MODULATED ELECTRO-HYPERTHERMIA
ENHANCES THE EFFICACY OF ANTI-CANCER
DRUGS IN MICE WITH TRIPLE-NEGATIVE
BREAST CANCER

PhD thesis

Kenan Aloss

Semmelweis University Doctoral School, Theoretical and Translational

Medicine Division

‘\C» BUDAP/\
%2,

3 AN
g« oooou @ poooo
s 7

= (55

D u:

2 ‘@7 s
J 17691\

<
Yerwes ““

Supervisor: Péter Hamar, MD, DSc
Official reviewers: Valéria Tékus, PharmD, PhD

Tamas Szabolcs Micsik, PhD

Head of the Complex Examination Committee: Péter Sétonyi, MD, PhD

Members of the Complex Examination Committee: Taméas Radovits, MD, PhD

Hassan Charaf, DSc

Budapest
2024



Table of contents

LiSt OF @DDIEVIALIONS .......cuiiiiiieeee s 3
Lo INEFOAUCTION ...ttt 5
1.1.  Triple-negative Dreast CanCer..........cccoveiiiieiieie e 5
1.1.1. Definition, subtypes, treatment OptionS..........cccceveeveiiesieese e 5
1.1.2. 4T1 mouse isograft model of triple-negative breast cancer ..................... 5

1.2. Modulated electro-hyperthermia (MEHT)........ccccooeiiieiiiiieiececcceceee e 6
1.2.1. Principal Of MEHT ....coooii e 6
1.2.2. Effect of mMEHT on the efficacy of anti-cancer drugs ...........cccccovvevvennene 8

1.3 DOXOTUDICIN ..ottt s 9
1.3.1. Mechanism of action, side effectS .........oocvvviiiiiei e 9
1.3.2. Limitations of the FDA-approved liposomal doxorubicin formulations 10
1.3.3. Thermo-sensitive liposomal doXorubiCin ..........ccccevviiiieiciiie 12
1.34. Lyso-thermosensitive liposomal doxorubicin (LTLD) ........cccccvvvviennene 13

1.4, Digoxin as an anti-CanCer ArUg.........cccoueeeruerrererieresieseseeeeeesee e seeens 16
2. ODJECLIVES ...ttt 17
Be IMIBENOUS ... 18
3.1, Doxorubicin FOrmulations ..o 18
320 CRITING e 18
330 ANIMAIS. . e 18
34, MEHT reatMent .......ccooiiiiiie s 19
3.5, Tumor growth inhibition StUAY..........ccceiiiiiiiii e 20
3.6.  Invivo optical imaging of DOX accumulation in the cancer tissue............... 22
3.7.  Histopathological @nalySiS...........cccuuiiiiiiiine i 22
3.8, WESEEIN DIOT......oiiiiccee e 25
3.9, Statistical ANAIYSIS ......coveiveieiiiiiie 25



4.

RESUITS . nan 26

4.1.  mEHT improved tumor growth inhibition of DOX encapsulated in LTLD... 26

4.2.  mEHT accelerated the cancer tissue accumulation of DOX encapsulated in

LTLD 28

4.3.  mEHT+LTLD augmented the cancer tissue damage ............cccccevvereevierieenne. 30

4.4. mEHT+LTLD enhanced caspase-dependent apoptosiS.........cccovrverveeiesieenne. 31

45.  mEHT+LTLD mitigated cancer cell proliferation ............ccccceeevvveveivnseenn. 33

4.6.  All DOX formulations reduced body weight ...........cccooeiieiiiiciicccee, 35

4.7.  mEHT+Digoxin augmented cancer cell death ..............cccooeviiiciciicicien, 35
5. DUHSCUSSION ..tttk b bbbt b ettt b ettt n et 37
B, CONCIUSIONS ...ttt b bbbt 41
7. SUMMATY .ottt b ettt e b b e e b e e e b ne e 42
8. BIDHOGIaPNY ....cviiiiiiiieeeee e 43
9. Bibliography of the candidate’s publications...........ccccevveiiriiiiieenieiciee e 60
10. ACKNOWIEAGMENTS ... 62



List of abbreviations

ATG
BL1
BRCA
cC3
CHT
DPPC
DSPC
DOX
ECM
ECG
EPR
ER
FFPE
FOLFOX
H&E
HIFU
HRP
HER-2
HT
IFP
IHC
IM
VIS
LTLD
LAR
MEHT
MSL
MPPC
MSPC
NTSL
0S

Autophagy-related protein

Basal-like 1

Breast cancer gene

Cleaved caspase 3

Conventional hyperthermia
DiPalmitoyl-sn-glycero-3-PhosphoCholine
DiStearoyl-sn-glycero-3-PhosphoCholine
Doxorubicin

Extracellular matrix
Electrocardiography

Enhanced permeability and retention
Estrogen receptor (ER)

Formalin-fixed paraffin-embedded
Fluorouracil-folinic acid-oxaliplatin
Hematoxylin & Eosin
High intensity focused ultrasound
Horse-radish peroxidase
Human epidermal growth factor receptor
Hyperthermia
Interstitial fluid pressure
Immunohistochemistry
Immunomodulatory

In vivo imaging system
Lyso-thermosensitive liposomal doxorubicin
Luminal androgen receptor
Modulated electro hyperthermia

Mesenchymal stem-like

Mono-Palmitoyl-2-hydroxy-sn-glycero-3-PhosphoCholine
Mono-Stearoyl-2-hydroxy-sn-glycero-3-PhosphoCholine

Non-thermosensitive liposome

Overall survival



PD-L1 Programmed death ligand 1

PPE Palmar-plantar erythrodysesthesia
PEG Polyethylene glycol

PLD PEGylated liposomal doxorubicin
PARP Poly (ADP-ribose) polymerase
PR Progesterone receptor

PFS Progression-free survival

RES Reticuloendothelial system

RI Resistance index

RFA Radiofrequency ablation

SAR Specific absorption rate

SQSTM1 Sequestosomel

TDR Tumor destruction ratio

TNBC Triple-negative breast cancer
TSL Thermosensitive liposome

TTSL Traditional thermosensitive liposome
TBF Tumor blood flow

us Ultrasound

WB Western blot



1. Introduction
1.1.  Triple-negative breast cancer

1.1.1. Definition, subtypes, treatment options

Triple-negative breast cancer (TNBC) is a heterogeneous breast cancer subtype that
represents 10-15% of all breast cancer cases (1). TNBC is characterized by the lack of
expression of estrogen receptor (ER), progesterone receptor (PR), and the human
epidermal growth factor receptor (HER-2). In addition, it is common in women with
breast cancer gene 1 (BRCAL) mutations (2). TNBC is highly metastatic with poor
prognosis, high recurrence and mortality rates compared to other breast cancer subtypes
(3). TNBC is classified into six subtypes: basal-like 1 (BL1), luminal androgen receptor
(LAR), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL),
and basal-like 2 (BL2) (4). The basal-like subtypes account for 70-80% of TNBC (5). The
traditional protocol for TNBC treatment is based on surgery and adjuvant chemotherapy.
Neoadjuvant therapy is an option for patients with inoperable TNBC. However, since
TNBC cells do not express ER, PR, and HER-2, hormone and targeted therapies are
ineffective. Thus, the mainstay of neoadjuvant and adjuvant treatment is conventional
cytotoxic chemotherapy, such as anthracyclines and taxanes (6). Recently, immune
checkpoint inhibitors, such as pembrolizumab have demonstrated survival benefits in
TNBC patients (6-10). Pembrolizumab combined with chemotherapy improved the
overall survival (OS) and progression-free survival (PFS) compared to
placebo+chemotherapy (OS: 23 vs. 16.1 months, PFS: 9.7 vs. 5.6 months) in patients with
metastatic TNBC (7, 8). However, the improvement in survival was dependent on the
expression score of programmed death ligand 1 (PD-L1) (7, 8). Thus, the limited

treatment options of TNBC necessitate the need for alternative treatments.

1.1.2. 4T1 mouse isograft model of triple-negative breast cancer

Various small animal models have been established in preclinical research on TNBC (11).
Among these, the 4T1 mouse model stands out as widely used (12). The 4T1 cancer is an
isogenic murine mammary carcinoma originally derived from a spontaneous mammary
adenocarcinoma in BALB/cfC3H mice (13). 4T1 cancer has several properties that make
it a suitable experimental animal model of human mammary cancer. Firstly, 4T1 cells can

be easily implanted into the mouse mammary fat pad, ensuring that the primary tumor



develops in the anatomically correct location (14). Secondly, 4T1 cancers grow
aggressively at the primary sites, often reaching palpable tumor size within one week after
implantation (15). Thirdly, the primary tumor can later be surgically excised, which is
similar to the surgical removal of the tumor in human breast cancer patients (16).
Fourthly, the 4T1 cancer is highly invasive and is among a few breast cancer models that
can effectively metastasize to various organs commonly affected in breast cancer, such
as the lungs, liver, brain, and bone (17, 18). The metastases spontaneously develop from
the primary tumor within 30 days after 4T1 cell transplantation (16). Moreover, the
dissemination of 4T1 metastases to the draining lymph nodes and other organs closely

resembles the pattern observed in human mammary cancer (14).

1.2. Modulated electro-hyperthermia (MEHT)
1.2.1. Principal of mEHT

Modulated electro-hyperthermia (mEHT) is an advanced option in the mild hyperthermia
field, using 13.56 MHz radiofrequency electromagnetic current generated by capacitive
coupling between two electrodes (Fig. 1 A) (19). mEHT is approved for cancer therapy
in several countries, exhibiting promising results in different cancer types with no serious
side effects (20-24). The cancer-specific effect of mEHT is based on the difference in
bioelectrical properties of cancerous and healthy tissues (15). This bioelectrical difference
results from the higher aerobic glycolysis of cancer cells (i.e. Warburg effect) that causes
higher ion and lactate levels and thus elevates electrical conductivity of the cancer tissue
(25, 26). These factors result in the selective absorption of the energy of the
electromagnetic field by the cancer tissue (15). Moreover, the specific absorption rate
(SAR), which refers to the rate at which electromagnetic energy is absorbed by body
tissues, can be controlled, and modulated during the application of mEHT. This control
allows for precise targeting of the cancer area while minimizing effects on the
surrounding healthy tissues, thereby contributing to the cancer selectivity of the treatment
(27).
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Figure 1. The principle of modulated electro-hyperthermia (mEHT). (A) In the clinic,
the patient is laid on a treatment bed (i.e. the counter lower electrode), and an adjustable
upper shape-adapting electrode is positioned on the body surface above the tumor. (B)
The electric field (illustrated by red lines) flows from the upper electrode to the counter-
electrode, enabling energy delivery to cancer cells, especially along cell membranes. (C)
MEHT energy is localized mainly in lipid rafts in the cellular membrane, leading to a
temperature gradient between extracellular and intracellular electrolytes, and inducing

apoptotic signaling pathways (28). “Created with BioRender.com”

mMEHT conveys several advantages over the conventional hyperthermia (cHT). mEHT
heats the tumor selectively, archiving 2.5 °C temperature difference between the heated
tumor and the surrounding tissues (15). This temperature difference does not exceed 1C
in cHT (29). In contrast to cHT, the primary principle underlying mEHT was to move
away from relying solely on temperature as the key factor. Instead, mEHT employs
energy absorption, extracellular heating and modulation to exert its effects (29). mEHT
targets the nanoscopic lipid rafts in the cellular membrane, where the major energy load
is localized. Thus, mEHT delivers its energy mainly into extracellular electrolytes,
establishing a temperature gradient across the cellular membrane (Fig. 1 B, C) (30). The
modulation can induce non-thermal effects that improve the cell-killing thermal effects
compared to cHT (31). Moreover, the measurement of SAR has resolved the main
challenge encountered by all cHT devices, which is the requirement for thermometry and

the complexity of intratumoral temperature measurement (28, 29). Finally, mEHT has the



advantage of being noninvasive (32) in contrast to some cHT devices (e.g. radiofrequency
ablation) that require the insertion of a needle into the cancer tissue (33).

1.2.2. Effect of mEHT on the efficacy of anti-cancer drugs

mEHT can enhance the anti-cancer effects of cancer drugs by improving tumor blood
flow, thus increasing drug delivery, and by exerting direct cancer cell-killing effects.
Effective delivery of drugs to cancer cells relies heavily on sufficient tumor blood flow
(TBF) (34). The cancer vasculature is disorganized, characterized by excessive
branching. The larger, dilated vessels serve as shunts between veins and arteries,
decreasing blood flow in capillaries and leading to heterogeneous distribution of blood
supply in cancer tissue (35). Moreover, the increased coagulation in cancer blood vessels
is another source of TBF heterogeneity (36). Therefore, the heterogeneous TBF hinders
effective drug delivery to the cancer tissue (37, 38). Thus, improving TBF is the first step

towards the augmentation of drug delivery to the cancer tissue.

Mild HT for 30-60 min is known to cause immediate and sustained increase in TBF (39,
40). mEHT was demonstrated to elevate TBF in cervical carcinoma patients at the end of
60 min heating (41). The main mechanism of TBF enhancement involves the vasodilation
of the blood vessels in the cancer and adjacent normal tissues, as well as the reduction of
blood viscosity (41). This was confirmed by a decline in the resistance index (RI) and

S/D ratio (peak systolic velocity/end-diastolic velocity ratio) within blood vessels (41).

Besides improving TBF, mEHT conveys the advantage of inducing direct cellular
changes in cancer cells, augmenting the efficacy of anti-cancer drugs. The direct anti-
cancer effects of mEHT involves apoptosis induction (15), proliferation inhibition (19),
cell cycle arrest (42), and the immunomodulatory effects (43). Thus, mEHT can
synergistically improve the clinical outcome of the anti-cancer agents. In the clinic,
combining mEHT with platinum-based chemotherapy in recurrent cervical cancer
significantly improved the overall response (complete remission + stable
disease/progressive disease) to the treatment compared to patients treated with
chemotherapy alone (44). Furthermore, this combination increased the PFS compared to

chemotherapy alone in cervical cancer patients with lymph node metastasis (45). In



another study, mEHT combined with 5-florouracil (5-FU), folinic acid, and oxaliplatin
(FOLFOX) achieved complete pathological and clinical remission in a patient with a
locally invasive rectal adenocarcinoma (46). Consistent with these findings, complete
response was observed in 21 advanced ovarian cancer patients treated with a combination
of mEHT, paclitaxel and carboplatin (47). Moreover, administration of mEHT in
combination with bevacizumab, anti-vascular endothelial growth factor, and FOLFOX
prolonged the PFS of 40 patients with metastatic colorectal cancer (48). Furthermore, the
addition of mMEHT to the standard treatment with chemotherapy, hormone therapy, and
radiation therapy achieved partial response and disease stability in 30 % of patients with

advanced breast cancer (20).

1.3. Doxorubicin

1.3.1. Mechanism of action, side effects

Doxorubicin (DOX), marketed under the brand name Adriamycin, belongs to the
anthracycline class of anti-cancer drugs and stands out as one of the most potent agents
within this category. It was discovered in 1969 as a byproduct of a mutated
Streptomyces peucetius (49). DOX is frequently utilized, either alone or in combination
with other chemotherapy medications, for the treatment of various cancer types such as
breast (50), ovarian (51), bladder (52), and lung (53). Its mechanism of action involves
intercalating into the DNA and subsequently inhibiting topoisomerase-I1-mediated DNA
repair (54). Additionally, the cytotoxicity of DOX is attributed to the significant role
played by the generation of free radicals (55). Ultimately, DOX results in cancer cell death
(56). DOX-induced apoptosis is mainly a caspase-dependent apoptosis, which is
characterized by the elevation of cleaved caspase-3 (cC3), the main effector of apoptosis
(57). Furthermore, DOX inhibits cancer cell proliferation, demonstrated by reduced Ki67

expression, a commonly used proliferation marker (58).

Despite its efficacy, the utilization of DOX is constrained by the occurrence of adverse
effects, notably cardiotoxicity (59) and myelosuppression (60). The primary dose-
limiting side effect of DOX is cumulative dose-related cardiotoxicity (59). In the clinic,

the cumulative DOX dose is typically capped at 400-450 mg/m? (61). Nevertheless, even



at lower cumulative doses (approximately 300 mg/mz2), subclinical cardiomyopathy may
still manifest (62).

The severity of DOX-induced cardiotoxicity can range from asymptomatic
electrocardiography (ECG) changes to decompensated cardiomyopathy characterized by
a reduced left ventricular ejection fraction. DOX-induced cardiotoxicity can be
categorized into three types: acute, early-onset chronic, and late-onset chronic (63). Acute
toxicity is relatively uncommon, occurring either during or shortly after the completion
of the treatment. It manifests as pericarditis, tachycardia, and ECG changes, including T-
wave flattening in the left chest lead (v3—6) and prolonged QT intervals (64). The early-
onset chronic toxicity appears within a year following DOX administration, while the
late-onset chronic toxicity occurs one or more years after treatment cessation (65).
Chronic toxicity is primarily characterized by congestive heart failure, with a 36% risk of
incidence at cumulative doses exceeding 600 mg/m2 (66).

1.3.2. Limitations of the FDA-approved liposomal doxorubicin formulations

Several strategies have been exploited to enhance the efficacy and safety profile of DOX.
The most common approach is encapsulation into liposomes. Two liposomal
formulations of DOX have been approved for clinical application: PEGylated liposomal
DOX (PLD), marketed as Doxil® or Lipodox® (generic Doxil®) in the US and Caelyx®
in Europe, and non-PEGylated liposomal DOX known as Myocet®, available in Europe
and Canada (67). The authorized formulations have demonstrated a decrease in
cardiotoxicity and haematological toxicity compared to free DOX (68, 69). PEGylation,
which involves attaching polyethylene glycol (PEG), has been utilized to extend
circulation half-life and decrease uptake by the reticuloendothelial system (RES) (70).
PLD extravasates through the porous vasculature of tumors, leading to improved delivery
to the cancer site (71). The primary toxicity associated with PLD is the mucosal and
cutaneous toxicity, which limits the administered dose (72). Hand-foot syndrome, also
referred to as palmar-plantar erythrodysesthesia (PPE), is the term used to describe the
mucocutaneous toxicity (73). Although the mechanism of this dose-limiting adverse

effect is not fully elucidated, it is partially attributed to the presence of the PEG group

10



and the long circulation half-life. Furthermore, the local pressure was demonstrated to
contribute to the PLD-associated PPE (73, 74). The role of local pressure was confirmed
after observing PPE syndrome in other skin areas subject to frequent contact pressure or
microtrauma such as groins and axillae (74). In contrast, patients treated with non-
PEGylated liposomal DOX (Myocet) did not experience PPE syndrome, underscoring the
involvement of PEG in this toxicity (75).

Although the authorized formulations offer improved safety profiles, their therapeutic
effectiveness, as determined by PFS and OS, is not superior to conventional DOX (68,
69). This non-superiority has been attributed to several potential mechanisms:
¢ Inadequate release of DOX from the liposome (76).
e Entrapment of the liposome within cellular lysosomes, restricting its delivery to
the nucleus and reducing its bioavailability (77).
e Tumor delivery of liposomes rely solely on the enhanced permeability and
retention (EPR) effect of the tumor (Fig. 2). Thus, they can passively extravasate
through the leaky vasculature of the tumor into the tumor interstitium. However,

this extravasation can be limited by:

> The significant heterogeneity of the EPR effect within the tumor and
between cancer types (78)

» Certain cancer types, like pancreatic cancer, demonstrate poor EPR due to
dense fibrous tissue (79), while hematologic malignancies such as
leukaemia and lymphoma do not exhibit the EPR effect (80).

» Most solid cancers are characterized by elevated interstitial fluid pressure
(IFP) (81), which further complicates the distribution of liposomes.
Interaction with components of the extracellular matrix (ECM) can also

impede the spread of liposomes to distant regions of the cancer tissue (82).
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Figure 2. The principle of the EPR effect. In healthy tissues, the blood vessels are intact,
which stops liposomes from passing the capillary wall. In contrast, cancer tissues have
leaky blood vessels and poor lymphatic drainage, allowing liposomes to extravasate and
accumulate. However, the deep penetration of these liposomes is obstructed by the high
interstitial fluid pressure (IFP) and the dense extracellular matrix (ECM) (83, 84) (Created

with BioRender.com).

1.3.3. Thermo-sensitive liposomal doxorubicin

Thermo-sensitive liposomes (TSLs) are spherical vesicles consisting of phospholipids
that undergo a phase transition from a solid gel to a liquid-crystalline state at a
temperature higher than the body's normal temperature, which is known as the melting
phase transition temperature (Tm) (85). In the gel phase, the phospholipids remain well-
arranged and immobile with fully extended hydrocarbon tails, maintaining the
impermeability of the liposome membrane. As the temperature approaches the Tm, the
phospholipid heads become mobile, causing a shift in the configuration of the C-C single
bonds in the hydrocarbon chains from trans to gauche. This increase in the gauche
conformers in the lipid hydrocarbon chains results in a loosening of the lipid packing (86).
At this point, leaky and highly disordered microscopic regions start to form at the
interface between the membrane domains that have become liquid and the ones that are
still in the gel phase. Those permeable regions are called grain boundaries. The liposome
membrane becomes completely fluid and permeable, facilitating the release of drugs at

temperatures exceeding the Tm (Fig. 3 A) (67).
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Tm = 41.4 °C) is the main
component in all TSL formulations, and is typically mixed with small amounts of
phospholipids possessing a higher Tm, such as 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) (Tm = 54.9 °C), to enhance the membrane stability (87). The
combination of DPPC and DSPC was initially introduced as a TSL formulation by Yatvin
et al. in 1978 and is currently known as traditional thermosensitive liposomes (TTSL)
(Fig. 3 A). However, a notable limitation of this formulation was its slow and limited
drug release rate (88). Thus, in more advanced TSL formulations the aim is to enhance
drug release by modifying the lipid bilayer using lysolipids, synthetic polymers and
phosphatidylglycerol lipids.

grain boundaries (| permeability)

A). Traditional thermosensitive liposome “f

ﬂ DPPC in solid phase
% x DPPC in liquid phase
o ® ‘e

' i g MSPC
Solid phase Liquid phase & Tox
v

B). LyS o- thermosensitive lip osome stable grain boundaries ({permeability)

Figure 3. The difference between traditional thermosensitive liposomes (TTSL) (A)
and lyso-thermosensitive liposomal DOX (LTLD) (B) during the phase transition.
Lysolipids stabilize the grain boundaries, leading to a fast DOX release. Based on our

review (67).

1.3.4. Lyso-thermosensitive liposomal doxorubicin (LTLD)
The prefix "lyso" refers to the removal of one of the two fatty acid chains in phospholipids
through hydrolysis (89). As a result, lysolipids are small bioactive lipid molecules with

only one acyl chain instead of two. Examples include mono-stearoyl-2-hydroxy-sn-

13



glycero-3-phosphocholine  (MSPC) and mono-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (MPPC) (90). Unlike DPPC and DSPC, which make up TTSL and
contain two acyl chains, lysolipids have the 2-hydroxy-sn-glycero-3-PhosphoCholine

complexed with just one stearoyl or palmitoyl residue (91).

Incorporating these shorter lysolipids into the TSL membrane significantly enhances the
release of DOX. It is hypothesized that lysolipids accumulate in the grain boundaries,
forming stable pores in the lipid bilayer during the phase transition. This phenomenon
leads to increased membrane permeability and rapid release of DOX from the liposome
at the heated tumor (approximately 80% of DOX released at 40-42 °C) (90, 92, 93) (Fig.
3B). This concept was initially introduced in 1999 by Needham, who incorporated 10%
MPPC into PEGylated DPPC membranes of TTSL (DPPC:MPPC:DSPE-PEG-2000,
molar ratio 90:10:4) (94). Subsequently, Needham et al. and Kong et al. assessed this
formulation in mice with human squamous cell carcinoma xenografts (FaDu),
demonstrating increased DOX accumulation in tumors and inhibition of tumor growth
following treatment with LTLD at 42 °C compared to treatment with TTSL and non-TSL
liposomes (NTSL) (94, 95)

In contrast to PLD, LTLD releases DOX directly into the bloodstream within the heated
tumor, allowing DOX to diffuse from the blood vessels into the tumor interstitium (Fig.
4). This intravascular release strategy enhances DOX accumulation in the tumor and
circumvents reliance on the EPR effect (96). A histological examination conducted by
Manzoor et al. showed that treatment with LTLD combined with HT doubled the
penetration of DOX compared to treatment with Doxil combined with HT (96).
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Figure 4. Principle of the lyso-thermosensitive liposomal doxorubicin (LTLD).
LTLD releases DOX in the tumor's bloodstream when exposed to mild hyperthermia (39-
42°C). The released DOX then diffuses from the blood vessels into the tumor interstitium,
guided by the concentration gradient. Based on our review (83) “Created with

Biorender.com”.

Due to the short circulation time, the timing of LTLD administration (i.e., before or during
HT) is critical for maximizing the potential clinical benefits. Previous preclinical studies
have predominantly applied HT immediately after (97, 98) or shortly before LTLD
administration (99, 100). Ponce et al. illustrated that tumor DOX levels doubled when
LTLD was injected during HT compared to 15 minutes before HT (99). This enhancement
in tumor DOX levels correlated with improved anti-cancer efficacy in rats with
fibrosarcoma (99). Furthermore, LTLD infusion during HT led to a greater DOX
accumulation in the bladder wall of pigs with bladder cancer compared to the combination
of DOX and HT (101).

LTLD (Thermodox®, Celsion corporation) is the first TSL to reach clinical trial. Despite
successful phase I trial (102), two phase IlI clinical trials (HEAT (103) and OPTIMA
(104)), combining LTLD with radiofrequency ablation (RFA), did not meet the primary

and secondary endpoints in hepatocellular carcinoma (HCC) patients. The lack of efficacy
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in these phase 111 trials may be due to their similar design, which involved the same cancer
type (HCC), single LTLD administration, and RFA to trigger DOX release (67, 105).
Additionally, RFA causes heat diffusion from the ablative zone (T > 50°C) into the tumor
margins (T: 39-40°C), where DOX is released from LTLD. An intermediate zone with
vascular shunts can form between these regions, obstructing DOX delivery (106). This
highlights the need to develop new HT modalities to activate LTLD effectively. The
cancer-selective heating of mMEHT might introduce it as a more efficient induction of
DOX release from LTLD within the tumor.

1.4.  Digoxin as an anti-cancer drug

Digoxin, a cardiac glycoside, serves as a medication for various heart problems such as
congestive heart failure, and cardiac arrhythmias (107). Several studies have
demonstrated anti-cancer effects of digoxin in different cancer models. These effects
involved apoptosis induction (108, 109), proliferation inhibition (109, 110) and
angiogenesis inhibition (108). Consequently, digoxin inhibited tumor growth in different
cancer mouse models, including non-small cell lung cancer (111), and neuroblastoma
(112), although such inhibitory effects were not observed after digoxin monotherapy in
pancreatic (113), and prostate (114) cancer mouse models. Moreover, digoxin
synergistically enhanced the efficacy of doxorubicin (115) and gemcitabine (113) in vivo.
In TNBC, digoxin was demonstrated to induce apoptosis and reduce the proliferation of
human TNBC cells in vitro (110). However, the in vivo efficacy of digoxin has not been
investigated before in TNBC. Thus, in this study, we investigated the anti-cancer effects
of digoxin in combination with mEHT.
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2. Objectives
In the studies described in the present dissertation, we investigated the effects of mEHT
on the delivery and efficacy of agents used in cancer therapy in vivo. In particular, we
evaluated whether mEHT can:
e Enhance the cancer-specific delivery of DOX-encapsulated in lyso-
thermosensitive liposomal doxorubicin (LTLD)
e Improve the cancer cell death of DOX-encapsulated in LTLD compared to free
DOX and PEGylated liposomal doxorubicin (PLD)
e Augment apoptosis induction and proliferation inhibition of DOX-encapsulated
in LTLD

e Synergistically enhance tumor growth inhibition by digoxin

17



3. Methods

3.1.  Doxorubicin formulations

LTLD (Thermodox,) was provided by Celsion Cooperation (Lawrenceville, NJ, USA) in
a frozen form. Each vial was filled with 15 ml of LTLD containing Doxorubicin
hydrochloride at a concentration of 2 mg/ml. Post-thawing, the LTLD was portioned into
3 ml aliquots to prevent repeated freeze-thaw cycles and subsequently stored at -80°C.
The PLD (Caelyx, 2 mg/ml) was supplied by Baxter Holdings (Utrecht, Netherlands).
Prior to administration, both LTLD and PLD were diluted with 0.9% NaCl. Doxorubicin
hydrochloride (MedChem Express, Monmouth Junction, USA, Cat. No. HY-15142) was
dissolved in 0.9% NaCl to prepare a 1 mg/ml solution for use on treatment days.

3.2.  Cellline

Murine 4T1 triple negative breast cancer (TNBC) cell line was obtained from Judy
Lieberman (Lieberman Laboratory, Harvard University, Boston, MA, USA). 4T1 cells
were grown in Dulbecco’s Modified Essential Medium (DMEM) with 4.5 g/L glucose,
but without L-glutamine and Phenol Red (Capricorn Scientific, Ebsdorfergrund,
Germany, Cat. No. DMEM-HXRXA). The medium was supplemented with 10% Fetal
Bovine Serum (FBS, South America Origen, EU approved, Eu-roClone S.p.A., Pero,
Italy, Cat. No. ECS0180L), 10% Penicillin-Streptomycin mixture (Capricorn Scientific,
Ebsdorfergrund, Germany, Cat. No. PS-B) and L-glutamine 200 mM (Capricorn
Scientific, Ebsdorfergrund, Germany, Cat. No. GLN-B). The cells were kept at 37 °C in
a humidified 5% CO2 incubator.

3.3. Animals

Female BALB/c mice aged six to eight weeks were housed under minimal disease (MD)
conditions at the Animal Facility of the Basic Medical Science Center of Semmelweis
University. Mice had unlimited access to tap water and standard mouse chow ad libitum
and were kept on a 12-hour dark/light cycle. The housing and testing of the animals
complied with Hungarian animal protection and welfare laws No. XXVI111/1998 and
LXVI11/2002, and with the directives of the European Union. All animal experiments
received approval from the Pest County Government Office (PE/EA/50-2/2019).
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3.4. mEHT treatment

Mice were treated with mEHT using a LabEHY 200 device (Oncotherm Kft., Budadrs,
Hungary) (Fig. 5A), in accordance with the methods previously described (15, 19). The
mMEHT device produces an amplitude-modulated (AM), 13.56 MHz radiofrequency
electromagnetic field through capacitive coupling between an adjustable upper electrode
and a temperature-adjustable lower electrode. The lower electrode is connected to the
mMEHT device via a heating cable and radiofrequency (RF) cable (Fig. 5B), which allows
for thermal regulation to maintain the mouse's body temperature within the physiological
range during anaesthesia. In addition, the device is linked to a computer, enabling the
adjustment of treatment parameters such as modulation, duration and power through the
LabEHY software (Oncotherm Kft., Budaors, Hungary).

Upper
electrode
-

Lower

electrode

sensor

controller
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Figure 5. Modulated electro-hyperthermia (mMEHT) treatment device for mice. (A)
LabEHY 200 device. (B) Setup for mEHT treatment. (C) A mouse undergoing mEHT
treatment (93).

Anesthesia of mice was induced with 5% isoflurane and maintained with 1.5-2%
isoflurane. The mice were placed on the heating pad (i.e. the lower electrode), with the
upper electrode fixed on the skin over the tumor. After a 3-minute warm-up period, the
mice were treated with mEHT for 30 min at 0.7 = 0.3 watts. Four temperature sensors
were employed to record the temperature of the skin over the tumor, the rectum, the
heating pad, and the room (Fig. 5C) (15, 19). During the treatment, the skin temperature
was maintained at 40 °C, leading to a tumor temperature of 42.5 °C, as described earlier
(15, 19). The temperatures of the rectum and the heating pad were 37 °C throughout the

treatment.

3.5.  Tumor growth inhibition study

Orthotopic breast tumors were induced in female BALB/c mice by subcutaneous injection
of 1 x 108 4T1 cells in 50 pL Phosphate Buffered Saline (PBS) into the fat pad of the
fourth mammary gland. The inoculation was performed under anesthesia with 5%
isoflurane for induction and 1.5-2% isoflurane for maintenance. Eighth days after the
implantation of 4T1 cells, tumor size was measured using ultrasound (US) and digital

caliper as described earlier (15).

Three tumor growth inhibition studies were conducted. In the first study, we aimed to
compare the effects of (NEHT+LTLD) to other DOX formulations. Therefore, on the 8™
day after inoculation the mice were randomized into 7 groups according to tumor volume
and body weight: sham+veh, sham+DOX, sham+PLD, mEHT+veh, mEHT+DOX,
MEHT+PLD and mEHT+LTLD (n=5-6/group). The LTLD+sham group was omitted
from this study because LTLD is not used in the clinic without hyperthermia (103, 116-
118) (Table 1).
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Table 1. Experimental Groups and number of mice per group

mMEHT sham
vehicle (saline 0.9%) 5 5
free DOX 6 6
PLD 5 6
LTLD 5 -

Based on our pilot study results, we selected a 7.5 mg/kg dose of DOX for this study, out
of the three previously tested doses (5, 7.5, and 10 mg/kg). In that pilot study, DOX at 10
mg/kg dose resulted in a 20% body weight loss, while the 5 mg/kg dose was ineffective

in inhibiting tumor growth.

In the first study, we injected DOX, PLD and LTLD at a dosage of 7.5 mg/kg into the
retro-orbital venous plexus, while the sham and mEHT groups were treated with
equivalent volumes of 0.9% saline. Following findings from our pilot study, LTLD was
slowly infused over a 3-minute period to prevent any potential hypersensitivity reactions.
Immediately after drug administration, mEHT was performed for a duration of 30
minutes. The combined treatment was repeated three times at intervals of 72 hours (Fig.
6). Tumor volume and body weight were regularly monitored during the study. Body
weight changes served as an indication of systemic toxicity. Euthanasia was performed
24 hours after the final treatment by cervical dislocation, and tumor tissues were excised.
Half of each tumor specimen was kept in 4% formaldehyde solution (Molar Chemicals
Ltd., Hal&sztelek, Hungary) for histological examination, while the remaining half was
preserved in liquid nitrogen at -80 °C for subsequent molecular analysis.

mEHT US mEHT us
| // | | | | | | | | |
| 77 ] | | | | | | | |
0 8 9 10 11 12 13 14 15 16
Inoculation  Randomization

Harvest
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Figure 6. The schedule of the tumor growth inhibition study (93).

In the second study, we monitored tumor growth for 5 days after the third mEHT
treatment to determine the time at which the tumor stops shrinking. Mice were divided
into three groups based on the results of the first experiment: sham+veh (n=5),
MEHT+PLD (n=7), and mEHT+LTLD (n=9). We used the same experimental protocol
as in the first study.

In the third study, we evaluated the effectiveness of combining mEHT with digoxin
(Merck Life Science Kft., Cat. No. D6003). However, mice were treated with mEHT four
times with a 48-h interval. Additionally, a daily intraperitoneal injection of digoxin at a
dose of 2 mg/kg was given. Mice in the mEHT and sham groups were given equivalent

volumes of saline. Digital caliper was used to evaluate the tumor size.

3.6.  Invivo optical imaging of DOX accumulation in the cancer tissue

DOX accumulation in the cancer tissue was tracked by an in vivo imaging system (IVIS®
Lumina XRMS Series Il Imaging System, PerkinElmer). Mice (n=3) injected with 7.5
mg/kg DOX, PLD, and LTLD, with or without mEHT, underwent imaging at 1 and 24
hours after the treatment. The fluorescence signal of DOX was excited at 620 nm and
captured at 500 nm using emission filters. Spectral unmixing method was applied to
eliminate the autofluorescence background. The captured images were analysed using
Living Image® 4.5 Software (PerkinElmer, Inc, Waltham, MA, USA). DOX fluorescence
intensity was measured in efficiency units, defined as the ratio of detected emission
radiance (photons (p)/second (s)/steradian (sr)/area(cm2) to excitation radiance
(uW/cm2) (119). This efficiency unit was quantified in the tumor by delineating a region

of interest (ROI) covering the tumor.

3.7.  Histopathological analysis

Tumor samples were first fixed in 10% neutral-buffered formalin before embedding in
paraffin. Formalin-fixed paraffin-embedded (FFPE) samples were then sectioned into 2.5
pum slices on a microtome at room temperature. The resulting serial sections were

mounted onto glass slides and incubated in a thermostat (65°C for 1 hour). For
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hematoxylin-eosin (H&E) staining, the tumor sections underwent deparaffinization and
rehydration in xylene and descending concentrations of ethanol, respectively. After
rehydration, the tumor sections were incubated with hematoxylin (#05-M06002, Bio
Optica, Milano, Italy) for 10 minutes, blued for an additional 10 minutes, and incubated
with eosin (#05-M10007, Bio Optica, Milano, Italy) for 5 minutes. The stained sections
underwent dehydration using increasing concentrations of ethanol and xylene before
being mounted with Bio Mount HM (#05-BMHM508, Bio Optica, Milano, Italy).
Subsequently, the H&E-stained sections were scanned for further digital evaluation. Case
Viewer image analysis software (3DHISTECH, Budapest, Hungary) was used to analyse
the scanned images. The analysis was performed as described previously (120). Briefly,
we distinguished damaged from viable areas under high digital magnification for each
scanned tumor sample (Fig. 7). The Tumor Destruction Ratio (TDR) % was then

calculated by dividing the damaged area by the total tumor area.

Viable area Damaged area

G WW'- "‘!i;";";‘ N
13

Sy RIS

Figure 7. Comparison of damaged and viable tumor regions on hematoxylin-eosin-

stained sections. Damaged area is circled in red, while the entire tumor area is circled in

blue, with annotations indicating the distinction (93).
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IHC for cleaved caspase3 (cC3) and Ki67 was conducted utilizing a polymer-peroxidase
system (Histols, Histopathology Ltd., Pécs, Hungary), following previously established
protocols (15). Briefly, tumor sections were deparaffinized, rehydrated, and treated with
3% H20- in methanol for 15 minutes to block endogenous peroxidases. Antigens were
retrieved by incubating the slides in Tris—-EDTA (TE) buffer pH 9.0 for 20 minutes in an
Avair electric pressure cooker (ELLA 6 LUX, Bitalon Kft, Pécs, Hungary). 3% bovine
serum albumin (BSA, #82-100-6, Millipore, Kankakee, Illinois, USA) was added for 20
min to block nonspecific protein binding. Tumor sections were then incubated with the
diluted primary antibodies overnight at room temperature in a humidity chamber.
Subsequently, the sections were incubated with peroxidase-conjugated secondary anti-
rabbit and anti-mouse 1gGs (HISTOLS-MR-T, micropolymer -30011.500T,
Histopathology Ltd., Pécs, Hungary) for 40 minutes. The enzyme activity was detected
under a microscope using a 3,3’-diaminobenzidine (DAB) chromogen/hydrogen peroxide
kit (DAB Quanto-TA-060-QHDX-Thermo Fischer Scientific, Waltham, MA, USA).
Finally, slides were scanned, and digitally assessed using the QuantCenter module of
Case Viewer software by adjusting the intensity, color, and saturation within the
annotated area. The expression of cC3 was evaluated across the entire tumor area and
represented as the relative mask area (the ratio of the masked area to the whole annotated
area). For Ki67 staining, the number of strongly Ki67+ nuclei were counted within the
viable area. However, due to staining issues, data on Ki67 are unavailable for three

samples. Table 2 provides a summary of the antibodies and dilutions utilized for IHC.

Table 2. Antibodies and dilutions utilized in immunohistochemistry (IHC) and
western blot (WB)?.

Antigen type reference.no  method dilution  vendor?
_ IHC 1:1600 ) )

cC3 rabbit, mAb #9664 Cell Signalling

wWB 1:1000
) _ IHC 1:50 _

Ki67 rabbit, mAb #MA5-14520 Invitrogen
wB 1:100

B-actin  mouse, mMAb  #ab6276 WB 1:5000 Abcam
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'mAb: monoclonal antibody. cC3: cleaved caspase3, Ki67: proliferation marker, RRID:
Research Resource ldentifier. 2Vendor specifications: Cell Signaling (Danvers, MA,
USA), Invitrogen (Waltham, MA, USA), Abcam (Cambridge, MA, USA)

3.8.  Western blot

Total protein was isolated from tumor samples using TRI1zol reagent (Molecular Research
Center Inc., Ohio, USA) following the manufacturer’s instructions. Twenty micrograms
of the isolated protein were loaded per well and separated on 12% SDS-PAGE. The
separated proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane
(#1704156, Bio-Rad, Hercules, CA, USA). The membrane was cut into two strips to
probe the same membrane for two proteins simultaneously. Blocking and antibody
dilutions were performed in a Tris-buffered saline, supplemented with 5% skim milk and
0.05% Tween 20. The membrane was incubated with a primary antibody specific for cC3,
Ki67 or B-actin overnight at 4 °C (Table 2). Following washing steps, the membrane was
incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for an
hour. Detection and visualization of the chemiluminescent signal was conducted by ECL
Prime Western Blotting Detection Reagent (#RPN2232, Cytiva, MA, USA), and CHEMI
Premium Imager (VWR, Radnor, PA, USA). The expression of proteins of interest was

analysed by Image J software and normalised to (3-actin.

3.9.  Statistical analysis

The data are presented as mean + SEM. Statistical analysis was performed using
GraphPad Prism software (v.6.01; GraphPad Software, Inc., La Jolla, CA, USA). Two-
way ANOVA followed by Tukey’s post-hoc test was used to compare the changes in
tumor volume, DOX accumulation in the tumor, and the body weight of the mice between
groups. The normality of the data was assessed using the Kolmogorov—-Smirnov test, and
the homogeneity of variances in the groups was assessed using Bartlett's test. Since the
data were normally distributed and variances of the groups were homogeneous, one-way
ANOVA was used to compare tumor weights and expression of cC3 and Ki67 between

the groups. The null hypothesis was rejected if * p < 0.05.
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4. Results

4.1. mEHT improved tumor growth inhibition of DOX encapsulated in LTLD
Ultrasound and caliper recordings showed continuous tumor growth over time in the
sham+vehicle-treated group (Figure 1A, B), leading to the heaviest tumors at the end of
the observation period (Fig. 8C). While most treatments reduced tumor growth compared
to the sham+vehicle group, mMEHT+PLD- and mEHT+LTLD-treated mice carried the
smallest tumors at the study's end (Fig. 8A, B).

Upon study termination, the largest tumors were observed in the sham+vehicle and
sham+DOX groups. Tumors were smaller in the sham+PLD, mEHT+vehicle, and
mEHT+DOX groups, while the smallest tumors were seen in the mEHT+PLD and
mEHT+LTLD groups, as illustrated by the photos (Fig. 8D) and the tumor weight curve
(Fig. 8C). Although mEHT+LTLD tumors were smaller than mEHT+PLD tumors (Fig.
8D), this difference was not statistically significant (Fig. 8C). However, mEHT+LTLD
was the only treatment to reduce tumor weight significantly as compared to mEHT+DOX
(Fig. 8C)
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Figure 8. The impact of different treatments on tumor growth in 4T 1-tumor bearing
mice. mEHT: modulated electro hyperthermia, DOX: doxorubicin, PLD: PEGylated
liposomal DOX, LTLD: lyso-thermosensitive liposomal DOX. (A) Ultrasound (US) and
(B) digital caliper data following three mEHT treatments (indicated by dotted lines). (C)
Tumor weight. Data are presented as mean+SEM. (D) Pictures of all excised tumors. Each
row displays all tumors in that respective group. (A, B) Two-way ANOVA followed by
Tukey’s post hoc test, (C) one-way ANOVA followed by Tukey’s post hoc test, n= 5-
6/group, *: p <0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 (93).

In the second study, we investigated the tumor growth inhibitory effects of PLD and
LTLD for 5 days after three mEHT-treatments. Notably, mEHT+LTLD exhibited
significantly superior efficacy in inhibiting tumor growth compared to mMEHT+PLD (Fig.
9A, B, C). Based on the ultrasound measurements, this difference was already significant
after two treatments (Fig. 9A). Tumors subjected to either mEHT+LTLD or mEHT+PLD
stopped growing after the second treatment and showed no signs of growth during the 5-

day observation period after the last treatment (Fig. 9A). At the end of the study, tumors
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treated with mEHT+LTLD were smaller compared to those treated with mEHT+PLD
(Fig. 9B, C).

us
800 = mMEHT mEHT  mEHT 600+ dekdek
: : : -o- Sham+ veh kk
mEHT+ PLD
—— mEHT+LTLD

Tumor weight (mg)
w
S

8 10 12 14 16 18 20 22

days after inoculation 6‘;‘ «KQ\/ «x\;\\’
a}& 6\@@ Q/’?‘
&

C

Sham+ veh

mEHT+ PLD

SoO*wLeOSOOCOTSE

mEHT+ LTLD

>S90 e

12 mm

Figure 9. Effects of PLD and LTLD on tumor growth during a 5-day follow-up after
treatment cessation in 4T1-tumor bearing mice. (A) Ultrasound (US) results. (B)
Tumor weight. (C) Pictures of all excised tumors. Each row displays all tumors in that
respective group. Data are presented as mean + SEM, (A) two-way ANOVA followed by
Tukey’s post hoc test, (B) one-way ANOVA followed by Tukey’s post hoc test, n= 5-9/
group, *: p <0.05, **: p <0.01, ***: p <0.001, ****: p < 0.0001 (93).

4.2.  mEHT accelerated the cancer tissue accumulation of DOX encapsulated in
LTLD

One hour after the treatments, the in vivo imaging system (IVIS) did not show any DOX

fluorescence signal in tumors treated with sham+DOX, sham+PLD, mEHT+DOX, and

mEHT+PLD. Conversely, a strong DOX fluorescence signal was observed in tumors

treated with mEHT+LTLD, indicating the highest accumulation of DOX in the tumors in

the mEHT+LTLD group already at one hour. After 24 h, a 30% reduction was detected
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in the DOX fluorescence signal in tumors treated with LTLD+mEHT. At this time point,
PLD-treated and mEHT+PLD-treated tumors also exhibited DOX autofluorescence,
comparable to LTLD-treated tumors (not significant) (Fig. 10 A, B.).
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Figure 10. IVIS images illustrating DOX accumulation in cancer tissues at 1 and 24
hours after treatments in 4T1-tumor bearing mice. (A) Optical images of mice (DOX
fluorescence signal depicted in yellow and red colors). (B) Quantification of DOX
fluorescence intensity as total efficiency. Data are presented as mean = SEM, Two-way
ANOVA followed by Tukey’s post hoc test, n= 3/ group, * p <0.05, ** p <0.01 and ***
p <0.001 (93).
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4.3. mEHT+LTLD augmented the cancer tissue damage

Cancer cell damage was estimated on H&E-stained tumor sections by calculating the
TDR. TDR was calculated by dividing the damaged area by the whole tumor area and
expressed as %. The damaged tumor tissue was paler than the viable tissue on H&E-
stained tumor sections. Small, damaged areas were observed in sham+vehicle- and
sham+DOX-treated tumors. mEHT significantly increased the TDR compared to
sham+vehicle, sham+DOX and sham+PLD groups. TDR was significantly higher in the
PLD-treated group than in the sham+DOX group. Moreover, mEHT+PLD increased the
TDR compared to PLD alone. TDR was significantly higher in the mEHT+LTLD group
than in all other groups except the mEHT+PLD group. Although there was a small
difference, mMEHT+LTLD did not result in a significantly different TDR compared to
mEHT+PLD (Fig. 11A, B).
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Figure 11. Tumor destruction ratio (TDR) at 24 h after the third mEHT treatment.

(A) Viable (blue) and damaged (red) areas are evaluated on hematoxylin-eosin-stained
sections. (B) TDR (%) is presented as the percentage of damaged area relative to the
whole tumor area on hematoxylin and eosin-stained sections. Data are presented as
mean=SEM, (B) one-way ANOVA followed by Tukey’s post hoc test. n= 5-6/ group, *
p <0.05, **: p<0.01, ***: p <0.001, ****: p < 0.0001 (93).



44. mEHT+LTLD enhanced caspase-dependent apoptosis

Apoptosis was evaluated 24 h after the last treatment by measuring cC3 expression in
tumor tissues using IHC and western blot. The cC3 staining appeared dark brown on the
IHC-stained tumors. The degree of cC3 staining significantly correlated with the TDR
(R2=0.73, p < 0.0001) (Fig. 12C), indicating the involvement of apoptosis in cell death.
Sham+vehicle-treated tumors had small cC3-positive areas, demonstrating the lack of
significant apoptosis. DOX or PLD did not induce a significant increase in cC3 staining
compared to sham+vehicle. In contrast, mEHT-treated tumors had larger cC3-positive
areas than tumors treated with sham or DOX alone. Combining mEHT with DOX or PLD
did not increase the degree of cC3 staining. However, cC3 staining was the most intensive
in MEHT+LTLD-treated tumors (Fig. 12A, B). Similarly, western blot demonstrated the
strongest cC3 protein expression in mMEHT+LTLD-treated tumors (Fig. 12 D, E).
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Figure 12. Expression of cleaved caspase3 (cC3) 24 h after the third mEHT
treatment. (A) Representative cC3-immunostained sections at 42x magnification, with
cC3-positive tumor cells appearing brown. (B) Quantification of relative cC3 staining in
the tumors. (C) Correlation between cC3-stained area and TDR (%). (D) Representative
images of western blot. (E) Quantification of cC3 levels by western blot. Data are
presented as Mean + SEM, (B, E) one-way ANOVA followed by Tukey’s post hoc test.
(C) Linear regression, n=5-6/ group, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <
0.0001 (93).
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45. mEHT+LTLD mitigated cancer cell proliferation

The proliferation of cancer cells was studied by evaluating the expression of Ki67
proliferation marker in the tumor at 24 h after the last treatment using IHC and western
blot. Ki67-positive (Ki67+) nuclei were stained brown in the viable areas of the tumor.
The highest number of Ki67+ nuclei was in the (sham+vehicle)-treated tumors. DOX and
PLD did not reduce the number of Ki67+ nuclei as compared to sham+vehicle. However,
mEHT significantly reduced the number of Ki67+ nuclei compared to tumors treated with
sham+vehicle. The number of Ki67+ nuclei was significantly lower in (MNEHT+DOX)-
treated tumors compared to those treated with mEHT or DOX alone. The proliferation
inhibition was further improved in (MNEHT+PLD)-treated tumors. However, tumors in the
(MEHT+LTLD) group had significantly fewer Ki67+ nuclei than tumors in all other
groups (Fig. 13A, B). In line with the IHC findings, western blotting analysis of Ki67
revealed the lowest Ki67 expression in tumors treated with mMEHT+LTLD (Fig. 13 C, D).
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Figure 13. Effect of various treatments on cancer cell proliferation 24 h after the
third mEHT treatment. (A) Representative images of Ki67-immunostained sections at
45x magnification. Ki67+ nuclei were stained brown and counted in the viable tumor
area. (B) The number of Ki67+ nuclei. (C) Representative images of western blot. (D)
Quantification of Ki67 levels by western blotting. Data are presented as mean = SEM, (B,
D) one-way ANOVA followed by Tukey’s post hoc test. n= 5/group, *: p < 0.05, **: p <
0.01, ***: p < 0.001, ****: p <0.0001 (93).
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4.6. All DOX formulations reduced body weight

Mice treated with either Sham+vehicle or mEHT+vehicle maintained steady body weight
throughout the study. Conversely, all mice treated with any form of DOX (DOX, PLD,
or LTLD) showed a significant decrease in body weight (Fig. 14). These groups had
similar patterns of body weight loss, and no significant differences were observed in the
kinetics of weight loss (Fig. 14).
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Figure 14. Body weight changes in 4T1-bearing mice subjected to different
treatments. Data are presented as mean + SEM, -Two-way ANOVA followed by
Tuckey’s post hoc test, n= 5-6/ group, *: p <0.05, **: p <0.01, ***: p <0.001, ****: p
< 0.0001 (93).

4.7.  mEHT+Digoxin augmented cancer cell death

Tumor volume increased constantly in sham+saline-treated mice. Digoxin monotherapy
did not influence tumor volume during or at the end of the study compared to the
sham+saline group. Although mEHT-treated tumors were smaller than sham-treated
tumors, this difference was not significant. By the end of the study, mEHT+digoxin

resulted in the smallest tumors (Fig. 15 A).
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Figure 15. Effect of mMEHT and digoxin on tumor growth and body weight in 4T1-
bearing mice. (A) Tumor volume measured by digital caliper. (B) Body weight change.
Data are presented as mean = SEM, (A, B) Two-way ANOVA followed by Tuckey’s post
hoc test, n = 6-8/group; ns: not significant, *p < 0.05, **p < 0.01 (121).

Body weight was not reduced significantly in any of the digoxin study groups, suggesting
the lack of toxicity. The body weight loss did not exceed 5 % in any of the groups. By the
end of the study, there was no significant difference in body weight loss between the
groups (Fig. 15 B).

36



5. Discussion

In the studies described in the present dissertation, we investigated whether modulated
electro-hyperthermia (MEHT) can synergistically improve the anti-cancer activity of
agents used in cancer therapy such as doxorubicin (DOX) and digoxin. A triple-negative
breast cancer (TNBC) mouse model was chosen to test the effects of mEHT in
combination with DOX or digoxin due to the aggressive nature and the limited treatment

options in this cancer type.

In the present studies, we assessed the tumor accumulation and in vivo efficacy of DOX
encapsulated in lyso-thermosensitive liposomes (LTLD) in mice subjected to mEHT,
comparing the effects with other DOX formulations. In previous studies, DOX release
from LTLD was induced by different conventional hyperthermia (cHT) methods, such as
water bath in mice (122), or RFA in pigs (123) and humans (103). However, the anti-
cancer effects of cHT primarily rely on the thermal effect, demonstrating only 1 °C AT
between the tumor and surrounding tissues, which may not be sufficient to achieve
sufficient DOX accumulation in cancer (29). On the other hand, mMEHT possesses both
thermal and non-thermal effects, achieving a AT of 2.5 °C (15). This renders the
anticancer efficacy of mEHT superior to cHT (124, 125). In addition, the greater AT may
facilitate enhanced local release of DOX from LTLD within the tumor. Due to its non-
thermal effect and higher AT, mEHT's anti-cancer effect is more targeted, potentially
reducing heat-related toxicities such as burns, frequently encountered after cHT (126). A
review (127) proposed that mEHT can be used to activate thermosensitive liposomes
(TSL). However, to date, no study has been conducted to explore this hypothesis.

Our studies revealed that treatment with mMEHT+LTLD inhibits tumor growth the most.
Notably, mEHT+LTLD demonstrated a significant reduction in tumor growth even after
the second treatment similarly to mEHT+PLD. Consistent with our findings, Needham et
al. showed that LTLD resulted in greater tumor growth reduction than PLD when both
were combined with water bath in a human tumor xenograft model (122). Moreover,
Dromi et al. demonstrated superior inhibition of tumor growth with LTLD compared to
free DOX and PLD when pulsed high-intensity focused ultrasound (pulsed-HIFU) was
used to heat the tumor(128). In pulsed-HIFU, short bursts of HIFU are applied to the
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tumor, resulting in a small temperature elevation (39-44C) (129). However, Wang et al.
exhibited that while pulsed-HIFU raised the temperature of the tumor to 44T, the
surrounding muscles were warmed up to 42°C (130). This can potentially result in a

significant release of DOX from LTLD in the surrounding tissues.

In our studies, the enhanced inhibition of tumor growth observed in mice treated with
MEHT+LTLD compared to mMEHT+PLD is explained by the acceleration of DOX tumor
delivery. A large accumulation of DOX in tumors was obtained one hour after
MEHT+LTLD treatment, which is consistent with the pharmacokinetic profile of LTLD
(90). Unlike PLD, LTLD does not rely on the EPR effect. LTLD releases approximately
80% of DOX directly into the bloodstream within the heated tumor, with subsequent
diffusion of DOX into the tumor interstitium (90, 131). In contrast, PLD extravasation is
predominantly dependent on the slow EPR effect (71). This difference in
pharmacokinetics elucidates the improvement in early accumulation of DOX in the tumor
when delivered via LTLD, but not when using PLD. Furthermore, this exclusive reliance
of PLD on the EPR effect accounts for the enhanced DOX accumulation observed in
tumors 24 hours after PLD administration (71). The decrease in tumor DOX accumulation
was expected after 24 hours of LTLD treatment, which can be attributed to the wash-out
of free DOX (132). These findings align with results from prior studies using LTLD in
mice (97, 133).

Our findings revealed that mEHT did not augment PLD-derived DOX accumulation in
the tumor, contrary to what was demonstrated in previous studies with a similar degree
of hyperthermia (42°C) (128, 134). However, Tsang et al. showed that mEHT
administered four hours after PLD-treatment could improve the cellular uptake of DOX,
whereas we performed mEHT immediately after PLD administration (135). Hence, the
timing of HT can influence cellular DOX uptake from PLD or LTLD.

Our histopathological analysis revealed that the greatest cancer damage was observed in
tumors treated with mEHT+PLD or mEHT+LTLD, likely attributed to the synergistic
effects of mMEHT and DOX in promoting apoptosis. Previous studies by our group have

demonstrated that mEHT induces caspase-dependent apoptosis (19). In the present study,
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low levels of cC3 were observed in tumors treated with DOX alone. However, cC3
expression increased significantly when various DOX formulations were combined with
mEHT, with the highest levels seen in the mEHT+LTLD group. This finding aligns with
the results of Maswadeh et al., who demonstrated that TSL+HT improved apoptosis
induction in murine fibrosarcoma compared to non-TSL+HT (136). Moreover, an in vitro
study showed that PLD was more effective than free DOX in inducing apoptosis in oral
squamous cell carcinoma CAL-27 cells. However, the effect of TSL was not evaluated
(137). In this study, we did not explore other cell death mechanisms like necrosis or
autophagy. Previously, we found that mEHT did not influence the gene expression of
autophagy-related molecules such as Beclinl, autophagy-related protein 3 (ATG 5), ATG
3, and sequestosome 1 (SQSTM1).(19). In addition, necrosis is primarily activated by
hyperthermia at temperatures above 45°C (138, 139).

DOX inhibits cancer cell proliferation (140), although in the current study, neither free
DOX nor PLD alone reduced proliferation. However, a significant inhibition of
proliferation was obtained after combining DOX with mEHT, particularly with the
liposomal formulations (LTLD and PLD). Moreover, LTLD inhibited cancer cell
proliferation much more than PLD. A previous report found that combining PLD with
HT inhibited proliferation more effectively than either HT or PLD in a 4T1 mouse model.
However, that study did not investigate the effects of TSL (141).

The current study revealed a comparable reduction in body weight of mice subjected to
treatment with DOX, PLD, or LTLD. The LTLD membrane contains 10% lysolipids,
which can dissociate from the membrane due to their interaction with plasma proteins,
resulting in DOX leakage at physiological temperatures (142, 143). Conversely, due to
the favorable pharmacokinetics of PLD, systemic toxicity is reduced (71). However, in
the present study, PLD led to notable weight reductions. Besse et al. revealed that mice
treated with LTLD at doses of 5 and 10 mg/kg experienced higher weight loss compared
to those treated with DOX and PLD. The maximum weight loss observed in that study
after LTLD treatment was 7% (144). In our study, the higher toxicity of LTLD was
attributed to multiple dose administration (3 doses), which differs from the majority of

previous preclinical studies where LTLD was given as a single dose (97, 122, 128, 144-
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147). We selected the repeated dosing in accordance with clinical practice, where
chemotherapeutic drugs and mEHT are typically used in cycles. Moreover, single dosing
of LTLD has been implicated in the failure of clinical trials (105). Consequently, in two
ongoing clinical trials, LTLD is being administered in cycles (NCT03749850,
NCT02536183).

The primary limitation to show the full efficacy of treatment with mEHT+LTLD was the
strong anticancer effect of the comparator mMEHT+PLD. Consequently, the potential for
enhancing these effects with LTLD was limited. Nevertheless, combining
thermosensitive liposomes with mEHT introduces a new, clinically significant
alternative. In this strategy, the targeted delivery of the chemotherapeutic agent to the
tumor is not dependent on the EPR, which is known to vary significantly within and
between different tumor types (78). Additionally, certain tumor types, like metastatic liver
cancer, prostate cancer and pancreatic cancer, exhibit inadequate EPR due to dense
fibrous stroma and limited blood vessel supply, hindering the penetration of nanoparticles
(79, 148).

In the current study, we also demonstrated that the combination of mEHT and digoxin
had a stronger anti-cancer effect than mEHT or digoxin alone. Digoxin monotherapy did
not achieve significant tumor growth inhibition. However, when digoxin was combined
with mEHT, a significant tumor growth inhibition was observed eight days after the first
treatment with digoxin. It is important to mention that in previous studies, digoxin was
given over a period of 14 to 40 days, at the dose of 2 mg/kg per day. On average, digoxin
needed about 14 days of treatment, alone or in combination with other anticancer agents,
to achieve significant tumor growth inhibition (111-113, 115). Thus, mEHT accelerated
the anticancer effects of digoxin. In our study, digoxin at 2 mg/kg did not cause any signs
of toxicity, as shown by lack of body weight loss. In the clinic, digoxin dose is titrated to

the serum digoxin level of 0.8 — 2 ng/ml (149).
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6. Conclusions
The studies summarized in this thesis investigated the synergism between modulated
electro-hyperthermia (mEHT) and anti-cancer therapeutics such as doxorubicin (DOX)
and digoxin in a TNBC mouse model. We concluded that:
1. mEHT can be used as a source of hyperthermia to activate thermosensitive
nanoparticles such as lyso-thermosensitive liposomal doxorubicin (LTLD)
2. mEHT+LTLD is a novel, EPR-independent approach for DOX delivery to the
cancer
3. mEHT accelerates tumor delivery of DOX from LTLD-encapsulated DOX
4. mEHT augments cancer destruction induced by different formulations of DOX,
especially LTLD
5. The synergism between mEHT and DOX is mediated by inducing apoptosis and
inhibiting the proliferation of cancer cells
6. mEHT improves the anti-cancer effect of digoxin in vivo

7. mEHT+digoxin is a safe and novel treatment option for TNBC

’ / mEHT

Novel DOX delivery Effective and safe
approach

Digoxin

T DOX delivery, efficacy T Digoxin efficacy

= Clinical investigation 4~

41



7. Summary

Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype with
limited treatment options. Modulated electro-hyperthermia (MEHT) is an adjuvant cancer
therapy that enables tumor-selective heating (+2.5 °C). In this study, we investigated
whether mEHT accelerates the tumor-specific delivery of doxorubicin (DOX) from lyso-
thermosensitive liposomal doxorubicin (LTLD) and improves its anticancer efficacy in
mice bearing a triple-negative breast cancer cell line (4T1). In addition, we explored if

mEHT enhances the cancer cell death induced by digoxin.

The LTLD+mEHT combination was more effective at inhibiting tumor growth than free
DOX or PLD, as demonstrated by reductions in both the tumor volume and tumor weight.
LTLD+mEHT resulted in the highest DOX accumulation in the cancer tissue one hour
after treatment. Cancer cell damage was associated with an increase in cC3 in the
damaged area, and a reduction in Ki67 in the viable tumor. These changes were the
strongest in the LTLD+mEHT-treated tumors. The body weight loss was similar in all
mice treated with the various DOX formulation, suggesting no difference in toxicity. In
another experiment, mEHT+digoxin combination exhibited stronger tumor inhibitory
effects than mEHT or digoxin monotherapy, without signs of toxicity.

However, the results of these studies should be supported by further investigations on
MEHT+LTLD and mEHT+digoxin in larger animals, such as pigs. As mEHT, LTLD, and
digoxin are under clinical trials, the clinical investigation of these combinations in breast

cancer patients is warranted.
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