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Preface 

�is habilitation thesis comprises a selection of publications from 2014 to 2024 to which I have 

contributed as first author, corresponding author, or co-author during my scientific career. �ese 

publications are all unified by a common theme concerning cancer cell death, resistance mech-

anisms, and their relation to cellular secretion. �e research presented here focuses on various 

aspects of cell death in the context of cancer, including resistance mechanisms to oxidative 

stress and the autophagy process. Particular emphasis is placed on methodological approaches 

for detecting and distinguishing between different types of cell death in various cancer cell lines. 

Subsequent sections explore the relationship between autophagy, cell death mechanisms, 

and repair processes, as well as extracellular vesicle secretion in cancer cells. Particular atten-

tion is given to phosphatidylserine-positive extracellular vesicles and their role in intercellular 

communication. �e accompanying commentary highlights my contributions to the field of can-

cer cell death and provides a brief overview of the topics discussed. Further detailed information 

on each subject can be found in the attached original publications. 

�e enclosed scientific publications received financial support from projects funded by 

the Ministry of Health of the Czech Republic (3 projects) and the Grant Agency of the Czech 

Republic (2 projects). 
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1 Introduction 

�e ability to maintain homeostasis, the stability of the internal environment in the face of a 

changing external environment, is one of the main reasons for the evolutionary success of mam-

mals and other multicellular organisms. �e stability of the internal environment is a state of 

equilibrium, a balance between cell division and cell death, the disturbance of which leads to 

pathophysiological changes in the organism. While cell division creates the "mass of the organ-

ism", cell death shapes it into the desired form. Cell death is a fundamental biological process 

that is essential for the development, growth and survival of the organism. It is involved in 

tissue remodelling and eliminates excess cells during development, as well as damaged, trans-

formed and pathogen-infected cells 1. 

Cell death has long been at the centre of attention in cancer research. It was first noticed 

in the context of necrosis, which was observed in hypoxic areas of growing tumors. It was also 

associated with therapy, as both radiation and chemotherapy were designed to induce the death 

of malignant cells, but at the cost of being toxic to normal tissue. In 1972, John Kerr and col-

leagues introduced the term "apoptosis" to describe the process by which cells die through a 

physiological self-destruction mechanism, distinguishing it from necrosis, which occurs due to 

catastrophic events like freezing or burning. �ey examined both apoptosis and necrosis in re-

lation to cancer, highlighting that cell death as a feature of malignant tumors. �ey noted, "Both 

apoptotic bodies and mitotic figures are often abundant in rapidly growing tumors; it is the 

balance between the two that dictates the growth rate." �ey predicted that inducing apoptosis 

could be a potential cancer treatment, as they observed that radiation therapy increased apopto-

sis rates in squamous cell carcinomas, and that oophorectomy led to higher apoptosis rates in 

mammary tumors in rats 2. Initially, their findings received little attention, but interest surged 

in the late 1980s. Furthermore, the failure of cells to undergo apoptosis has been directly asso-

ciated with the development of cancer in humans and may contribute to its resistance to 

treatment 3. 

Research on cell death has made significant progress over the past three decades, un-

covering the mechanisms behind this essential biological process and paving the way for new 

therapies for cancer and possibly other conditions, including certain autoimmune disorders and 
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infectious diseases. �ese diseases could potentially benefit from treatments that target patho-

genic cells, such as autoantibody-producing plasma cells or infected cells, using BH3-mimetic 

drugs. Deciphering the mechanisms of cell death has enabled their classification. Currently, we 

distinguish programmed, regulated, and accidental cell death. Programmed cell death refers to 

the types that participate in the physiological development of multicellular organisms. Regu-

lated cell death (apoptosis, necroptosis, pyroptosis, etc.; Fig. 1) is defined as cell death that is 

carried out by genetically encoded mechanisms, in contrast to accidental cell death, which is 

triggered by drastic changes in the external environment (such as dramatic fluctuations in tem-

perature or pH). Another important classification is the distinction between apoptosis and lytic 

cell death, in terms of their effect on surrounding tissues and the immune system. Whereas 

apoptosis is generally discrete from the immune system and does not cause inflammation, lytic 

cell death, such as necroptosis, pyroptosis or ferroptosis, is accompanied by rupture of the cell 

membrane, damage to neighbouring cells, activation of the immune system and the induction 

of varying degrees of inflammation 4.  
 

Figure 1. Major cell death subroutines. Each of regulated cell death (RCD) modes is initiated and propagated by molecular 

mechanisms that exhibit a considerable degree of interconnectivity. Moreover, each type of RCD can manifest an entire 

spectrum of morphological features ranging from fully necrotic to fully apoptotic, as well as an immunomodulatory profile 

ranging from anti-inflammatory and tolerogenic to pro-inflammatory and immunogenic. ADCD: autophagy-dependent cell 

death, ICD: immunogenic cell death, LDCD: lysosome-dependent cell death, MPT: mitochondrial permeability transition. 

Image adopted from 4. 
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Cell death is not just a final event in the life of a cell. It has significant consequences for 

surrounding tissues and the entire organism. Regardless of the specific type of cell death, it is 

always associated with the release of various molecules or extracellular vesicles. Many of these 

cellular components can transmit signals directly or carry bioactive molecules for indirect sig-

nalling. After binding to membrane receptors on nearby cells or being taken up by recipient 

cells, these molecules affect downstream functions through intercellular communication and 

signal transduction. In general, interactions between dead cells and their healthy neighbours are 

mediated by extracellular vesicles and soluble factors that are either actively or passively re-

leased 5.  

Extracellular vesicles (EVs) are a diverse collection of lipid bilayer-enclosed particles 

that are actively produced and released into the extracellular environment by nearly all cell 

types; Fig. 2. �is secretion is a widespread process observed in all life forms, including both 

prokaryotes and eukaryotes, and occurs under conditions ranging from normal physiological 

states to pathological ones. Once regarded as insignificant cellular debris, modern research has 

revealed their crucial function as bioactive carriers. EVs act as vehicles for the transport of a 

variety of cellular components, enabling complex intercellular communication and playing a 

key role in numerous biological processes 6. EVs carry a wide range of cargo, including proteins 

such as cell surface receptors, signalling molecules, transcription factors, enzymes and compo-

nents of the extracellular matrix. �ey also include lipids and nucleic acids (such as miRNA, 

mRNA and DNA) that can be transferred from donor to recipient cells, facilitating intercellular 

communication and molecular exchange 7. EVs have been implicated in several pathological 

conditions, including heart disease, neurodegenerative disorders and cancer. Different subtypes 

of EVs are categorised based on their mechanisms of synthesis and release, including exosomes 

and apoptotic bodies. �ey can also be classified according to the cell type from which they 

originate, such as those derived from platelets or endothelial cells, or the physiological state of 

the cells. �e primary types of EVs include microvesicles, exosomes and apoptotic bodies, but 

recent findings have identified additional categories, including large oncosomes, migrasomes, 

ectosomes, exomeres, supermeres and membrane particles 8.  
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Figure 2. Relative size and cargo of EVs 
(A) Average size of exosomes and microvesicles with respect to cellular components, including abundant proteins (albumin, hemoglobin, 

antibodies), organelles (ribosomes, mitochondria), nucleotides and DNA, and virus, as well as cellular byproducts: apoptotic bodies and plate-

lets (B) Composite cargo of exosomes, including surface receptors (proteins, ns, glycans, ion channel receptors, G-protein coupled  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

receptors, enzyme-linked receptors, integrins, etc.), transmembrane proteins (FasL, PD-L1, etc.), intracellular proteins, metabolites, lipids, and 

nucleic acids. Image taken from 7. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycoprotein
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2 Overall hypotheses and objectives  

• Over the past two decades, the field of cell death has seen some truly groundbreaking 

discoveries. Regulated, genetically encoded processes of lytic cell death (necroptosis, 

pyroptosis, ferroptosis, etc.) have been described, refuting the widely perpetuated 

dogma of necrosis as an unprogrammed type of cell death. �e great importance of these 

regulated types of cell death in the development of chronic inflammatory and autoim-

mune diseases, as well as cancer, motivated us to write a book, especially for medical 

and science students, in an attempt to fill the gap in the Czech study materials (Buněčná 

smrt, její význam ve fyziologii a patologické fyziologii, 2021; Grada Publishing.). De-

spite extensive knowledge of apoptosis, alternative cell death pathways are often 

overlooked. �is is particularly relevant in head and neck squamous cell carcinomas 

(HNSCC), where molecular heterogeneity contributes to unpredictable clinical re-

sponses and complicates treatment strategies. Understanding the specific mechanisms 

of cell death is crucial, as they can significantly influence therapeutic outcomes. Given 

this situation, we aimed to summarize the available information on the issue of cell death 

in the context of cancer and its therapy.  

 

• �e development of light microscopy methods in recent years has been fundamental to 

the significant growth in cell biology research. Quantitative phase imaging (QPI) is a 

cutting-edge light microscopy technique that allows for the precise measurement of cell 

mass. As all forms of cell death are accompanied by changes in cell mass (e.g. disinte-

gration into apoptotic bodies, changes in the cell membrane during lytic cell death), we 

hypothesized that these cell death processes could be detected and distinguished using 

cell mass measurements provided by QPI. We also aimed to validate this concept in 

different models, so we used QPI and coupled image analysis methods to analyse the 

dynamic behaviour of the cell population over time when testing different agents, in-

cluding antivirals, nanomaterials and cytotoxic agents. 

 

 

 

https://www.researchgate.net/publication/350063188_Bunecna_smrt_jeji_vyznam_ve_fyziologii_a_patologicke_fyziologii?_sg%5B0%5D=au1ySbiKH6fvVH-hlhzqvxyv3Alt-FsQ6qsp9blCv_Bh8zqLtlJekbwG_fEaICt3jL8ypiEzROPd4C09XtM0wtQLphj3D3ZqYCl4BMy7.wks0ZJ90tgDWq9sup5Hy0cTtsddZY8xhvOmqfD-XzVn8sCMFl7sklwBfUdPbKWRguihQPZ2HRoc4WfjFpd5oVA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InByb2ZpbGUiLCJwcmV2aW91c1BhZ2UiOiJwcm9maWxlIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
https://www.researchgate.net/publication/350063188_Bunecna_smrt_jeji_vyznam_ve_fyziologii_a_patologicke_fyziologii?_sg%5B0%5D=au1ySbiKH6fvVH-hlhzqvxyv3Alt-FsQ6qsp9blCv_Bh8zqLtlJekbwG_fEaICt3jL8ypiEzROPd4C09XtM0wtQLphj3D3ZqYCl4BMy7.wks0ZJ90tgDWq9sup5Hy0cTtsddZY8xhvOmqfD-XzVn8sCMFl7sklwBfUdPbKWRguihQPZ2HRoc4WfjFpd5oVA&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InByb2ZpbGUiLCJwcmV2aW91c1BhZ2UiOiJwcm9maWxlIiwicG9zaXRpb24iOiJwYWdlQ29udGVudCJ9fQ
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• Resistance to cell death is one of the classic hallmarks of cancer. Although the role of 

autophagy in tumor biology is often described as a double-edged sword, our preliminary 

results suggest that it plays a greater role in adaptation and resistance than in cell death. 

We hypothesized that autophagy, cell-in-cell structures, and polyploidisation may con-

tribute significantly to cell survival due to remodelling and dedifferentiation into a 

pluripotent state. �ese processes are often associated with tumor cell self-renewal and 

the development of treatment resistance. Furthermore, we hypothesized that long-term 

stress caused by reactive oxygen species and starvation could influence cell metabolism 

and the autophagic flux. Subsequently, we also tried to elucidate the involvement of 

autophagic processes in the dedifferentiation of cancer cells and self-renewal of their 

population. 

 

• �e important role of autophagy in enabling cancer cells to resist chemotherapy has led 

to the investigation of autophagy inhibitors as potential adjuncts to therapy. Further-

more, the use of these inhibitors has been considered not only in cancer treatment, but 

also in the treatment of other diseases (e.g. hydroxychloroquine for treating COVID-

19).  Recognising the interconnected nature of the endosomal pathway, autophagy, ly-

sosomal degradation, and extracellular vesicle secretion, we hypothesized that 

modulating autophagy would significantly alter the proteomic composition of extracel-

lular vesicles and influence cytokine production. 
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3 Methodology: overview of experimental approaches and author’s contri-

bution to the field 

While the majority of commonly used methodologies have been extensively documented in the 

existing literature and in our published articles, this chapter will primarily emphasize the tech-

niques we have newly developed or refined. �ese methods, in my view, represent a particularly 

valuable contribution to the field due to their novelty, effectiveness, and potential for broader 

application. 

 

3.1 Quantitative Phase Imaging 

Quantitative Phase Imaging (QPI) techniques were employed to facilitate time-lapse observa-

tion of subtle, previously invisible changes in the quantitative phase dynamics of cells, 

including alterations in cell mass distribution, which are discernible in micrographs. We pro-

pose that the dynamic changes measured by QPI, such as cell motility, mass distribution, cell 

density, membrane microblebbing, nuclear morphology, content homogeneity, and other rele-

vant parameters, are characteristic of specific cell death pathways. Importantly, these 

observations can be conducted without fixation, labeling, or harvesting of cells, which can sig-

nificantly impact cellular characteristics. 

In recent developments, deep learning has emerged as a leading approach for various 

image analysis tasks, including cell segmentation and classification. A robust training dataset is 

essential for the successful application of these techniques. For cell segmentation tasks, labels 

were generated using a custom semi-automatic tool. To facilitate the detection and classification 

of cell death, we utilized simultaneously acquired fluorescence microscopy channels, which 

incorporated cell death-specific fluorescent stains to serve as the ground truth for training. �is 

fluorescent labeling provides real-time insights into the presence and type of cell death; how-

ever, long-term experiments may be compromised by phototoxicity affecting cell behavior. 

To mitigate these challenges, a trained deep learning network was used to extract information 

directly from label-free images. New morphological features, such as the cell dynamic score 

and the degree of cell boundary indentation, were developed and utilized to provide biological 

insights into cellular processes.  
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3.2 Isolation and purification of phosphatidylserine-positive extracellular vesicles 

Extracellular vesicles (EVs) are enveloped by a double lipid membrane that incorporates pro-

teins and lipids sourced from the secreting cells. Among these molecular constituents, 

phosphatidylserine (PS) is typically located on the intracellular side of the membrane in viable 

cells, facilitated by the enzymatic action of lipid flippase. Notably, PS is also present on the 

exterior surface of EVs membranes. Furthermore, T-cell immunoglobulin domain and mucin 

domain-containing protein 4 (Tim4), a receptor that plays a significant role in the phagocytosis 

of apoptotic cells by macrophages, binds PS through its IgV domain in a calcium-dependent 

manner. Building upon these insights, we used a protocol for the purification of EVs utilizing 

Tim4-conjugated magnetic beads (MagCapture™ Exosome Isolation Kit PS, Fig.3). �ese 

magnetic beads are designed to capture EVs from biological samples, including culture super-

natants and serum, in the presence of calcium ions. �e captured EVs can be released by elution 

with a buffer containing a chelating agent. �is method allows for the straightforward purifica-

tion of intact EVs and achieves a higher purity than traditional EV isolation techniques.  

 

 
Figure 3. Principle of a method for the isolation of phosphatidylserine-positive extracellular vesicles using magnetic beads with the 

Tim4 receptor. Image adopted from https://labchem-wako.fujifilm.com/us/category/03239.html. 

 

 

3.3 Use of artificial intelligence tools 

In this work, tools using artificial intelligence algorithms DeepL Translate, DeepL Write and 

Chat GPT-4o were used to check the grammatical and stylistic quality of the work. 

 

 

 

 

 

 

https://labchem-wako.fujifilm.com/us/category/03239.html
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4 Results 

4.1 Cell death in cancer pathogenesis 

Cell death is a complex process that can be categorized based on morphological features, cel-

lular context, and triggering stimuli. A pivotal development in this field occurred in 2018 with 

a publication in Cell Death & Differentiation, which introduced key distinctions between reg-

ulated cell death (RCD) and accidental cell death (ACD). While ACD results from 

overwhelming injury stimuli that lead to uncontrolled cell death, RCD is characterized as an 

orderly process governed by genetic regulation to maintain cellular stability. Often referred to 

as programmed cell death (PCD), RCD includes various types such as apoptosis, autophagy-

dependent death, necroptosis, and others. 

Mammalian cells can activate different signaling pathways in response to irreparable 

disturbances, resulting in diverse cell death outcomes. Each RCD type exhibits unique initiation 

mechanisms and can affect cellular morphology and immune responses. In cancer therapy, the 

goal is frequently to induce apoptosis; however, oncogenic alterations and aberrant tumor mi-

croenvironments can limit the effectiveness of this strategy. �ere is a consensus that cancer 

cells may not be able to evade all forms of cell death, underscoring the need for personalized 

treatment approaches. 

�is review article (1) and our book (2) explore various forms of programmed cell death (PCD), 

their connections to different pathologies, including cancer, and potential therapeutic opportu-

nities arising from the unique sensitivities of specific HNSCC subgroups to different PCD 

pathways.  

 

Author’s publications relevant to this chapter 

1. Raudenská, M., Balvan, J. & Masařík, M. Cell death in head and neck cancer pathogen-

esis and treatment. Cell Death and Disease 12, 192 (2021).  

IF (2021) 9.696; 59 citations 

2. Balvan J, Raudenská M, Masařík M. Buněčná smrt a její význam ve fyziologii a 
patologické fyziologii. Grada Publishing, a.s.: Praha, 2021. 
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4.2 A novel methodological approach for the direct determination of cell death 

and the distinction of specific subtypes 

4.2.1 Microscopic methods for the study of the dynamics of cells 

Because of its non-invasive nature, label-free imaging is a valuable approach for studying bio-

logical processes, including cell death. However, conventional microscopic methods such as 

phase contrast (PC) and differential interference contrast (DIC) often produce shadow artifacts 

that complicate automatic segmentation. �is research aimed to assess the effectiveness of var-

ious published segmentation workflow steps – including image reconstruction, foreground 

segmentation, cell detection (seed-point extraction), and instance segmentation - using a dataset 

comprising the same cell types captured through different contrast microscopy techniques.  

We developed a series of routines designed for the segmentation of viable adherent cells cul-

tured in dishes, utilizing images obtained from phase contrast, differential interference contrast, 

Hoffman modulation contrast, and quantitative phase imaging. Our study conducted an exten-

sive evaluation of existing segmentation techniques suitable for label-free images. We 

highlighted the importance of the image reconstruction phase, which allows for the application 

of segmentation methods that were previously ineffective on label-free data. Additionally, we 

analyzed various foreground segmentation approaches (including thresholding, feature extrac-

tion, level-set techniques, graph cuts, and machine learning-based methods), seed-point 

extraction techniques (such as Laplacian of Gaussians, radial symmetry and distance trans-

forms, iterative radial voting, maximally stable extremal regions, and learning-based methods), 

as well as methods for segmenting individual cells. We validated an appropriate selection of 

techniques for each type of microscopy and made our findings publicly available online 9, 10. 

 

Author’s publications relevant to this chapter 

1. Vicar, T., Balvan, J., et al. Cell segmentation methods for label-free contrast micros-

copy: review and comprehensive comparison. BMC bioinformatics 20, 360, (2019). 

IF (2019) 3.242; 129 citations (WOS) 
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4.3 Detection and distinction of a specific type of cell death by quantitative phase 

imaging 

Cell viability and cytotoxicity assays are essential for drug screening and evaluating the effects 

of therapeutic agents. While biochemical assays provide preliminary insights, they should be 

confirmed by methods that directly assess cell death. �e predominant type of cell death can be 

analysed by flow cytometry (FCM). However, the lack of cell morphology insights can lead to 

misclassification, especially in lytic types of cell death. �erefore, we compared FCM analysis 

using annexin V/propidium iodide assays with multimodal holographic microscopy (MHM), 

which integrates fluorescence. Our results showed that the Annexin V+/PI- phenotype does not 

specifically indicate early apoptosis, necessitating the combination of morphological criteria 

with Annexin V/PI for accurate cell death classification. Our work introduced a rapid, label-

free approach using quantitative phase imaging (QPI) to monitor morphological changes during 

cell death, aiming to distinguish between apoptosis and lytic forms of cell death based on dis-

tinct morphological features. We classified lytic and non-lytic cell deaths based on defining 

features: �e "dance of death" for apoptosis, and cellular swelling and membrane rupture indic-

ative of different types of lytic cell death. Our results demonstrated that morphological and 

dynamic features monitored by QPI can accurately detect cell death, achieving 76% accuracy 

against manual annotation. Furthermore, using QPI data alongside machine learning, we iden-

tified dynamic changes in cell morphology during both caspase-dependent and independent cell 

death pathways, using cell density and pixel intensity change as key parameters, termed Cell 

Dynamic Score (CDS). Our results are the first study introducing CDS and cell density as a 

parameter typical for individual cell death subroutines (prediction accuracy 75.4 % for caspase 

3,7-dependent versus caspase 3,7-independent cell death). �e following articles include two 

methodological articles describing the development of a new method for detecting cell death, 

and publications in which these microscopic methods have been successfully applied. 

 

Author’s publications relevant to this chapter 

1. Vicar T, Raudenska M, Gumulec J, Balvan J. �e quantitative-phase dynamics of apop-

tosis and lytic cell death. Scientific Reports, 10, 1566 (2020) 

IF (2019) 4.380; 58 citations (WOS) 

2. Balvan J, Krizova A, Gumulec J, Raudenska M, Sladek Z, Sedlackova M, et al. Multi-

modal holographic microscopy: Distinction between apoptosis and oncosis. PLoS ONE, 

10, e0121674 (2015) 
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IF (2015) 3.752; 56 citations (WOS) 

3. Fojtů, M., Balvan, J., et al. Black Phosphorus Cytotoxicity Assessments Pitfalls: Ad-

vantages and Disadvantages of Metabolic and Morphological Assays. Chemistry – A 

Europian Journal, 25, 349–360 (2019) 

IF (2019) 4.857; 20 citations (WOS) 

4. Eyer, L.; Svoboda, P.; Balvan, J.; et al. Broad-Spectrum Antiviral Activity of 3′-Deoxy-

3′-Fluoroadenosine against Emerging Flaviviruses. Antimicrobial Agents and Chemo-

therapy, 65, e01522-20, (2021) 

IF (2021) 5.938; 10 citations (WOS) 

5. Peng X., Urso M., Balvan J., et al. Self-propelled magnetic dendrite-shaped microrobots 

for photodynamic prostate cancer therapy. Angewande Chemie International Edition 

Engl. 61, e202213505 (2022) 

IF (2019) 16.6; 43 citations (WOS) 

6. Ussia M, Urso M, Kratochvilova M, Navratil J, Balvan J, et al. Magnetically Driven 

Self-Degrading Zinc-Containing Cystine Microrobots for Treatment of Prostate Cancer 

  Small, 2023, 19: 2208259 (2023) 

IF (2023) 13; 22 citations (WOS) 

7. Fojtů, M.; Balvan, J., et al. 2D Germanane Derivative as a Vector for Overcoming Dox-

orubicin Resistance in Cancer Cells. Applied Materials Today 20, 100697 (2020)  

IF (2019) 10.041; 10 citations (WOS) 

https://www.webofscience.com/wos/woscc/full-record/WOS:000921348000001
https://www.webofscience.com/wos/woscc/full-record/WOS:000921348000001


Results  4 
 

62 



Results  4 
 

63 



Results  4 
 

64 



Results  4 
 

65 



Results  4 
 

66 



Results  4 
 

67 



Results  4 
 

68 



Results  4 
 

69 



Results  4 
 

70 



Results  4 
 

71 



Results  4 
 

72 



Results  4 
 

73 

 
 



Results  4 
 

74 



Results  4 
 

75 



Results  4 
 

76 



Results  4 
 

77 



Results  4 
 

78 



Results  4 
 

79 



Results  4 
 

80 



Results  4 
 

81 



Results  4 
 

82 



Results  4 
 

83 



Results  4 
 

84 



Results  4 
 

85 



Results  4 
 

86 



Results  4 
 

87 



Results  4 
 

88 



Results  4 
 

89 

 
 



Results  4 
 

90 



Results  4 
 

91 



Results  4 
 

92 



Results  4 
 

93 



Results  4 
 

94 



Results  4 
 

95 



Results  4 
 

96 



Results  4 
 

97 



Results  4 
 

98 



Results  4 
 

99 



Results  4 
 

100 



Results  4 
 

101 

 
 



Results  4 
 

102 



Results  4 
 

103 



Results  4 
 

104 



Results  4 
 

105 



Results  4 
 

106 



Results  4 
 

107 



Results  4 
 

108 



Results  4 
 

109 



Results  4 
 

110 



Results  4 
 

111 



Results  4 
 

112 



Results  4 
 

113 



Results  4 
 

114 



Results  4 
 

115 



Results  4 
 

116 



Results  4 
 

117 



Results  4 
 

118 



Results  4 
 

119 



Results  4 
 

120 

 
 

 

 



Results  4 
 

121 

4.4 Mechanisms of cell death resistance in metastatic cancer cells 

Cancer metastasis and treatment resistance are the main causes of treatment failure and cancer-

related deaths. �e detailed mechanisms behind these phenomena are not yet completely under-

stood and are thought to be linked to the existence of cancer stem cells (CSCs). �ese CSCs 

represent a minor group of extremely tumorigenic cells that possess the ability to differentiate 

into various cell types and can self-replicate, placing them at the top of the cellular hierarchy.  

 

4.4.1 Autophagy as a mechanism of resistance 

Autophagy is an essential pathway for maintaining cellular balance through the breakdown and 

recycling of cellular components. �ere has been growing interest in the positive effects of pro-

moting autophagy in various diseases, such as aiding in the elimination of protein aggregates 

linked to neurodegenerative disorders 11, 12. Conversely, in the context of cancer, the function of 

autophagy is more nuanced and varies according to the stage of the tumor, its biological char-

acteristics, and the microenvironment it resides in. Autophagy could facilitate the degradation 

of proteins critical for maintaining differentiation status, thereby hindering the reprogramming 

process, while simultaneously eliminating proteins that should not be present in pluripotent 

cells. Based on insights from principal component analysis, we suggest that the expression of 

BIRC plays a crucial role in mitigating metabolic stress in naive PC-3 cells, but it may also 

inhibit reprogramming mechanisms. �e protein product of the BIRC gene, survivin, not only 

prevents apoptotic cell death but also inhibits autophagy. Autophagy may enhance the efficiency 

of generating pluripotent stem cells. Additionally, PC-3 cells exhibit relatively low levels of 

another autophagy inhibitor, CCL2, which further contributes to the complexity of these regu-

latory mechanisms. Prostate cancers frequently exhibit substantial heterogeneity within tumors 

across various measurable traits, such as metabolism, gene expression, cell structure, and po-

tential for metastasis 11. Certain cell populations within the tumor appear to have a greater ability 

to withstand high levels of metabolic stress. One mechanism of resistance involves the efficient 

management and elimination of damaged mitochondria that produce reactive oxygen species 

(ROS) through a process known as mitophagy. As a result, autophagy is activated as a protective 

strategy, contributing to the resistance observed in some cancer cells during ROS-inducing 

treatments in our study involving apoptosis-resistant, androgen-independent, metastatic pros-

tate cancer (PC-3 cell line). Recent insights have suggested that autophagy might induce cell 
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death in apoptosis-defective cancer cells; however, this does not apply to the PC-3 line. Addi-

tionally, we propose that autophagy may facilitate the formation of cell-in-cell structures, 

thereby playing a crucial role in polyploidization and the dedifferentiation of cells into a plu-

ripotent state and the possible formation of CSCs. 

 

Author’s publications relevant to this chapter 

1. Balvan, J. et al. Oxidative stress resistance in metastatic prostate cancer: Renewal by 

self-eating. PLoS One 10, e0145016 (2015). 

IF (2015) 3.752; 23 citations (WOS) 

2. Gumulec, J., Balvan, J., et al. Cisplatin-resistant prostate cancer model: Differences in 

antioxidant system, apoptosis and cell cycle. International Journal of Oncology. 44, 

923–933 (2014). 

IF (2014) 4.5; 65 citations (WOS) 
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4.5 Crosstalk between cell metabolism, cell death, and extracellular vesicle secre-

tion 

4.5.1 Crosstalk between autophagy and extracellular vesicle secretion 

Autophagy traditionally serves to preserve cellular health under stress by targeting cytosolic 

elements for degradation and recycling through lysosomal pathways. However, emerging evi-

dence suggests that autophagy-related genes (ATGs) also play roles in non-degradative 

functions, such as cellular secretion 13. While autophagy generally provides protective benefits 

to cells, disruptions in its mechanisms or excessive autophagic activity can lead to cell death. 

Beyond supporting intracellular energy and metabolic balance, autophagy can also mediate cell 

death under specific circumstances 14. For instance, autophagy-dependent cell death (ADCD) is 

crucial for the degradation of the larval midgut during Drosophila development, with disruption 

of relevant ATG-encoding genes significantly delaying this process 8.  

Recent findings indicate that autophagy, a well-conserved mechanism of cellular self-

digestion vital for maintaining homeostasis and adapting to stress, may also facilitate cargo 

secretion through specific populations of extracellular vesicles (EVs). �ese EVs comprise a 

diverse group of nano-sized, double-membrane-bound structures released by cells into the ex-

tracellular space. Initially understood as a means for cells to selectively eliminate proteins, 

nucleic acids, and lipids, EVs are now recognized as important mediators of intercellular com-

munication that can influence a wide range of physiological and pathological phenomena 15.  

�e initiation and progression of cancer are promoted by the interactions between emerging 

pre-neoplastic or malignant cells and other cellular components within the tumor, as well as 

host cells in the surrounding tissue and throughout the body. �is intercellular communication 

can lead to alterations in the microenvironment, affecting tumor growth and the spread of can-

cerous cells. Such interactions may occur through the release of soluble factors or the exchange 

of extracellular vesicles (EVs) 16. Bidirectional signaling through EVs has been observed among 

various cell types within both primary and metastatic tumor microenvironments. EVs possess 

diverse functions that are essential for cancer progression, likely due to their varied origins and 

compositions 7.   
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Author’s publications relevant to this chapter 

1. Raudenska M, Balvan J, Masarik MJMC. Crosstalk between autophagy inhibitors and 

endosome-related secretory pathways: a challenge for autophagy-based treatment of 

solid cancers. Molecular Cancer, 20(1):1–27 (2021) 

IF (2021) 41.44; 63 citations (WOS) 

2. Hanelova K, Raudenska M, Masarik M, Balvan J. Protein cargo in extracellular vesicles 

as the key mediator in the progression of cancer. Cell Communication and Signalling, 

22 (2024) 

IF (2023) 8.2; 28 citations (WOS) 

3. Bugajova M, Raudenska M, Masarik M, Kalfert D, Betka J, Balvan J. RNAs in tu-

mour-derived extracellular vesicles and their significance in the tumour 

microenvironment. International Journal of Cancer; 155(7): 1147-1161. 155(7): 1147-1161 

(2024) 

IF (2023) 5.7; 1 citation (WOS) 
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4.6 Phosphatidylserine-positive extracellular vesicles in intercellular communica-

tion in the tumor microenvironment 

Phosphatidylserine (PS) is a negatively charged phospholipid typically located on the inner 

layer of the cell membrane under normal physiological conditions. During the onset of apopto-

sis, enzymes like scramblases can alter the asymmetric distribution of PS, leading to its 

exposure on the outer membrane. �is externalized PS serves as an "eat-me" signal for receptors 

on macrophages, facilitating the removal of apoptotic cell debris. Notably, recent research in-

dicates that viable cells can also display externalized PS as a strategy for evading immune 

detection. �ere is increasing evidence that, in contrast to normal non-tumorigenic cells, many 

tumor cells expose PS on their surface by a mechanism that is unrelated to PS externalisation 

commonly seen in dying apoptotic cells 17. Phosphatidylserine-positive extracellular vesicles 

(PS+ EVs) are often associated with cell death processes, particularly their release during apop-

tosis. Our results suggest that phosphatidylserine positivity is not only characteristic of EVs 

formed during cell death processes, but that the presence of PS is common to the membranes 

of almost all EVs released by cancer cells.  

In this research, we explored how autophagy modulators influence the protein compo-

sition of phosphatidylserine-positive extracellular vesicles (PS+ EVs) released by head and 

neck squamous cell carcinoma (HNSCC) cells, as well as the interaction between cancer cells 

and fibroblasts. We examined how media conditioned by HNSCC cells, which contained PS+ 

EVs from both autophagy-modulated and non-modulated cancer cells, affected the metabolism 

and senescence-related proteins in healthy fibroblasts. We have provided evidence that the met-

abolic state of cancer cells, such as autophagy induction/inhibition or glutamine and serum 

starvation, plays a pivotal role in shaping the behaviour of surrounding stromal fibroblasts. We 

have shown that these effects can be mediated through signalling by (PS+ EVs). Under meta-

bolic stress, cancer cells release (PS+ EVs) with distinct cargo profiles, including mitochondrial 

RNAs, autophagy-related proteins and specific EV-associated cytokines. For example, lyso-

some-affecting compounds BAFA1 and HCQ induced the inclusion of p62 into PS-EVs. Cancer 

cells can also manipulate the lysosomal and autolysosomal genesis in fibroblasts. �is effect 

was partially mitigated by pretreating cancer cells with the autophagy inhibitor CPD18 (Ha-

nelova, 2023). Glutamine and serum starvation caused mitochondrial fragmentation and 

increased TSG101 on mitochondria, promoting mitochondrial cargo sorting into EVs and ele-

vating mtRNA levels in cancer cell-derived EVs (Bugajova 2024). Many studies suggest that 

cancer cells release higher amounts of EVs compared to non-malignant cells, making the effect 



Results  4 
 

206 

of autophagy modulators on EV secretion critical and attractive for anticancer therapy. Autoph-

agy influences both EV quantity and content, shaping their downstream effects. Internalised by 

fibroblasts, PS-EVs modulate autophagic flux, mitochondrial metabolism, and the expression 

of factors like MMP-3 and p21 (Hanelova 2023). �us, the metabolic status of tumour cells not 

only reflects their adaptive response to the microenvironment but also actively reprograms the 

function and metabolism of fibroblasts, reinforcing a metabolic feedback loop that sustains the 

tumour microenvironment. 

In the field of extracellular vesicles, I have also been active in the establishment of a 

network of scientific groups dealing with this topic. In 2024, the Czech Society for Extracellular 

Vesicles (CzeSEV, https://www.sci.muni.cz/czesev) was founded, of which I am one of the 

founding members. CzeSEV brings together experienced researchers, early-career scientists, 

students, and industry experts from across the Czech Republic. Our mission is to promote net-

working, encourage collaboration, and strengthen relationships within the extracellular vesicle 

(EV) research community. As members of ISEV (International Society for Extracellular Vesi-

cles), we are contributing to the ISEV mission of advancing EV research for a better 

understanding of EV biology and their use in clinics. We advocate for EVs by endorsing the EV 

topic during our lectures as well as by promoting the ISEV standards for EV research. 

 

Author’s publications relevant to this chapter 

1. Hanelova, K., Raudenska, M., Kratochvilova, M. et al. Autophagy modulators influ-

ence the content of important signalling molecules in PS-positive extracellular 

vesicles. Cell Communication and Signalling 21, 120 (2023) 

IF (2023) 8.2; 8 citations (WOS) 

2. Bugajova, M., Raudenska, M., Hanelova, K. et al. Glutamine and serum starvation al-

ters the ATP production, oxidative stress, and abundance of mitochondrial RNAs in 

extracellular vesicles produced by cancer cells. Scientific Reports 14, 25815 (2024) 

IF (2023) 3.8; 2 citations (WOS) 

3. Turkova K, Balvan J, Ambrozova G, Galisova A, Hyzdalova M, Tripisciano C, Cerny 

V, Schabussova I, Holnthoner W, Pospichalova V. A comprehensive summary of the 

ASEV-CzeSEV joint meeting on extracellular vesicles. Extracellular Vesicles and Cir-

culating Nucleic Acids; 5:665-84 (2024) 

IF (2023); 0 citations (WOS) 



Results  4 
 

207 



Results  4 
 

208 



Results  4 
 

209 



Results  4 
 

210 



Results  4 
 

211 



Results  4 
 

212 



Results  4 
 

213 



Results  4 
 

214 



Results  4 
 

215 



Results  4 
 

216 



Results  4 
 

217 



Results  4 
 

218 



Results  4 
 

219 



Results  4 
 

220 



Results  4 
 

221 



Results  4 
 

222 



Results  4 
 

223 



Results  4 
 

224 



Results  4 
 

225 



Results  4 
 

226 



Results  4 
 

227 

 
 



Results  4 
 

228 



Results  4 
 

229 



Results  4 
 

230 



Results  4 
 

231 



Results  4 
 

232 



Results  4 
 

233 



Results  4 
 

234 



Results  4 
 

235 



Results  4 
 

236 



Results  4 
 

237 



Results  4 
 

238 



Results  4 
 

239 



Results  4 
 

240 



Results  4 
 

241 



Results  4 
 

242 

 
 



Results  4 
 

243 



Results  4 
 

244 



Results  4 
 

245 



Results  4 
 

246 



Results  4 
 

247 



Results  4 
 

248 



Results  4 
 

249 



Results  4 
 

250 



Results  4 
 

251 



Results  4 
 

252 



Results  4 
 

253 



Results  4 
 

254 



Results  4 
 

255 



Results  4 
 

256 



Results  4 
 

257 



Results  4 
 

258 



Results  4 
 

259 



Results  4 
 

260 



Results  4 
 

261 



Results  4 
 

262 

 
 

 

 



Discussion  5 
 

263 

5 Discussion 

Cell death processes are integral to maintaining tissue homeostasis, ensuring proper develop-

ment, and preventing the emergence of malignancies 18. �ese mechanisms, primarily apoptosis 

but also necroptosis, pyroptosis, and autophagic cell death, operate as vital quality control sys-

tems to eliminate damaged, infected, or potentially oncogenic cells 5. �eir precise regulation 

is crucial not only for normal physiology but also for preventing tumorigenesis. Consequently, 

the failure or evasion of cell death pathways is a hallmark of cancer, contributing to uncontrolled 

proliferation, metastatic spread, and resistance to therapies 5, 19.  

In recent decades, important discoveries have been made in the field of cell death. Lytic 

cell death processes such as necroptosis, pyroptosis and ferroptosis have been described as reg-

ulated and genetically encoded 18. �is challenges the long-held belief that necrosis is an 

unregulated form of cell death. �ese processes are of great importance in the pathology and 

pathophysiology of chronic inflammatory 20, autoimmune 21 and cancer diseases 19, which high-

lights the need to summarize the results of this research and make them available to scientists, 

physicians and students. We hope that our review papers and published books have contributed 

to this important task, helping to refute confusing data, particularly in Czech scientific literature 

and study materials. 

In oncology, understanding the types and dynamics of cell death is indispensable for 

diagnosis, prognosis, and monitoring treatment efficacy 22. �e ability to accurately detect and 

distinguish these death modalities in tumor tissues or cell models enables clinicians and re-

searchers to evaluate therapeutic responses and mechanisms of resistance. �e development of 

sophisticated detection methods, ranging from molecular assays to advanced imaging, has sig-

nificantly enhanced our capacity to observe cell death as it unfolds in real time, providing 

insights into cellular heterogeneity and the temporal sequence of death-related events. For ex-

ample, traditional biochemical assays such as flow cytometry with annexin V/PI staining, 

TUNEL, and caspase activity measurement are broadly used but often limited to endpoint anal-

ysis 9, 23. �eir static nature and inability to reliably differentiate overlapping death pathways 

reduce their applicability in complex tumor environments where multiple dying cell populations 

coexist. Recent technological advancements have introduced the possibility of live-cell, label-

free imaging, such as quantitative phase imaging (QPI), which, when combined with machine 
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learning algorithms, enables continuous, dynamic assessment of cellular morphology and bio-

physical properties 10. �is approach provides unprecedented resolution of early morphological 

alterations such as membrane blebbing, cell shrinkage or swelling, nuclear condensation, before 

molecular markers become detectable, thus improving diagnostic precision and assay sensitiv-

ity. 

Such innovative methodologies advance our understanding of how tumors evade cell 

death, facilitating the development of therapies that can overcome resistance. Furthermore, in 

the pharmaceutical domain, these imaging techniques are instrumental in preclinical screening, 

allowing high-throughput, real-time evaluation of drug candidates' capacities to induce desired 

cell death modalities 22. Our method, which involves capturing dynamic changes in cell mass 

distribution within the segmented cell population area mask, is one of the few, if not the only, 

label-free methods capable of detecting cell death and distinguishing apoptosis from lytic death. 

Our concept of "Cell Dynamic Score", CDS 24, represents an important parameter describing 

the behavior of a cell population over time. Its increase during certain processes, such as cell 

division and apoptosis, can further serve to detect these processes and, overall, to better char-

acterize the dynamics of cell population over time. Our approach demonstrated the ability to 

differentiate not only between apoptosis and lytic death, but also between the various types of 

lytic cell death (necroptosis, ferroptosis and apoptosis). Our data confirmed that we have not 

yet reached the full potential of this method. However, it should be noted that this method is 

only applicable in vitro, which highlights the long-standing issue of detecting cell death in vivo, 

particularly in patients 18.  

A significant obstacle in effective cancer treatment remains the tumor’s capacity to de-

velop resistance to cell death. Cancer cells activate an array of adaptive mechanisms that disable 

or bypass apoptosis, often through genetic changes such as mutations in TP53 25, amplification 

of anti-apoptotic genes 26, or alterations that affect death receptor signaling. �ese alterations 

enable malignant cells to survive despite exposure to chemotherapy, radiotherapy, and targeted 

agents, leading to treatment failure and disease progression 3. Across a wide spectrum of solid 

tumors, cancer cells develop sophisticated mechanisms to evade cell death, not only by disa-

bling core apoptotic machinery but also by reprogramming stress responses, modifying 

intracellular degradation pathways, and engaging in active intercellular communication 3, 27, 28. 

�ese adaptations enable tumor cells to survive under therapeutic pressure and to persist in 

hostile microenvironments, including those shaped by immune attack or metabolic deprivation. 

Among these survival strategies, autophagy emerges not solely as a form of regulated cell death 

but as a highly context-dependent process that may promote either survival or demise 14, 29. In 
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many tumor types, autophagy is upregulated in response to cytotoxic stress and contributes to 

resistance by preserving the cellular energy balance and removing damaged organelles. Rather 

than serving as an executioner of death, it often acts as a buffer that delays or prevents irreversi-

ble cellular collapse 30. 

Tumor cells use autophagy as a defense mechanism against reactive oxygen species 

generated by intense metabolism. �is is important because many cytostatics cause the produc-

tion of reactive oxygen species as a side effect of their action. We found that increased 

autophagy in a metastatic prostate cell line precedes the formation of polyploid cells, cell fu-

sion, the formation of cell-in-cell structures, and an increase in the pluripotency markers 

NANOG, SOX, and POU5, which may be markers of self-renewal of the cell population leading 

to a resistant phenotype 31. 

Given that endosomal and autophagic mechanisms share certain components, it is easy 

to see cellular secretion and autophagy as complementary processes, especially with regard to 

handling cellular waste, such as ROS-damaged mitochondria. Under metabolic stress, cancer 

cells release phosphatidylserine-positive extracellular vesicles enriched with mitochondrial 

RNAs, autophagy-related proteins, and specific cytokines. Lysosomal inhibitors such as BAFA1 

and HCQ promote the inclusion of p62 into PS+EVs 32, while glutamine and serum starvation 

induce mitochondrial fragmentation and TSG101 recruitment, enhancing mtRNA loading into 

EVs 33. Cancer cells can also alter lysosomal function in fibroblasts, an effect partially reversed 

by CPD18. Autophagy modulates both EV quantity and content, and these vesicles influence 

fibroblast metabolism, autophagic flux, and senescence markers 32. �ese findings highlight a 

feedback loop through which tumor metabolic status reprograms the surrounding stroma, sus-

taining a pro-tumorigenic microenvironment. PS+EVs serve not only as carriers of oncogenic 

cargo and modulators of the tumor microenvironment but also as dynamic indicators of cellular 

stress states. Phosphatidylserine (PS), a lipid normally confined to the inner plasma membrane 

but externalized during apoptosis 17, 34, PS-positivity of EVs provides a compelling mechanistic 

link between cell death and vesicle-mediated communication.  
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 EVs On one hand, PS serves as a classical “eat-me” signal during apoptosis, marking 

cells for clearance by phagocytes. On the other, its presence on tumor-derived EVs may enable 

immune evasion by mimicking apoptotic bodies or modulating recipient cell behavior through 

PS-sensitive pathways. Moreover, the increased release of PS+EVs under cytotoxic stress sug-

gests that tumor cells use regulated cell death not only to limit their population but also to 

generate signaling vesicles that promote resistance and adaptation in surviving cells17. 

Our research in the field of extracellular vesicles provide valuable insights into the role of 

cellular secretion in eliminating damaged organelles or toxic molecules, such as hydroxychlo-

roquine and other lysosomal inhibitors. Although agents that block autophagic flux typically 

alter the PS+EV proteome significantly, it is surprising that none of the autophagy-stimulating 

agents we used, such as mTORC1 kinase inhibitors, altered the PS+EV proteome. Consistent 

with the current literature, these data points to an interconnection between the process of cellu-

lar secretion and autophagy-mediated lysosomal degradation in the handling of cellular waste 

and toxic material. 

 It should also be noted that my activities in the EV field extend beyond scientific research 

and work. I am one of the founding members of the Czech Society for Extracellular Vesicles, 

established in 2023. Our activities in this area, such as organising international conferences and 

workshops, facilitate the exchange of scientific results on an international level. �ey also in-

crease the international visibility of our results and enable the exchange of methodological 

approaches and experience. In particular, they increase the mobility of scientists within Euro-

pean laboratories involved in the MOVE (Mobility for Extracellular Vesicle Research) 

programme, in which we also actively participate. 
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6 Conclusion 

�is thesis mainly describes the results of my scientific activity since completing my PhD. 

Starting with cell death in cancer cells and methodologies for its detection by innovative mi-

croscopic methods, I then moved on to mechanisms of cancer cell resistance, particularly 

autophagy. Finally, I addressed the issue of extracellular vesicles (EVs), which represent a link 

between the previous thematic areas. I have optimised and implemented many methodological 

approaches in the laboratory, including purification, characterisation, and assessment of the bi-

ological effect of EVs. �rough our close collaboration with clinical partners, particularly Motol 

University Hospital, we want to align our research with the practical needs of clinicians. Mov-

ing forward, we aim to apply our findings, especially in the field of cancer biomarkers, to 

improve the diagnosis of head and neck squamous cell carcinoma (HNSCC) patients. One 

planned direction involves analyzing the proteomic composition of extracellular vesicles (EVs) 

isolated from the serum of patients after radiotherapy. �is approach may help evaluate treat-

ment responses and identify the types of cell death triggered by therapy, based on specific death-

associated markers present in the EVs. Another key area of our research focuses on identifying 

urgently needed diagnostic biomarkers for HNSCC in EVs derived from saliva, including the 

development of a clinically applicable device for their detection (in collaboration with 

ESSENCE LINE, s.r.o., with whom I collaborated in the TAČR project; FW03010186).  

In summary, I would like to emphasise that research on cell death and extracellular ves-

icles has grown tremendously in recent decades. To make the best use of the large amount of 

data obtained, it is necessary to make this important information available to a wider profes-

sional audience, particularly medical and science students, as persisting dogmas can be harmful 

in certain circumstances. I took active steps in this direction and wrote a book entitled: Buněčná 

smrt: její význam ve fyziologii a patologické fyziologii; ISBN: 978-80-271-1260-9. 
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