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Chapter 1. Introduction 
 

1.1. Skin Cancer 
 

Skin cancer is the most frequently diagnosed cancer worldwide [1] and can be categorized 

into non-melanocytic skin cancer (NMSC) and melanoma. The first group is represented 

mostly for two subtypes: basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). 

With almost 80% of all NMSC [2], BCC is characterized by a proliferation of atypical 

basaloid cells that form an axis parallel to the epidermal surface [3], while SSC shows an 

uncontrolled proliferation of squamous cells in the epidermal layer and correspond to 

almost 20% of the cases [2]. BCC can be locally aggressive but metastasis are rare [4], 

on the other hand for SCC there is a considerable potential of recurrence and metastasis 

[5]. The long-term UV-light radiation is described to induce NMSCs, being the continuous 

UVB exposure the main carcinogenic agent that causes mutations in DNA of keratinocytes 

and led to development of SCC [2], while the BCC is more related to intermittent UV 

radiation [6]. 

Melanoma remains the deadliest form of skin cancer, being responsible for 70% of skin 

cancer deaths [7], and its incidence has rapidly increased over the past several decades 

[8]. This cancer starts in melanocytes and can easily spread to different tissues and 

organs [9]. Metastatic melanoma cells are genetically heterogeneous, and the 

coexistence of distinct sub-clones creates a complex network of interaction which affects 

cancer progression by promoting increased proliferation rates or different responses to    

treatment [10].  

Due to the high aggressiveness and lack of an effective treatment strategy, the focus of 

this dissertation was the study of melanoma, and different innovative therapy approaches 

were described. 

1.1.1. Melanoma and Clinical characteristics  
 

Cutaneous melanoma starts in melanocytes, which are cells located in the basal layer of 

the epidermis with origin in the neural crest [11]. Melanocytes are responsible for melanin 

production [12]. This pigment confers color to eyes, skin, and hair, but also has a barrier 
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function, decreasing the absorption of UV radiation of skin [13]. In response to UV 

irradiation, keratinocytes from the epidermis secret growth factors that regulate survival, 

proliferation and motility of melanocytes and induce melanin production [11]. Mutations in 

critical genes regulating cell growth, autocrine production of growth factors and/or loss of 

adhesion receptors contribute to the interruption of intracellular signaling cascades in 

melanocytes, allowing them to escape their controlled regulation by keratinocytes, and, 

leading to cancer development [14].  

Globally melanoma incidence has been growing over the past years. In 2012, 232,000 

new cases were registered [15] and the number increased to 351,880 in 2015 [16]. 

Furthermore, worldwide, melanoma is the 12th most common cancer [17]. The incidence 

varies among populations. The highest rates are registered in Australia and New Zealand, 

followed by North America and Northern and Western Europe. In South and Central 

America as well as South-Eastern Asia, the incident rates are the lowest [18]. The 

mortality rates are also different according to population and depend especially on 

melanoma subtype and invasiveness [18]. With the newest treatment settings, the 5-year 

survival rate exceeds 50% in patients with advanced melanoma [19].  

 

Fig. 1*: Estimated age-standardized incidence rates (world) in 2018, melanoma of 

skin, both sexes, all ages.  

* reproduced from GLOBOCAN 2018. WHO, IARC: http://gco.iarc.fr/today  

 

http://gco.iarc.fr/today
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The causes that lead to melanoma development are different, including environmental 

factors and genetic alterations. The most important risk factors are UV exposure, family 

and personal history of melanoma, and specific phenotypical characteristics (e.g., 

numerous nevi, light skin, and hair color)[18]. Epidemiological data support two major 

pathways in the pathogenesis of cutaneous melanoma. The first is related to intense and 

intermittent sun exposure, with a typical history of sunburn [20]. The second is a malignant 

transformation in preexistent melanocytic nevi, promoted by host factors, intermittent sun 

exposure, or both [21].  

In relation to clinical and histological features, melanoma can be categorized into four 

main subtypes [22]. The most common, responsible for approximately 70% of the cases, 

is the superficial spreading melanoma (SSM). Specially related to the intermittent UV 

exposure, this subtype may arise de novo, or in association with a nevus. Furthermore it 

has a slow growth and usually a good prognosis [23]. In contrast, nodular melanoma 

(NMM) does not have a radial growth phase, but only a vertical growth phase, correlated 

with faster grown and higher metastasis rate. Clinically, NMM are often ulcerated [24]. 

Unlike SSM and NMM, the Lentigo maligna melanoma (LMM) correlates with long-term 

sun exposure and increasing age. It is located mainly at the neck and head and often 

reaches several centimeters in diameter [25]. At last, the acral lentiginous melanoma 

(ALM) is the most common subtype among Asian, Hispanic and African patients. Typically 

located on glabrous skin and adjacent skin of digits, palms and soles, ALM is aggressive 

and often shows a bad prognosis [26].  

Another way to classify melanomas is based on the tissue from which the primary tumor 

arises. The subtypes here are known as: cutaneous melanoma (CM), which starts in non-

glabrous skin; acral melanoma (AM); mucosal melanoma (MM), that arises from 

melanocytes in the mucosal lining of internal tissues; and the subtype developed in the 

uveal tract of the eye, uveal melanoma (UM) [27]. 

1.1.2. Molecular basis of melanoma and metastatic potential 
 

Melanoma has the highest mutation rate among all tumors [28], and the site of origin 

seems to correlate best with tumoral somatic profile [27]. Due to direct DNA damage, 

melanomas arising from UV-exposed areas, have a higher mutation burden than tumors 
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arising from non-UV-exposed areas. According to The Cancer Genome Atlas (TCGA) 

data, for melanomas, the mutations number per megabase (Mb) range from 0.1 to 100.0 

[29], whit average of 16.8 mutations per Mb [30].  

RAS signaling is the most relevant signaling pathway for melanoma transformation [31]. 

Indeed, about 80% of this kind of tumor has mutations in the mitogen-activated protein 

kinase (MAPK) pathway [32]. Based on genomic characteristics, melanoma can be further 

categorized into four subtypes, including BRAF-mutant, NRAS-mutant, NF1-mutant, and 

triple wild-type [27]. Mutations in BRAF affects 40-60% of CM and typically are the 

substitution of valine to glutamic acid (V600E) [33]. NRAS mutations are harbored by 15% 

to 30% of melanoma tumors [34]. Both BRAF and NRAS are oncogenes, and the 

mutations result in MAPK hyperactivation, which ultimately can lead to uncontrolled 

proliferation [35]. NF1 is a tumor suppressor gene, which regulates RAS activation. This 

gene is mutated in 13-17% of melanomas, and it is reported to carry loss of function [36]. 

The fourth genomic subtype, the triple wild-type, does not show any of the most common 

mutations and also harbor less UV signature [18].  

Despite those genes involved with RAS signaling, other mutations are significantly present 

in melanoma. PTEN, a tumor suppressor gene that acts on the negative regulation of 

PI3K/AKT signaling, is epigenetically silenced in approximately 20% of melanomas [37]. 

The gene CDKN2A encodes three tumor suppressor proteins, p15/INK4b, p16/INK4a, and 

p14/ARF. The loss of the locus encoding p16/INK4a is highly involved in melanoma 

development, causing a loss of cyclin-dependent kinase inhibition [38]. Genes involved 

with pigmentation, such as the melanocyte inducing transcription factor (MITF) is amplified 

in about 10-20% of melanomas and induces resistance to certain treatments [39]. The C-

KIT gene encodes for KIT protein, a receptor tyrosine kinase (RTK) essential for 

proliferation and survival of mature melanocytes. Mutations in this gene are rare in CM 

without UV signature (≈3%) [40], but frequently found in CM arising in areas of chronic 

sun-damaged skin (≈28%), in MM (≈39%) and AM (≈36%) [41] . 

Depending on the histological type or localization where the primary tumor arises, many 

other common mutations are found [42]. There are a number of clones harboring various 

mutations that contribute to an exceptional level of intratumor heterogeneity, i.e. the 

coexistence of cells of distinct phenotypic and molecular features within a tumor [10]. 



13 
 

Metastasis may originate from different subclones of primary lesion and facilitates the 

spreading process [43]. Moreover the presence of this intertumoral heterogeneity hinder 

accurate diagnosis and effective treatment [10].  

Neoplastic cells are frequently observed in the bloodstream of humans and mice in 

different types of cancer [44]. However, metastasis formation is a very inefficient process 

in which only a small number of cancer cells can survive and proliferate [45]. Many factors 

induce cell death in circulating cancer cells, such as reduced glucose uptake, ATP 

depletion, oxidative stress, or the action of the immune system [46]. Nonetheless, 

melanoma has a high metastatic potential and undergo different mechanisms to overcome 

metastatic challenges [47, 48]. Primary cutaneous melanoma can generate metastasis as 

satellite or in-transit lesions, in lymph nodes, or distant organs [49]. 

During the spreading process, melanoma cells increase oxidative stress and must 

undergo metabolic changes to improve antioxidant potential and survival. One of these 

changes is the increased dependence on the folate pathway [48]. This pathway is a major 

source of NADPH, which is used for the cells to regenerate glutathione (GSH), a buffer 

against oxidative stress [50]. Furthermore, efficient metastasizing melanoma cells use the 

monocarboxylate transporter 1 (MCT1) to manage oxidative stress [47], as the inhibition 

of MCT1 in cancer cells in culture promotes oxidative stress by inhibiting lactate export, 

leading to reduced glycolysis [51] . Thus, increase in oxidative stress is one known factor 

that limits distant metastasis [47, 48, 52]. 

1.1.3. Melanoma Cell Death Mechanisms 
 

Regulated cell death (RCD) is a controlled process, in which predefined molecular 

machinery is programmed to lead cells to death [53].  

1.1.3.1. Apoptosis 
 

Apoptosis is a well-known process of programmed cell death that occurs in pathological 

or physiological processes. The main effector components are caspases, which are 

activated in a chain reaction [54]. Two different pathways initiate the cell death, the 

intrinsic, also known as the mitochondrial pathway, or the extrinsic pathway, both 

converge at effector caspase 3 and ultimately result in DNA and protein breakdown. The 
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mitochondrial pathway can be initiated by a variety of microenvironmental perturbations, 

including UV radiation, nutrient deprivation, oxidative stress, and replication stress. The 

process is regulated by proapoptotic and antiapoptotic molecules in the Bcl-2 family. 

When activated, this pathway results in an increase of mitochondrial permeability and 

subsequent release of cytochrome c. The extrinsic pathway is mediated by death 

receptors such as Fas and TNFR (tumor necrosis fator receptor). After binding the 

respective ligands FasL or TNF-α, the signaling is activated and recruits the Fas-

associated death domain (FADD) or the TNF receptor-associated death domain 

(TRADD), as well as proenzyme caspase 8 [53]. 

Melanoma cells can escape from apoptosis through different ways such as the disturbed 

balance of pro-apoptotic and anti-apoptotic protein expression or activity, reduced 

caspase function, and compromised death receptor [55]. Indeed melanoma cells have low 

rates of spontaneous apoptosis in vivo compared to other types of tumor cells, being 

relatively resistant to apoptosis induced by chemotherapeutic agents [56]. The protein p53 

is an important controller of apoptosis, becoming phosphorylated when cells undergo 

injury and/or errors in DNA replication and inducing the expression of genes involved in 

apoptosis [57]. In this way, some melanoma cells show decreased expression of the gene 

TP53 and, consequently, increased proliferation [58]. Moreover, two family members of 

apoptosis-inhibiting proteins (IAP) and FLICE-like Inhibitory Protein (FLIP) have been 

associated with melanoma progression [59]. 

1.1.3.2. Autophagy 
 

Autophagy is a cell death mechanism that involves self-degradation, normally, in response 

to nutrient stress [53]. This is also a survival mechanism that selectively removes 

misfolded proteins and disposes of damaged organelles. In fact, autophagy has opposing, 

context-dependent roles in cancer and interventions. Both stimulation and inhibition of 

autophagy have been proposed as cancer therapies [60]. Multiple pathways including the 

PI3K/Akt/mTOR pathway, which is often mutated in melanoma cell lines, control this cell 

death. Upstream, when mTOR is phosphorylated, a kinase cascade is initiated that 

eventually inhibits autophagy. By inhibiting mTOR, a promise in modulating cell death was 

observed in many solid tumors, including melanoma. However, the downstream effect of 
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this inhibition can lead to prosurvival of cancer cells by recycling damaged cell material 

and proteins that could be used for tumor cell proliferation [61]. Melanoma cells are 

autophagy-dependent, so the inhibition of autophagy has been described as a mechanism 

to halt melanoma cell growth [62].  

1.1.3.3. Necroptosis 
 

Necroptosis is a form of RCD initiated by perturbations of the extracellular or intracellular 

microenvironment detected by specific death receptors. The morphology is similar to 

necrosis, but it happens in a controlled way [53]. The process is dependent on 

RIPK1/RIPK3/MLKL pathway activation. When necroptosis is initiated, the plasma 

membrane permeability increases and damage-associated molecular patterns (DAMPS) 

are released [54]. The necroptosis pathway is often dysregulated in melanoma tumor cells 

due to a lack of expression of RIPK3. Nonetheless, the reactivation of this pathway may 

have therapeutic significance in metastatic melanoma [63].  

1.1.3.4. Immunogenic cell death (ICD) 
 

Immunogenic cell death (ICD) is the term commonly employed to indicate a particular 

instance of regulated cell death (RCD) that induces an adaptive immune response [64]. 

The immunogenic characteristics of ICD are mainly mediated by damage-associated 

molecular patterns (DAMPs), which include surface-exposed calreticulin (CRT), secreted 

ATP, and released high mobility group protein B1 (HMGB1). Most DAMPs can be 

recognized by pattern recognition receptors (PRRs) [65]. Many melanoma therapies are 

described to release DAMPs and promote an anti-tumor immune response [66]  

Another important aspect of cellular immune defense against melanomas involves the 

presentation and recognition of tumor antigens by a tumor-specific T-cell receptor. Both 

CTLA4 and PD1 receptors function as co-inhibitory receptors on T-cells to inhibit tumor 

apoptosis and cytotoxic T-cell action. Novel immunotherapies target such inhibitory 

receptors to avoid immune response damping [67]. 
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1.1.4. Melanoma treatment  
 

Surgery is the primary treatment for localized melanoma, with further therapeutic 

intervention being considered after resection of melanoma in advanced stages or when 

the surgery is not possible. The current therapeutic options include chemotherapy, 

photodynamic therapy, immunotherapy, and targeted therapy, in mono or combined 

approaches. The therapeutic strategy depends on the patient’s health, stage, and location 

of the tumor [68]. After a long time without advances in the treatment options for advanced 

melanoma, the discovery of the B-Raf proto-oncogene serine/threonine kinase (BRAF) 

V600 mutation as an oncogenic driver, initiated a new therapy strategy called targeted 

therapy [69]. 

The targeted therapy approach uses small molecules or antibodies that inhibit mutated 

proteins in patient-specific melanomas [68]. Vemurafenib is an oral selective BRAF-

mutant inhibitor approved since 2011 by the FDA. Being in use for unresectable or 

metastatic melanomas, studies have reported that 90% of the patients show tumor 

regression [70]. Two other BRAF inhibitors being used in clinical trials are Dabrafenib and 

Encorafenib [68]. For patients with N-RAS mutations, or those who show resistance to 

BRAF-inhibitors, a strategy is to inhibit MEK, a downstream target of the RAS pathway 

[56]. The most prominent MEK-inhibitors are Trametinib [71] and Cobimetinib [72]. Among 

others, efficient drugs for targeted therapy are the C-KIT inhibitor (Imatinib) [73], the 

selective CDK4/6 inhibitors (Ribociclib, Abemaciclib, and Palbociclib) and other 

multikinase inhibitors, such as Sunitinib, Dasatinib, and Nilotinib [74]. Targeted therapy 

has led to remarkable response rates with better overall survival (OS) rates in melanoma 

clinical trials [68]. However, the clinical benefit of these therapies is limited due to the rapid 

development of multiple mechanisms of resistance [75]. 

The interaction of cancer cells and the immune system has been described since the 19th 

century, and the knowledge about these interactions led to a better understanding of 

cancer physiopathology and treatment advantages [76]. Tumor infiltrating lymphocytes 

(TILs) can mediate immune responses of the host against cancer cells, being associated 

with a positive outcome and improved survival in patients with malignant melanomas [77]. 

Based on these interactions, immunotherapy shows to be a promising treatment option 
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for patients with melanoma in advanced stage, showing durable complete responses [67]. 

An anti-tumor immune response is based on T-cells that recognize tumor-specific 

antigens and become activated. These cells then proliferate and differentiate, acquiring 

the capacity to destroy cancer cells that express tumor-specific antigens [78]. The 

interaction between cancer cells and T-cells is mediated by stimulatory and inhibitory 

signaling pathways, and cancer cells can often escape T-cell detection by upregulating 

ligand inhibitory receptors [79]. 

CTLA-4 is an inhibitory checkpoint receptor that blocks T-cell activation and induces 

immune tolerance. Ipilimumab is an anti-CTLA-4 antibody approved by the FDA in 2011 

for the treatment of advanced melanoma. Ipilimumab has shown positive effects, 

especially in combination with other drugs. Anti-CTLA-4 antibodies act as antagonists, 

blocking the inhibitory effect, enhancing pro-inflammatory T-cell cytokine production, and 

increasing clonal T-cell expansion and infiltration in responding tumors. Another option is 

the anti-PD-1 antibodies. PD-1 is a receptor that binds to PD-L1 and PD-L2, acting as a 

T-cell co-inhibitory molecule, consequently suppressing T-cell activation. The anti-PD-1 

antibodies Nivolumab and Pembrolizumab have improved the overall survival of patients 

with metastatic melanoma significantly and show less toxicity than Ipilimumab [80]. 

Besides the good results found with the most recent available treatments for metastatic 

melanoma, tumor heterogeneity and resistance are still a problem. The strategy to 

potentialize the treatment and overcome resistance is the combination of therapeutic 

options [81]. Among the alternatives is the combination of BRAF and MEK inhibitors [82] 

and the combination of anti-CTLA-4 and anti-PD-1 [83]. The ultimate effectiveness of 

combination therapies is dependent on the complementary effects of agents on the 

underlying tumor biology and/or on the immune system that interacts with the tumor. There 

are new studies and emerging clinical findings showing improved outcomes for 

combinations of immune-modulating antibodies, targeted therapies, and other standard 

therapies. However, finding combination options for melanoma treatment is still a 

challenge, and there is a need for different approaches [81].  
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1.2.  Physical Plasma 
 

In the last decades, a physical technology called cold atmospheric plasma (CAP) has 

gained visibility in the medical field. In general, physical plasma is also known as the fourth 

state of matter, which can be generated by a continuous supply of energy to the atoms or 

molecules of a neutral gas until an excited state is achieved [84]. CAP is basically a 

partially ionized gas that reacts with ambient air and contains a bunch of reactive oxygen 

and nitrogen species (ROS, RNS) besides other components such as thermal and UV 

radiation, electromagnetic fields, ions, electrons, and visible light. For biomedical 

purposes, plasma is operated at ambient pressure and body temperature [85]. CAP has 

many potential applications for patients care, with current clinically relevant applications 

in wound healing and dermatology and cancer treatment as a field of intensive research.  

Two basic types of CAP sources are used in plasma medicine: dielectric barrier 

discharges (DBDs) and plasma jets. The first type can be subdivided into two subtypes: i) 

volume DBDs, where a high-voltage pulse is applied to an electrode covered with an 

insulating barrier and the target, for example the skin, acts as the second electrode, and 

ii) surface-DBDs, where plasma is ignited around an individually designed electrode 

structure that is isolated from a counter electrode. In most cases, DBDs generate plasma 

in atmospheric air directly onto or nearby the treatment target [86]. The interesting fact 

about DBDs is that they could be produced in different sizes, making possible to treat 

large areas. However, the disadvantage is their flat surface area, making difficult the 

treatment of uneven surfaces, such as dental cavity, many skin regions, and abdominal 

structures [87]. 

Differently, plasma jets (Fig. 2) generate plasma by applying energy to an inert or noble 

gas (e.g. argon, oxygen, nitrogen, helium, gas mixtures, and also air) to induce partial 

ionization. The jets consist of two electrodes internally located, and the constant gas flow 

applied enables the production of plasma inside of the device. The generated plasma 

protrudes as a so-called effluent from the aperture of the device and can be brought in 

contact with the target to be treated [88]. This device can be used intuitively by clinicians, 

like a scalpel or pen, and reach micro-cavities in the human body, but is also useful for 

large surface area treatment [85]. Besides the direct treatment, plasma jets and DBDs can 
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be used to treat liquids, delivering especially long-lived ROS and RNS to physiological 

solutions that is subsequently transferred to cells or tissues [88].  

ROS and RNS have been acknowledged as the main active agents responsible for the 

biological CAP effects [88]. The biological effects of ROS and RNS are largely explored 

in medicine, showing different functions depending on the type of reactive species 

delivery, quantity, and target tissue [89]. The initial observations of plasma for medical 

purposes were its ability of inactive bacteria on the surface and in liquids [90]. Later, with 

the hypothesis that wound healing is subject to redox control [91-93], several clinical 

observations and studies found that plasma used for disinfection of wounds, also 

promoted enhancement of skin cell proliferation, and, consequent wound healing in acute 

or chronic wounds [94-96]. 

Recently, the antimicrobial plasma effects were tested in patients with ulcerated head and 

neck carcinoma. The decontamination procedure worked in all patients, and, surprisingly, 

some patients also showed tumor regression with no or negligible side effects [97, 98]. 

Additionally, many other groups have successfully explored the potential of plasma in 

multiple cancer types [99]. Between the properties that make plasma a promising anti-

cancer therapy, are the ability to selectively kill cancer cells and the possibility to induce 

an anti-tumor immune response [66, 88, 100]. 

Due to the increased steady-state ROS and RNS production, cancer cells are more 

sensitive to oxidative stress than other cells [101]. Thus, the delivery of reactive species 

by plasma treatment to a threshold incompatible with cell viability could selectively 

eliminate cancer cells without damaging healthy cells [102, 103]. Moreover, studies have 

shown that plasma promotes an increase in aquaporins [104] or a decrease in cholesterol 

[105] in the plasma membrane of cancer cells, facilitating the transport of ROS and RNS 

to intracellular compartments of cancer cells, but not healthy cells. Besides selectivity, 

plasma has been described as a potential ICD inductor [66]. Additionally, in vivo studies 

showed that cell culture medium and saline solutions activated with plasma-induced a 

decrease in tumor burden, macrophages infiltration, and T-cell activation in vivo [106-108]. 

For the moment, there is no report of resistance to plasma treatment, suggesting that 

plasma could be a promising therapy for cancer. 
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Fig. 2*: Schematic picture of a plasma jet.  

*adapted from [88]. 

 

1.2.1. Plasma treatment for melanoma 
 

Redox changes play an important role in melanoma development. When compared to 

normal melanocytes, melanoma cells exhibit higher levels of ROS. Indeed, in response to 

oxidative stress, melanocytes, but not melanoma cells, can rapidly sequester ROS 

preventing significant recruitment of redox-sensitive transcription factors and initiation of 

apoptosis [109]. Different recent studies reported the participation of oxidative stress in 

melanoma apoptosis through a different mechanism such as the induction of endoplasmic 

reticulum stress [110], inducing further ROS burst, decreasing GSH, and 

wrecking mitochondria membrane potential (MMP) [111], among others. Because the 

induction of oxidative stress led to selective apoptosis in melanoma cells, the plasma 

becomes an important therapeutic agent. Furthermore, skin melanomas are easily 

treatable with this therapy, avoiding a systemic intervention.  

Several studies showed the effectiveness of plasma against melanoma [112]. In vitro, 

plasma treatment was described to induce necrotic cell death when used at high intensity 

[113]. By contrast, lower intensities promoted apoptosis to a greater extend in melanoma 

https://www.sciencedirect.com/topics/medicine-and-dentistry/mitochondrial-membrane-potential
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cells, when compared to non-malignant cells [114, 115]. Moreover, plasma treatment 

induced release of danger signals, such as ATP and CXCL1 that were able to activate 

murine cells. In co-culture with T-cells, plasma-treated B16F10 melanoma cells induced 

ERK phosphorylation and increased CD28 expression, suggesting their activation. In 

monocytes, increased expression of the activation marker CD115 was found [116]. In vivo, 

plasma has been successful in decreasing the tumor burden in mice model [117-121]. 

Moreover, when compared the direct plasma treatment with the indirect method, when 

cell culture medium is exposed to plasma and subsequently injected to the mice tumor, 

the direct treatment showed to be more efficient [121].  

Besides the important effects observed with plasma in monotherapy, the use of plasma in 

combination is a more promising strategy. First, because melanoma is a highly aggressive 

and heterogenic tumor entity, as discussed above. Second, because plasma is a new 

technology, and it is easier to introduce it in a clinical routine when combined with other 

standard therapies. The combination of plasma with chemotherapeutic agents 

(Bleomycin, Paclitaxel, and Dacarbazine) was able to enhance tumor reduction and 

decrease drug toxicity [122]. It has also been reported synergistic cytotoxicity of 

Doxorubicin and Epirubicin with plasma, with an enhanced secretion of ICD markers (ATP 

and CXCL10). The synergistic effect of Doxorubicin was due to its intracellular 

accumulation via the upregulation of the organic cationic transporter SLC22A16 by 

plasma treatment [123]. Another effective combination with plasma was reported by 

inhibiting the complex IV (cytochrome c oxidase) of the mitochondrial respiration chain 

before plasma treatment. The combined toxicity was mediated by mitochondrial 

dysfunction induced by superoxide elevation and ATP depletion [124].  

It seems clear that the a promisimng way way to overcome the challenges for melanoma 

treatment is the combination (Fig. 3). Due to the lack of or low side effects as well as its 

selectivity, plasma has become a strategy to be used as an adjuvant therapeutic option in 

melanoma treatment. Many combinations have been already tested, aiming at enhanced 

cytotoxicity but also improving the anti-tumor immune response. Furthermore, the 

combination of CAP and standard therapies is a strategy to bring plasma close to current 

clinical settings [112]. In experimental studies in vitro and in vivo (animal models, positive 
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effects have been described for the combination of plasma and nanoparticles [125], 

eletrochemotherapy [126], photodynamic therapy [127] and chemotherapy [123].  

In this current work, the combination with ionizing radiation was described for the first time 

in melanoma treatment under experimental conditions [128], besides a special group of 

drugs targeting mitochondria. The effects of immunotherapy with immune checkpoint 

inhibitors have been not yet explored.  

 

Fig. 3*: Potential combination therapies using CAP.  

*reproduced from [112]. 

 

1.3.  Mitochondria and melanoma metabolism 
 

Mitochondria integrate and regulate various aspects of cellular metabolism and also play 

a role in carcinogenesis. Including the central bioenergetics function, mitochondria control 

redox and calcium homeostasis, participate in transcriptional regulation, and govern cell 

death. To obtain energy, most of the cells use glucose as the primary source. This 

monosaccharide is metabolized to pyruvate and imported into mitochondria, converted to 

acetyl-CoA, and participated to the tricarboxylic acid cycle (TCA) to generate electron 

donors and create a proton gradient across the inner mitochondrial membrane during 

mitochondrial oxidative phosphorylation (OXPHOS). This electrochemical gradient is used 

by ATP synthase to produce ATP. During this process, electron pairs are delivered to 

molecular oxygen that is the terminal acceptor of the electron transport chain. However it 
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is common that molecular oxygen become partially reduced by a single electron, forming 

ROS [129].  

The Warburg effect is a phenomenon observed in most of the cancer cells, where they 

become dependent on glycolysis to produce ATP instead of OXPHOS. However, rather 

than decreasing, some studies have shown that TCA cycle flux is elevated in some 

melanoma subtypes when compared to melanocytes [130]. Melanoma cells also adapt 

better to metabolically-limiting conditions such as hypoxia and low extracellular glucose, 

compared to benign tissues [131]. Also, melanoma cells show an increased dependency 

on OXPHOS [132]. The treatment with drugs that interfere with OXPHOS could decrease 

melanoma growth [132-134]. Furthermore, during mitochondrial metabolism, different 

metabolites are produced that serve as building blocks for macromolecules and promote 

cellular growth. Hence, cancer cells often induce metabolic changes [135]. Taken together 

these evidences show that the mitochondrial metabolism is a promising target for novel 

antineoplastic drugs development. 

1.3.1. Mitochondria and plasma  
 

Different studies have shown that the plasma effects are modulated by mitochondrial 

action. The mitochondrial membrane potential (MMP) generated by proton pumps is an 

essential component in the process of energy storage during oxidative phosphorylation 

and play a role in mitochondrial homeostasis. A long-lasting decrease or loss of MMP may 

result in cell death [136]. Different studies reported a decrease in the MMP and ultimately 

cell death after plasma treatment [137, 138]. Mechanistically, it was suggested that 

plasma treatment induces a secondary mitochondrial reaction that generates singlet 

oxygen, a molecule that possibly drives radical chains in plasma cancer cell death [137]. 

A decrease in MMP accompanies a downregulated expression of the antiapoptotic protein 

Bcl2, activation of poly (ADP-ribose) polymerase-1, and release of apoptosis-inducing 

factor from mitochondria with endoplasmic reticulum stress. This leads to adenine 5’-

diphosphoribpse accumulation that activates the transient receptor potential melastin 2 

(TRPM2), which elevates intracellular Ca2+ levels and subsequently led to cell death [139].  

There are different reasons for the selectivity observed in plasma treatment, and the 

mitochondrial vulnerability to reactive species may be one of them. Panngom et al. 
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compared two human normal lung cell lines (MRC5 and L132) with two human lung 

cancer cell lines (H460 and HCC1588) and observed that the MMP of cancer cells was 

easily reduced with small dose of ROS generated by DBD plasma treatment, which might 

induce following events such as reduction in enzymatic activity, reduction in respiration 

rate, and unbalance in their morphological dynamics. However, in normal cells the 

mitochondrial damage was not so severe even with high plasma intensity [138]. Similarly, 

Saito et al. using plasma-treated cell culture medium showed that stable ROS generated 

in the treated media further activated intracellular ROS generation and mitochondrial ROS 

(mROS) accumulation. Just in cancer cells this process induced mitochondrial 

fragmentation and clustering resulting in mitochondrial network collapse, mitochondrial 

dysfunction, and ultimately, cell death [140]. 
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Chapter 2. Aim of this work 

 

Cutaneous melanoma is a highly aggressive malignancy and has rapidly increased over 

the past several decades. The metastatic form presents severe challenges in clinical 

therapies, and palliation is often problematic due to large numbers of fast-growing 

metastasis. Despite advances in chemotherapy, immunotherapy, and radiotherapy, the 

success in drug treatment of disseminated disease remains limited. A large number of 

side effects and resistance to treatment are the leading causes of unsuccessful therapy. 

Thus, it is necessary to search for new strategies that can increase patient survival or 

quality of life in the case of unresectable tumors and the palliative setting.  

Medical CAP is a promising tool that shows potential effects in anti-cancer therapy. To 

bring plasma closer to the clinics, the main aim of this graduate thesis project was to 

identify promising approaches for combination therapy in melanoma. The question was 

whether the treatment showed a potentiated cytotoxicity in melanoma cells, and what 

immunomodulatory effects come with the combination treatment. Due to the participation 

of mitochondria in melanoma development and prognosis and its role in plasma-inducing-

cell death, special emphasis was given to this organelle. To achieve this aim two major 

combination treatments were addressed: i) CAP and ionizing radiation; ii) CAP and 

mitochondrial-targetd drugs. 

For the first combination the specific aim was:  

a) Identify if two physical techniques (CAP and radiotherapy) induced an increased 

toxicity towards murine melanoma cells, as well as, to search for the best 

combination settings.  

b) Study the mechanisms involved in the cell death such as cell cycle arrest and 

induction of nuclear damage. 

c) Understand the immunomodulatory consequences of the combination. 

 

For the second, the specific aims involveld: 



26 
 

a) Promote a small in vitro drug screening, to identify the potential targets for 

combination, excluding options that do not have selectivity towards tumoral 

melanoma cell lines.  

b) Confirm the tumor toxicity using high throughput 3D cell imagine analysis and pre-

clinical syngeneic cutaneous melanoma mouse model. 

c) Identify the type of cell death, as well as, the mechanisms underlying toxicity such 

as pro/antioxidat status, mitochondrial damage, tumoral markers and inflammatory 

profile. 

Altogether, this work was supposed to give insights of therapeutic candidates, to be 

combined with CAP, that may become clinically relevant. 
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Chapter 3. Materials and Methods 
 

3.1. Materials 
 

3.1.1. Laboratory equipment and instruments 
 

Argon plasma jet     

kINPen ind    neoplas, Germany 

kINPen lab    neoplas, Germany 

Autoclave      Systec, USA 

Centrifuges 5810R; 5702   Eppendorf, Germany   

Chemiluminescence detection system  Thermo Fischer, USA 

Clean bench     Thermo Scientific, USA 

CO2-incubator     Binder, Germany 

Flow cytometers 

 Attune NxT    Thermo Scientific, USA 

Cytoflex S     Beckman Coulter, USA 

 Gallios     Beckman-Coulter, USA 

Freezer (-80 °C)     Thermo Scientific, USA 

HPLC-20AT     Shimadzu, Japan 

Ice machine     Ziegra, Germany 

Image Quant LAS 4000    GE Healthcare, Germany 

Low voltage PowerPack P25 T   Biometra, Germany    

Microscopes 

 Observer Z.1    Carl Zeiss, Germany 

 Operetta CLS    Perkin Elmer, USA 

Multichannel pipette     Eppendorf, Germany 

Nanodrop      Thermo Scientific, USA  

pH-meter      Mettler-Toledo, Switzerland 

Pipetboy     Integra, Germany 

Pipettes     Eppendorf, Germany 

Plate reader Infinite F200 Pro   Tecan, Switzerland 

Quantstudio 1 qPCR system   Applied Biosystems, USA 

Thermoblock      Eppendorf, Germany 

Thermo-cycler      Biometra, Germany 

Vortex      Scientific Industries, USA 

Water bath      Memmert, Germany 

Water filter system (Mili-Q)   Merck, Germany   
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Western Blot chamber system   Thermo Fischer, USA 

X-ray generator     GE InspectionTechnologies, Germany 

XYZ-table     Nanotec, Germany 

 

3.1.2. Consumables 
 

Adhesive PCR plate seals    Thermo Fisher, Germany 

Animal food     Nuvilab, Brazil 

Argon gas 99,99 % purity    Air Liquide, France  

Bolt Bis-Tris Plus Gel    Invitrogen, USA 

Cell culture flask 75cm2    Sarstedt,Germany 

CellCarrier spheroids plate   Perkin Elmer, USA 

Conical centrifuge tubes 15; 50ml   Falcon, Fisher Scientific, Germany 

Cover slips      Roth, Germany 

Dispenser tips, sterile     Eppendorf; Germany 

Eppendorf tubes RNA free   Sarsted, Germany 

Eppendorf tubes sterile    Roth, Eppendorf, Germany 

FACS tubes      Sarstedt, Germany 

Filters (0.2 and 0.45 µm)    Whatman, UK 

Gloves      TH Geyer, Germany 

Laboratory glass bottles, sterile    VWR, Germany  

Liquid nitrogen     Nitrosemen, Brazil 

Microscope slides StarFrost   Knittel glass, Brazil 

Multiwell plates (24- ,96-well; flat or   Corning, USA; NUNC, Denmark; Eppendorf, Germany 

round bottom) 

Parafilm      Pechiney Plastic Packaging, USA  

Pasteur pipettes, sterile     Roth, Germany  

PCR Plates     Sarsted, Germany 

Pipette tips, RNAse free    Sarsted, Germany 

Pipette tips, sterile     Eppendorf, Germany  

Polyvinylidene fluoride membranes  Invitrogen, USA  

Serological pipettes, sterile    Sarstedt, Germany  

Syringes, sterile     BD Plastipak, Belgium 

 

3.1.3. Chemicals and solutions 
 

1,1,3,3- tetraetoxipropano (TEP)   Sigma, USA 

2,2-dithiobisnitrobenzoic acid (DTNB)  Sigma, USA 
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2,7-dichlorodihydrofluorescein diacetate  ThermoFisher, USA 

(H2DCFDA)  

3,3′-diaminobenzidine (DAB)    Cell Marque, Germany 

4’,6’-diamidino-2-phenylindol (DAPI)  BioLegend, UK 

A-1210477     Selleckchem, USA 

ABT-263 [Navitoclax]    Selleckchem, USA 

Acceton     Sigma, USA 

accutase     PanBiotech, Germany 

Annexin V binding buffer    BioLegend, UK 

Annexin V fluoresceinisothiocyanate (FITC) BioLegend, UK 

Bovine serum albumin (BSA)    Sigma, USA 

Carvedilol     Selleckchem, USA 

CellEvent caspase 3/7 dye    Life technologies, USA 

Citric acid     Sigma, USA 

Dextrose     Sigma, USA 

Dimethylsulfoxid (DMSO)   Sigma-Aldrich, Germany 

Dulbecco's Modified Eagle's Medium  Corning, Germany 

Dulbeccos’s phosphate-Buffered Saline (PBS) Corning, Germany 

Ethylenediaminetetraacetic acid (EDTA)  Sigma, USA 

Ethanol, absolute    Sigma-Aldrich, Germany 

FACS running buffer    Miltenyi Biotec, Germany 

FACS washing solution    Miltenyi Biotec, Germany 

Fetal bovine serum (FBS)   Gibco, USA 

Fetal calf serum (FCS)    Gibco, USA 

Fetal Calf Serum Gold Plus    Bio&Sell, Germany 

Glutamin     Sigma-Aldrich, Germany 

Glutathione Reductase    Sigma, USA 

GM-CSF      Invitrogen, USA 

GSH standard     Sigma, USA 

GSH-tracer      Tocris, UK 

Hematoxylin (Mayer's)    Sigma, USA 

Heparin      Blau, Brazil 

Hoechst     Thermo Scientific, USA 

Hydrogen peroxide solution 30 % (H2O2)  Sigma-Aldrich, Germany 

Iscove’s modified Dulbecco’s media (IMDM) Bio&Sell, Germany 

Isofluorane     Cristalia, Brazil 

Ketamine     Ceva, Brazil 

Methanol, absolute     Sigma, USA  
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Mitochondrial Targeting Compound Library TargetMol, USA 

MitoSpy      BioLegend, UK 

Monopotassium phosphate   Sigma, USA 

Mounting Medium     Sigma, USA  

NADPH      Sigma, USA 

Necrostatin-1     Abcam, UK  

OCT      Thermo Fisher scientific, USA 

Penicilin - Streptomycin    Sigma-Aldrich, Germany 

Physiological saline solution   Sigma, USA 

Potassium dihydrogen phosphate  Sigma, USA 

Potassium phosphate dibasic    Sigma, USA 

PrimeScript RT Master Mix    Takara Bio, France 

Propidium iodide (PI)    BioLegend, UK 

Protease and phosphatase inhibitors   Roche, Switzerland 

(PIM complete) 

Resazurin     Life Technologies, USA 

RIPA buffer     ThermoFisher, USA 

RNAaseZAP      Sigma, USA 

RNAse free water    Life Technologies, Netherlands 

Rotiquant      Carl Roth, Karlsruhe, Germany 

Roswell Park Memorial Institute 1640   Corning, Germany 

(RPMI 1640) medium 

SBI-0206965     Selleckchem, USA 

SeeBlue Plus2 Pre-stained Protein  ThermoFisher, USA 

Sodium citrate     Sigma, USA 

Sodium chloride     Sigma, USA 

Sodium dihydrogen phosphate   Sigma, USA 

Sodium hydrogen carbonate   Sigma, USA 

SuperSignal West Femto Maximum   Life technologies, UK 

Sensitivity substrate 

Sytox green      Thermo Scientific, USA 

Sytox orange     Thermo Scientific, USA 

TB Green Premix Ex Taq II (Tli RNase H Plus)  Takara Bio, France 

reagent  

Tetramethylrhodamine ethyl ester (TMRE) Bioquest, Germany 

Tween 20     Sigma, USA 

Xylazine     Ceva, Brazil 

Zombie dye Aqua    BioLegend, UK 
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Z-VAD-FMK     R&D Systems, UK 

 

3.1.4. Media and buffers 
 

Alsever’s solution     distilled H2O      

      0.055% citric acid 

2.05% dextrose 

      0.8% sodium citrate 

0.42% sodium chloride 

     

EDTA buffer     1 mM EDTA 

      100 mM K2HPO4 

      100 mM KH2PO4 

 

HPLC mobile phase    65% KH2PO4  

      35% methanol 

 

Non-specific blockade solution (IHC)  PBST 

      3% BSA 

 

PBST      PBS 

      1% Tween 20 

 

Peroxidase blockade solution (IHC)   Methanol 

      3% H2O2  

 

3.1.5. Antibodies  
 

Anti-β2-AR      Santa Cruz, USA 

Anti-β-actin     Santa Cruz, USA 

Anti-γH2AX     BioLegend, UK 

Anti-Bcl-2     Santa Cruz, USA 

Anti-CD11b     BioLegend, UK 

Anti-CD40     BioLegend, UK 

Anti-CD45     Santa Cruz, USA 

Anti-CD80      BioLegend, UK 

Anti-CD83     BioLegend, UK 
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Anti-CD86     BioLegend, UK 

Anti-cleaved caspase 3     Cell Signaling, Germany 

Anti-GM-CSF     Antibodies-online, Germany 

Anti-I-A/I-E      BioLegend, UK 

Anti-Ki-67     Santa Cruz, USA 

Anti-Mcl-1     Santa Cruz, USA 

Anti-mouse-HRP    Santa Cruz, USA 

Anti-p53     Santa Cruz, USA 

Anti-PD-L1     eBioscience, USA 

Anti-PD-L2     BioLegend, UK 

Anti-rabbit-HRP     Santa Cruz, USA 

Anti-TNF-α     Antibodies-online, Germany 

Anti-ULK1     Santa Cruz, USA 

 

3.1.6. Primers 
 

β-actin       Sigma, USA 

IL-6      Sigma, USA 

CXCL-10     Sigma, USA 

GM-CSF     Sigma, USA 

TNF-α      Sigma, USA 

VEGF      Sigma, USA 

 

3.1.7. Kits 
 

cDNA synthesis kit     Takara Bio, France 

HSP 70 ELISA kit     R&D Systems, USA 

LEGENDplex,      BioLegend, USA 

RNA isolation      BioSell, Germany 

Chemiluminescence detection system  Applied Biosystems, USA 

 

3.1.8. Software and online databases 

 

Attune NxT v. 2.7    Thermo Scientific, USA  

AxioVision Rel. 4.8.2     Carl Zeiss, Germany  

CytExpert 2.0     Beckman Coulter, USA 

Endnote x8.2     Thomson Reuters, Canada 



33 
 

Harmony 4.9      PerkinElmer, Germany 

i-Control 1.10      Tecan, Austria 

iQuant Software     GE Healthcare, UK 

ImageJ       Wayne Rasband, USA  

Kaluza 2.1      Beckman Coulter, USA 

Kaluza Acquisition 1.0    Beckman-Coulter, USA  

Microsoft Office suite 2016   Microsoft, Redmond, USA 

NanoDrop      Thermo scientific, USA 

Prism 8.4      Graph Pad Software, USA 

QuantStudio v1.5.1     Applied biosystems, USA 

Scholar      Google, USA      

VigeneTech     Carlisle, USA 

LC Solutions     Shimadzu, Japan 
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3.2. Methods 
 

3.2.1. Combination of cold atmospheric plasma (CAP) and radiotherapy 

 

3.2.1.1. Cell culture and treatment 
 

B16F10 cells (ATCC CRL‐6475) were cultured in Roswell Park Memorial Institute medium 

(RPMI 1640) fully supplemented with 10% fetal bovine serum (FCS) and antibiotic solution 

(100 U/mL penicillin and 0.1 mg/mL streptomycin). To study the differences between CAP 

treatment and radiotherapy, cells were seeded at 7x104 cells in 1mL of fully supplemented 

cell culture medium, in wells of a 24-well plate. Cells were treated in suspension with 

argon plasma jet kINPen IND (neoplas GmbH) using three standard liters per minute (3 

slm) for 15 s or with 8 Gy of ionizing radiation (GE Inspection Technologies, 120kV, 22.7 

mA, 0.5 min). Cells were treated in two different regimens with plasma applied only in 

single-dose while radiotherapy was tested in single-dose or fractionated. For experiments 

with single-dose radiotherapy the same density of cells were plated for all conditions. In 

suspension, cells treated with CAP (15s) followed by 2 Gy or 8 Gy of ionizing radiation. 

The sequence of treatment was also swapped, with first ionizing radiation followed by 

CAP treatment. After 24 hours, cells were carefully collected with accutase and used in 

downstream experiments. In the experiments with fractionated radiotherapy B16F10 cells 

in 500 µL of fully supplemented RPMI 1640 were added to 24-well plates at different 

densities being 2.5 x 104 for untreated control and 2 Gy radiotherapy groups, and 7.5 x 

104 for the other groups. CAP treatment was performed for 10s, followed by ionizing 

radiation (2 or 8 Gy), or vice versa. The radiotherapy groups received a second dose (after 

24 h) and a third dose (after 48 h). 24 h after the last treatment (totaling to 72 h after the 

first plasma or radiotherapy), the cell supernatants were collected and stored at -20°C, 

and the cells were collected with accutase for FACS analysis or with PBS for western 

blotting analysis.  

3.2.1.2. Flow cytometry and micronuclei analysis 
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To evaluate ROS generation after treatment, cells were stained with 2’7’-

dichlorodihydrofluorescein diacetate (DCFH-DA), which is converted to highly fluorescent 

2’7’-dichlorofluorescein (DCF) in the presence of ROS. Immediately after mono treatment 

with plasma (15 s) or radiation (8 Gy), or after 24 hours, cells were incubated with 5 µM 

of DCFH-DA, diluted in PBS, for 30 min at the CO2 incubator (37°C). The analysis of the 

mean fluorescence intensity (MFI) of DCF in viable cells was subsequently performed 

using a flow cytometer (CytoFLEX S). At these conditions, cells were also loaded with 

MitoSpy (37°C, 15 min) for quantification of mitochondrial mass via flow cytometry 

(CytoFLEX S).  

The cell viability was analyzed in the combination experiments with single-dose radiation 

and fractionated radiation. Always after 24 h, cells were detached with accutase, collected 

with the cell supernatant, washed three times with PBS buffer, and finally resuspended in 

annexin V binding buffer. Annexin V fluorescein isothicyanate (FITC) and propidium iodide 

(PI), diluted in Ringer solution, was added to the cells for 30 min at 4°C. For the 

experiments with single-dose radiation, cells were also washed three times with PBS and 

stained with CellEvent caspase 3/7, diluted at 1:5000 and in PBS, for 15 min at the CO2 

incubator (37°C), protected from the light. The amount of viable cells (PI-/Annexin V-), 

apoptotic cells (Annexin V+) and necrotic cells (P+/Annexin V-), as well as the MFI of 

caspase 3/7 activation were determined via flow cytometry (CytoFLEX S). 

The expression of programmed cell death ligand (PD-L) 1 and 2 was analyzed in the 

fractionated radiation regimens. Cells were collected, washed as described above, and 

incubated with FC block solution (1:100) for 30 min at 4°C. Next, cells were washed twice 

in Ringer solution and stained with monoclonal antibodies targeting PD-L1 conjugated to 

phycoerythrin-cyanine 7 and PD-L2 conjugated to allophycocyanin. Zombie Dye Aqua 

was used to discriminate live from dead cells. All the antibodies were diluted in FACS 

running buffer. The multicolor flow cytometry analysis was performed with CytoFLEX S. 

Fractioned radiation regimens were also used to investigate cell cycle and nuclear 

phosphorylation of histone 2AX (γH2AX). Here, cells were collected, fixed in cold 70% 

ethanol (-20°C), and washed. Staining was performed with 10 μM of 4’6-diaminidino-2-

phenylindol (DAPI) and anti-γH2AX monoclonal antibodies conjugated with Alexa Fluor 

(AF) 647, diluted in FACS running buffer, for 20 min. After washing, cells were analyzed 
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by flow cytometry (Gallios). Another set of the fixed and DAPI stained cells was added to 

the wells of a 96-well plate and imaged with a 20x objective using a high throughput 

imaging system (Operetta CLS). The quantification of micronuclei was performed 

manually.  

3.2.1.3. Immunoblotting 
 

The cells collected in PBS were stored at -20°C for 1 to 2 weeks until immunoblotting 

analysis. To expose the proteins, cells were lysed in RIPA buffer supplemented with 

complete protease and phosphatase inhibitors, for 20 min on ice. The protein whole-cell 

extracts were obtained after centrifugation at 15,000xg for 15 min at 4°C. Total protein 

was then quantified using Rotiquant. Twenty-five micrograms of protein were resolved by 

SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. The primary 

antibodies anti-p53 (dilution) and anti‐β‐actin (dilution) were added to the membrane 

(overnight at 4°C) followed by anti-rabbit antibodies coupled to horseradish peroxidase (1 

hour at RT). Chemiluminescence signals were detected in a linear dynamic range mode.  

3.2.1.4. Analysis of cell culture supernatants 
 

Enzyme-labeled immunosorbent assay (ELISA) was performed to quantify heat-shock 

protein (HSP) 70 in the supernatants of B16F10 after single-dose or fractionated 

radiotherapy regimens, according manufacturer’s instructions.  

After treatment with fractionated radiation regimens, the concentration of 12 different 

chemokines and cytokines were quantified in cells supernant, using a bead-based multiplx 

assay (LEGENDplex). The assay includes the analysis of the chemokines (C-X-C motif) 

ligand (CXCL) 1 and 10, granulocyte-macrophage colony-stimulatig factor (GM-CSF), 

interferon (IFN) γ, interleukin (IL) 1α, IL1β, IL6, IL10, IL12p70, tumor necrosis factor (TNF) 

α, chemokine (C-C motif) ligand 17 (CCL17) (also known as TARC), and vascular 

endothelial growth factor (VEGF). The quantification was performed according to the 

manufacturer’s instructions, using the principle of sandwich immunoassays. The 

quantification of MFI of each bead population capturing a single analyte against a known 

standard was performed using flow cytometry (CytoFLEX S).  
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3.2.1.5. Dendritic cell Analysis 
 

Immature JAWS II (JAWS, ATCC CRL-11904) murine dendritic cells (DCs) were 

cultivated in Iscove’s modified Dulbecco’s media (IMDM) supplemented with 20% FCS 

Gold Plus, 5 ng/mL mouse GM-CSF and 1% penicillin and streptomycin. The cells (5 x 

103 in 20 µL of fully supplemented IMDM) were plated in wells of a 96-well plate. To verify 

if there are factors released by B16F10 cells in the supernatant after treatment with 

fractionated radiation regimens, induced DCs maturation, 80 µL of the respective 

supernatants were then added to JAWS cells, to complete 100 µL. This did not affect the 

cell viability. Cells were incubated for 96 h, then harvested with accutase and stained with 

DAPI and anti-mouse monoclonal antibodies (conjugate) targeting CD11b (AF488), CD40 

(PE), CD86 (PE‐Cy7), CD83 (APC), I-A/I-E (MHCII; APC-Cy7), and CD80 (brilliant violet 

650) for 30 min on ice. After washing, flow cytometric analysis was performed using flow 

cytometry (CytoFLEX S). 

 

3.2.2. Combination of cold atmospheric plasma (CAP) and mitochondria-targeted 

drugs 

 

3.2.2.1. Cell culture and in vitro screening 
 

Human SK-MEL-28 (ATCC HTB-72) and murine B16F10 melanoma cells were cultured 

in Dulbecco's Modified Eagle's Medium (DMEM) fully supplemented with 10% fetal calf 

serum (FCS), and 1% penicillin and streptomycin. To identify mitochondrial inhibitor 

compounds with synergistic effect with CAP, a library of 46 compounds were purchased 

from TargetMol (see Table I of the Appendix). A screening strategy (fig. 4) was developed 

to select the best compounds. For the first step, 5 x 103 melanoma cells fully 

supplemented were plated in 96-well plates. After overnight culture, cell culture medium 

was replaced by RPMI 1640 supplemented with 2% of FCS and 1% penicillin and 

streptomycin. For each compound, in both cell lines, a four-dilution dose-response curve 

(0.01 µM to 10.0 µM) was generated. 16 h after drug treatment, cells were exposed to 

CAP for 30 s (argon plasma jet kINPen Lab, neoplas, 2 slm). The vehicle control group 

received dimethyl sulfoxide (DMSO), instead of the drug and the plasma treatment 
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followed as described above. 24 h after the end of the treatment, the metabolic activity 

was quantified by Alamar assay using resazurin (100 µM). A total of 46 dose-response 

curves for CAP treatment alone, drug treatment alone, and combination treatments were 

generated for each cell line and substance investigated. The IC50 values were calculated 

by nonlinear regression analysis for each treatment condition. To analyze if the effect was 

additive or synergistic, the Coefficient of Drug Interaction (CDI) was calculated [141]. This 

index was calculated according to the absorbance, from the metabolic activity assay, of 

each group, following the formula: CDI = AB / (A×B), where AB is the ratio of the 

combination group to the control group, and A or B is the ratio of the single-agent group 

to the control group. CDI value < 1, = 1 or > 1 indicates that the drugs are synergistic, 

additive or antagonistic, respectively. The selectivity of the drugs on tumor cells was 

determined by testing the combinations in non-malignant HaCaT keratinocytes, in a 

similar fashion.  

 

Fig 4: Summary of screening strategy. Pyramid scheme depicting the screening 

strategy used in the current study with the number of compounds selected in each step. 

 

3.2.2.2. 2D live cell imaging 
 

B16F10 and SK-MEL-28 cells (5 x 103/well) were incubated overnight in 96-well culture 

plates, as described above. The drug treatment was carried out using the concentration 
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of the IC50 of the drug-plasma combination for the best five drugs retrieved from the 

screening: A-1210477, Carvedilol, Cozymasei (NAD+), SBI-0206965, or ABT-263 

(Navitoclax). CAP treatment (2 slm Ar, 30 s) was done 16 h after the drug was added and 

two time-points were used for the analysis after plasma treatment, 6 h and 24 h.  

After 6 h, cells were stained with either sytox green (1 µM) for 30 min at 37°C or glutathione 

(GSH)-tracer (5 µM) for 90 min at 37°C. Sytox green is only permeable to death cells and 

becomes fluorescent after nucleic acid binding. (GSH)-tracer is a ratiometric probe whose 

excitation/emission maximum λ shifts from 520/580 nm to 430/510 nm after GSH binding. 

F510/F580 ratio correlates with GSH concentration. For the second time point, 24 h, cells 

were loaded with tetramethylrhodamine ethyl ester (TMRE, 100nM, for 30 min at 37°C), a 

cell-permeant, cationic, red-orange fluorescent dye that is readily sequestered by active 

mitochondria, or with sytox green (1 µM) for 30 min at 37°C. To avoid auto fluorescence, 

the culture media was exchanged by fresh RPMI 1640, right before being imaged with a 

20x air-objective using a live-cell high content imaging system (Operetta CLS). A digital 

phase contrast (DPC) channel was used for cell algorithm-driven cell segmentation that 

was used for fluorescence quantification using dedicated imaging software (Harmony 4.9). 

To investigate the mode of cell death, cells were incubated with Z-VAD-FMK (50 µM) or 

Necrostatin-1s (40 µM) for 1 h before CAP treatment, and the extent of cell death was 

evaluated with sytox green staining, as described above. 

3.2.2.3. 3D spheroid assay 
 

To form a tridimensional cell spheroid, 1 x 104 cells/well SK-MEL-28 cells were plated in 

96 well ultra-low affinity plates in fully supplemented DMEM and centrifuged at 1,000xg 

for 10 min. After 48 h, cells reached a consistent spheroid form and were treated as 

described above, for the 2D live cell imaging. The effectiveness of the treatment approach 

was tested via cytotoxicity analysis after staining the spheroids with sytox orange (5 µM) 

and Hoechst (40 µM) for 1 h at 37°C. While sytox orange binds to nucleic acid of death 

cells, Hoechst is a cell-permeant dye and binds to nucleic acid of all cells. Images were 

obtained from a z-stack of 30 images 10 μm apart with a 5x air-objective on a live-cell high 

content imaging system (Operetta CLS) and quantified using dedicated imaging software 

(Harmony 4.9). 
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3.2.2.4. Activated caspase 3/7 
 

To confirm the participation of apoptosis in our treatment approach, cells were treated as 

previously described, and harvested with accutase after 24 h. Cells were then stained with 

Cell Event caspase 3/7 reagent (1:5000 in PBS) for 15 min at 37°C (dark). MFI was 

acquired using the CytoFLEX S flow cytometer. 

3.2.2.5. Cytokine release and gene expression analysis 
 

Cytokine released into the cell culture supernatant was quantified using a bead-base 

immunoassay (LEGENDplex), as described previously (methods section 3.2.1.4), for 

CXCL 1, CXCL 10, GM-CSF, IFN , IL1α, IL1β, IL6, IL10, IL12p70, TNFα, CCL17 and 

VEGF.  

Gene expression was carried out after RNA isolation via BioSell isolation kit, where total 

mRNA was extracted following manufacture’s instruction. By employing the PrimeScript 

cDNA synthesis kit, 500 ng of mRNA was converted to cDNA. The used internal 

normalization control was β-actin, and gene expression was evaluated for GM-CSF, IL-6, 

CXCL-10, TNF-α, and VEGF. qPCR reactions were carried out using TB Green Premix 

Ex Taq II (Tli RNase H Plus) reagent. The QuantStudio 1 system was set to cycle as 

follows: 95 °C denaturation for 30 s; 40 cycles of 95°C for 5 s followed by 60 °C for 30 s; 

95 °C for 5 s; 60 °C for 1 min; followed by a dissociation step. The results were expressed 

as fold change, calculated using the ΔΔCt method relative to a control sample. 

3.2.2.6. Immunoblotting 
 

The process of cell lyse and protein quantification was done as previously described 

(methods section 3.2.1.3). Here, 40 µg of protein were resolved by SDS-PAGE and blotted 

on PVDF membranes. The membranes were loaded with the primary antibodies: anti-

ULK1, anti-β actin, anti-Mcl-1, anti-Bcl-2, and anti-β2-AR. After overnight incubation (4°C), 

secondary antibodies (horseradish peroxidase-coupled) were added to the membranes 

for 1 h at RT. The detection of the chemiluminescence signal was done as previously 

described (methods section 3.2.1.3). 
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3.2.2.7. In vivo experiments 
 

C57BL/6 female mice (8-9 weeks) were maintained in the animal facility of the General 

Pathology Department at the State University of Londrina, Brazil. The animals had access 

to water ad libitum and food. Animal experiments were approved by the local ethical 

committee (approval number: 3185.2019.53). Prior to inoculation, B16F10 cells were 

washed three times with PBS, counted and 100 µL of a solution containing 1 x 106 cells 

in PBS, was injected subcutaneously in the shaved back of the animals. Once the tumor 

volume (π/6 x L x W x H, where π = pi = 3.1415…; L = length; W = width; H = height) [142] 

reached approximately 50 cm3, animals were divided into ten groups (with seven animals 

per group), including one group for vehicle control tumors, CAP treatment, drug treatment, 

or combination treatments for four drugs. The drug (A-1210477, Carvedilol, SBI-0206965, 

or ABT-263 [Navitoclax], all at 10mg/kg) was administrated via i.p injection, 1 h before 

plasma treatment (kINPen IND argon, 3 slm, for 10 min, moving the plasma jet across the 

tumor surface). The vehicle control group received DMSO instead of a drug. During the 

plasma treatment, the animals were anesthetized with ketamine/xylazine (80/100 mg/kg), 

via i.p. injection. This was not done because the plasma treatment is painful as outlined 

before [143] but to reduce the stress the animals would have experienced during a fixation 

period of more than 10 min. Four treatment cycles were performed every other day, and 

the animals were euthanized 24h after the last treatment. The blood was collected by 

cardiac puncture, and the tumor was dissected, added to Optimal cutting temperature 

coumpound (OCT), and frozen in liquid nitrogen before storage at -80°C. To evaluate the 

systemic toxicity of the mono and combination therapy, animals were weighed on the first 

treatment day and the day of euthanization. The loss of body mass index was calculated 

as followed: [(initial body mass – final body mass + tumor weight + body mass gain of 

control)/(initial body mass + body mass gain of control)] x 100% [144]. 

 

3.2.2.8. Systemic oxidative profile 
 

The blood obtained was separated into blood plasma and erythrocytes. Erythrocytes were 

washed thrice with 1 mL of 0.9% saline and stored in Alsever’s solution at 4°C, while blood 

plasma remained at -20°C. The determination of glutathione levels (GSH/GSSG) was 



42 
 

done in the red blood cells (RBCs). The erythrocytes were first lysed in water (1:8000), 

and then reacted with 2,2-dithiobisnitrobenzoic acid (DTNB) for 15 min protected from the 

light. The formed yellow compound was read at 412 nm.  

The blood plasma, was used for the quantification of the final product of lipid peroxidation, 

Malondialdehyde (MDA) via LC-20AT High-performance liquid chromatography (HPLC). 

A standard curve was prepared using 1,1,3,3-tetraethoxypropane (TEP). Samples were 

reacted with thiobarbituric acid for 30 min. After stopping the reaction, the pH=7 was 

stabilized with phosphate buffer (1M). Readings were obtained at 535 nm over 11 min at 

a flow rate of 0.8 mL/minute at 35°C, and results were expressed as nM of MDA. 

3.2.2.9. Immunohistochemistry 
 

Tumor cryosections were cut at 5 μm thickness and fixed in 100% acetone for 15 min in 

a humid chamber. The peroxidase blockade was done with methanol/H2O2 solution and 

non-specific blockade with a 3% BSA solution. The sections were incubated overnight 

with primary antibodies targeting CD45, Ki-67, cleaved caspase 3, GM-CSF, and TNF-α. 

HRP-conjugated secondary anti-rabbit antibodies were added for 1 h after washing (three 

times with PBS). After another washing step, the slides were incubated in the dark with 

3,3’-diaminobenzidine (DAB) for 5 min, counterstained with hematoxylin and mounted with 

mounting medium. Negative controls were done by omitting the primary antibody. Images 

were acquired and quantification was done using Image J software as previously 

described [145]. 

3.2.3. Statistics 
 

Graphing and statistical analysis were performed using prism 8.4 (GraphPad software). 

Dose-response curves and IC50 values were determined using non-linear regression 

standard curve plots. Mean and standard errors were calculated and analyzed utilizing 

one-way or two-way analysis of variances (ANOVA) with Tukey posthoc-test for multiple 

comparison. Flow cytometric data were analyzed for mean fluorescence intensity (MFI) of 

cells using Kaluza 2.1.1 software. 
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Chapter 4. Results 
 

4.1.  Combination of CAP and radiotherapy 
 

The first combination tested was the CAP with ionizing radiation, which is the principle of 

the well-known radiotherapy. A murine cell line B16F10 was exposed to different 

radiotherapy doses and settings. CAP was generated using an argon-driven plasma jet 

gas and the time of exposure was varied in the experiments. Selected results were 

published already in [128].  

4.1.1. ROS generation in monotherapy  
 

For both CAP and radiotherapy [146], the induction of ROS is supposed to be the 

mechanism of action. To confirm this with our treatment, B16F10 cells were stained with 

the redox-sensitive fluorescent dye 2’,7’-dichlorofluorescin diacetate (DCFH-DA) after 

plasma (15 s) or radiation (8 Gy) treatment and analyzed by flow cytometry. After both 

treatment modalities, increased DCF fluorescence intensity was estimated (fig. 5A). After 

24 h, only plasma was able to keep the ROS levels high (fig. 5B-C).  

 

 

Fig 5*: CAP and radiotherapy introduced reactive oxygen (ROS) in B16F10 

melanoma cells. B16F10 cells were exposed either to plasma (15 s) or radiotherapy 

(8 Gy), and intracellular ROS were measured by flow cytometry immediately (A) and 24 

h (B) after exposure by flow cytometry and quantified 24 h post-exposure (C). Data are 

mean ± SEM derived from three independent experiments. Statistical analysis was 

performed by one-way ANOVA, comparing the groups with the untreated control. Utr = 
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untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity; *** = p 

< 0.001. 

*adapted from [128]. 

 

It is clear that mitochondria are an important source of ROS. To investigate the 

mitochondrial mass per cell, melanoma cells were stained with MitoSpy, which locates in 

the mitochondrial membrane. The mean fluorescence intensity was evaluated 24 h after 

the treatment, and the mitochondrial mass was significantly increased in the plasma group 

(fig. 6A-B).  

 

Fig 6*: CAP treatment increased mitochondrial mass. B16F10 cells were exposed 

either to CAP (15 s) or radiotherapy (8 Gy), and total mitochondrial mass was 

determined by flow cytometry (A) and quantified at 24 h post-exposure (B). Data are 

mean ± SEM derived from three independent experiments. Statistical analysis was 

performed by one-way ANOVA, comparing the groups with the untreated control. Utr = 

untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity; *** = p 

< 0.001. 

*adapted from [128]. 

 

4.1.2. Additive toxicity with CAP and single-dose radiotherapy 
 

To analyze if the combination between plasma and radiotherapy induce additive effects 

with respect to toxicity, B16F10 cells were treated in different combinations settings. When 

cells are dying via apoptosis molecules of phosphatidylserine, which ordinarily reside on 

the cytoplasmic surface of the membranes, are exposed on the external leaflet of the 

plasma membrane. The anionic lipid binding protein annexin V binds to 
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phosphatidylserine and was used to quantify the percentage of apoptotic cells via flow 

cytometry. Death cells were stained with propidium Iodide (fig. 7A). The combination of 

cold plasma followed by 8 Gy radiation significantly reduced the number of viable cells 

(fig. 7B) and increased the percentage of apoptotic cells (Fig. 7C). The number of necrotic 

cells was negligible (fig. 7D). Apoptosis is a regulated form of cell death with participation 

of a caspases cascade activation that culminates in the activation of the executioner 

caspases 3 and 7. To confirm the participation of apoptosis in this combination, the activity 

of caspase 3/7 was measured (fig. 7E) and a similar trend to phosphatidyserine exposure 

analysis (fig. 7C) was found. In comparison to mono therapy, the combined treatment 

showed higher toxicity and it was more pronounced when 8 Gy radiation was applied after 

plasma treatment.  

 

Fig 7*: CAP and single-dose radiotherapy induced apoptosis in an additive 

manner. (A) representative dot plots of Annexin V and propidium iodide (PI) flow 

cytometric analysis in B16F10 cells 24 h post-exposure to plasma (15 s), radiotherapy 

(2 or 8 Gy), or both; (B–D) quantification of viable (B), apoptotic (C), and necrotic (D) 

cells; (E) additional confirmation of apoptosis using the cell event caspase 3/7 dye. Data 

are mean ± SEM derived from three independent experiments. Statistical analysis was 

performed by one-way ANOVA, comparing the groups with the untreated control. Gy = 

gray, Utr = untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent 

intensity; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

*adapted from [128]. 
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4.1.3. Plasma and fractionated radiotherapy  
 

Fractionated radiation therapy is the most prominent technique for treating cancer with 

ionizing radiation. Thus, we combined this strategy with cold plasma. In our experimental 

setup, for fractionated radiotherapy after first application of the respective radiation dose 

cells received another doses 24 and 48 h later. By investigating the amount of viable (fig. 

8A) and apoptotic (fig. 8B) cells, an improved effect of plasma and radiotherapy was 

observed. The number of necrotic cells was unchanged (fig. 8C). Interestingly, an increase 

in melanoma cell death was observed in the combination of plasma with both, 2 Gy and 8 

Gy, radiotherapy regimens in both treatment sequences.  

 

Fig 8*: CAP and fractionated radiotherapy conferred toxicity to B16F10 melanoma 

cells. B16F10 cells were exposed to plasma (10 s at 0 h), fractionated radiotherapy (0, 

24, and 48 h), or both, and viable (A), apoptotic (B), and necrotic (C) cells were analyzed 

24 h after the last radiotherapy cycle (total of 72 h post plasma treatment) by flow 

cytometry. Data are mean ± SEM derived from three independent experiments. 

Statistical analysis was performed by one-way ANOVA, comparing the groups with the 

untreated control. Gy = gray, Utr = untreated, PL = plasma, Rad = radiotherapy, MFI = 

mean fluorescent intensity; * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

*adapted from [128]. 

 

To explore the mechanism of these findings, cell cycle progression and phosphorylation 

of the DNA-damage marker histone 2AX (H2AX) was performed simultaneously using 

flow cytometry. The monotreatment increased the signal of γH2AX, however, a significant 

increase was observed in the combination treatment, only. The γH2AX persisted through 
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the G1, S and G2 cell cycle phases (fig. 9A), although no noticeable changes in the cell 

cycle during combination treatments were detected (fig. 9B).  

 

Fig 9*: CAP and fractionated radiotherapy induced nuclear changes. B16F10 cells 

were exposed to plasma (10 s at 0 h), fractionated radiotherapy (0, 24, and 48 h), or 

both. (A) Quantification of phosphorylated H2AX in the phases G1, S and G2 of the cell 

cyle and (B) cell cycle G2/G1 ratio, by flow cytometry. Data are mean ± SEM derived 

from three independent experiments. Statistical analysis was performed by one-way 

ANOVA, comparing the groups with the respective untreated control. Gy = gray, Utr = 

untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity; * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

*adapted from [128]. 

 

Following DNA damage, the p53 protein is activated and promote signaling for DNA repair 

or, if the repair is not possible, initiate cell death. The levels of p53 were analyzed in our 

treatment settings via western blot. An increase in the combination compared to the mono 

treatments was observed (fig. 10A-B). To understand the genotoxicity of the treatment, 

the number of micronuclei was quantified microscopically (fig. 10C-D). The frequency of 

micronuclei was significantly increased in the 8 Gy radiotherapy regimens, only.  
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Fig 10*: CAP and fractionated radiotherapy induced p53 upregulation and 

micronuclei. B16F10 cells were exposed to plasma (10 s at 0 h), fractionated 

radiotherapy (0, 24, and 48 h), or both. p53 and actin Western blots (A) and protein 

quantification against β-actin (B) in B16F10 cells; Representative microscopy image (C) 

and percentage of micronuclei in three fields of view (D). Data are mean ± SEM derived 

from three (A-B) and one (C-D) experiment. Statistical analysis was performed by one-

way ANOVA, comparing the groups with the untreated control. Gy = gray, Utr = 

untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity, n.s = 

not significant; ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

*adapted from [128]. 

 

4.1.4. Immunomodulatory consequences 
 

Due to the important role of cytokines for the induction of immune response modulation, 

12 different cytokines and chemokines were analyzed in our treatment regimens. The 

supernatant levels of GM‐CSF, IL6, and TNFα were significantly increased, when cells 

were treated with plasma and 8 Gy radiation (fig. 11A). In general, stronger changes were 

induced with this radiotherapy dose. Furthermore, cytokine release was more pronounced 

when cells were treated with plasma prior to radiotherapy. CXCL1, CXCL10 and VEGF 

showed a tendency to be reduced when compared to control, but without statistical 

relevance. Besides the analyzed cytokines, some molecules named DAMPs are released 

when cells are dying that also play an important role in the induction of anti-tumor immune 

response causing a specific type of cell death named immunogenic cell death (ICD). 

Nonetheless, our treatment, did not give any significant changes neither with fractionated 

radiation (fig. 11B) nor with single-dose (fig. 11C) in the levels of the DAMP HSP70. 



49 
 

  

 

 

Fig 11*: Secretory profile of B16F10 melanoma cells. Multiple cytokine analysis (A) 

(color scaling represents percentage related to untreated cells) and HSP70 ELISA (B-

C) of supernatants of murine B16F10 cells receiving plasma (10 s at 0 h), radiotherapy 

(at 0, 24, and 48 h), or both. Cells were collected 24 h after the last radiation dose. (B) 

Fractionated radiation regimens. (C) Single radiation regimens. Data are mean ± SEM 

derived from three independent experiments. Statistical analysis was performed by one-

way ANOVA, comparing the groups with the untreated control. Gy = gray, Utr = 

untreated, PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity; * = p < 

0.05, ** = p < 0.01, *** = p < 0.001.  

*adapted from [128]. 

 

The next step was to verify the immunomodulatory consequences of the B16F10 secretory 

products after exposure to plasma and fractionated radiotherapy, in mono or combination 

settings. For this purpose JAWS murine immature dendritic cells (DCs) were cultured with 

tumor cell supernatants for 96 h after the treatment. The maturation of DCs was 

investigated by quantification of surface activation markers via flow cytometry. The mean 

fluorescent intensities (MFI) of CD11b (fig. 12A) and CD40 (fig. 12B) were significantly 

increased in the plasma monotherapy group. For CD80 (fig. 12C), CD83 (fig. 12D), and 
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MHCII (fig. 12F), the combined treatment with 2 Gy radiotherapy followed by plasma 

treatment significantly increased the MFI. The marker CD86 (fig. 12E) did not show any 

significant change. When analyzed the percentage of activated DCs, represented by 

CD83+/MHCII+ double-positive cells of DCs [147, 148] (fig. 12G), a significant elevation 

was observed in the 2 Gy followed by plasma treatment and all the conditions with 8 Gy 

radiotherapy. This fact confirms that the combination of radiotherapy and plasma shows 

a prominent modulation of the secretory profile along with an increase in DC maturation. 
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Fig 12*: Immunological consequences of cytokine and DAMP secretion in 

dendritic cells. JAWS murine dendritic cells cultured for 96 h with supernatants of 

B16F10 cells, and multicolor flow cytometry mean fluorescent intensity (MFI) analysis 

of activation markers CD11b (A), CD40 (B), CD80 (C), CD83 (D), CD86 (E), and MHC 

class II (F) on viable cells as well as percentage of MHC class II and CD83 double 

positive cells (G). Data are mean ± SEM derived from three independent experiments. 

All data in relation to untreated controls. Statistical analysis was performed by one-way 

ANOVA. Gy = gray, Utr = untreated, PL = plasma, Rad = radiotherapy, MFI = mean 

fluorescent intensity; * = p < 0.05, ** = p < 0.01, **** = p < 0.0001. 

*adapted from [128]. 

 

In anti-tumor immune response, the activation of DCs is not enough, since T-cell activation 

can be blocked by PD-L1 and PD-L2, and tumors frequently employ this mechanism to 
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escape from immune system monitoring. Analyzing these markers, we found a significant 

increase in PD-L1 (fig. 13A-B), in the combination settings with 2 Gy radiotherapy in viable 

cells, while an increase in PD-L2 (fig. 13A and C) was found in death cells both in the 

plasma alone and in the in the combined settings with 2 Gy and 8 Gy radiotherapy, but 

also in the non-combined fractionated radiotherapy with 8 Gy.  

 

Fig 13*: Immune checkpoint analysis in B16F10 melanoma cells. (A) representative 

overlay histograms of PD-L1 and PD-L2 on viable (live) and dead murine B16F10 cells 

receiving plasma (10 s at 0 h), fractionated radiotherapy (at 0, 24, and 48 h), or both, 

analyzed by flow cytometry at 24 h after the last radiation dose; (B-C), quantification of 

PD-L1 (B) and PD-L2 (C) expression. Data are mean ± SEM derived from three 

independent experiments. Statistical analysis was performed by one-way ANOVA, 

comparing the groups with the respective untreated control. Gy = gray, Utr = untreated, 

PL = plasma, Rad = radiotherapy, MFI = mean fluorescent intensity; * = p < 0.05, *** = 

p < 0.001. 

*reproduced from [128]. 
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4.1.5. Summary of the results 
 

Analyzing individually CAP and radiotherapy effects we observed that both induced 

intracellular ROS increase, right after the treatment. However, CAP (15 s) sustained the 

levels high even after 24 h, while radiotherapy (8 Gy) did not. Mitochondria is an important 

source of ROS, and after 24 h, plasma treatment also increased total mitochondrial mass. 

To verify if the combination of CAP and radiotherapy is more effective for melanoma 

treatment than the respective monotherapy, we used two treatment regimens: i) 

combination of CAP and radiotherapy in a single-dose setting; ii) combination of CAP and 

fractionated radiotherapy.  

In the first we observed additive toxicity with the combination over the mono treatments, 

which was more pronounced for the 8 Gy radiation and if plasma was applied prior to 

radiotherapy.  

In the second, the combination induced stronger cytotoxicity with increased γH2AX 

formation and p53 expression. Micronuclei formation was found for the 8 Gy radiation 

treatments. Here we also observed that when treated with the combination, melanoma 

cells released cytokines such as GM-CSF, IL6 and TNF-α, that, in combination with 

possible other factors, might cause any DCs activation. Plasma treatment applied before 

radiotherapy seems to be more effective.  

4.2. Combination of CAP and mitochondria-targeted drugs 

To search for compounds that effectively target tumor cells in combination with CAP 

treatment, we ordered a library with 46 mitochondrial targeting compounds (appendix 

table i). A screening strategy was developed using two melanoma cell lines: the murine 

B16F10 and human SK-MEL-28. The selectivity was studied using a non-malignant cell 

line, HaCaT keratinocytes. 

4.2.1. Screening strategy 

To initiate the study, dose response curves were generated, in both melanoma cell lines, 

evaluating the decrease in the metabolic activity by Alamar blue assay (appendix fig. i and 

ii). A comparison of curve fits was employed. All the drugs that had statistically significant 
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differences (p-value ≤ 0.05) in both cell lines among the three conditions (Drug alone, 

Drug+P30 s, and Vehicle+P30 s), were considered for the next step of the screening, this 

means that the toxicity of the monotherapy was different than plasma in monotherapy, or 

than the combination. A total of 32 compounds were chosen and the excluded drugs are 

discriminated in blue in the table 1. The half maximal inhibitory concentration (IC50) was 

calculated for each drug alone or in the combination with CAP (P30 s) (table 1). 
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Table 1. IC50 values in B16F10 and SK-MEL-28 cells. The data were generated by nonlinear regression analysis after in vitro mono and 

combination treatments. Monotherapy represents drug alone; IC50 FC = IC50
monotherapy / IC50

combination therapy. 

 

 B16F10 SKM-MEL-28 

Code Drug IC50 

Monotherapy 

(µM) 

IC50  

Combination 

(µM) 

IC50 

FC 

p value IC50 

Monotherapy 

(µM) 

IC50  

Combination 

(µM) 

IC 50 

FC 

p value 

A2 A-1210477 3.88±1.16 0.10±1.44 
 

38.80 <0.0001 25.86±1.55 2.75±1.46 
 

9.40 0.0066 

A3 Etidronate 18.5±1.20 0.9978±1.64 
 

18.54 0.0004 65.74±1.69 6.084±1.79 
 
 10.86 0.0164 

A4 Carvedilol 24.8±1.17 0.1851±1.64 
 

133.9 <0.0001 24.15±1.63 4.499±1.49 
 

5.37 0.0300 

A5 Dexibuprofen 13.9±1.14 0.9103±1.52 
 

15.27 <0.0001 51.52±1.45 16.35±1.43 
 

3.15 0.0438 

A6 Idebenone 9.99±1.17 0.6448±1.57 
 

15.49 <0.0001 19.18±1.17 3.802±1.50 
 

5.04 0.0497 

A7 Trichlormethiazide 15.9±1.17 0.8635±1.64 
 

18.41 0.0005 54.32±1.34 15.02±1.44 
 

3.62 0.0225 

A8 Pantoprazole 

Sodium Hydrate 

16.65±1.14 1.372±1.46 
 

12.14 <0.0001 28.63±1.20 6.982±1.46 
 

4.10 0.0343 
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A9 Docetaxel 

trihydrate 

0.01041±1.66 0.006622±1.42 
 

1.57 <0.0001 13.88±1.90 1.489±2.06 
 

9.32 0.2489 

A10 Carvedilol 

phosphate 

24.49±1.76 0.0285±1.86 859.3 0.0011 17.34±1.16 4.169±1.48 
 

4.16 0.0185 

A11 Sodium 

orthovanadate 

15.63±1.13 1.641±1.47 
 

9.52 0.0001 70.38±1.35 14.77±1.43 
 

4.77 0.0094 

B2 Docetaxel 0.01426±1.56 0.006303±1.41 
 

2.26 <0.0001 22.12±1.57 10.03±1.60 
 

2.21 0.5042 

B3 Ciclopirox 

ethanolamine 

3.43±1.23 0.148±1.50 
 

23.18 <0.0001 42.65±1.24 22.2±1.59 
 

1.92 0.1151 

B4 Rasagiline 33.59±1.17 0.843±1.58 
 

39.85 <0.0001 72.92±1.42 3.634±1.42 
 

20.09 0.0058 

B5 Lonidamine 36.33±1.11 2.825±1.54 
 

12.86 <0.0001 229.6±2.58 4.45±1.63 
 

51.60 0.0002 

B6 Ouabain 

octahydrate 

51.04±1.54 2.015±1.75 
 

25.33 0.0004 2.759±1.46 0.09152±1.52 
 

30.15 <0.0001 

B7 Digoxin 19.23±1.29 4.357±1.42 
 

4.41 0.0071 0.8423±1.30 0.291±1.41 
 

2.89 <0.0001 

B8 Amlodipine 32.88±1.15 4.403±1.44 
 

7.47 <0.0001 32.94±1.23 0.7865±1.89 
 

41.88 0.0067 

B9 Ibuprofen 22.13±1.32 3.976±1.45 
 

5.57 0.0026 43.76±1.48 11.37±1.62 
 

3.85 0.0930 
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B10 Ciclopirox 1.02±1.17 0.5958±1.19 
 

1.71 <0.0001 7.65±1.32 5.823±1.43 
 

1.31 0.4362 

B11 Esomeprazole 

Sodium 

17.07±1.12 4.559±1.48 
 

3.74 0.0198 20.54±1.42 12.17±1.59 
 

1.69 0.6048 

C2 Esomeprazole 

Magnesium 

25.12±1.16 4.494±1.43 
 

5.59 0.0008 16.87±1.33 3.395±1.53 
 

4.97 0.0444 

C3 Revaprazan 

hydrochloride 

4.311±1.11 0.6784±1.33 
 

6.35 <0.0001 6.682±1.22 1.415±1.37 
 

4.72 0.0008 

C4 Cozymasei(NAD+) 15.32±1.15 1.642±1.55 
 

9.34 0.0022 203.6±2.37 3.828±1.67 
 

53.19 0.0042 

C5 PF 03716556 17.89±1.20 1.227±1.62 
 

14.58 0.0007 19.79±1.42 5.932±1.57 
 

3.34 0.2238 

C6 Eniporide 23.66±1.09 4.983±1.33 
 

4.75 0.0002 17.68±1.27 10.99±1.31 
 

1.61 0.5743 

C7 ABT-199 (GDC-

0199) 

2.575±1.15 0.4495±1.30 
 

5.73 <0.0001 5.806±1.23 1.566±1.38 
 

3.71 0.0008 

C8 HA14-1 22.31±1.09 6.853±1.41 
 

3.26 0.0064 25.23±1.43 10.57±1.47 
 

2.39 0.3016 

C9 ABT-737 3.584±1.14 0.3372±1.29 
 

10.63 <0.0001 3.127±1.43 1.088±1.43 
 

2.87 0.0023 

C10 SBI-0206965 5.06±1.19 1.001±1.34 
 

5.05 <0.0001 5.5±1.60 0.08309±1.61 
 

66.19 0.0003 
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C11 ABT-263 

(Navitoclax) 

4.105±1.25 0.584±1.35 
 

7.03 <0.0001 3.364±1.45 0.0858±1.57 
 

39.21 0.0002 

D2 TAK-

438(Vonoprazan 

fumarate) 

22.36±1.12 3.698±1.47 
 

6.05 0.0012 52.71±1.43 20.6±1.37 
 

2.56 

 

0.0472 

D3 Gossypol acetic 

acid 

1.602±1.16 0.3306±1.34 
 

4.85 <0.0001 6.015±1.18 2.494±1.26 
 

2.41 0.0011 

D4 Obatoclax Mesylate 

(GX15-070) 

0.03497±1.22 0.01557±1.08 
 

2.25 <0.0001 1.11±1.35 0.2249±1.27 
 

4.94 <0.0001 

D5 Diazoxide 8.365±1.18 1.46±1.32 
 

5.73 0.0001 27.7±1.22 13.49±1.30 
 

2.05 0.1655 

D6 Paclitaxel 0.01197±1.64 0.00896±1.41 
 

1.34 <0.0001 9.366±1.60 0.5292±1.66 
 

17.70 0.290 

D7 Omecamtiv 

mecarbil (CK-

1827452) 

23.19±1.18 1.756±1.55 
 

13.21 0.0002 50.93±1.42 16.38±1.46 
 

3.11 0.0493 

D8 BTB06584 9.185±1.17 2.249±1.42 
 

4.08 0.0105 26.62±1.20 11.74±1.35 
 

2.27 0.1504 

D9 Spautin-1 19.64±1.18 0.9392±1.43 
 

20.91 <0.0001 23.69±1.23 14.53±1.27 
 

1.63 0.4042 

D10 Brefeldin A 0.3528±1.19 0.08994±1.30 
 

3.92 <0.0001 0.06935±1.44 0.04129±1.46 
 

1.68 <0.0001 
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D11 Cinobufagin 30.65±1.15 8.069±1.28 
 

3.80 0.0002 0.3784±1.47 0.1153±1.42 
 

3.28 <0.0001 

E2 (-)-Blebbistatin 26.52±1.08 6.774±1.37 
 

3.91 0.0010 124.9±1.52 28.17±1.46 
 

4.43 0.0028 

E3 MRT67307 26.4±1.08 5.695±1.33 
 

4.64 0.0001 30.87±1.27 7.203±1.40 
 

4.29 0.0166 

E4 K858 4.304±1.08 1.42±1.22 
 

3.03 <0.0001 11.28±1.16 7.839±1.31 
 

1.44 0.5725 

E5 NU2058 24.07±1.10 6.072±1.35 
 

3.96 0.0009 1.982±1.44 1.374±1.45 
 

1.44 0.0063 

E6 Gambogic Acid 0.265±1.16 0.1075±1.17 
 

2.47 <0.0001 1.065±1.16 0.6782±1.25 
 

1.57 <0.0001 

E7 3,6'-Disinapoyl 

sucrose 

45.01±1.29 10.57±1.32 
 

4.26 0.0001 121.9±1.48 18.89±1.29 
 

6.45 0.0086 
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To select the compounds with the highest anti-tumor efficacy in both cell lines, we 

calculated the fold change (FC) ratio (IC50
monotherapy / IC50

combination therapy), and kept the drugs 

where the IC50 for the combination was at least 5 times lower than the drug alone (FC ratio 

≥ 5). Eleven compounds followed this statement in both cell lines and are highlighted in 

blue and underlined (fig. 14A-B).  

 

Fig 14: Identification of target compounds with synergistic toxicity when 

combined with CAP treatment. (A-B) Panel displaying 32 compounds that had 

statistically significant curve fits and displaying the FC ratio derived from B16F10 (A) 

and SK-MEL-28 (B) cells. The included drugs that had an FC ratio > 5 are highlighted in 

blue. Excluded drugs that had a FC ratio < 5 are highlighted in yellow. Drugs that showed 

a FC ratio > 5 in both cell lines (n=11) are underlined and used for further 

characterization.  

 

A successful cancer therapy shows high toxicity towards cancer cells and low towards 

healthy cells. To address the toxicity of combination treatments in non-tumorigenic cells, 

the IC50 ratio for the combination was calculated with the human tumorigenic SK-MEL-28 

cells and non-tumorigenic HaCaT cells (IC50
HaCaT / IC50

SK-MEL-28). Compounds that were 

toxic in HaCaT cells (ratio ≤ 2) were excluded, and the remaining five compounds (ratio ≥ 

2) were selected for further in vitro and in vivo assays (fig. 15A-C). The specificity of the 

screening approach was validated by immunoblotting of the respective proteins targeted 

by the compounds (Mcl1, Bcl-2, ULK1, and β-AR; see appendix table i) in HaCaT, SK-

MEL-28, and B16F10 cells (fig. 15D). The protein target of each one of these final five 
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compounds it is abundant in melanoma cell lines (B16F10 and SK-MEL-28), but not in a 

non-tumorigenic cell line (HaCat), which explains in, part, the selectivity.  

 

Fig 15: Identification of target compounds with selectivity toxicity towards 

melanoma cells. (A-B) Dose-response curves of the 11 compounds with the highest 

anti-tumor activity in SK-MEL-28 (A) and in HaCaT (B) cells. Fold change (FC) of the 

IC50 values between HaCaT and SK-MEL-28. Compounds with a FC > 2 (n=5) were 

selected for downstream characterization (C). Immunoblotting of whole-cell extracts 

indicating the protein levels of bcl-2, mcl-1, ukl-1, and β2-AR in the three cell lines 

included in this study (D). Data are mean ± SEM derived from three independent 

experiments.  

 

4.1.2. Five targeted compounds and biochemical mechanisms leading to 

cytotoxicity  
 

Our screening approach reveled five compounds with optimal activity when combined with 

CAP (A-1210477, Carvedilol, Cozymasei, SBI-0206965 and ABT-263; drug codes A2, A4, 

C4, C10, and C11, respectively)). To understand the biochemical mechanism leading to 

cytotoxicity, we investigated parameters inducing cell death using the IC50 doses of 

combination therapy (see tab. 1). With the alamar blue assay it was observed that the 
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metabolic activity was reduced after 6 and 24 h only when the drug was combined with 

plasma treatment (fig. 16 A). Furthermore the Coefficient of Drug Interaction (CDI) 

analysis, calculated from the absorbance values of the alamar blue assay, revealed that 

all five drugs demonstrated synergistic toxicity (CDI < 1) in both SK-MEL-28 and B16F10 

melanoma cells (tab. 2).  

To look for the cytotoxicity of the treatment we used image analysis and stained the cells 

with Sytox green, a dye that is permeable to death cells, only. The quantification indicated 

that combination treatments increased cytotoxic responses in both melanoma cell lines 

for most of the drugs (fig. 16B-C). With the images acquired by the Digital Phase Contrast 

(DPC) using the live-cell high content imaging system, morphological changes were 

tracked after 24 h. There was a consistent increase in the cell area for combination 

treatments, which is indicative of cell cycle arrest (fig. 16D). Still using image analysis, 

cells were loaded with a ratiometric GSH tracer dye. GSH is a tripeptide with a thiol group, 

which is a very important component of the body antioxidant system. The combination 

treatments decreased the intracellular GSH (fig. 16E) implying increased oxidative stress. 
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Fig 16: Cytotoxicity of the combination treatment in 2D cell culture. (A) Heat map 

depicting the metabolic activity of B16F10 and SK-MEL-28 cells following combination 

treatments at 6 h and 24 h. (B) Representative images of sytox green-based viability 

determined by live-cell imaging 24 h post combination treatments; scale bar is 100 μm, 
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(C) Heat map depicting the percent cell death following combination treatments. (D) Heat 

map showing the change in cell area following treatment in B16F10 and SK-MEL-28 

cells at 24 h, comparing the groups with the respective vehicle control. (E) Plot showing 

a decrease in intracellular GSH determined by ratiometric fluorescent (GSH-tracer) 

following combination treatments. The concentration of the drugs used was the IC50 of 

the combination treatments depicted in table 1. Data are mean ± SEM derived from three 

independent experiments. 

 

Table 2. Coefficient of Drug interaction (CDI) in the five effective compounds tested in B16F10 

and SK-MEL-28 cells in vitro. 

Code Drug (1 μM) Function 

CDI 

B16F10 
SK-MEL-

28 

A2 A-1210477 MCL-1/BCL-2 inhitor 0.731 0.928 

A4 Carvedilol K+ channel inhibitor 0.643 0.921 

C4 Cozymasei 
Dehydrogenase 

inhibitor 0.893 0.941 

C10 SBI-0206965 FAK kinase inhibitor 0.895 0.912 

C11 ABT263 BCL-2 inhibitor 0.637 0.893 

 

The loss of mitochondrial membrane potential (MMP) is a critical event induced by 

oxidative stress preceding cell death. TMRE is a cell-permeant dye that is sequestered by 

active mitochondria due to their relative negative charge. Depolarized or inactive 

mitochondria have decreased MMP and fail to sequester TMRE. After treating the cells 

with the combination treatment, there was a substantial MMP decrease (fig. 17A-C).  

To confirm the effectiveness of the treatment, 3D spheroid models were used with SK-

MEL-28 cells. There was significant cytotoxicity observed in the combinations with drugs 

and plasma treatment (fig. 17D-E). 
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Fig 17: Mitochondrial membrane potential (MMP) and 3D cell culture. (A) 

Representative images depicting mitochondrial membrane potential (MMP) by TMRE 

staining. Orange staining represents active mitochondria that were able to uptake 

TMRE; scale bar is 100 μm. (B-C) quantification of TMRE intensity 24 h post combination 

treatments in B16F10 (B) and SK-MEL-28 (C) cells. (D) Maximum intensity projections 

of SK-MEL-28 tumor spheroids treated with indicated drugs or in combination with CAP 

treatment for 24 h before staining with sytox orange and Hoechst; scale bar: 250 µm. 

Blue represents the totality of cells, while orange shows the death cells (E) Quantification 

of tumor cell toxicity in spheroids. The concentration of the drugs used was the IC50 of 

the combination treatments depicted in table 1. Data are mean ± SEM derived from three 

independent experiments. ***p < 0.001. Significance was determined by one-way 

ANOVA with Tukey’s post hoc test, comparing the groups with the vehicle control. 
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4.1.3. Type of cell death 
 

Next, the combination treatments were analyzed with respect to their contribution to 

programmed apoptosis or necroptosis. The pan-caspase inhibitor Z-VAD-FMK or the RIP-

1 kinase inhibitor nec-1 were added to melanoma cells one hour before plasma and drug 

combination treatment. CAP-induced cytotoxicity was reduced by Z-VAD-FMK but not 

nec-1 in both B16F10 and SK-MEL-28 cells (fig. 18A). Caspases are the effectors of 

apoptotic cell death and the inhibition of cell death when added Z-VAD-FMK, indicate that 

this regulated cell death (RCD) is the primary mechanism of plasma-induced cell death in 

combination with mitochondrial inhibitor drug treatment. The presence and extent of 

apoptosis was confirmed by caspase 3/7 activation staining via flow cytometry (fig. 18B). 

 

Fig 18: Apoptosis was the primary type of melanoma cell death with combination 

treatments. (A) B16F10 and SK-MEL-28 cells pre-treated with pan-caspase inhibitor Z-

VAD-FMK or necroptosis inhibitor Nec-1 for 1 h followed by combination treatments of 
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different drugs with 30 s plasma. Results from sytox orange viability staining indicative 

of caspase-mediated cell death in both cell lines tested. (B) Confirmation of cellular 

caspase 3/7 activity (Cell Event) by flow cytometry following combination treatments at 

24 h. Data are mean ± SEM derived from three independent experiments. *p < 0.05 

**p < 0.01 ***p < 0.001. Significance was determined by one-way ANOVA with Tukey 

post-test for multiple comparisons 

4.1.4. The combination treatment limited melanoma growth in vivo 
 

To address the in vivo efficacy of the combination treatment, four compounds (A-1210477, 

Carvedilol, SBI-0206965, and ABT-263; drug codes A2, A4, C10, and C11, respectively) 

were selected. The compound Cozymasei (drug code C4) was excluded due to the limited 

knowledge on its use in preclinical models. B16F10 murine melanoma cells were injected 

in the back of C57BL6 mice, to develop a cutaneous melanoma tumor. The dose of drugs 

used in the study and time of plasma treatment was first determined in a small cohort (n=3 

per group; data not shown). Once the tumor reached approximately 50 cm3, animals were 

separated into groups and treated with 10 mg/kg of the drug via i.p. injection followed by 

10 min exposure of CAP treatment across the surface area of the tumor under standard 

anesthesia (ketamine/xylazine, via i.p. injection). Prior to the treatment, the tumor volume 

of the animals was measured. Representative images of the tumor from the treatment 

groups are in the appendix (fig. iii). In monotherapy, CAP was able to significantly reduce 

the final tumor volume (fig. 19A) as well as the wet tumor weight (fig. 19B). However, the 

reduction was even higher when combined with all the four drugs tested. The combination 

treatment did not induce further decrease in the body mass index, representing low 

systemic cytotoxicity (appendix fig. iv).  

In response to tumor development or to treatment, changes in systemic oxidative stress 

markers may occur. During tumor growth, the peroxide production in tumor cells is 

elevated, leading to the consumption of GSH and increased accumulation of oxidized 

glutathione (GSSG) in red blood cells (RBCs), leading to reduced GSH/GSSG ratio. In our 

study, plasma alone as well as combination treatments with A-1210477 (A2) and SBI-

10206965 (C10) were able to increase the GSH/GSSG ratio when compared to the vehicle 

or the treatment with drug alone (fig. 19C). Another important marker for oxidative stress 

and tumor development is the end product of lipid peroxidation, malondialdehyde (MDA). 
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Quantified in the blood plasma of the animals, CAP and the combination with A-1210477 

(A2) and ABT-263 (C11) reduced the MDA levels significantly, when compared to the 

vehicle or the drug only treatment (fig. 19D). 

 

Fig 19: The combination treatment restricts melanoma growth in vivo. (A) 

Quantification of tumor volume and (B) wet tumor weight from the mice treated with 

combination therapy at the end of the study. (C) RBCs GSH/GSSH ratio and (D) serum 

MDA levels in mice treated with the combination therapy. Data are mean ± SEM derived 

from three independent experiments. *p < 0.05 **p < 0.01 ***p < 0.001. Significance was 

determined by one-way ANOVA with Tukey post-test for multiple comparisons 

 

Analyzing the animal tumor samples via immunohistochemistry staining, we demonstrated 

that when combined with CAP, there is a decrease in the proliferation rate, evidenced by 

a decrease in nuclear Ki67 (fig. 20A and D). In the same way, we observed an enhanced 

activity of active caspase 3 (fig. 20D and E). To identify the infiltration of immune cells in 

the tumor microenvironment, CD45 (pan leukocyte marker) staining showed an increased 

number of CD45+ cells following combination treatments with the targeted compounds 

indicative of an immuno-attractive microenvironment (fig. 20C and F). 
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Fig 20: Immunohistochemical staining of the tumors induced by B16F10 

subcutaneously injected in C57BL6 mice. (A) Representative images of 

immunohistochemical staining and quantification of tumor sections with anti-Ki67 (A) 

and D), anti-cleaved caspase 3 (B and E), and anti-CD45 antibodies (C and F) post 

combination treatment. DAB staining (brown color) represent the presence of the 

respective antibody. Scale bar is 200 μm. Data are mean ± SEM derived from three 

independent experiments. *p < 0.05 **p < 0.01. Significance was determined by one-way 

ANOVA with Tukey’s post hoc test, comparing the groups with the vehicle control. 

 

4.1.5. CAP treatment enhanced the secretion of pro-inflammatory cytokines 
 

Cytokines regulate several physiological and pathological processes, including 

inflammatory and immunological processes. To identify the cytokines that are playing a 

role in plasma-induced cell death in combination with mitochondrial inhibitor drug 

treatment, we performed a mouse pro-inflammatory cytokine screening using a bead-

based immunoassay in supernatants from B16F10 cells treated in vitro (fig. 21A). Several 

cytokines showed participation in combination groups, from those, GM-CSF, IL6, TNF-α, 

and VEGF were confirmed at the mRNA level by qPCR. GM-CSF was significantly 

upregulated in CAP treatment alone, as well as in combination with the drugs A4, C4, 

C10, and C11 (fig. 21B). On the other hand, IL6, TNF-α, and VEGF did not undergo any 

significant induction in gene expression after treatment in vitro (fig. 21C-E). GM-CSF plays 

an important role in local inflammatory reaction and tumor antigen presentation mediated 
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by APCs and DCs. To understand if a similar effect may happen in vivo when applied 

CAP, tumor samples of animals from Vehicle+P30 s group were submitted to 

immunohistochemical analyses for GM-CSF and TNF-α. Both cytokines were upregulated 

when compared to untreated controls (fig. 21F-H). Tissues samples from combination 

groups were insufficient to determine GM-CSF and TNF-α levels.  

 

Fig 21: CAP treatment stimulated the expression of GM-CSF in B16F10 cells in 

vitro and in vivo. (A) Chemokine and cytokine concentrations of the supernatants from 

B16F10 cells following mono and combination treatments in vitro. (B-E) gene expression 

(qPCR) of GM-CSF (B), IL-6 (C), TNF-α (D), and VEGF (E) 24 h following mono and 

combination treatments in vitro. Immunohistochemical staining of tumor samples with 

DAB. The brown color represent the presence of the respective antibody (F), and 

quantification of TNF-α (G) and GM-CSF (H) in the B16F10 tumor tissue post-treatment 

with CAP alone. Data are presented as mean ±SEM of three independent experiments. 

ns = no significant, *p < 0.05, **p < 0.01, ***p<0.001. Significance was determined by 

one-way ANOVA with Tukey’s post hoc test, comparing the groups with the respective 

vehicle control and two-tailed t-test. Scale bar is 200 μm. 
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4.1.6. Summary of the results 
 

A screening strategy was developed to identify possible targets for melanoma treatment 

in combination with plasma. The study initiated with 46 compounds, and dose-response 

curves were generated. The curves of drug alone, drug+P30 s, and vehicle+P30 s were 

not identic in 32 of the 46 compounds. Among them, 11 drugs showed a strong synergistic 

effect (FC ratio ≥ 5). The drugs that did not show selectivity (IC50
HaCaT / IC50

SK-MEL-28 ≤ 2) 

were also excluded, resulting in five optimal targeted compounds that were deeper 

investigated. Each of the drugs have different mechanism of actions and their protein 

targets are highly expressed in melanoma cell lines, but less expressed in HaCaT. In 

general, the combination with CAP and these selected drugs showed decreased 

metabolic activity and increased cell death. The toxicity was observed microscopically by 

a cell death marker, but also by cell morphology was analyzed, where the cell area was 

increased after combination treatments. Our treatment approach also decreased the 

levels of GSH and reduced the mitochondrial membrane potential, leading to cell death.  

Using a more complex in vitro model, 3D spheroids were generated and confirmed the 

effects of our treatment combination. Furthermore, four of the five final compounds were 

in vivo tested. All the drugs, in combination, decreased tumor volume and wet tumor 

weigh. For some drugs, this effect was accompanied by an increased GSH/GSSG ratio in 

red blood cells and decreased serum MDA levels. Via immunohistochemistry, in the 

combination, we detected decreased proliferation rates by ki-67 staining, and enhanced 

active caspase 3. Leukocyte infiltration was detected by increased CD45+ cells. GM-CSF 

plays an important role in anti-tumor immunity. In vitro we observed an increase in the 

supernatant levels of this cytokine as well as increased gene expression. In vivo, we 

confirmed that plasma treatment increased GM-CSF and also the inflammatory cytokine 

TNF-α.  
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Chapter 5. Discussion 
  

5.1. Combination of CAP and radiotherapy 
 

The use of ionizing radiation or radiotherapy is a highly effective tool for cancer treatment, 

being used in approximately 50% of all cancer patients [149]. Nowadays, in patients with 

inoperable tumors, radiotherapy is the most used strategy. Furthermore, patients with 

incompletely resected or recurrent tumors are mostly treated by radiation therapy after 

surgery [150]. The objective, for the majority of the patients that are treated with 

radiotherapy, is to cure, however this treatment is also very important for the palliation 

[151]. Radiation therapy has long played a role in the management of all types and stages 

of melanoma, being used to treat unresectable malignant melanoma or to treat metastatic 

disease in a palliative setting [152]. Even though melanoma has traditionally been 

considered as a relatively radio-resistant tumor [153], studies have shown that 

fractionated radiotherapy, as well  in combination with immune check point inhibitors [153] 

or hyperthermia [154] can effectively kill melanoma cells and induce an anti-tumor immune 

response [112]. 

Cold atmospheric plasma (CAP) is an emerging technology in medicine with documented 

relevance in dermatology [94] and promising significance in oncology [99, 100, 155, 156]. 

Besides its cytotoxic effect in cancer cells, CAP has been described as a potent inducer 

of the immunogenic cancer cell death (ICD) [157]. Here we combined these two physical 

techniques, the established radiotherapy with the promising medical CAP technology, to 

induce additive toxicity in murine B16F10 melanoma cells as well as immunomodulatory 

effects. 

In the clinical settings, ionizing radiation can be applied in a single dose (usually higher) 

or a fractionated regimen with several doses (usually lower). The fractionated settings 

come from the necessity to enabling normal tissue to repair during and after the course of 

radiotherapy, based on the fact that tumor cells are at a disadvantage since its machinery 

is generally damaged [158]. In addition, using the ionizing radiation in different fractions 

exploits weaknesses in cell cycle processes and DNA damage repair mechanisms of 

tumor cells, leading to a better local tumor control by induction of cell death [159].  
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In this study, we demonstrated in vitro that the monotherapy with a single dose of ionizing 

radiation or plasma gave substantial anti-tumor toxicity. When pretreating the cells with 

CAP, cell death was even more pronounced [128]. Melanoma cells exhibit low rates of 

spontaneous apoptosis when compared with other types of tumor, besides being relatively 

resistant to apoptosis after chemotherapy [56]. Our combination treatment approach 

showed, when combining plasma with 8 Gy radiation, there was an induction of caspase 

3/7 activation and apoptotic cell death. This increased effect was even stronger with 

fractionated radiotherapy. An interesting observation is that in the fractionation settings, 3 

x 2 Gy often was equally effective as 3 x 8 Gy, when preceded by CAP treatment [128]. 

This suggests that fractionation with low doses might be therapeutically optimal as the 

regimen gives fewer side effects.  

The use of plasma to enhance cell sensitivity to radiation had been also described in 

differente lineages of breast cancer [160], non-small cell lung cancer, cervical cancer and 

hepatoblastoma [161] .  

Due to difference of complexity between cells in a 2D in vitro study and the whole human 

body, these results have low clinical significance. However, they serves as a starting point 

to show the proof-of-concept of combining two different physical approaches.   

Cancer cells generally use glycolysis as the primary adenosine triphosphate (ATP) 

source, however melanoma cells are known to reply on mitochondrial oxidative 

phosphorylation [162]. CAP exposure may induce a persistent injury to mitochondrial 

function that caused the mitochondrial mass increase, in order to maintain adequate levels 

of ATP from oxidative phosphorylation. The mitochondrial mass increase has been 

studied not only as a compensatory response, but also as an consequence of oxidative 

stress, being induced by increased steady-state levels of ROS caused by defective 

mitochondrial metabolism [48]. It has been proposed that both plasma and ionizing 

radiation share a partly similar behavior for the generation of ROS, especially in the liquid 

phase of a treated tissue or cell system model [163]. When reached intracellular 

compartments, ROS can activate a range of signalling pathways that transduce 

cytoplasmic signals to the nucleus, where they influence the activity of transcription factors 

which control the expression of a wide array of genes leading to cell dysfunction and, 

ultimately, cell death [103]. The concept that plasma treatment induces apoptotic cell 
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death through mitochondrial damage by delivering ROS has been proposed before [124, 

164]. Here we observed persistent levels of ROS even after 24 h of plasma treatment.  

Due to active metabolism, cancer cells have moderately higher ROS levels than their 

normal counterparts and, for this reason, can be be more sensitive to external stimuli that 

further increase the production of ROS [165]. On the other hand, cancer cells developed 

resistance strategies, such as increased antioxidant defenses to be protected against 

oxidative stress [166]. The participation of ROS in the toxicity induced by radiotherapy has 

been related to hydroxyl radicals being generated directly in the nucleus to affect cellular 

DNA [167]. Consequently, a combination with the pronloged and sustained ROS induced 

by plasma treatment, can be the key to overcome resistance and effectively kill cancer 

cells.  

Among the consequences of DNA damage, the formation of double strand breaks (DSBs) 

is the most significant. Phosphorylated histone H2AX (γH2AX) represents a signal 

molecule of the DSBs repair pathway activation [168]. It is well described that DSBs are 

the primary lesions responsible for the biological effects of ionizing radiation [169]. In our 

study, the combination of plasma and radiotherapy increased γH2AX throughout all cell 

cycle phases. Recently it was reported by our group that the phosphorylation of H2AX in 

response to plasma exposure is a consequence of pro-apoptotic signaling rather than a 

direct transfer of CAP-generated ROS passing through several cellular membranes and 

compartments to nuclear DNA [170].  

When DNA is damaged, the cellular response is cell cycle arrest induction, to allow the 

lesions to be repaired, followed by the damage triggering regulated cell death, normally 

apoptosis. For both consequences, the activation of p53 is essential and can be regulated 

on both the post-transcriptional and expression levels [171]. Specifically, in cell cycle 

arrest at the G1 phase, p53 enhances p21 transcription, which, in turn, inhibits cyclin-

dependent kinase (CDK) activity [172]. Here we investigated the levels of the p53 protein 

and observed an increased p53 expression in the combination settings, which was 

possibly intertwined with increased γH2AX. Furthermore, radiotherapy-induced DNA 

damage and subsequent misrepair may lead to the formation of complex chromosomal 

aberrations and micronuclei (MN) [128] that contribute to cell death [173]. For the single 

treatment regimens (low 3 x 2 Gy fractionated radiotherapy or plasma treatment), no 
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significant changes in micronuclei frequency were observed. This is in line with previous 

observations in both the radiotherapy [174, 175] and plasma medicine field [176-178].  

A successful cancer therapy includes not only the ability to selectively kill cancer cells but 

also increases immunogenicity and promotes anti-tumor immunity [179]. For a long time, 

the main function of radiotherapy was to stop tumor growth through induction of cell death, 

by a localized form of treatment with minimally affecting the adjacent tissues. However, 

many studies have suggested that the effects of ionizing radiation can also trigger an anti-

tumor immune response [180]. In ICD, cells release DAMPs such as HSP70 in a 

spatiotemporal manner that act as danger signals and activate antigen-presenting cells 

[181]. This kind of cell death has been reported for both radiotherapy [182-184] and CAP 

treatment [106, 185, 186] in tumor and melanoma cells. In our study hallmarks of ICD 

were analyzed and no release of pro-immunogenic molecules such as HSP70, CXCL1, 

and CXCL10 was observed [128], possibly due to different sampling time points and 

treatment regimens performed in the previous studies.  

Despite the no detectable ICD hallmarks, the secretory profile, in the 3 x 8 Gy radiation 

regimens, showed a pronounced increase of the molecules GM-CSF, IL6, and TNFα, 

which have been implicated in anti-melanoma immunity. For instance, GM-CSF was 

included in anti-melanoma vaccination efforts [187], and TNFα was previously a part of 

anti-melanoma clinical strategies [188]. Depending on the treatment regimen, IL10 levels 

were either increased or decreased in our study. Although being considered a classical 

pro-tumor cytokine [189], new evidence has emerged, showing a potential immuno-

stimulating activity of IL-10 that may support CD8+ T-cell activity [190-192].  

Our combination treatment regimens showed an immunomodulatory potential in B16F10 

cells that was further supported by an increase of DCs maturation markers. GM-CSF is 

known to promote dendritic cell activation, which is concomitant with an upregulation of 

MHCII and CD83 in these cells [193]. As an unwanted effect, we found in the combination 

an increased expression of PD-L1 on live melanoma cells [128]. This ligand activates the 

inhibitory receptor on T-cells, thus resulting in decreased T-cell activity. The up-regulated 

expression of this ligand has been already described in response to ionizing radiation in 

monotherapy [194]. In order to counteract immunosuppressive effects and exploit the 

immune-activating properties of the studied combination, immune checkpoint inhibitors 
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can be used [194-197]. Anti-PD-L1 antibodies has been approved (Nivolumab and 

Pembrolizumab) and shown positive effects in melanoma treatment [80]. 

In conclusion, cold plasma treatment in combination with radiotherapy, showed  increased 

effects in terms of cytotoxicity, cell cycle arrest, and release of immunostimulatory 

products in murine melanoma cells in vitro. The use of ionizing radiation in the fractionated 

settings showed to be more efficient than the single-dose regimen. It was also observed 

a tendency of better results when plasma was applied before radiotherapy, than the vice 

versa situation. In order to confirm the effectiveness of this treatment approach, a 

translational study using syngeneic tumor models need to be elaborated and the effects 

of the combination therapy on the tumor microenviroment and metastasis needs to be 

studied. 

5.2. Combination of CAP and mitochondria-targeted drugs 

Many studies are supporting the use of CAP as a tool in cancer therapy [198], and the use 

of combination therapies are a promising strategy to fight melanoma [112]. It has been 

demonstrated that CAP-derived oxidants induce selective tumor kill by inducing 

mitochondrial dysfunction [199-201]. So, a concomitant inhibition of mitochondrial function 

and plasma treatment might be a strategy against melanoma. In this study we investigated 

the in vitro and in vivo anti-tumor efficacy of mitochondria-targeted compounds in 

combination with CAP-derived oxidants using the B16F10 syngeneic tumor model.  

The metabolic adaptation of mitochondria in cancer cells is associated with alterations in 

mitochondrial structure, dynamics, and function, leading to tumor growth and survival 

[202]. The choice for targeting mitochondria and its associated pathways is due to its 

critical dependency in redox balancing [203], bioenergetics [204], and regulation of cell 

death pathways [205]. Besides that, in a previous studyit was shown that the chemical 

inhibition of mitochondrial complex IV by potassium cyanide or sodium azide, in 

combination with CAP treatment induced synergistic toxicity in melanoma cells [124]. 

However, an attempt to use this strategy against melanoma in an animal model failed 

because of high toxicity of the complex IV inhibitor. To make a combination strategy more 

clinically relevant, our initial mitochondrial targets were taken from a library of 46 
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compounds (Targetmol) with confirmed bioactivity and safety for use in pre-clinical 

research and clinical trials. 

In the first step, 32 compounds were identified where the toxicity of the monotherapy was 

different from plasma treatment in monotherapy or the combination. Based on the 

systematic screening approach and IC50 calculations, 11 targets with greater synergistic 

effects were chosen, and due to toxicity towards a non-malignant cell line (HaCaT), six 

compounds were excluded. Two time points were chosen to investigate the properties 

beyond this combination leading to cell death, using the five final compounds. Using the 

dose of the IC50 for the combination, the cytotoxicity was observed only when cells were 

treated with drug and CAP. Due to the pro-oxidant environment generated after plasma 

treatment, there was a substantial consumption of the antioxidant defense amino acid 

GSH, which was not enough to protect the mitochondria against membrane 

depolarization. Other agents have been described to induce mitochondrial dysfunction by 

oxidative stress induction, ultimately leading to cell death [134, 206, 207].  

Different pathways of cell death can be triggered by oxidative stress. Cold plasma has 

been described to induces apoptosis [208-210], necroptosis [211, 212], necrosis [213, 

214], among others, depending on the plasma source, exposure time, gas used and type 

of cell treated. In our study, cells were sensitized with different drugs, and the cell death 

induced by CAP treatment was prevented by caspases inhibitor, suggesting an apoptotic 

cell death. Both intrinsic or extrinsic apoptotic initiation pathways culminate in the 

activation of caspase 3/7 [215], and the flow cytometry quantification of this caspase 

activation confirmed that plasma-induced cell death mainly via apoptosis. From these five 

final compounds, four had consistent anti-tumor efficacy in both murine and human 

melanoma cell lines and were relatively non-toxic in non-transformed cells. These 

compounds were A1210477, ABT-263, SBI-0206965, and Carvedilol. 

The proteins MCL-1 and BCL-2 are both potent anti-apoptotic molecules upregulated in 

melanoma, playing a vital role in rapid tumor progression and resistance to therapy [216, 

217]. BH3 mimetics are small compounds that antagonize anti-apoptotic proteins, 

resulting in apoptosis induction in cancer cells [218]. Two drugs of this class, A1210477 

and ABT-263, have been extensively studied to inhibit MCL-1 and BCL-2 function in 

melanoma and other cancers with promising results in clinical trials [219, 220].  
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To evade destruction, cancer cells often undergo autophagy [221]. BRAF mutated 

melanoma cells exploit autophagy to preserve mitochondrial function, lysosomal 

biogenesis, and reduced oxidative stress [222, 223]. ULK1 is a serine/threonine kinase 

that regulates the autophagy pathway and could serve as an excellent drug target in tumor 

cells. Our observations from dose-response curves indicate that ULK1 inhibitor SBI-

0206965 had better efficacy in SK-MEL-28 cells due to its inherent V600E mutation when 

compared to B16F10 cells.  

Carvedilol is a non-selective adrenergic blocker primarily used to treat cardiovascular 

diseases by blocking α and β adrenergic receptors [224]. Few studies have highlighted 

the role of β-AR signaling in skin, prostate, and breast cancer [225, 226]. 

Pharmacoepidemiological studies indicated that melanoma patients who were prescribed 

β-blockers for more than a year had significantly increased disease-free survival than the 

patients who were not on β-blockers [227]. Here, we identified Carvedilol to have a robust 

anti-tumor effect in vitro and in vivo, re-igniting the potential of usage β-blockers against 

melanoma. 

Many cancer patients suffer from cachexia syndrome, a complex metabolic disorder 

characterized by extreme weight loss due mainly to the gross depletion of skeletal muscle 

tissue [228]. The anti-cancer treatments are often highly toxic for the patient, and although 

it is able to reduce tumor burden, may induce muscle atrophy and worsen the patient's 

health status [229, 230]. The loss of body mass and other side effects are frequently 

caused by high doses of therapeutic agents [231, 232]. For our in vivo studies, a dose of 

10 mg/kg was used, this is much lower than the concentration used in previously published 

studies. Pre-clinical studies with ABT-263, SBI-0206965, carvedilol, and A-1210477 were 

carried out at doses ranging between 20 and 100 mg/kg [233-236]. To achieve a 

satisfactory result, our study used low concentration of drugs in combination with plasma 

that induced no higher systemic toxicity.  

In the clinical scenario, cancer patients that suffer complications from chemotherapy, such 

as strong side effects, allergy or therapeutic resistance, could be candidates to receive 

plasma as adjuvant therapy. An example is a  56 year-old female with advanced 

metastatic colon cancer that was successfully treated with a combination of 

chemotherapy, radiotherapy and cold plasma. Moreover the use of CAP did not induce 
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any adverse event to the patient [237]. Consequently the search for drugs that show 

optimal effects when combined with plasma becomes desirable. To achieve a clinically 

relevant result, all the drugs used in our study had the bioactivity and safety already 

confirmed by pre-clinical research and clinical trials.  

Increased tumor burden leads to higher levels of H2O2 released from the tumor leading to 

decreased GSH/GSSG ratio in the RBCs compartment. This parameter is often used as 

a systemic marker to monitor tumor growth following treatment in vivo [238]. Our 

combination therapy rescues the GSH/GSSG ratio post-treatment indicative of reduced 

systemic oxidative stress, which was further confirmed by decreased plasmatic levels of 

malondialdehyde (MDA), a product of lipid peroxidation. A systemic GSH decrease and 

MDA increase were found in patients with aggressive melanomas (T3/T4 Breslow 

thickness) [239]. Thus, treatments that revert this index are desirable. In agreement with 

our results, cutaneous melanoma treated with metformin, a selective inhibitor of 

mitochondrial complex I, effectively decreased the tumor burden and decreased the 

systemic oxidative stress, with increased GSH and decreased MDA [134].  

Immunogenic cell death (ICD) is the preferred mode of tumor cell death following 

therapeutic intervention. Dying tumor cell releases DAMPs such as ATP, calreticulin, and 

HMGB1 in the tumor microenvironment, and induces an anti-tumor immune response 

[181, 240]. Previous studies have shown that CAP treatment potentially induce ICD in vitro 

and in vivo [157]. In the current study, we show that treating B16F10 cells with CAP led to 

a ~ 3-fold induction of GM-CSF in vitro, which was, however, not observed in SK-MEL-28 

cells (data not shown). GM-CSF production in tumor cells is associated with improved 

survival in colorectal cancer [241]. This cytokine can stimulate anti-tumor immunity by 

expanding and activating dendritic cells that can phagocytose dying tumor cells leading to 

advantageous tumor antigen presentation [242]. In plasma-treated-tumor-tissues, 

immunohistochemistry staining revealed a significant increase of GM-CSF and TNF-α 

level, indicative of an inflamed tumor primed for an anti-tumor immune response [243]. 

This observation was further supported by finding an increased number of leukocytes in 

the tumor tissue exposed to the combination treatment. 

Taken together our results suggested that the combination of plasma and mitochondria-

targeted drugs induced anti-cancer effects mediated by targeting redox status of tumor 
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cells and inducing mitochondrial depolarization. The mitochondrial dysfunction led to 

decreased metabolic activity as well as apoptotic cell death induction. In vivo, the 

combined treatment reduced ki-67 and, consequently, tumor growth. The antioxidant 

systemic profile may be due to decreased tumor burden or a direct effect of the treatment. 

Importantly our combined treatment approach is effective against melanoma not just due 

cytotoxicy effects but also inducing an inflammatory profile that supports an anti-tumor 

immune response.    
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Chapter 6. Summary 

 

There has been a substantial evolution of anti-cancer therapies in the last decade, leading 

to improved prognosis and disease-free survival of patients with melanoma. Due to the 

number of patients that still develop resistance or to the high systemic toxicity and side 

effects, new treatment options are still needed. Regardless of the type of therapeutic 

interventions (except surgery), the reactive oxygen species (ROS) are a by-product or 

contribute to the action mechanism of many successful therapies. In this context, medical 

cold atmospheric plasma (CAP) arises as a promising tool, and studies are important to 

prove the effectiveness of this new device. 

Since combination therapies are the current standard way to treat melanoma, we explored 

candidates to be combined with cold atmospheric plasma, with potential to become a 

therapeutic option in the combination. Here, we tested the radiotherapy and clinically safe 

mitochondrial inhibitor drugs. In the end of the study, both, ionizing radiation and four 

mitochondrial-targeted-drugs showed to be promising candidates for the combination with 

CAP. These combinations induced increased cytotoxicity and modulated the immune 

system improving the anti-tumor immune response. Mitochondrial damage seems to be 

the first stage to induce cellular deficiency and culminate in apoptotic cell death. 

Furthermore the release of GM-CSF contribute to a pro inflammatory state and immune 

system activation.  

This dissertation showed that CAP serves as an excellent tool to boost melanoma cell 

death and induce anti-tumor response. In addition, in our proposed therapeutic 

combination, the intensity of plasma treatment could be decreased possibly resulting in 

less systemic toxicity. Our results serves as model to be studied in other tumor entities. 
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Appendix 

 

Table i. List of 46 compounds and their biochemical targets used in the study 

Drug 
Code 

Name CAS Elemental Formula Mol.Wt Target 

A2 A-1210477 166855
3-26-1 

C46H55N7O7S 850.04 Bcl-2 inhibitor 

A3 Etidronate 2809-
21-4 

C2H8O7P2 206.03 ATPase 
inhibitor 

A4 Carvedilol 72956-
09-3 

C24H26N2O4 406.47 Adrenergic 
Receptor 
antagonist 

A5 Dexibuprofen 51146-
56-6 

C13H18O2 206.28 Plasminogen 
inhibitor 

A6 Idebenone 58186-
27-9 

C19H30O5 338.45 ROS inhibitor 

A7 Trichlormethiazi
de 

133-67-
5 

C8H8Cl3N3O4S2 380.66 ATPase 
inhibitor 

A8 Pantoprazole 
Sodium Hydrate 

164579-
32-2 

C16H14F2N3NaO4S·3/2H2O 432.37 ATPase 
inhibitor 

A9 Docetaxel 
trihydrate 

148408-
66-6 

C43H59NO17 861.95 Bcl-2 inhibitor 

A10 Carvedilol 
phosphate 

610309-
89-2 

C24H26N2O4·H2O·H3O4P 522.49 Adrenergic 
Receptor 
antagonist 

A11 Sodium 
orthovanadate 

13721-
39-6 

Na3O4V 183.9 ATPase 
inhibitor 

B2 Docetaxel 114977-
28-5 

C43H53NO14 807.88 Microtubule-
associated 

inhibitor 

B3 Ciclopirox 
ethanolamine 

41621-
49-2 

C14H24N2O3 268.35 ATPase 
inhibitor 

B4 Rasagiline 136236-
51-6 

C12H13N 171.24 Bcl-2 
activator 

B5 Lonidamine 50264-
69-2 

C15H10Cl2N2O2 321.17 Hexokinase 
inhibitor 

B6 Ouabain 
octahydrate 

11018-
89-6 

C29H44O12·8H2O 728.77 ATPase 
inhibitor 

B7 Digoxin 20830-
75-5 

C41H64O14 780.96 ATPase 
inhibitor 

B8 Amlodipine 88150-
42-9 

C20H25ClN2O5 408.88 Calcium 
Channel 
inhibitor 

B9 Ibuprofen 15687-
27-1 

C13H18O2 206.28 COX inhibitor 

B10 Ciclopirox 29342-
05-0 

C12H17NO2 207.27 ATPase 
inhibitor 

B11 Esomeprazole 
Sodium 

161796-
78-7 

C17H18N3O3S·Na 367.4 ATPase 
inhibitor 
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C2 Esomeprazole 
Magnesium 

161973-
10-0 

C34H36MgN6O6S2 713.12 ATPase 
inhibitor 

C3 Revaprazan 
hydrochloride 

178307-
42-1 

C22H24ClFN4 398.9 ATPase 
inhibitor 

C4 Cozymasei(NAD
+) 

53-84-9 C21H27N7O14P2 663.43 Dehydrogena
se 

C5 PF 03716556 928774-
43-0 

C22H26N4O3 394.48 ATPase 
inhibitor 

C6 Eniporide 176644-
21-6 

C14H16N4O3S 320.37 ATPase 
inhibitor 

C7 ABT-199 (GDC-
0199) 

125704
4-40-8 

C45H50ClN7O7S 868.44 Bcl-2 inhibitor 

C8 HA14-1 65673-
63-4 

C17H17BrN2O5 409.23 Bcl-2 inhibitor 

C9 ABT-737 852808-
04-9 

C42H45ClN6O5S2 813.43 Bcl-2 inhibitor 

C10 SBI-0206965 188422
0-36-3 

C21H21BrN4O5 489.32 ULK1 kinase 
inhibitor 

C11 ABT-263 
(Navitoclax) 

923564-
51-6 

C47H55ClF3N5O6S3 974.61 Bcl-2 inhibitor 

D2 TAK-
438(Vonoprazan 

fumarate) 

126014
1-27-2 

C17H16FN3O2S·C4H4O4 461.46 ATPase 
inhibitor; 

D3 Gossypol acetic 
acid 

12542-
36-8 

C32H34O10 578.61 Bcl-2 inhibitor 

D4 Obatoclax 
Mesylate 

(GX15-070) 

803712-
79-0 

C20H19N3O·CH4O3S 413.49 Bcl-2 inhibitor 

D5 Diazoxide 364-98-
7 

C8H7ClN2O2S 230.67 ATPase 
inhibitor; 

D6 Paclitaxel 33069-
62-4 

C47H51NO14 853.92 Microtubule-
associated 

inhibitor; Bcl2 
inhibitor 

D7 Omecamtiv 
mecarbil (CK-

1827452) 

873697-
71-3 

C20H24FN5O3 401.43 ATPase 
activator 

D8 BTB06584 219793-
45-0 

C19H12ClNO6S 417.82 ATPase 
inhibitor 

D9 Spautin-1 126288
8-28-7 

C15H11F2N3 271.26 Bcl-2 inhibitor 

D10 Brefeldin A 20350-
15-6 

C16H24O4 280.36 ATPase 
inhibitor 

D11 Cinobufagin 470-37-
1 

C26H34O6 442.55 ATPase 
inhibitor 

E2 (-)-Blebbistatin 856925-
71-8 

C18H16N2O2 292.33 ATPase 
inhibitor 

E3 MRT67307 119037
8-57-4 

C26H36N6O2 464.62 TBK1 
inhibitor 

E4 K858 72926-
24-0 

C13H15N3O2S 277.34 KSP inhibitor 
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E5 NU2058 161058-
83-9 

C12H17N5O 247.3 CDK inhibitor 

E6 Gambogic Acid 2752-
65-0 

C38H44O8 628.75 Bcl-2 inhibitor 

E7 3.6'-Disinapoyl 
sucrose 

139891-
98-8 

C34H42O19 754.68 LDH release 
inhibitor 

 

 

 

 

 

Fig i: Dose-response curves of B16F10 cells in vitro. Cells were treated with 46 

different drugs or DMSO (vehicle). Curves were developed, ranging the concentration 

from 0.01 to 10 µM. Plasma (30 s) was applied 16 h later. Analyses by a metabolic 

activity assay (Resazurin) were done after 24 h. The curves were generated by non-

linear regression analysis. 
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Fig ii: Dose-response curves of SK-MEL-28 cells in vitro. Cells were treated with 46 

different drugs or DMSO (vehicle). Curves were developed, ranging the concentration 

from 0.01 to 10 µM. Plasma (30 s) was applied 16 h later, and analyses by a metabolic 

activity assay (Resazurin) were done after 24 h. The curves were generated by non-

linear regression analysis. 
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Fig iii: Representative images of the subcutaneous tumors. Samples were collected 

24 h after the last treatment cycle. Pictures are representative of each treatment group. 

Scale bar is 1 cm. 

 

 

 

 

 

 

 

 

 

Fig iv: Percentage loss of body mass compared to a healthy animal. Data are mean 

± SEM. Statistical significance was analyzed by one-way ANOVA with Tukey’s posthoc 

test for multiple comparisons. 

 


