the intracellular
HSR with an extracellular mechanism of the injured but surviving cells. The production
of two of the most significant factors (C4b, Hp) showed a time-dependently elevated
expression after mEHT. The heat shock response inhibition by KRIBB11 concomitantly
inhibited the mEHT induced C4b upregulation. Interfering with this newly described,
coordinated, local acute-phase protein production of tumor cells may be applied in the
future to synergistically enhance the antitumor effects of modulated electro-hyperthermia

or other antitumor therapies in the hard-to-treat Triple Negative Breast Cancer setting.
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8. Osszefoglalé

Az onkoldgiai hipertermia kiegészito terapias lehetdség rakos betegek szamara. A
klinikumban kiilonb6z6 hipertermia tipusokat (teljes test, regionalis, lokalis) és
modszereket (mikrohullam, ultrahang, radidhullam) hasznalnak. Lokalis hipertermia
esetén a kezelés hatékonysdga a célzott szovetrész dozis-elnyeld kapacitasatol fiigg,
amelyet maga a szovet és a hékozlés modja is befolyasol. Modulalt elektro-hipertermia
(mEHT) soran 13.56 MHz-es elektromagneses tér (EMT) hasznalata teszi lehet6vé a
szelektiv energia- és hdatadast a daganatnak. A rakos sejtek modosult anyagcseréje és a
tumor kovetkezményesen megnovekedett elektromos vezetOképessége biztositjak a
szelektiv energiaelnyelést.

Szingeneikus haromszorosan negativ emlérak (Triple Negative Breast Cancer:
TNBC) sejteket (4T1/4T07) iltettiink ortotopikusan BALB/c egerekbe, izograft
tumorokat létrehozva. Ismételt mEHT kezelés lelassitotta a tumorok ndvekedését toxikus
mellékhatdsok nélkiill. A tumorndvekedés gatladsa a sejtek megndvekedett kaszpaz
(cleaved caspase-3: cC3)-fiiggé apoptozisanak volt koszonhetd. A mEHT kezelés
hésokkvalaszt (Heat Shock Response: HSR) inditott be a tuléld rakos sejtekben. RNS
szekvenalasi vizsgalattal az eltérden expresszalt gének 2/3-aban szignifikans
feliilregulalodas volt megfigyelhetd. Utvonal elemzéssel a rakos sejtek jelentés akutfazis
fehérje (APP: Acute Phase Protein: protedz inhibitorok: Itih2, 4; Serpina3n,m,c;
komplement komponensek: Clsl, Ptx3, C4b, Hc, Cfd; véralvadasi faktorok: Fgb, Fgg;
haptoglobin) termelése volt kimutathat6. Abszolut RNS szam meghatarozas (Nanostring)
megerdsitette az APP-k lokalis termelédését, ezen faktorok fehérje szinti
felilregulalodasat a tomegspektrometriai vizsgalat (Mass Spectrometry: MS) is
alatamasztotta. Az APP-k lokalis termelodése a tumorsejtek védekezési
mechanizmusként értelmezhetd, mely extracellularis komponensként kiegésziti a
hosokkfehérjék intracellularis funkcidjat a karosodott, de még életképes tumorsejtekben.
A két, legjelentdsebben feliilregulalodott faktor (C4b, Hp) id6-fliggd expresszidt mutatott
amEHT kezelést kovetden. A hésokkvalasz KRIBB11-el tortén6 gatlasa megakadalyozta
a mEHT indukalta C4b expressziot is. Tobb APP ezen wjonnan leirt, raksejtek altal
torténd, 0sszerendezett termelddése egy uj terapias beavatkozasi pontot jelenthet és ennek
a védekezési mechanizmusnak a gatlasa szinergikusan novelheti a mEHT ¢és egyéb

tumorellenes terapiak hatékonysagat a nehezen kezelheté TNBC-s betegek esetében.
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