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1. Introduction
1.1. Combinatorial drug therapies in oncology

In 1965, one of the first combinatorial therapies (a combination of methotrexate
with 6-mercaptopurine, prednisone with 6-mercaptopurine, and prednisone with
vincristine) was launched against acute lymphoblastic leukemia successfully in pediatric
patients (1, 2). Combinatorial treatments are well-used in many disease types ever since,
e.g., infectious diseases, metabolic and cardiovascular disorders, and last but not least
different cancer types (3-7). Due to the simultaneously targeted molecular pathways, the
administration of combination therapies results in higher survival rates, improved therapy
outcomes, and better quality of life for the treated patients. So, the aim of using
combination drug therapies is to increase efficacy while reducing the dose of the single
agents thus drug-associated side effects, as well as off-target effects are decreased, while
minimizing the possibility of resistance mechanisms (Figure 1) (5, 8-10).

« Potentiated antitumor activity
* Enhanced clinical outcomes
+ Reduced emergence of resistance
» Attenuation of the dose-related adverse events
» Better adherence to therapy and simplification of therapeutic regimen

Figure 1 Benefits of antitumor combination therapies

Unfortunately, the use of combinatorial drug therapies can also be challenging as the
given medications can differ in their pharmacokinetics, and drug interactions may also

occur making the co-administration more difficult (11, 12).



The challenging question is how to select the correct combinations and how to interpret
these preclinical results to be able to start a clinical trial where several clinical endpoints
are measured, e.g., overall survival as the gold standard value complemented with

progression-free survival and time to progression, among others (13).

1.1.1. Preclinical testing methods of antitumor combinatorial therapies

To simplify the selection and to prioritize the correct combinations of drugs and
drug candidates, different in silico or in vitro methods are known. The possible drug
combinations are almost endless. There are around 250 already approved cancer drugs on
the market. Theoretically, the number of possible two-way combinations is 31,125;
regardless of testing the different concentrations (2). One can see, that to be able to handle
this huge amount of work and data, next to empirical methods, (i) prediction methods, (ii)
computational modeling, (iii) drug libraries, (iv) in silico methods and (v) rational
designing are essential (14). Since 1928, when the Loewe additivity model was
introduced, various models were formed, such as the Bliss independence theorem, the
Goldie-Coldman hypothesis, and Chou-Talalay’s model (2).

Chou-Talalay’s modeling method for predicting drug combinations is based on the
mass-action law principle and is the expanded version of the Loewe additivity model (2,
15). This model allows us to recognize different relationships, not only synergism
between compounds but additivity and antagonism, too (Figure 2). According to the
literature, synergism occurs when the total effect of two or more drugs is greater than the
sum of the effects achieved when they are all given individually, antagonism occurs when
the total effect of the combinatorial therapy is lower than the effects of the given drugs
alone and additivity occurs when the combined effect of drugs given together equals the
effects of the drugs given individually (16, 17). Calculating or predicting these
interactions between the drugs presents its own challenges. Synergy often occurs from a
pharmacological perspective, but mathematically it is hardly provable (17).

In my Ph.D. work, Chou-Talalay’s median effect model was used to evaluate the
possible interactions (antagonism and synergism, respectively) of the proteasome
inhibitor bortezomib (BOZ). Antagonism was studied between alpha-lipoic acid (ALA)
+ BOZ or vitamin B1 (vit B1) + BOZ. These neuroprotective agents (ALA, vit B1) can
help managing the symptomps of side effects related to BOZ (e.g. bortezomib-induced

peripheral neuropathy (BIPN)); however, there can be a risk of antagonizing the antitumor



effect of BOZ in melanoma or in myeloma cells. Then, synergism was studied by this
model between TRAIL-inducing compound 10 (TIC10) + BOZ against melanoma and
myeloma cells, in able to define combinations of these two agents, where the dose of BOZ
is minimized while the antitumor efficacy remains with the help of the synergism with
TIC10.

We chose Chou-Talalay’s median effect model because it is highly cited (over 6000
times according to Researchgate (18), so our results can be compared to the outcomes of
experiments performed by other scientific groups and it does not require the knowledge
of any programming languages.

Single drugs Combined drugs
Drug A 3 I+ OO+ o+
Drug B SynCTrgi;stic Agcliiii\{]e Antg?cin;stic
= 3 B 3 3
£ £ £

DrugA + - + DrugA + - + DrugA + - +
DrugB - + + DrugB - + + DrugB - + +

Figure 2 Examples of synergistic, additive, and antagonistic effects evaluated by Chou-

Talalay’s median effect model (Cl: Combination index)

To quantify the relationship, the Combination index (CI) value was created that shows
the range of the relationship between the investigated drugs. Cl<1, =1, and >1 indicate
synergism, additive effect, and antagonism, respectively (19, 20). Chou and his
colleagues also developed the free Compusyn software (21), that enables the construction

of automated computerized stimulations (22).

1.2. Melanoma
Melanoma is the malignant transformation of the pigment-producing melanocytes
that are located in the stratum basale (23). The melanocytes produce melanin (eumelanin
and pheomelanin), which is responsible for the basal pigmentation of the skin, eyes, and
hair. This phenomenon has a great role in the protection of these organs from DNA-
damaging ultraviolet (UV) radiation (24, 25). Unfortunately, epidemiological analyses

show that the incidence of melanoma, as well as the mortality, has been rising in Europe.



Both extrinsic, environmental factors and intrinsic, UV-independent mutations are
important in the genesis of melanoma (26). The major extrinsic factor is the excessive
exposure to solar UV radiation that activates the melanocytes that begin to proliferate
uncontrolled and produce an increased amount of UV-absorbing melanin. The genome
integrity becomes damaged via reactive oxygen species (ROS), via misincorporation of
bases during mitosis, and via depurination or depyrimidination directly initiated by UV
radiation (27, 28). Both germline and somatic mutations can play a significant role in the
developement of melanomas (28, 29). Among patients with hereditary melanoma, the
CDKN2A mutation has one of the highest frequencies in melanomagenesis (30). The
driving somatic mutations that often appear in melanoma malignum are the BRAF, the
NF1, and the NRAS genes (31, 32). Melanoma is a highly metastatic disease. The
cancerous cells often spread from the primary tumor to different organs, e.g., to
subcutaneous tissue, followed by lungs, liver, bones, and brain (33).

The standard treatment of early-stage melanoma is the surgical removal of the tumor
and the surrounding normal tissue (29). During the late stage of the disease, when the
metastatic cells appear in distant sites of the body, the therapy becomes more difficult, as
these cells may have higher genomic variability, although, nowadays there are more
treatment options, e.g., chemotherapy, radiotherapy, photodynamic therapy, targeted
therapy and last, but not least immunotherapies such as immune checkpoint inhibitors

(23, 34). These therapies vary depending on the type of melanoma.

1.3. Proteasome inhibitors

The proteasome can be found in eukaryotic cells (35). It is a protein complex that
plays a crucial role in regulating the level of endogenous proteins while establishing
protein homeostasis (36). The 19S regulatory subunit and the 20S proteolytic subunit
together build the 26S human proteasome. The 20S proteolytic unit is composed of 4
homologous rings, 2 inner  rings, and 2 outer o rings (Figure 3) (37). The regulatory 19S
subunit controls the denaturation and the polyubiquitination of the proteins that then must
pass through a narrow opening formed by the o rings to be catalytically degraded in the
lumen of the 20S complex. There are 3 proteolytic active sites of the B rings inside the
lumen - B1 (caspase-like), B2 (trypsin-like), and B5 (chymotrypsin-like) (38, 39).
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Figure 3 The ubiquitin (Ub)-proteasome system (based on (40))

Before the proteins enter the 26S proteasome, they need to be tagged by a covalently
linked polyubiquitin moiety in a multistep enzymatic process (41). By the non-lysosomal
degradation of a protein via the ubiquitin-proteasome pathway, a wide range of cellular
processes can be tightly regulated. Among these proteins, there are regulators of the cell
cycle, cell division, DNA repair, and last but not least tumor suppressor proteins (37, 42,
43). In addition, it has been found that in cancerous transformation enhanced proteasomal
activity can contribute to pro-survival activities (43, 44). Therefore, the development and
use of proteasome inhibitors are beneficial in antitumor therapy (45).

The proteasome inhibitors can be natural or synthetic (46). The spice curcumin and
green tea polyphenols are considered to be natural (47, 48). The first synthetic proteasome
inhibitors were peptide-aldehyde derivatives, e.g. MG-132: Z-Leu-Leu-Leu-CHO but the
selectivity of these compounds was not high enough, they could interact with other
enzymes, e.g., serine and cysteine proteases such as cathepsins and calpains (49, 50). The

first targeted proteasome inhibitor already investigated in clinical trials is BOZ (51).

1.3.1. Bortezomib
1.3.1.1. Mechanism of action
Bortezomib is a low molecular weight water-soluble dipeptide boronic acid
derivative (52). It can selectively and reversibly bind to the N-terminal threonine in the
B5 subunit within the 20S proteasome, leading to the inhibition of the chymotrypsin-like

proteasomal activity (53).
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In the United States, the Food and Drug Administration (FDA) approved BOZ as a
single agent for use in multiple myeloma after two unsuccessful treatments in 2003 (54).
In 2004, it was also authorized for use in the treatment of relapsed and refractory multiple
myeloma in the European Union if the patient had previously received two unsuccessful
treatments (55). Since 2006, it was also approved for use in patients with relapsed or
refractory mantle-cell lymphoma (MCL) (56). In the last years, several in vitro and
clinical studies have been conducted to find new additional indications of BOZ, e.g.,
against antibody-mediated autoimmune diseases such as myasthenia gravis and systemic
lupus erythematosus (SLE) or against advanced solid malignancies such as melanoma.
While BOZ could eliminate the autoantibody-producing non-neoplastic plasma cells in
myasthenia gravis, it could not repair the loss of protein kinase C isoenzymes in T cells
of SLE patients (57-59). In phase | studies, BOZ was found to be safe in patients with
advanced solid malignancies (60).

The main biological process resulting from the inhibition of the proteasome is the
stabilization of the nuclear factor kappa B (NF-xB) pro-survival transcription factor via
the inhibition of the degradation of inhibitory kappa B (IxB) (61). Nuclear factor kappa
B, when translocated to the nucleus, targets and induces multiple pro-survival anti-
apoptotic genes such as (i) the caspase-8 inhibitor FLICE-inhibitory protein (FLIP), (ii)
the X-linked inhibitor of apoptosis protein (XIAP) and (iii) B-cell lymphoma 2 (Bcl2)
protein family members; therefore it is considered a tumor-promoting factor (62). When
IkB breakdown is inhibited due to the diminished proteasomal activity by BOZ, NF-kB
is unable to translocate to the nucleus, and therefore its downstream signaling pathways
remain inactive (Figure 4) (53, 55, 61).

12
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Figure 4 Mechanism of action of bortezomib (BCL-2: B-cell lymphoma 2, FLIP: the
caspase-8 inhibitor FLICE-inhibitory protein, IxB: inhibitory kappa B, NF-kB:
nuclear factor kappa B, ROS: reactive oxygen species, XIAP: X-linked inhibitor of

apoptosis protein)

It has also been reported, that BOZ increases the expression of pro-apoptotic factors
such as phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) in tumor cells,
whereas this effect is not observed in non-tumorous cells. This can be achieved either by
stabilizing the already present NOXA protein or by enhancing the transcription of NOXA
mRNA. Studies in melanoma cells show that enhancement of NOXA mMRNA
transcription is rather responsible for this effect of BOZ (63, 64).

Bortezomib can also induce apoptosis directly via reactive oxygen species (ROS)-
mediated endoplasmic reticulum (ER) stress in head and neck squamous cell carcinoma
(HNSCC) cells (65). The generated radicals damage the mitochondria, leading to caspase-
9 activation (Figure 4). When the release of ROS was abolished by the superoxide

13



scavenger and antioxidant tiron, the apoptotic effect of BOZ was suppressed. Clinical
trials also show that BOZ has a chemosensitising effect. In combination with
conventional therapeutic agents such as dexamethasone or doxorubicin against previously
untreated multiple myeloma, the response rate of the patients treated by the combination
was higher than patients treated by the single agents (66).

Because of the increasing knowledge of its antineoplastic effects, the therapeutic
regime of BOZ has developed accordingly as follows: in the treatment of multiple
myeloma, it may be used as monotreatment or in combination with dexamethasone,
melphalan, and prednisolone (66). For the treatment of mantle-cell lymphoma, it is

typically combined with rituximab or cyclophosphamide (67).

1.3.1.2. Main side effect: bortezomib-induced peripheral neuropathy

Peripheral neuropathy refers to conditions, where the peripheral nervous system is
damaged, e.g., due to (i) nutritional imbalances, (ii) infections, (iii) diabetes, or (iv)
chemotherapy drugs (68). Bortezomib-induced peripheral neuropathy (BIPN) was
reported in more than 30 % of patients receiving BOZ treatment for multiple myeloma
(69). Due to the lack of the blood-brain barrier in the dorsal root ganglia (DRG) (70),
BIPN is typically a sensory lesion in the extremities, with symptoms including
paresthesia, dysesthesia, allodynia, hyperalgesia, and hypoalgesia (71). Studies found that
the maximum blood concentration of BOZ correlates with the occurrence of BIPN (72,
73). All in all, the incidence of this dose-dependent side effect increases during the first
5 cycles of the treatment (74); however, the process is reversible, with symptoms
decreasing and usually resolving after dose reduction or discontinuation of the treatment.
Several studies discuss the pathology of BIPN, although its molecular pathology is not
yet fully understood.

Among the possible pathomechanisms, insufficient ATP production caused by the
damaged mitochondrial respiratory chain plays a key role. Reactive oxygen species (e.g.:
superoxide anion, hydroxyl radical and hydrogen peroxide (H20.)) coming from the
impaired mitochondria are also generated, which can further damage the mitochondria
(75). Neuronal transport dysfunction, neurotoxicity, and neurodegenerative disorders
may be linked, as a large number of mitochondria can be found in the axons to supply the
high energy need of the axonal transport mechanisms. It is important to optimize the

quality of life of patients. Thus it is necessary to reduce the symptoms of BIPN, preferably

14



without reducing the anti-tumor effect of BOZ. Discontinuation or dose reduction of BOZ
may be considered, but this is not optimal for tumor management (49). Other treatment
options may include the use of analgesics and antidepressants (76). Furthermore, in vitro
as well as in vivo studies show that antioxidant agents, e.g. N-acetyl-I-cysteine (NAC)
can diminish this neurotoxic effect of BOZ and neuropathic pain was alleviated after
administration of ALA (70, 77, 78). Vitamins with neuroprotective and antioxidant
properties, e.g. vitamin C and vit B1 may be also effective in managing the symptoms of
neuropathy (79). However, it is known from the literature that vitamin C reduces the
effects of BOZ and its use is therefore not recommended (76, 80).

1.4. TIC10

TIC10 is a small-molecule drug. This type of drug is defined as chemical
compounds with a molecular weight of < 900 Da. In the pharmaceutical industry, these
drugs are popular, because they can be synthesized by chemical reactions, no living
organisms are needed and the cost of these processes is relatively low compared to
biologics (81). Thanks to their small size and simple chemical structure, they are capable
to penetrate barriers like the cell membrane easily. Their physicochemical properties are
well-defined and also stable. All in all, these characteristics of the small-molecule drugs
result in predictable pharmacokinetics that allows them to be administered through
different routes, e.g. per os, which is very important in improving patient adherence (82).
They can target specific proteins not only extracellular but also intracellular (83). As a
result, they play a significant role in diagnosing, treating, and preventing different
diseases, such as tumors (84, 85).

TIC10, in the literature also known as ONC201, belongs to the group of imipridones
(86). Allen and co-workers identified the molecule as a TRAIL-inducing compound
during a screening of the National Cancer Institute (NCI) Diversity Set Il (87, 88). Both
in vitro as well as in vivo experiments showed, that TIC10 had multiple benefits over the
recombinant TRAIL protein as it has aqueous solubility. Therefore they can be
administered per 0s, can cross the intact blood-brain barrier, and has greater stability (87,
89, 90).

15



1.4.1. Mechanism of action
TI1C10 can induce the transcription of the TRAIL gene in a p53-independent manner
by the inactivation of the Akt and ERK-mediated phosphorylation of FOXO3 leading to
the translocation of FOXO3 into the nucleus where it can upregulate the TRAIL mMRNA
(Figure 5) (91). It was also observed that TIC10 can boost the level of the TRAIL protein

on the cell surface (87).

< cytoplasm
ERK AKT yiak cytoplasm

/ n’nucleus DR4/5 nucleus
O TRAILT FADD
D & (\6
TIC10 o*® ,9 “ G &' '
TRAIL

mRNAT caspases

% £
DRD2/3 caspases 4“—
R0

Figure 5 Mechanism of action of TIC10 (DRD2/3: G protein-coupled dopamine

SO0 _\QO\“

receptor D2/3, DR4/5: death receptor 4/5, ERK: extracellular signal-regulated kinase,
FADD: Fas-associated protein with death domain, FOXO3: Forkhead box O3, TRAIL:
TNF-Related Apoptosis Inducing Ligand)

TRAIL protein can auto- or paracrine engage the proapoptotic death receptor 4 (DR4)
and death receptor 5 (DR5) resulting in apoptosis through the formation of Fas-associated
protein with death domain (FADD) and the direct activation of the caspase cascade (89,
91). The central role of TRAIL in the mechanism of TIC10 was proved in-vivo in mice
as the stable knockdown of the TRAIL protein eliminated the apoptotic effects of TIC10
(87). In the past years, a further antitumor mechanism of TIC10 has been recognized.
TIC10 can activate integrated stress response in tumor cells by binding and selectively
antagonizing the G protein-coupled dopamine receptor D2 (DRD2) (92, 93). As seen in
the results of clinical trials, the cytotoxic effects can be detected only in tumor cells, but
not in non-tumorous, healthy cells, thus the safety profile of this small molecule is very
favorable (94).
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2. Objectives
This Thesis aims to analyze antitumor compounds and their different
combinations against the A2058 melanoma cell line.
The dissertation can be divided into two main parts. In the first part, we investigated
the possible antagonistic relationship between BOZ + vit B1 or BOZ + ALA. Secondly,
we screened whether TIC10 and BOZ can synergize with each other.

In detail, the following questions were posed:

1. The effect of the treatment with BOZ on A2058 melanoma cells in vitro.
a. Does BOZ have an antitumor effect against melanoma cells?
b. How can the neuroprotective ALA and vit B1 influence the tumor growth
inhibitory effect of BOZ?

2. The effects of the TIC10 monotreatment and the binary combination of TIC10 and
BOZ on A2058 melanoma cells in vitro.
a. Isthe small molecule TIC10 able to impact the cell viability of the A2058
melanoma cells?
b. What type of interactions - additive, antagonistic or synergistic effect -
occur between BOZ and TIC10?
c. What mechanism can be assumed in the background of the synergistic

activity when used as co-treatment?
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3. Methods

3.1. Cell culturing

During my projects, two different cell lines were investigated, the A2058 melanoma

cell line (91100402 ECACC), that is adhesion-dependent and the U266 human myeloma
cell line (85051003 ECACC), that grows in suspension. Both cell lines were purchased
from the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK).

The U266 cells, as well as the A2058 cells were cultured in RPMI 1640 medium
(Sigma Ltd. St. Louis, MO, USA), that was supplemented with 10% fetale bovine serum
(Invitrogen Corporation, New York, NY, USA), 2 mM L-glutamin (Invitrogen
Corporation, New York, NY, USA) and 1% penicillin/streptomycin solution (Invitrogen
Corporation, New York, NY, USA). In case of U266 cells, the medium was discarded in
every 2nd or 3rd day and replaced with fresh one. For the subcultivation of the adherent
melanoma cells, they were first washed with 0.05 M phosphate buffered saline (PBS)
then resuspended by 0.25% Trypsin-EDTA solution (Sigma Ltd. St. Louis, MO, USA)
and subdivided 1:3 to 1:6.

3.2. Materials

The investigated concentrations of BOZ (Velcade 3.5 mg; Janssen-Cilag GmBH,
Neuss, Germany), ALA (Thiogamma 600 Injekt; Worwag Pharma GmbH & Co.KG,
Stuttgart, Germany) and vit B1 (Vitamin B1 50 mg Injection; Zentiva, Prague, Czech
Republic) were selected upon the serum concentrations following a treatment (95-97).
The stock solutions were dissolved in distilled water (Table 1). TIC10 (Merck/Sigma-
Aldrich, Darmstadt, Germany) was dissolved in dimethyl sulfoxide (DMSO; AppliChem
GmbH, Darmstadt, Germany). Due to possible photosensitivity, the stock solutions were
kept in dark at low temperature (6 °C) and they were always diluted right before the

experiments (Table 1.).
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Table 1 Materials

Concentration of ) ) )
Substance Solvent _ The investigated concentrations
the stock solution

in Results 4.1: 20, 100 and 300
] distilled ng/mL

bortezomib 3x10%M _
water in Results 4.2: 0.5 -121 nM

via 3-fold serial dilutions

alpha-lipoic distilled

] 10 mg/mL 10 and 100 pg/mL
acid water
o distilled
Vitamin B1 50 mg/mL 150 and 300 nM
water
dimethyl- 0.5-121 uM via 3-fold serial
TIC10 _ 102 M
sulfoxid dilutions

3.3.  Viability assays

In order to characterize the antitumor (antiproliferative) effects of the used
compounds, 3 different cell viability assays were utilized, two endpoint assays
(alamarBlue and the CellTiter-Glo) and one real-time analysis (the impedance-based
XCELLigence SP system). In every case, prior to the actual experiments, the utilized
methods were optimized for the two different cell lines (A2058 and U266). Every test
was performed in triplicates and the result was normalized to the control wells, that were
only treated with medium or with DMSQO (in case of TIC10).

3.3.1. alamarBlue
The alamarBlue test (Thermo Scientific, Waltham, MA, USA) contains resazurin,
that can be reduced to the fluorescent resorufin upon the metabolic activity of cells. The
fluorescent signal generated by the cells correlates with the number of the viable cells.
Cells were seeded in a transparent 96-well plate (10* cells/well) into 200 pL
supplemented RPMI 1640 medium. The upcoming day, the cells were treated with the
solutions of the investigated drugs. After 72h long incubation, the alamarBlue reagent
was added to the wells. After 4 hours, the fluorescent signal was read by the Fluoroskan
FL Microplate Fluorometer and Luminometer (excitation: 560 nm, emission: 590 nm;
Thermo Scientific, Waltham, MA, USA).
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3.3.2. CellTiter-Glo

The CellTiter-Glo assay (Promega, Madison, WI, USA) measures the ATP content of the
metabolic active cells. Cells were seeded in a white-walled 96-well plate (10* cells/well;
Thermo Scientific, Waltham, MA USA) into 100 uL supplemented RPMI 1640 medium.
After an overnight incubation, the cells were treated with the solutions of the investigated
drugs. In the 24th or 72nd hour of the experiment, the luminescent CellTiter-Glo reagent
was added to the wells. Following a 10 min long incubation, the luminescent signal was
read by the Fluoroskan FL Microplate Fluorometer and Luminometer (Thermo Scientific,
Waltham, MA USA).

3.3.3. Real-Time Viability Assay: XCELLigence SP
The xCELLigence SP (ACEA Biosciences, San Diego, CA, USA) device is an
impedance-based system. Cells that have an intact membran are non-conductive, they
increase the impedance in an electrically conductive solution, e.g., in cell culture medium.
This drop of the electron-flow can be quantified by the gold microelectrods found in the
wells of a special 96-well plate (E-plate; ACEA Biosciences, San Diego, CA, USA). This
method allows us to monitor the changes in the number of the cells real-time.

First, the baseline of the cell-free medium (100 pl/well) was registered and then the
cells were added in the E-Plate into the 200 pl/well medium (10* cells/well). Then, they
were let to adhere overnight. Following this incubation, the cells were treated as indicated
in Results and the measurement countinued for the next 24-72 h. The data were registered
and converted into the unitless Cell Index by the RTCA 2.0. software (Real Time Cell
Analyzer; ACEA Biosciences, San Diego, CA, USA).

3.4. Quantification of interactions between drugs
Upon the results of the cell viability assays, we could define the possible
synergistic, additive or antagonistic effects between the drugs by Chou-Talalay’s median
effect method. The calculation can be performed in the CompuSyn software (ComboSyn
Inc., Paramus, NJ, US), that can be downloaded free of charge (21). The detemined CI

<1, =1 or >1 represents synergism, additive effect or antagonism, respectively.

3.5. Apoptosis Assay
During the early phase of apoptosis, phosphatidylserine (PS) translocates to the

outer membrane of the cells, while in the late phase of apoptosis the cell membrane
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integrity becomes also disrupted. The Annexin V (Ax V) fluorescein isothiocyanate
(FITC) conjugate (Sony Biotechnology, Weybridge, UK) has a high affinity to PS in the
outer membrane, the 7-aminoactinomycin (7AAD; Sony Biotechnology, Weybridge,
UK) can pass across the disrupted cell membrane and binds to DNA. The early apoptotic
cells are positive for Ax V-FITC and negative for 7AAD, while both 7AAD and Ax V-
FITC stain the late apoptotic/necrotic cells.

The cells were seeded in a 24-well plate (7 x 10° cells/mL). After an overnight
incubation, the cells were treated as indicated. After 24-72h incubation time, the cells
were harvested with TrypLE, which reagent is composed of recombinant enzyme
protecting the surface proteins. After the dissociation, the cells were centrifuged, medium
was discarded and replaced by 300 uL. Annexin V Binding Buffer (Sony Biotechnology,
Weybridge, UK). Next, the cells were stained with Ax V-FITC and 7AAD. The
fluorescence signal was detected by flow cytometer (BD FACSCalibur, Becton—
Dickinson, San Jose, CA, USA) and data were evaluated by CellQuest Pro (Becton—
Dickinson, San Jose, CA, USA) and Flowing 2.5.1. software (Turku Centre of
Biotechnology, Turku, Finland). The results were normalized to the medium control or

sample with only DMSO.

3.6. Detection of the proteasome activity
For the detection of the proteasome activity, the Cell-Based Proteasome-Glo Assay
(Promega, Madison, WI, USA) was utilized. This assay enables us to specifically measure
the chymotrypsin-like protease activity of the proteasome by the luminogenic proteasome

substrate Suc-LLVY-aminoluciferin sequence.

Cells were seeded in a white-walled 96-well plate (A2058: 6 x 102 cells/well, U266:
10* cells/well; Thermo Scientific, Waltham, MA USA). The following day, the cells were
treated with BOZ, ALA, vit Bl or their combinations. After 24h incubation time, the
luminogenic reagent was added to the wells. The generated luminescence was detected
by the Fluoroskan FL Microplate Fluorometer and Luminometer (Thermo Scientific,
Waltham, MA USA). The value of the luminescent signal of the sample blank was
subtracted from all wells before data analysis. The raw data were normalized to the

control.
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3.7. Luminescence-based measurement of intracellular H2O> levels
The ROS-Glo H>O:> cell-based assay (Promega, Madison, WI, USA) was performed
to measure the intracellular H.O> level post BOZ, ALA or combination treatments. This
assay contains a H20 substrate, that can be transformed into a luciferin precursor by the
generated H20.. In the consecutive step the luciferin precursor can be converted to
luciferin, that produces light signal.

Cells were seeded in a white-walled 96-well plate (10* cells/well; Thermo Scientific,
Waltham, MA USA). After 24h of culturing, the cells were treated with BOZ, ALA, vit
B1 or their combinations and incubated for 24h. Prior to the end of the incubation time,
the H20; substrate was added to the wells and the plate was further incubated for 6h.
Finally, the luciferin detection reagent is added to the wells. The luminescent
measurements were performed using the Fluoroskan FL Microplate Fluorometer and
Luminometer (Thermo Scientific, Waltham, MA USA). The value of the luminescent
signal of the sample blank was subtracted from all wells before data analysis. The raw

data were normalized to the control.

3.8. Microscopic detection of intracellular ROS levels
To quantitate cellular oxidative stress of the A2058 adherent cells, we used the
CellROX Deep Red fluorescent dye (Thermo Scientific, Waltham, MA USA). This
fluorogenic probe is non-fluorescent in reduced state, but it exhibits fluorescence when
oxidized by ROS.

To reduce the background signals and crosstalk between the wells, the cells were
plated in a 96-well black-walled plate (10* cells/well/100 uL; (Greiner Bio One,
Frickenhausen, Germany). After an overnight incubation, the cells were treated with
BOZ, ALA, their co-treatments. The ROS scavenger NAC as negative control was used,
too. N-acetyl-I-cysteine is a thiol, that has direct and also indirect antioxidant properties,
e.g., it increases the level of cysteine that plays a crucial role by the regeneration of
glutathione (98, 99). Following the 24h long incubation time, the CellROX Deep Red
reagent was added to the wells (final concentration: 5 uM). To be able to compare the
results, a nuclear stain, Hoechst 33342, was also utilized (final concentration: 0.5 pg/mL;
(Thermo Scientific, Waltham, MA USA). After a 30 min long incubation, the cells were
washed two times with PBS and then fixed with 3.7% formaldehyde. Images were taken

by Celldiscoverer 7 system using 5 x Plan-Apochromat 2/0.35 NA objective with 2 X tube
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lens (Carl Zeiss AG, Jena, Germany). Intensity values of the red channel, that represents
intracellular ROS, were normalized to the blue channel, that represents the cell nuclei.
The images were analyzed by ImageJ software (NIH, USA).

3.9. Proteome profiler human apoptosis array kit
For the detection of 35 apoptosis-related proteins, a membran-based sandwich
immunoassay was conducted (Human Apoptosis Array Kit, R&D Systems, Minneapolis,
MN, USA).

Cells (2x10° cells/flask) were treated with BOZ 20 ng/mL, ALA 100 pug/mL and their
combination. Following the 24h incubation, they were harvested with TrypLE (Thermo
Fisher Scientific, Waltham, MA, USA) and then centrifuged (1,000 g; 5min). The
supernatant was removed and collected, while the cell pellet was washed with PBS and
then extracetd with Lysis Buffer 17 of the assay. From the supernatant, the apoptotic
bodies were also separated by centrifugation (2,500 g; 15min; 4°C). Then this pellet was
also extracted with Lysis Buffer 17. The two kinds of lysates were mixed and then total
protein quantity was measured in all treatment groups by the colorimetric BCA assay
(Thermo Scientific, Waltham, MA USA).

The membrane-based assays were loaded with 225 ug proteins/membrane. The test
was conducted in accordance with the manufacturer’s instructions. The membranes were
visualized by Bio-Rad Chemidoc XRS + system. The intensity of the proteins spots were
evaulated by Image Lab Software (BIO-RAD, USA). The protein level of the treated

samples was normalized to the untreated medium control sample.

3.10. Flow Cytometric Detection of Death Receptors
The expression of the cell surface-bound DR4 and DR5 was measured by flow
cytometry.

Cells (10° cells/mL) were cultured in a 12-well plate and treated as indicated. Then the
cells were harvested with Tryple reagent (Thermo Fisher Scientific, Waltham, MA, USA)
and washed with PBS. The supernatants were discarded and the pelletts were resuspended
in 250 uLL PBS. The samples were incubated either with phycoerythrin conjugated isotype
control, phycoerythrin conjugated anti-DR4 antibody or phycoerythrin conjugated anti-
DR5 antibody (Sony Biotechnology, Weybridge, UK). To reduce the background noise,
the cells were centrifuged again (5min, 1200 rpm) and resuspended in 300 pL. PBS. The
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measurements were done by BD FACSCalibur flow cytometer (BD FACSCalibur,
Becton-Dickinson, San Jose, CA, USA). The data analysis was performed in Flowing
2.5.1. software (Turku Centre of Biotechnology, Turku, Finland). The surface expression
of DR4/DR5 on the the treated cells was normalized to the untreated medium control
sample.

3.11. Statistical analysis

The results were evaluated by MS Excel and OriginPro 8.0 software. The data are
presented as mean + standard deviation (SD). For statistical analysis, the one-way
analysis of variance (ANOV A) followed by Fisher’s least significant difference (Fisher’s
LSD) post hoc test was performed. The 1Cso value were determined by fitting a sigmoidal
dose-response curve to the data using Origin Pro 8.0. Treated samples were compared to
the medium control or in case of TIC10 to DMSO control. The levels of significance are
shown as follows: x: P <0.05; y: P<0.01; z: P<0.001.

24



4. Results
4.1. The impact of alpha-lipoic acid and vitamin B1 on the antitumor effects of
bortezomib
In the following chapter, we would like to discuss the possible interactions and how
two neuroprotective vitamins (ALA, vit B1) may decrease the antitumor effect of BOZ.
Two cell lines were investigated, the U266 multiple myeloma cell line as a reference and
the A2058 metastatic melanoma cell line. As in the last years, BOZ seemed to have a
partial response efficacy against solid tumors as a single agent as well as in combination
with other chemotherapeutic agents (100-102). The tested concentrations (BOZ: 20, 100,
300 ng/mL; ALA: 10, 100 ug/mL and vit B1: 150, 300 nM) were chosen based on their
maximal plasma concentrations that occur after the clinical use (95, 97, 103).

4.1.1. The anti-proliferative effect of bortezomib is decreased by alpha-lipoic
acid
To determine the potency of BOZ against the U266 myeloma and the A2058
melanoma cell lines, the half-maximal inhibitory concentration (ICsp) in the 24th hour of
the treatment was measured. The results show, that the myeloma cells were more sensitive
to BOZ compared to the melanoma cells (2.17 nM vs. 158 nM, respectively) (Figure 6 A-
B).
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Figure 6 U266 myeloma cells are more sensitive to bortezomib (BOZ). Concentration-
response curves for A2058 (A) and U266 (B) cells treated with BOZ for 24h. The data

are normalized to the control wells. Data are given as mean values = SD (n=3).

25



In the upcoming experiments, the binary combinations of BOZ + ALA or BOZ + vit
B1 were tested aiming to determine combinations where the neuroprotective vitamins can
counteract the effect of BOZ compared to the only-BOZ treated cells (Figure 7 A-B). As
can be seen from the results, the tested BOZ concentrations (20, 100, and 300 ng/mL)
were effective against both cell lines. In the case of the A2058 cells, concentration
dependence was observed (Figure 7 A). There was one case where the decrease in the
antitumor effect of BOZ against the A2058 cell line could be detected, and 100 pg/mL
ALA could reduce the effect of 20 ng/mL BOZ. The antioxidant ALA and vit B1 were
also tested on their own, whether they could influence the cell viability of these cell lines.
Surprisingly, the lower concentration of ALA had an impact on the myeloma cells,

although there were no significant differences compared to the control (Figure 7 C-D).
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Figure 7 Alpha-lipoic acid (ALA) counteracted the anti-proliferative effect of
bortezomib (BOZ) on melanoma cells. Influence of ALA and vitamin B1 (vit B1) on
bortezomib-mediated cell death on A2058 performed by xCELLigence SP (A) and U266

cells performed by CellTiter-Glo Luminescent assay (B) and as monotreatments on
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A2058 (C) and U266 cells (D) after 24h incubation. Data are given as mean values + SD
(n =3). The levels of significance are shown as follows: x: P < 0.05; y: P<0.01; z: P <
0.001.

To validate these results, a combination analysis of BOZ + ALA was performed in the
CompuSyn Software that works based on Chou-Talalay’s Combination Index Theorem.
A strong antagonism was found between 20 ng/mL BOZ and 100 pg/mL ALA (Cl = 8.67)
(Figure 8 A-B).

A B
2r
® BoOZ © BozAla
O AA BOZ 20 ng/mL
| BozAla 1+ + ALA 100 pg/mL
f O
L O g
-—
(@]
(@) BOZ 20 ng/mL
— + ALA 10 pg/fmL
“1r
—F =)
0 500000 0 05 1
Dose Fa

Figure 8 The antagonism between alpha-lipoic acid (ALA) and bortezomib (BOZ) on
melanoma cells. The dose-effect plot on A2058 cells following 24h of treatment with
BOZ, ALA, and their combination (BozAla) (A) depicted by CompuSyn Software.
Logarithmic combination index plot (B) for BOZ (20 ng/mL) + ALA (10-100 ug/mL)
co-treatments are plotted. Data was obtained via CompuSyn analysis. Cl: combination

index; Fa: fraction affected

Apoptosis was studied by the Ax V assay. The BOZ monotreatment induced a major
increase in the percentage of Ax V positive cells. Both antioxidants were able to impact
the apoptotic effects of BOZ (Figure 9 A-B). Moreover, an increase in the number of the
Ax V positive cells was detected in many instances: e.g., (i) A2058 cell: 100 ng/mL
BOZ + 100 pg/mL ALA or 300 nM vit B1; (ii) U266 cell: 20, 100, 300 ng/mL BOZ + 10
or 100 pg/mL ALA, respectively. Unexpectedly, no significant decrease could be
observed in the 20 ng/mL BOZ + 100 pg/mL ALA combination, which combination was

proved to be antagonistic in viability measurements, compared to the 20 ng/mL BOZ-
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treated cells. In monotreatments, both 100 pg/mL ALA and 300 nM vit B1 could induce

apoptosis (Figure 9 C-D), but this effect was much smaller than in case of BOZ.
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Figure 9 Bortezomib (BOZ) increased the percentage of the early apoptotic (Annexin
V - Ax V - positive) cells, that effect was slightly altered by the co-treatments with
alpha-lipoic acid (ALA) or vitamin B1 (vit B1) in A2058 (A) and U266 (B) cells after
24h long incubation. Apoptosis in A2058 (C) and U266 (D) cells treated with single
10 or 100 ug/mL ALA, and 150 or 300 nM vit B1 for 24h long was analyzed by Ax V
assay. Data are given as mean values = SD (n = 2). The levels of significance are
shown as follows: x: P<0.05; y: P<0.01; z: P<0.001.

4.1.2. The increase in the proteasome activity following co-treatment with

ALA +BOZ 20 ng/mL is concentration-dependent
Regarding the pharmacodynamics of BOZ, we hypothesized, that ALA could
impact the proteasome-inhibiting effect of BOZ. Before testing the combinations on the
chymotrypsin-like activity of the proteasome, the ICso value of BOZ was quantified on

both cell lines after 24h incubation (Figure 10 A-B). The A2058 cells were slightly less
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sensitive to BOZ (ICso = 4.39 nM, Figure 10 A) than the U266 cells (ICso = 1.49 nM,

Figure 10 B). This result is in accordance with the cell viability results.
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Figure 10 A2058 was less sensitive to the proteasome inhibiting effect of bortezomib
(BOZ) than U266 cells. Dose-response curves and ICso values of BOZ treatment
(concentration range: 10°-10%% M, 24h) on the proteasome activity in melanoma
A2058 (A) and myeloma U266 (B) cells. The data were normalized to the control wells.

Data are given as mean values +SD (n=3).

In cases where the single concentrations of BOZ were tested, a drastic drop could be
seen in the activity of the proteasome (Figure 11 A-B). However, no concentration
dependence is noticeable. The antioxidants could not affect the proteasomal
chymotrypsin-like activity alone (Figure 11 C-D). They could barely antagonize BOZ,
but only the co-treatment with 100 pg/mL ALA was able to modify the effects of 20
ng/mL BOZ in A2058 cells. In this case, a significant increase was noticeable (Figure 11

A). That result is also in line with the outcomes of the cell viability experiments.
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Figure 11 Alpha-lipoic acid (ALA) could antagonize proteasome inhibiting effect of
bortezomib (BOZ). The effect of BOZ and its combinations with antioxidants on the
chymotrypsin-like activity of the proteasome in A2058 (A) and U266 (B) cells. The
effect of 10 or 100 wg/mL ALA and 150 or 300 nM vitamin Bl (vit B1) on the
chymotrypsin-like activity of the proteasome in A2058 (C) and U266 (D) cells. Cells
were treated with therapeutic agents as indicated for 24h. The data were normalized to
the control wells. Data are given as mean values + SD (n = 3). The levels of significance

are shown as follows: x: P<0.05; y: P<0.01; z: P<0.001.

4.1.3. Oxidative status changes after treatment with bortezomib and alpha-
lipoic acid compared to the bortezomib treatment

We presumed, that because of the antioxidative properties of ALA and vit B1, they

could have an impact on the pro-oxidative properties of BOZ. Thus, with the help of a

luminescence-based assay, the H2O: level of the A2058 and U266 cells was tested. The

results show, that the quantity of H.O. was higher only in the BOZ-treated myeloma cells

(Figure 12 A-B). The two antioxidants could not mitigate the H2O2-inducing effect of
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BOZ in the U266 cell line, while in the A2058 cells, 100 pg/mL ALA could markedly
reduce the amount of H.O, compared to those treated with 20 ng/ml BOZ (Figure 12 C-
D).
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Figure 12 Bortezomib (BOZ) and alpha-lipoic acid (ALA) co-treatment markedly
reduce the relative H.O; status in A2058 cells. The relative H.O: level of the cells was
determined in A2058 (A, C) and U266 (B, D) cells after 24h long incubation with 20,
100, and 300 ng/mL BOZ (A, B) and combinations of 20 ng/mL BOZ + 10 or 100 ug/mL
ALA and 150 or 300 nM vitamin B1 (vit B1) (C, D). Data are given as mean values + SD

(n =2). The levels of significance are shown as follows: x: P <.

With the automated high-throughput Celldiscoverer 7 microscope, the oxidative status
of the adherent A2058 melanoma cells stained by CellROX Deep Red could be
quantified. To be able to normalize the intensity of the red channel to the number of viable
cells, the Hoechst 33342 nucleus fluorescent staining was also performed. Regarding

these microscopic results, BOZ caused an increase in the red channel in every investigated
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concentration, indicating the formation of ROS. However, this effect of BOZ did not

depend on the concentration (Figure 13.).
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Figure 13 Bortezomib (BOZ) induced oxidative stress in melanoma cells. A comparison
of the intensity values of the red channel normalized to the cell nuclei is shown. The
cells were imaged on Zeiss Celldiscoverer 7 using 10 x magnification. Melanoma cells
were treated as indicated for 24h. Data in duplicates were expressed as mean = SD. The

level of significance is shown as follows: z: P <0.001.

Contrary to certain expectations neither 10 nor 100 pg/mL ALA was able to show its
impact in this experiment. They could not alter the results of BOZ (Figure 14 A-B). To
validate the pro-oxidative property of BOZ a negative control, NAC (1000 uM) was also
utilized. Figures 14 A-B show, that the ROS-formation effect of BOZ (20 ng/mL) could
be neutralized by adding 1000 uM NAC.
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Figure 14 Alpha-lipoic acid (ALA) did not change the oxidative status of the melanoma
cells treated with bortezomib (BOZ). The cells were imaged on Zeiss Celldiscoverer 7
using 10 x magnification. Melanoma cells were treated as indicated for 24h. (A) A
comparison of the intensity values of the red channel normalized to the cell nuclei is
shown. (B) Data in duplicates were expressed as mean = SD. N-acetyl-I-cysteine (NAC)

served as a negative control. The level of significance is shown as follows: z: P <0.001.
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4.1.4. The loss of the antitumor effect may be mediated by the altered levels of
apoptotic proteins
To investigate the role of the apoptotic proteins in the proven loss of efficacy of 20
ng/mL BOZ against the melanoma cells in combination with 100 pg/mL ALA, we
performed a semi-quantitative analysis of 35 apoptosis-related proteins.
Figure 15 highlights the results of 20 ng/mL BOZ, 100 pg/mL ALA, and their co-
treatment on A2058 melanoma and U266 myeloma cells. The relative protein levels (fold
change) are presented in Figure 15 BOZ could activate different apoptosis-related
proteins in the two cell lines (Figure 15 A-B). In the myeloma cell line, BOZ caused an
increase in the expression of two heat shock proteins (Hsp70 and Hsp60), the heme
oxygenase 1 (HO-1), and the cleaved caspase-3 proteins (Figure 15 B). In the melanoma
cells treated with BOZ (20 ng/mL), an increase of HO-1 and cleaved caspase-3 was also
detectable along with the activation of claspin. No Hsp70 or Hsp60 activation could be

found.

34



A2058

A R I Control
&Q I BOZ 20 ng/mL
L R ALA 100 pg/mL
&Q@ Il BEOZ 20 ng/mL + ALA 100 ug/mL
(L.
o _~|sz_I Tx
o == ’
N
R
<}’b
-
5 I 7
Q'b°’® ]z
& o
AQ’b &
c}?'(b = )y
o) /(J L} T T 77 T 1
° & 0 2 4 8 10
© Relative protein level
(fold change)
U266
B A 2 I Control
Q@Q = 1)z Il BOZ 20 ng/mL
N ¢ V777 ALA 100 pg/mL
Q@& Iy [ BOZ 20 ng/mL + ALA 100 pg/mL
("/.
N
o
\z\
fb.
Q\Q
&
b 2
sz? 21z
& o
&b &
> @
g ofogQ
7 Q T T T T T T T T T T 1
J% 0 2 4 6 8 10 12 14 16 18 20

Relative protein level
(fold change)

Figure 15 Co-treatment of 20 ng/mL bortezomib (BOZ) with 100 ug/mL alpha-lipoic
acid (ALA) alters the apoptotic proteome profile in melanoma cells. Semi-quantitative
proteomic profiling of A2058 (A) and U266 (B) cells after being treated with 20 ng/mL
BOZ, 100 ug/mL ALA, and their combination for 24h. The levels of significance are
shown as follows: x: P<0.05; y: P<0.01; z: P<0.001.

After the treatment with the combination of 20 ng/mL BOZ+ 100 pg/mL ALA, 6
proteins — Hsp70, Hsp60, HO-1, claspin, cleaved caspase-3, pro-caspase-3 — were found
which had a significantly different level in the co-treated cells compared to the BOZ-
treated cells. In the co-treated melanoma cells, we observed a decrease in the amount of
HO-1, claspin, and cleaved-caspase-3 compared to the BOZ treatment (Figure 15 A).

These changes in protein expression were not seen in the myeloma cells (Figure 15 B).
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4.2. The effects of the combinatorial treatment of TIC10 and bortezomib
In the second part of the thesis, we aimed to define combinations of BOZ and TIC10
(also called ONC201), where the co-treatments have higher efficacy than the matching

monotreatments.

4.2.1. TIC10 has no ICs value on A2058 melanoma cells

Between 2017-2021, the Chemotaxis Research Group (head: Prof. Laszloé K6hidai)
took part in the National Competitiveness and Excellence Program (NVKP_16-1-2016-
0036), where more than 400 new, possibly antitumor molecules were tested on 4 different
cell lines (PANC1, human pancreatic carcinoma of ductal origin; COLO205, human
colon adenocarcinoma; A2058, human malignant melanoma with high invasiveness and
EBC1, human lung squamous cell carcinoma). A large portion of the molecules was
synthesized by the group of Dr. Antal Csampai (Department of Organic Chemistry,
Eo6tvos Lorand University).

In this research, TIC10 was one of the reference molecules and its antiproliferative
effects were tested by alamarBlue assay on A2058, COLO 205, and EBC1 cells, and by
the real-time XCELLigence assay on PANCL1 cells after 72h long incubation time. We
have found, that TIC10 had an ICso value on PANC1, COLO205, and EBCI cells (1.7+0.3
uM, 5.0+£2.9 uM, and 7.0+0.5 uM, respectively), but no 1Csq value could be determined
on A2058 cells (>25 uM) in the tested concentration range (104).

4.2.2. Bortezomib and TIC10 were more effective together than the
matching monotreatments in A2058 cells

First, an end-point viability assay was performed after 72h long incubation with
A2058 as well as with U266 cells (Figure 16 A-B). The investigated concentrations for
BOZ were 0.5 — 121 nM, and for TIC10 0.5 — 121 uM via 3-fold serial dilutions. The
investigated concentrations of BOZ are clearly lower than the ICso value after 24h
incubation (A2058: 158 nM, U266: 2.17 nM). Since in the preliminary experiments we
could observe that the TIC10 elicited its antitumor effect in long-term manner, we aimed
to study the effects of the combinatory treatments long-term, thus these subtoxic doses of
BOZ were utilized (Figure 16 A-B). For better understanding, the data are presented in
heatmaps. We have found, that 1.5 nM BOZ or 1.5 uM TIC10 were already able to kill

36



more than 50 % of the U266 myeloma cells, however against A2058 melanoma cells,

these concentrations remained ineffective.
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Figure 16 Bortezomib (BOZ) and TIC10 co-treatments were more effective than the
matching monotreatments in A2058 cells. Heatmaps showing antiproliferative effects
of BOZ, TIC10 and their combinations on A2058 (A) and U266 (B) cells after 72h of
incubation. Normalized viability data are expressed as a ratio of medium control. Data

are presented as mean values (n = 3).

In the case of the melanoma cells, TIC10 had no remarkable effect alone, and only two
concentrations of BOZ, 40.5 and 121 nM were able to reduce more than 50% of the viable
cells (Table 2).
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Table 2 Comparison of 1C50 values of bortezomib and TIC10 on A2058 and on U266
cells after 72h

drug A2058 U266
bortezomib 23.07 £2.41 nM 1.45 +0.06 nM
TIC10 ND 0.97 £0.26 yM

The data are normalized to the control wells. Data are given as mean values £ SD
(n=3). The ICso value of BOZ was determined by fitting a sigmoidal dose-response

curve to the data using Origin Pro 8.0.

Figure 17 shows Chou-Talalay’s method calculated Combination index values for the
A2058 melanoma cells. Synergism is detected when the Combination index is less than
1. To reduce the number of possible combinations in the further experiments, three criteria
were set up: (i) where the decrease in the cell viability was around 50% or more compared
to the matching monotreatments, (ii) where the concentrations of the single agents were
as low as possible and (iii) where the DMSO (solvent of TIC10) was under 0.5 v/v%, due
to the possible cytotoxic effects of this solvent (105). Two combinations were found for
further analysis: 13.5 nM BOZ + 40.5 uM TIC10 and 13.5 nM BOZ + 13.5 uM TIC10
(Cl =0.25 and 0.33, respectively). Due to the high response rate of U266 against BOZ,

in the following experiments, only the A2058 cell line was investigated.
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Figure 17 Strong synergism between bortezomib (BOZ) and TIC10 was detected in
A2058 cells. Heatmaps showing the combination index values of BOZ, TIC10, and

their combinations on A2058 after 72h of incubation. The combination index <1, =1,
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or > 1 represents synergism, additive effect, or antagonism, respectively. ND: not

detectable.

To validate the results of the endpoint assay, a real-time, impedance-based, cell
viability assay was performed. After a 24h long incubation time, the plated cells were
treated with medium, DMSO, 13.5 nM BOZ, 13.5 and 40.5 uM TIC10, 13.5 nM BOZ +
40.5 uM TIC10, and 13.5 nM BOZ + 13.5 uM TIC10 (Figure 18). The antitumor effect
of BOZ evolved immediately after the treatment, as the cells could not proliferate in the
next 36h (Figure 18 A). Interestingly, this long-term experiment drew attention to the
possible loss of sensitivity against antitumor drugs, as the melanoma cells could start to
proliferate after 36h-long treatment despite the presence of BOZ (Figure 18 B). The
opposite was seen with the TIC10 agent, first, the cells were not affected, but after 48h
the number of viable cells started to decrease. When treated with the co-treatments, the
two different drugs together could achieve a greater and long-term (for 72h) cytotoxic

effect compared to both monotreatments (Figure 18 C).
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Figure 18 Bortezomib (BOZ) and TIC10 co-treatments could achieve a greater and
long-term (for 72h) cytotoxic effect compared to both monotreatments. Raw data of the
real-time analysis of cell viability after 13.5 nM BOZ, 13.5 and 40.5 uM TIC10, and
their co-treatments (A). Cell Index, a relative and dimensionless value, represents the
impedance changing due to cell adhesion, spreading (0-24h measurement interval),
and then cell viability decreasing effect of the treatments (24-72h measurement
interval). Data are represented as mean values (n=3). Column charts representing the
cell viability at different time points of BOZ treatments (B) and after 72h treatments
with the combinations (C). The data were normalized to the medium control. Data are
presented as mean values = SD (n = 3). The levels of significance are shown as follows:
X: p <0.05;y: p<0.01; z: p<0.001.

As the most significant effects of the co-treatments were registered after 72h, the Ax
V and 7AAD assays were also performed after 72h to see the percentages of the early and

late apoptotic cell populations. The percentage of the early apoptotic (only-Ax V positive)
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cells was only slightly increased by the mono- or co-treatments with BOZ (Figure 19 A)
and cells were rather found in the late apoptotic stage (Ax V/7AAD double-positive cells)
compared to the controls (Figure 19 B). Similarly to the cell viability results, both co-
treatments led to an increase in the number of late-apoptotic cells in a dose-dependent
manner compared to the monotreated cells.
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Figure 19 The number of Annexin V (Ax V) and 7AAD positive melanoma cells was
higher after both co-treatments compared to the monotreatments. Percentage of early
apoptotic (Ax V-positive) (A) and late apoptotic (Ax V and 7AAD double-positive) (B)
cells after 72h treatment with 13.5 nM bortezomib (BOZ), 13.5 and 40.5 uM TI1C10 and
their combinations. The data were normalized to the medium control. Data are
presented as mean values += SD (n = 3). The levels of significance are shown as follows:
X:p<0.05;y: p<0.01; z: p<0.001.

4.2.3. The protein expression of death receptor 5 is increased after bortezomib
treatment
TIC10 can induce apoptosis by binding the DR4 and DR5 receptors on the cell
surface and by triggering the downstream signalling cascade (106, 107). Figure 20 A-B
compares the data obtained from the experiments on the protein expression level of DR4
and DR5 on the surface of the A2058 melanoma cells. The expression of DR4 was
impacted only due to the 13.5 uM TIC10 treatment (Figure 20 A). DR5 was affected by
each of the investigated treatments, except for the 13.5 nM BOZ + 13.5 uM TIC10 co-
treatment. However, when comparing the single treatments and co-treatments to each
other, no significant difference was measured (Figure 20 B).
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Figure 20 Influence on the death receptor 4 (DR4) and death receptor 5 (DR5)
expression of melanoma cell line after 72h exposure. The ratio of the mean
fluorescence intensity (RFI) of DR4 expression (A) and DR5 expression (B) is reported.
The data were normalized to the medium control (RFI = treated cells MFI/control cells
MFI; MFI: mean fluorescence intensity). Data are presented as mean values + SD (n

= 2). The levels of significance are shown as follows: x: p < 0.05; y: p<0.01; z: p<

0.001.
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5. Discussion

In my thesis, two combinations of BOZ — one antagonistic with ALA and another
synergistic with TIC10 — were presented. In both cases, we could use the Compusyn
software to perform the analyses, as the CI value is capable to describe both types of
interactions between drugs.

First, we found that BOZ showed an antitumor activity on the A2058 metastatic
melanoma cell line (1Cs50=158 nM) in 24h long experiments. This result is in line with the
data found in the literature: that BOZ had cytotoxicity in vitro against a broad spectrum
of solid tumors, including pancreatic, prostate, colorectal, head and neck, and ovarian
cancers (100, 108, 109). However, it is clear that the reference — U266 cell line — was
more sensitive than the A2058 cell line (ICso: 2.17 nM vs. 158 nM, respectively).
Contrary to the cell viability results, the 1Cso values for proteasomal inhibition of BOZ
slightly differed in the two cell lines (A2058—ICso: 4.39 nM; U266—I1Cs0: 1.49 nM). In
Phase | studies, BOZ proved to be safe and well-tolerated and the maximum tolerable
dose (1.3 mg/m? - 1.75 mg/m?) could be defined (110-112). Unfortunately, the patients
enrolled in these Phase I clinical trials experienced multiple dose-limiting adverse events
of BOZ, such as fatigue, anorexia, diarrhoea, thrombocytopenia, and neuropathy.
However, Phase | studies had promising results regarding the antitumor effects. Phase 11
studies had rather controversial outcomes depending on the tumor type. Bortezomib had
a lack of antitumor activity as a single agent curing malignant melanoma, however
showed an antitumor effect in patients with advanced renal cell carcinoma (113, 114). In
both studies, dose-limiting adverse events were identified, as a consequence either dose
reduction was performed or the patient was removed from the study. These results call
attention to the fact that either the dose-limiting side effects must be cured, or the dose
must be reduced while combined with other anticancer agents.

In the first part of the thesis we screened how ALA and vit B1 could alter the effects
of BOZ on a myeloma and melanoma cell line. These two neuroprotective agents were
already proven to show efficacy in the treatment of diabetic neuropathy or anticancer
drug-related neuropathy. Thus they may have a beneficial impact on the therapy of BIPN
(115-118). These medicinal products are over-the-counter, and can be purchased without
further medical supervision. Therefore the potential risks must be considered: while they

may help to manage the symptoms of BIPN, they may also abolish the antitumor effect.
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Unlike on U266 myeloma cells, we saw a drop in the anti-proliferative, as well as in the
proteasome inhibitory effect of BOZ on A2058 melanoma cells, after the co-treatment
with BOZ 20 ng/ml + ALA 100 pg/mL, as the number of the viable cells was increased
compared to the BOZ-treated cells. Surprisingly, this alteration was not detectable in the
apoptosis results. We hypothesized, that - as with many other anticancer drugs — BOZ
could affect the malignant cells by disrupting the ROS homeostasis of the cells (119-121).
Two tests were performed to analyze the oxidative status of the melanoma cells, a cell-
based and a microscopic assay. The general ROS-promoting effect of BOZ was confirmed
by the microscopic results, but when only the non-radical H2O- level was measured post-
BOZ treatment, no increase was seen in the A2058 cells. This controversy could be due
to the high basal ROS content in the melanoma cells (122). It is worth mentioning that
next to the oxygen containing reactive species, ROS, there are oxidative damage-causing
molecules containing nitrogen (reactive nitrogen species) or sulfur atoms (reactive sulfur
species) (123, 124). It is also possible that by detecting the oxidation status of the cells,
we could detect other types of oxidation-causing radicals. Furthermore, BOZ could
induce oxidative stress by elevating rather a wide range of oxidative radicals and not only
H20> or other oxygen-containing radicals.

On the protein level, BOZ monotreatment caused cleavage of caspase-3 and
upregulation of HO-1 expression in both cell lines, unlike claspin which was upregulated
only in the melanoma cells. Both claspin and HO-1 are associated with the regulation of
apoptosis, although different from caspases. Until caspases are responsible for the trigger
of apoptosis, the programmed cell death, claspin and HO-1 may have protective roles, too
(125-128). Claspin, as an adaptor protein has regulating role in the cell cycle and acts as
a safeguard. When the genome integrity is disrupted, claspin takes part in deciding
whether the cell cycle is arrested or continued (128, 129). The expression of HO-1 is
induced by ROS; however, it may also contribute to carcinogenesis (130). It was shown,
that BOZ can stimulate the expression of HO-1 in multiple myeloma cell lines (131).

We found that the level of 6 apoptosis-related proteins was downregulated in the BOZ
20 ng/mL + ALA 100 pg/mL treated melanoma cells in comparison to the BOZ 20 ng/mL
treated cells (Hsp70, Hsp60, claspin, HO-1, cleaved caspase-3 and pro-caspase-3). Out
of these 6 proteins, only 2 were downregulated following the combination treatment

compared to the BOZ monotreatment in the myeloma cells (Hsp70, Hsp60). As no loss
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of the antitumor effects of BOZ was detectable in the U266 cells, the variances in the
amount of HO-1, claspin, and cleaved caspase-3 following BOZ or BOZ 20 ng/mL +
ALA 100 pg/mL therapy may answer the different responses between the cell lines.
Taken together, we found that BOZ may have a tumor-specific pharmacodynamic
effect. Our results also proved the in vitro efficacy of BOZ against solid tumors, such as
metastatic melanoma cell lines. Unfortunately, evidence can be found in the literature,
that during BOZ therapy, patients dealing with solid tumors can experience BIPN, a
common adverse effect of BOZ therapy. Therefore, treatment of BIPN must be started
while considering the possible interactions. We thought, that ALA could impair the
effects of BOZ via its ROS scavenger effects, similarly to other ROS scavengers, e.g.,
NAC or glutathione-reduced ethyl ester, that are capable of reversing the BOZ-induced
antiproliferative effects through the neutralization of ROS in Granta-519 and Jeko
mantle-cell lymphoma cell lines (121). Unexpectedly, no impact of ALA was seen on the
general oxidative status of the cells in our experiments.Among the reactive molecules, we
know radicals with unpaired electrons (hydroxyl, superoxide, nitric oxide) and non-
radical reactive species (H20., ozone, nitrous acid) (75, 132). These radicals can be
neutralized either by endogenous antioxidants (enzymatic, e.g., superoxide dismutase and
catalase; non-enzymatic e.g., ALA or glutathione) or by exogenous antioxidants (e.g.,
vitamin E or vitamin C) (124, 133). The controversy in our results, that however, ALA is
a known antioxidant, it was not able to suppress the general ROS-inducing effect of BOZ,
may result from the antioxidant properties of ALA. Alpha-lipoic acid belongs to the non-
enzymatic antioxidants, that can effectively regenerate other antioxidants, especially
glutathione (117, 134). Glutathione is responsible for the decomposition of H,O> in the
cells (135). This may explain the drop in the H20O: level in cells treated with BOZ+ALA
compared to the monotreatment with BOZ. As a proteasome inhibitor, BOZ induces ER-
stress and consequently the unfolded protein response (UPR), the accumulation of
misfolded proteins within the ER due to the lack of the proteasomal degradation (136).
The UPR can be considered as a homeostatic mechanism to buffer the ER stress
associated ROS production and apoptosis (137). Alpha-lipoic acid may affect this UPR
pathway induced by BOZ. This explanation seems to be supported by our results since
we found that the level of pro-apoptotic proteins, e.g., claspin or HO-1 that are regulated

via proteasomal degradation is increased after BOZ+ALA treatment compared to the
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monotreatment with BOZ (138, 139). Taking together, ALA may not be a good candidate
to treat BIPN due to the loss in the antitumor activity of BOZ when given in combination
with ALA.

An option to overcome side effects is to utilize combinations where the dose of the
antitumor drugs can be reduced (5, 8, 9). From 2017, our research group worked in
collaboration (the National Competitiveness and Excellence Program, NVKP_16-1-
2016-0036) with research groups led by Antal Csampai from the Department of Organic
Chemistry, Institute of Chemistry, E6tvos Lorand University. This collaboration aimed
to characterize more than 400 newly synthesized antitumor molecules. In this set of
molecules, there was the TIC10 (also called ONC201) reference small molecule.

TIC10 belongs to the group of impiridones that were first tested as anti-seizure
medications (140). In 2013, Allen and his co-workers identified it as a molecule with
anticancer activity (87). The word TIC10 means “TRAIL-inducing compound 10, which
refers to its possible pharmacodynamics. Through the inactivation of the intracellular
Akt/ERK pathway, FOXO3 gets dephosphorylated and this results in the upregulation of
TRAIL (141). TRAIL is an agonist of the death receptors (DR4, DR5) presented on the
cell surface. Its activation can promote apoptosis via the formation of a death-inducing
signaling complex (DISC) and the downstream activation of caspases (142, 143). Related
to the literature, the tumor cells in comparison to non-tumor cells overexpress these death
receptors, so TIC10 might selectively target the tumor cells (144, 145). TIC10 was
already investigated in combinations with the taxane paclitaxel and docetaxel in colon
cancer and with lurbinectedin against small cell lung cancer (87, 146). Thus, it seemed to
be a potent candidate to investigate in combination with BOZ to reach synergism.

We found TIC10 to have antitumor activity against PANC1, COLO205, and EBC1
cells (1.7£0.3 mM, 5.0+£2.9 uM, and 7.0+0.5 uM, respectively), but not against A2058
cells. Based on the chemosensitizer activity of TIC10, we aimed to investigate whether
() BOZ + TIC10 could have a synergistic antitumor effect against A2058 melanoma cells
in order to find combinations where the dose of BOZ is minimal, while the antitumor
effect remains due to the synergism between BOZ and T1C10. We found evidence in the
literature that the expression of DR4 and DR5 is upregulated following a BOZ treatment
in cancer cells, e.g., in HT-29 human colorectal adenocarcinoma cells and A549 human

lung adenocarcinoma cells (147, 148). Next, we were curious whether the upregulation
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of the death receptors can be detected in this synergistic relationship. Cell viability assays
- after 72h long incubation - showed that, similarly to the results seen previously
following 24h long incubations, BOZ inhibited the cell growth of U266 and A2058 cells
(ICs0 values: 1.45 nM and 23.07 nM, respectively). TIC10 was ineffective on the A2058
melanoma cells but inhibited the cell growth of the U266 cells (ICso value: 0.97 uM).
Since synergism between BOZ and TIC10 was only detectable in this melanoma cell line,
further experiments were not performed on the U266 cell line. The CompuSyn software
defined three combinations (13.5 nM BOZ + 13.5 uM TIC10; 13.5 nM BOZ + 40.5 uM
TIC10; 13.5 nM BOZ + 121 uM TIC10), where the number of the viable cells after
treatment with the BOZ+TIC10 combination is lower than in the matching monotreated
cells and thus synergism was detected (CI = 0.33, 0.25 and 0.24, respectively) (22).
Despite the promising results, the 121 uM TIC10-containing combination was excluded
from the further analyses, as this solution contained 1.21 v/v% DMSO, which could
already impact the cell viability according to the literature (105). It is important to note,
that all of these combinations consist of 13.5 nM BOZ. That dose is under the ICso value
of BOZ (23.07 nM), determined on A2058 cells after a 72h long cell viability assay.

So far, cell viability was investigated in endpoint assays. The adherent characteristic
of the A2058 melanoma cells allows the real-time investigation of cell viability in the
XCELLigence SP system. This device can measure the changes in impedance over time
and thus it can give information about cell viability in real-time (149). The results were a
little unanticipated, as a subpopulation of the 13.5 nM BOZ-treated cells could proliferate,
suggesting that acquired resistance to BOZ developed. This result is in line with results
from the literature, where BOZ resistance was seen in vitro (e.g., non-small cell lung
carcinoma) as well as in clinical (e.g., kappa light chain multiple myeloma) results (150-
152). The growth of cells treated by the combination of BOZ+TIC10 remained to be
inhibited. In addition, TIC10 treatment could enhance the antitumor effect of BOZ. The
same tendency was observed in the apoptosis assay, more cells were Ax V/7AAD positive
among the combination-treated cells, as in the monotreated ones. These experiments
confirm previous results, that highlighted the greater responsiveness of resistant cells to
chemotherapy (e.g., dexamethasone-resistant or bortezomib-resistant hematological
cancer cell lines and 5-fluorouracil-resistant colorectal cancer stem/progenitor cells)
following a TIC10 treatment (153-155).
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Because TIC10 can upregulate the expression of TRAIL — the agonist ligand of death
receptors — and thus it can initiate TRAIL-mediated apoptosis of tumor cells, we
examined the DR4 and DR5 levels of the melanoma cells (87, 156, 157). The expression
analyses showed the enhanced expression of DR5 in the BOZ and BOZ+TIC10 treated
cells. This concurs well with earlier findings, where this up-regulation was also seen in
HT-29 colorectal adenocarcinoma cells and in HCT116 colorectal carcinoma cells (147,
148, 158).

Taking ALA supplementation may be important for patients dealing with BIPN, but
this treatment of this dose-limiting side effect of BOZ, can lead to a drop in the antitumor
activity of BOZ during therapy. To solve this problem, combinatorial treatments can be
used. In these combinations, the antitumor drugs can complement each other’s effects,
resulting in a synergistic activity. Thus, reduced doses can be utilized so the dose-limiting
side effects can occur less often. Our results could prove this two-faced side of drug-drug
interactions, on the one hand, they can be disadvantageous (ALA + BOZ), but on the
other hand, they can be favourable (TIC10 + BOZ) (Figure 21).
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Figure 21 Summary of the effects of alpha-lipoic acid (ALA) or TIC10 on the effects
of bortezomib (BOZ) in A2058 cells.
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6. Conclusion

This thesis summarized the effects of BOZ+ALA and BOZ+TIC10 combinations

in a melanoma cell line in vitro.

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

e Bortezomib has an antitumor effect against A2058 melanoma cells.

a.

The neuroprotective ALA can abolish the BOZ-induced growth inhibition
on A2058 cells and can diminish the proteasome inhibitory effect of BOZ.
In A2058 cells, the H20. level is stable following a BOZ treatment,
however, the general oxidative status of the cells is elevated.

Changes in the level of HO-1, claspin, and cleaved caspase-3 protein can
explain the antagonism between BOZ and ALA.

e TIC10 does not affect the viability of the A2058 cells.

e A2058 cells can lose their sensitivity to BOZ in a long term manner (after 48-

72h).

e BOZ + TIC10, when given together, can synergize.

a.

The dose of BOZ in the synergistic combinations is almost half of the 1Cso
dose on A2058 cells (13.5 nM vs. 23.07 nM, respectively).

BOZ and BOZ + TIC10 combination can upregulate the expression of
DR5, which is a receptor of TRAIL, a potential target of TIC10.

In combinations, the doses of the different drugs can be lowered, therefore

dose-limiting side effects may be prevented.
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7. Summary

Melanoma is a leading cause of death worldwide. Unfortunately, it remains hardly
curable, thus new therapeutic approaches are always needed. In our project, we
investigated whether (bortezomib) BOZ, a proteasome inhibitor may have antitumor
effects against a metastatic melanoma cell line. We found that — in short-term experiments
— BOZ reduced the the number of viable cells by inducing apoptosis .

In clinical practice, most of the BOZ-treated patients with hematologic or solid
malignancies experience bortezomib-induced peripheral neuropathy (BIPN), one of the
dose-limiting side effects. The quality of life of the patients must be maintained during
chemotherapy, but the prevention and treatment of BIPN is a big challenge. Alpha-lipoic
acid (ALA), a neuroprotective agent, proved its effectiveness many times in different
types of neuropathy. However, we found that it may also reduce the proteasome inhibitory
effect of BOZ, which results in the loss of its antiproliferative effects. Differently
influenced HO-1, claspin, caspase-3 and H20: level may stand in the background of the
antagonism between BOZ and ALA. So utilization of ALA to treat BIPN in patients
dealing with melanoma may be problematic.

The next possibility is to reduce the dose of BOZ, but to maintain its effectiveness,
thus it has to be combined with another antitumour agent. After analyzing the
pharmacodynamics of BOZ, we found that the TRAIL-inducing compound 10 (TIC10),
a TNF-Related Apoptosis Inducing Ligand (TRAIL) inducer, can synergize with BOZ.
The death receptor 5 (DR5) expression is upregulated in the BOZ-treated cells. Based on
the literature, the possible explanation for this synergism that the simultaneously utilized
TIC10 treatment may lead to TRAIL expression, which can then bind and activate the
DR5 which is upregulated due to the BOZ therapy.

Our results on A2058 melanoma cells suggest that BOZ could be antagonized by ALA,
however, it synergizes with TIC10, so the development of dose-limiting side effects, e.g.,

BIPN could be prevented by combinatorial treatments.
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