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Preface

This 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. These
publications are all unified by a common theme concerning cancer cell death, resistance mech-
anisms, and their relation to cellular secretion. The 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. The 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.

The 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

The 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. The 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 '.

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. They examined both apoptosis and necrosis in re-
lation to cancer, highlighting that cell death as a feature of malignant tumors. They 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." They 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. These 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 *.
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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, /CD: immunogenic cell death, LDCD: lysosome-dependent cell death, MPT: mitochondrial permeability transition.
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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 °.

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. This 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 ¢. 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. They 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 . 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. They 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. The 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 ®.
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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’.
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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. The 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 (Buné¢na
smrt, jeji vyznam ve fyziologii a patologické fyziologii, 2021; Grada Publishing.). De-
spite extensive knowledge of apoptosis, alternative cell death pathways are often
overlooked. This 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.

The 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.

10


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

Overall hypotheses and objectives 2

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. These 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.

The 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. These 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. This
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). These
magnetic beads are designed to capture EVs from biological samples, including culture super-
natants and serum, in the presence of calcium ions. The captured EVs can be released by elution
with a buffer containing a chelating agent. This method allows for the straightforward purifica-

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

Metal ions

P e Chelating
Magnetic : COCCECUY Vagnetic

beads beads

Extracellular vesicle Extracellular vesicle

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-40 were used to check the grammatical and stylistic quality of the work.
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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. There is a consensus that cancer
cells may not be able to evade all forms of cell death, underscoring the need for personalized
treatment approaches.

This 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. Raudenska, M., Balvan, J. & Masatik, 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, Raudenska M, Masaiik M. Bunécnda smrt a jeji vyznam ve fyziologii a
patologickeé fyziologii. Grada Publishing, a.s.: Praha, 2021.
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Raudenska et al. Cell Death and Disease (2021)12:192
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REVIEW ARTICLE Open Access

Cell death in head and neck cancer pathogenesis
and treatment

Martina Raudenska', Jan Balvan® and Michal Masafik'>*

Abstract

Many cancer therapies aim to trigger apoptosis in cancer cells. Nevertheless, the presence of cnicogenic alterations in these
cells and distorted compaosition of tumour microenvironment largely limit the clinical efficacy of this type of therapy. Luckily,
scientific consensus describes about 10 different cell death subroutines with different regulatory pathways and cancer cells are
probably not able to avoid all of cell death types at once. Therefore, a focused and individualised therapy is needed to address
the specific advantages and disadvantages of individual tumours. Although much is known about apoptosis, therapeutic
opportunities of other cell death pathways are often neglected. Molecular heterogeneity of head and neck squamous cell
carcinornas (HNSCO) causing unpredictability of the clinical response represents a grave challenge for oncologists and seems
to be a critical component of treatment response. The large proportion of this clinical heterogeneity probably lies in
alterations of cell death pathways. How exactly cells die is very important because the predominant type of cell death can
have multiple impacts on the therapeutic response as cell death itself acts as a second messenger. In this review, we discuss
the different types of programmed cell death (PCD), their connection with HNSCC pathogenesis and possible therapeutic
L windows that result from specific sensitivity to some form of PCD in some clinically relevant subgroups of HNSCC.

FACTS
¢ Human papillomavirus (HPV) can interfere with
* How cancer cells die is very important because some cell death regulatory pathways.
the specific type of cell death has different
immunomedulatory  impact crucial for the OPEN QUESTIONS

therapeutic response.

* Scientific consensus describes many different cell * How do different cell death regulatory pathways
death subroutines with different regulatory pathways interact with each other and with secretory and/or
and cancer cells are not able to aveid all of cell death endocytic pathways?
types at once. * Is a certain genetic background in cancer cells tightly

* Resistance to one type of cell death can confer related to specific resistance and sensitivity to
sensitivity to another type. different kinds of cell death?

* Specific sensitivity of cancer cells to some form of * Can be different types of programmed cell death
programmed cell death provides an interesting modulated and switched?

therapeutic window.
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Raudenska et al. Cell Death and Disease (2021312:192

Conventional HNSCC classification and clinical man-
agement are mainly based on clinical staging and grading,
and anatomic location. However,
advanced HNSCC, clinical staging does not correlate with
treatment responses or prognosis and pre-operative
clinical assessment of tumour and nodal involvement is
often in disagreement with pathological T and N stage”.
Variability in prognoesis and molecular profiles of different
head and neck tumours have attracted much attention in
recent years as tumour heterogeneity represents a grave
challenge for oncologists and seems to be a critical
component of therapeutic response, cancer recurrence
and patient survival. HPV infection probably covers most
of the HNSCC heterogeneity. Beyond the role of HPV,
current molecular classification categorises HNSCC into
classical (CL), basal (BA) and mesenchymal (MS) subtype.
HPV 4 tumours are not gathered into one group but fall
into the MS and CL subgroup®. Genomic and proteomic
data obtained from many HNSCC patients have demon-
strated that HPV-positive (HPV +) and HPV-negative
(HPV—) HNSCC are different clinical entities*; (Box 1).
Although the role of HPV in dysregulation of DNA
damage response (DDR) is well established®, the influence
of HPV eon triggering of different kinds of cell death in
HNSCC is discussed in a lesser extent, which is unfor-
tunate because many viruses, including HPV, have
developed numercus strategies to modulate host cell
death to persist in the host for a long time without being
eliminated. Accordingly, a growing spectrum of evidence
suggests that the HPV-derived oncoproteins, such as E6
and E7 or E5, can inhibit death receptor signalling®.
Nevertheless, the effect of HPV infection on other cell
death types is not often discussed.

for most of the

Box 1 HPV: the resource of heterogeneity in HNSCC

HPY positivity is detected in about 25% of HNSCCs™”. HPV-
positive (HPV +) and HPY-negative (HPY-} HNSCCs are derived
from different anatomical locations (HPV-negative cases are
particularly located within the oral cavity, hypopharynx and
larynx) and also have different mutation profiles, molecular
characteristics, immune landscapes and dlinical prognosis® 2%,
The immunologic profile of HPY 4 HNSCC was associated with a
better outcome®. Accordingly, many studies demonstrated
better response to therapy in HPY 4+ HNSCC patients® HPV
infection also influences the genetic landscape of HNSCCs
tumours and their predisposition to cell death. Despite the p53
tumour suppressor is the best-known target of HPY protein E6,
some active p53 may still occur in HPY ++ HNSCC because these
tumours usually harbour the wild-type form of the TPS3 gene. On
the other hand, HPV-unrelated HNSCCs often have p53 muta-
tions'™'°. In HPV-negative HNSCC, deletion of 9p21 22 occurs
early in cancerogenesis and the function of the tumour
suppressor pl16 is lost. On the contrary, when HPV protein E7
inactivates the Rb protein, p16 is overexpressed®'®. Proteins p16
and p53 are deeply invelved in senescence and apoptosis.

Official journal of the Cell Death Differentiation Association
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Deep understanding of the sensitivity or resistance to a
specific cell death type given by certain genetic back-
ground and/or microenvironment that occur during the
HNSCC pathogenesis may reveal targets for novel ther-
apeutic approaches. We suggest that different approaches
should be employed for therapy of different subgroups of
HNSCC patients as the predominant type of cell death
can have multiple impacts on the therapeutic respense as
cell death acts as a second messenger that guides both
immune system and tissue microenvironment to ensure
tissue repair and homoeostasis’. In this review, we discuss
the different types of cell death, their connection with
HNSCC pathogenesis and possible therapeutic windows
that result from specific cell death sensitivity in some
subgroups of HNSCC.

Intrinsic apoptosis

Apoptosis is a form of regulated cell death demarcated
by the mitochondrial outer membrane permeabilization
(MOMP) and accelerated by executioner caspases, mainly
caspase-3. Once activated, caspase-3 cleaves target sub-
strates such as poly(ADP-ribose) polymerase (PARP)
and Lamin B which leads to the demise of the cell
‘While MOMP is essential for intrinsic cell death, the same
is not true for caspases®. Nevertheless, the activity or
inactivity of caspases provides a mechanism, which
determines whether mitochendria initiate an immunolo-
gically silent or a pro-inflammatory type of cell death. If
caspase activity is blocked following MOMP, cell death is
accompanied by a type 1 interferon (IFN) response
that alerts the immune system”'®. This response can be
managed by mitochondria-dependent activation of
the cGAS/STING pathway. Engagement of caspase-
independent cell death displays potent anti-
tumourigenic effects, often leading to complete tumour
regression in the organism with intact immunity’. How-
ever, HPV + HNSCC cells respond poorly to activators of
the c¢GAS-STING pathway. The attenuation of IFN
responses results from the direct blockade of STING by
viral protein E7''. Despite this fact, HPV + cancer cells
can be still more easily recognisable by the immune sys-
tem as HPV antigens could be presented together with
common danger signals from dying cancer cells'%.

HPV replication occurs in terminally differentiating
epithelium and requires the activation of cellular DNA
replication proteins. However, unplanned DNA replication
can result in apoptosis and therefore the viral E6 protein
induces the degradation of tumour suppressor p53 and the
pore-forming protein BAK to prevent apoptosis'®.
Nevertheless, active p53 may still occur in HPY + HNSCC
because these tumours usually harbour the wild-type form
of the TP53 gene. On the other hand, in HPV- HNSCC,
p53 is mostly mutated'*'®. Despite the wild-type form of
the TP53 gene, persistent infection with high-risk HPV
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Conventional HNSCC classification and clinical man-
agement are mainly based on clinical staging and grading,
and anatomic location. However,
advanced HNSCC, clinical staging does not correlate with
treatment responses or prognosis and pre-operative
clinical assessment of tumour and nodal involvement is
often in disagreement with pathological T and N stage”.
Variability in prognoesis and molecular profiles of different
head and neck tumours have attracted much attention in
recent years as tumour heterogeneity represents a grave
challenge for oncologists and seems to be a critical
component of therapeutic response, cancer recurrence
and patient survival. HPV infection probably covers most
of the HNSCC heterogeneity. Beyond the role of HPV,
current molecular classification categorises HNSCC into
classical (CL), basal (BA) and mesenchymal (MS) subtype.
HPV 4 tumours are not gathered into one group but fall
into the MS and CL subgroup®. Genomic and proteomic
data obtained from many HNSCC patients have demon-
strated that HPV-positive (HPV +) and HPV-negative
(HPV—) HNSCC are different clinical entities*; (Box 1).
Although the role of HPV in dysregulation of DNA
damage response (DDR) is well established®, the influence
of HPV eon triggering of different kinds of cell death in
HNSCC is discussed in a lesser extent, which is unfor-
tunate because many viruses, including HPV, have
developed numercus strategies to modulate host cell
death to persist in the host for a long time without being
eliminated. Accordingly, a growing spectrum of evidence
suggests that the HPV-derived oncoproteins, such as E6
and E7 or E5, can inhibit death receptor signalling®.
Nevertheless, the effect of HPV infection on other cell
death types is not often discussed.

for most of the

Box 1 HPV: the resource of heterogeneity in HNSCC

HPY positivity is detected in about 25% of HNSCCs™”. HPV-
positive (HPV +) and HPY-negative (HPY-} HNSCCs are derived
from different anatomical locations (HPV-negative cases are
particularly located within the oral cavity, hypopharynx and
larynx) and also have different mutation profiles, molecular
characteristics, immune landscapes and dlinical prognosis® 2%,
The immunologic profile of HPY 4 HNSCC was associated with a
better outcome®. Accordingly, many studies demonstrated
better response to therapy in HPY 4+ HNSCC patients® HPV
infection also influences the genetic landscape of HNSCCs
tumours and their predisposition to cell death. Despite the p53
tumour suppressor is the best-known target of HPY protein E6,
some active p53 may still occur in HPY ++ HNSCC because these
tumours usually harbour the wild-type form of the TPS3 gene. On
the other hand, HPV-unrelated HNSCCs often have p53 muta-
tions'™'°. In HPV-negative HNSCC, deletion of 9p21 22 occurs
early in cancerogenesis and the function of the tumour
suppressor pl16 is lost. On the contrary, when HPV protein E7
inactivates the Rb protein, p16 is overexpressed®'®. Proteins p16
and p53 are deeply invelved in senescence and apoptosis.
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Deep understanding of the sensitivity or resistance to a
specific cell death type given by certain genetic back-
ground and/or microenvironment that occur during the
HNSCC pathogenesis may reveal targets for novel ther-
apeutic approaches. We suggest that different approaches
should be employed for therapy of different subgroups of
HNSCC patients as the predominant type of cell death
can have multiple impacts on the therapeutic respense as
cell death acts as a second messenger that guides both
immune system and tissue microenvironment to ensure
tissue repair and homoeostasis’. In this review, we discuss
the different types of cell death, their connection with
HNSCC pathogenesis and possible therapeutic windows
that result from specific cell death sensitivity in some
subgroups of HNSCC.

Intrinsic apoptosis

Apoptosis is a form of regulated cell death demarcated
by the mitochondrial outer membrane permeabilization
(MOMP) and accelerated by executioner caspases, mainly
caspase-3. Once activated, caspase-3 cleaves target sub-
strates such as poly(ADP-ribose) polymerase (PARP)
and Lamin B which leads to the demise of the cell
‘While MOMP is essential for intrinsic cell death, the same
is not true for caspases®. Nevertheless, the activity or
inactivity of caspases provides a mechanism, which
determines whether mitochendria initiate an immunolo-
gically silent or a pro-inflammatory type of cell death. If
caspase activity is blocked following MOMP, cell death is
accompanied by a type 1 interferon (IFN) response
that alerts the immune system”'®. This response can be
managed by mitochondria-dependent activation of
the cGAS/STING pathway. Engagement of caspase-
independent cell death displays potent anti-
tumourigenic effects, often leading to complete tumour
regression in the organism with intact immunity’. How-
ever, HPV + HNSCC cells respond poorly to activators of
the c¢GAS-STING pathway. The attenuation of IFN
responses results from the direct blockade of STING by
viral protein E7''. Despite this fact, HPV + cancer cells
can be still more easily recognisable by the immune sys-
tem as HPV antigens could be presented together with
common danger signals from dying cancer cells'%.

HPV replication occurs in terminally differentiating
epithelium and requires the activation of cellular DNA
replication proteins. However, unplanned DNA replication
can result in apoptosis and therefore the viral E6 protein
induces the degradation of tumour suppressor p53 and the
pore-forming protein BAK to prevent apoptosis'®.
Nevertheless, active p53 may still occur in HPY + HNSCC
because these tumours usually harbour the wild-type form
of the TP53 gene. On the other hand, in HPV- HNSCC,
p53 is mostly mutated'*'®. Despite the wild-type form of
the TP53 gene, persistent infection with high-risk HPV
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presents a major risk factor in HPV-associated cancers. It
was shown that NF«B activity is involved in the estab-
lishment of persistent HPV infection as activation of NF-
kB by HPV proteins limits viral replication through
degradation of protein E1'®. Unfortunately, NF-«B sig-
nalling can contribute to cisplatin resistance and cancer
cells survival. Chemoresistant HNSCC cells with active
NF-xB signalling respond to chemotherapy by promoting
histone deacetylation and generaticn of heterochromatin.
Therefore, targeted inhibition of histone deacetylases may
be used as a possible therapeutic strategy for disrupting
tumour resistance caused by NFxB'”. NF-kB-mediated
stabilisation of SNAI2 (Slug) can also underlie the
inflammation-induced epithelial-mesenchymal transition
(EMT) and metastasis in HNSCC'®. On the other hand,
NF-kB activation leads to reduced levels of nuclear
BRCA1, impaired and prolonged DNA damage repair,
prolonged accumulation of yH2AX foci and increased
genomic instability’”. As NF-B induces the expression of
various pro-inflammatory genes and participates in
inflammasome activation'*?® and activation of the DDR
has been linked to the increased presentation of major
histocompatibility complex I (MHC I) molecules on the
cell surface, this can result in increased recognition of
cancer cells by cytotoxic T-lymphocytes®. Accordingly,
HPV-positivity was correlated with increased T-cell infil-
tration, increased immune cytolytic activity, T-cell-
inflamed immune microenvironment, the higher diversity
of T-cell receptors, immune effector cell activation and
improved response to anti-PD-1 therapy””. Infiltration of
tumours with CD8 + cytotoxic T-lymphocytes has been
associated with a favourable prognosis in several tumeur
types and may represent a predictive biomarker for cancer
immunotherapy™. Consequently, the immunologic profile
of HPV-positive HNSCC was associated with a sig-
nificantly better outcome®. The HPV-specific immune
response is also suggested to play a role in the significantly
better response of HPV-positive patients to radiotherapy™.
This higher sensitivity dees not probably result from
increased apoptosis or permanent G1-arrest but is rather
associated with high levels of residual double-strand
breaks and extensive G2-arrest’® and can be connected
with a radiation-induced loss of cell surface CD47
enhancing the immune-mediated clearance of HPV +
cancer cells”. Further evidence of the easier immune
recognition is the fact that DNA damage generally induces
higher expression of multiple ligands activating receptors
of NK cells, such as NKG2D or BNAM1*"*** The DDR-
mediated activation of NK cells may importantly con-
tribute to the recognition and removal of pre-malignant
and malignant cells®’.

E1AE4 is a viral protein profusely expressed in HPV-
infected epithelia. It binds to the cytokeratin networks and
in some cases induces their collapse. When cytokeratin is
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not present in the cell, EIAE4 associates with mitochon-
dria soon after its synthesis and induces the detachment
of mitochondria from microtubules. This is followed by a
severe reduction in the mitochondrial membrane poten-
tial and an induction of MOMP?". Interestingly, multiple
studies have shown that HPV-positive oropharyngeal
carcinomas are more likely to present reduced keratini-
zation®” and more favourable outcome™. This can be
connected to fast induction of MOMP in cells with low
keratinization®. MOMP sensitivity can be especially
supposed in HPV + mesenchymal subtypes (MS) of
HNSCC as MS-signature contains downregulation of
markers for epithelial differentiation and keratinization®.
On the other hand, BA HNSCC subgroup exhibits high
levels of epithelial keratinization and differentiation®®. Tt
is also possible that high cellular keratin content can
confer some protection against MOMP triggered by
mitochondria-binding chemotherapeutics as it was shown
that high levels of keratin 6 cause chemoresistance to
platinum drugs®.

Furthermore, it has been demonstrated that HPV-
positive HNSCC cells use mitochondrial respiration and
produce high levels of cytochrome ¢ oxidase (COX), the
key enzyme in the mitochondrial respiratory pathway. E6
oncoproteins also increased mitochondrial mass, protein
levels of mitochondrial complexes (I to IV), ATP synthase
and the voltage-dependent anion channel (VDAC). On the
other hand, in HPV-negative HNSCC the mitochondrial
OXPHOS is decreased and glycolysis is preferred due to
non-functional p53*7*°. Consequently, HPV-positive
HNSCC may be more sensitive to mitochondria-targeted
treatments, such as mitocans. Accordingly, HPV onco-
protein E7 enhances ceramide-mediated mitochondrial
fission and lethal mitophagy in response to chemotherapy-
induced mitochondria damage®".

The higher expression of VDAC, high mitochondria
mass, and sensitivity to MOMP can also facilitate the
therapeutic effect of cisplatin in HNSCC as cisplatin
preferentially binds mitochondrial DNA and VDAC in the
mitochondrial membrane*>. TP53 mutations in HPY-
negative HNSCC cells correlates with a metabolic shift
toward glycolysis suggesting some beneficial effects of
glycolytic inhibition during anticancer treatment. In
contrast, wtTP53 expressing HPV-positive cells probably
require inhibition of both, the mitochondrial respiration
and glycolysis, to become sensitised to treatment*’.

Extrinsic apoptosis

Typically, extrinsic apoptosis is induced by the binding
of the death ligands to death receptors, which then recruit
adaptor molecules and initiator caspases to form the
death-inducing signalling complex (DISC). Initiator cas-
pases are then activated by proximity-induced cleavage at
the DISC and in turn activate executioner caspases, which
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leads to the demise of the cell. In cancer cells, DISC
formation is often weak and amplification of the death
signal via the mitochondrial pathway is necessary for
apoptosis.

From the view of death ligands and receptors, TNFSF1(
(encoding TRAIL) is the only gene found to be sig-
nificantly altered in HNSCC. The most common altera-
tions in components of the DISC found in HNSCC are
amplifications of FADD gene (25% of HNSCC) and
mutations of gene CASP8 encoding procaspase-8 (10% of
HNSCC). Interestingly, except HNSCC, there are no
other tumour types with >10% incidence of CASP8
mutations. The alterations in CASP8 and FADD genes are
significantly mutually exclusive, suggesting that they can
be synthetically lethal** as FADD and caspase-8 are nee-
ded for TRAIL-induced activation of NF-kB*.

In HPV-positive HNSCC, HPV proteins modulate
apoptosis to prevent cell demise at early stages of viral
infection. HPV16 E5 protein inhibits TRAIL signalling by
interfering with the formation of DISC and subsequent
cleavage of procaspases-8 and -3, as well as PARP. E5 also
decreases the cell surface expression of the FAS recep-
tor®. Similarly, it has been reported that E6 can inhibit
apoptosis induced by TNF, FAS and TRAIL through the
accelerated degradation of pro-apoptotic proteins such as
FADD and/or procaspase-8 or through interactions with
proteins that form DISC. Although E6 suppresses acti-
vation of both caspase-3 and caspase-8, it does not affect
apoptotic signalling through the mitochondrial pathway
fundamentally®*™°. HPV-16 E6 and E7 oncoproteins
upregulate BIRC3 (C-IAP2) expression conferring the
resistance to apoptosisgo. In primary human keratine-
cytes, the HPV16 E7 protein alone increased both spon-
taneous and TNF-a-induced apoptosis but co-expression
of E7 and E6 has cancelled the E7-mediated apoptosis®.
The HPV E2 protein represses the expression of the viral
oncogenes and activates viral DNA replication. An intact
E2 gene is common in HPV16 positive oropharyngeal
carcinomas but rare in HPV18-associated carcinomas.
Cells expressing HPV18 E2 had perinuclear clustering of
the mitochondria, higher ROS production, and loss of the
cristae structure™. The presence of an intact E2 gene is
associated with higher HPV viral load and improved
clinical outcome®®. The E2 protein induces apoptosis in
both normal and HPV-transformed cells through activa-
tion of caspase-8°+%5,

The finding that HPV16 E6 protein stimulates the
degradation of the c-Myc oncoprotein seems rather
surprising™. Nevertheless, c-Myc promotes oncogene-
induced senescence (OIS) which is a critical tumour-
suppressor mechanism preventing the transformation of
cells. c-Myc promotes OIS through the transcriptional
activation of p14/Arf/INK4B followed by p53 activation®”.
pl4/Arf/INK4B is encoded by CDKN2A. HPV-positive
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HNSCCs rarely have 7P53 and CDKN2A mutations® and
overexpression of c-Myc can activate OIS in these cells.
HPV16 can remain infectious for 2 weeks on senescent
cells but require cell cycle re-activation for successful
HPYV infection®”. Consequently, downregulation of c-Myc
may be beneficial for HPV infection because of reduction
of the senescent phenotype. On the contrary, most of the
smoking-related HNSCCs demonstrate TP53 and
CDKN2A inactivation®* and therefore do not force HPV
to c-Myc downregulation. These tumours can exploit the
oncogenic force of c-Mye without OIS induction.
Accordingly, it was demonstrated that HPV 4+ oral SCC
patients with a histery of tebacco use have a significantly
poorer prognosis even compared to HPV — patients®.
Nevertheless, CDKN2A copy number loss predicted
poor survival independently of other clinical and treat-
ment factors®,

Crosstalk between apoptosis and autophagy

Caspases play a critical role in the crosstalk between
autophagy and apoptosis as many autophagy-related
proteins are recognised and cleaved by caspases (for
example ATG3, ATG5, ATG16L1 or Beclin-1). In most
cases, ATG proteins are degraded by caspases and the
autophagic response is shut oft. In some special cases,
the pro-autophagic proteins can be cleaved by caspases
and converted into pro-apoptotic ones. For example,
caspase-mediated cleavage of Beclin-1 inactivates autop-
hagy and enhances apoptosis by promoting the release of
pro-apoptotic factors from mitochondria® and enhancing
caspase-9 activity®*.

The inhibiticn of essential apoptetic proteins during
cancerogenesis can switch a cellular stress response from
the default apoptotic pathway to autophagy. Accordingly,
the role of autophagy regarding cell death should be
rather protective. Nevertheless, the autophagy machinery
can also interact with apoptosis in another way. As
mentioned above, caspase-8 is activated by DISC. Another
way of caspase-8 activation is managed by autophago-
somes. This is executed by binding to the autophagic
cargo receptor p6265. In the case that procaspase-8 is not
activated in DISC, for example under high levels of c-
FLIP; %, which is a frequent event in HNSCC?, this
mechanism can rescue caspase-8 activity and enables cell
death. This mechanism involves autophagosomes but not
necessarily autophagic flux and degradation of cargo in
autolysosemes. Consequently, late-stage autophagy inhi-
bitors such as chloroquine or hydroxychloroquine can
preserve this pro-apoptotic effect but can weaken some
protective effects of autophagy. Thus, autophagic proteins
either directly or through their caspase-cleaved fragments
can effectively influence apoptosis. In addition to the
above mentioned, ATG12 interacts with Bcl-2 and
Mcl-1 and promotes apoptosis by acting upstream of
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mitochondria®. ATG12 also forms a complex with ATG3
regulating mitochondrial integrity during mitophagy®.
Furthermore, undergoing BAX/BAK-mediated
apoptosis show signs of activation of unc-51 like autop-
hagy activating kinase 1 (ULK1) and marks of autophagy.
This autophagic flux is triggered early in the apoptotic
signalling and therefore an activation of the apoptosome
or caspases are not necessary. This BAX/BAK-mediated
autophagy inhibits the secretion of the pro-inflammatory
IFN-B preduced in response to mitochondrial damage
which may be important for keeping immunological
silence during apoptosis’’.

cells

Necroptosis

Necroptosis is an alternative mode of regulated cell
death displaying features of apoptesis and necrosis.
Necroptosis is characterised by the formation of a complex
called the necrosome that consists of the proteins RIPK1,
RIPK3  (receptor-interacting serine/threonine—protein
kinases 1 and 3) and mixed lineage kinase domain-like
pseudokinase (MLKL). MLKL translocating towards the
plasma membrane results in the formation of pores,
causing an inflammatory response. Loss of RIPK1 and
RIPK3 function by promoter hypermethylation strongly
correlated with metastatic disease and poor prognosis in
HNSCC patients”™ >,

In normal circumstances, caspase-8 blocks necroptosis
by cleaving RIPK1 and CYLD"?, Inactivation of caspase-8
activity was not shown in HPV + HNSCC’®. On the
contrary, the stimulation of caspase-8 activity and con-
comitant re-lecalisation to the nucleus due to the
interaction between viral E6 protein and caspase-8 was
shown in both high and low-risk HPV types. E6 appears
able to stimulate caspase-8 activity without apoptosis
triggering”>”%. This nuclear accumulation of caspase-8
was reported also in HPV-positive tumour cell lines and
cervical cancer””. Protein E6 most likely recruits caspase-
8 to the nucleus to perform functions that are beneficial
either for the viral life cycle or in the maintenance of cell
proliferation in E6 transformed cells. For example, active
caspase-8 suppresses necroptotic cell death mediated by
RIPK3 and MLKL and cleavage of RIPK1 by caspase-8 is
a mechanism for dismounting death-inducing com-
plexes, which is essential for limiting cell death in
response to tumour necrosis factor a (TNFrx)78. More-
over, HPV oncoproteins downregulate the expression of
IFITM1 and RIPK3 to escape from IFNy- and TNFa-
mediated antiproliferative effects and necroptosis’®.

The gene CASP8 encoding caspase-8 is mutated in
10% of HNSCC tumeurs analysed by The Cancer Gen-
ome Atlas™. Caspase-8 plays an important role in the
apoptotic response of HNSCC to cisplatin and knock-
down of caspase-8 substantially decreased apoptosis and
cisplatin sensitivity®®. But it is possible that HNSCC
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subtypes with caspase-8 mutations can be more sensitive
to necroptosis triggering (e.g. by TNF-a) (see Fig. 1).
Accordingly, a subgroup of oral cavity tumours with
good clinical outcomes displayed inactivating mutations
of caspase-8>*. Consequently, targeting the necroptotic
pathway seems to be a relevant therapeutic approach
with compromised caspase-8 activity. However, the
triggering of necroptosis should be done with caution.
Necroptotic cells were shown to promote the migration
and invasion of HNSCC cells in vitro through releasing
DAMPs and RIPK1 can activate the NF-«kB pathway in
tumour cells which can lead te increased migration,
invasion and proliferation®*”. Accordingly, TNF-a
inhibits the growth of non-malignant cervical keratino-
cytes but stimulates proliferation of HPV-immortalised
and cervical carcinoma-derived cell lines when mitogens
such as epidermal growth factor (EGF) or serum are
depleted®™. Therefore, the triggering of necroptosis
should be accompanied with suitable synergic treatment
securing inactivation of the NF-«B pathway (see Fig. 1).
It was shown that loss of caspase-8 function in combi-
nation with SMAC mimetic treatment sensitises HNSCC
to radiation through induction of necroptesis, in case
that RIPK3 function is maintained®®. SMAC mimetics
stimulate degradation of cIAP1 and cIAP2 and disrupt
the activation of NF-kB**%®. Furthermore, the linear
ubiquitin chain assembly complex (LUBAC) can also
mediate NF-«B signalling and induce cell death resis-
tance®” 8. Inhibition of NF-kB activation by LUBAC
inhibitors sensitised lung squamous cell carcinoma to
cisplatin, suggesting a possible utilisation of these inhi-
bitors and other NF-«kB pathway inhibitors (e.g. curcu-
min} also in HNSCC patients®* ™2

The important role in necroptosis induction may also
play autophagy as autophagy inhibition or specifically
ULK1 inhibition can enhance necroptosis by tumour
necrosis factor (TNF) and toll-like receptor (TLR)
ligands®™*°. This pro-survival function of ULK1 is
mediated via the phosphorylation of RIPK1 at Ser357°.
The pro-survival function of autophagy is also supported
by COP9 (Constitutive Photomorphogenesis 9) signa-
losome function. COP9 signalosome suppresses RIPK1-
RIPK3-mediated necroptosis by regulating autophago-
some maturation. Impaired autophagosome maturation
causes necroptosis’***. Proteins of COP9 signalosome
are often overexpressed in cancer’. However, the
crosstalk between autophagy and cell death can be more
complex as the death-triggering function of ULK1 by the
enhancement of PARP1 activity'®’, the scaffolding role
of the autophagy proteins in balancing necroptosis and
apoptosis (via the SQSTM1/p62-dependent recruitment
of RIPK1)**, or the anti-autophagic function of RIPK1
(via the control of transcription factor EB'®) were also
described.
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Fig. 1 Alternative pathways of TNF signalling and their alterations in HNSCC. TNF signalling can lead to different results. It depends on the
post-translational maodification and activation of key molecules such as caspase-8, RIPK1 and NF-kB. While active caspase-8 triggers apoptosis and
suppresses hecroptosis, its inactivity (e.g. by mutations) leads to necroptosis through RIPK3 activation. If the RIPKT signal is modified by the addition
of ubiquitin, cell death can be attenuated, and the cell receives a signal for survival and proliferation by the transcription factor NF-kB. NF-kB pathway
inhibitors such as LUBAC inhibitors or SMAC mimetics can sensitise HNSCC cells to necroptosis or apoptosis. For successful anticancer treatment
response, the pathway marked by red exes should be inhibited (inhibition of autophagy should be also beneficial for necroptosis triggering). The TNF
signalling pathways are also significantly influenced by HPV infection and by the genetic background of HNSCC. Green bubbles indicate activation
and pink inhibition of the process. LUBAC linear ubiquitin chain assembly complex, c-IAPs inhibitors of apoptosis, RIPK receptor-interacting serine/
threonine—protein kinases, MLKL mixed lineage kinase domain-like pseudokinase

Necroptosis has dual effects as promoter or reducer of
tumour growth in different types of cancer. As a backup
form of cell death in cells with apoptosis failure,
necroptosis can prevent tumorigenesis. Nevertheless, it
can also trigger metastasis and immunosuppression. This
can be caused by the release of IL-33 during necropto-
sis’®, IL-33 seems to be involved in the shaping of the
immunosuppressive environment during cancerogen-
esis’® % and high expression of IL-33 in cancer-
associated fibroblasts (CAFs) and tumour cells was asso-
ciated with poor prognosis'®®'?”. While these data sug-
gest that IL-33 blockade may be beneficial for HNSCC
patients, further investigations are needed to define all
downstream signalling targets dependent on IL-33. Fur-
thermore, the necrosome can promote oncogenesis via
CXCL1 and Mincle-induced immune suppression'®, On
the other hand, necroptotic cells can provide both
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antigens and inflammatory cytokines to dendritic cells for
antigen cross-priming which activates cytotoxic CD8 4 T-
lymphocytes demonstrating cytolytic effects and defence
against tumorigenesis. RIPK1 expression and NF-xB
activation are essential for this tumour suppressive
mechanism'®. Induction of necroptosis was also shown
to induce anti-tumour immunity in an HMGBI-,

nucleotide- and T-cell-dependent manner*’,

Pyroptosis

Pyroptosis is initiated by inflammatory caspases (1, 4
and 5) upon activation of the canonical or non-canonical
inflammasome pathways. In the canonical inflammasome
pathway, caspase-1 mediates the cleavage of gasdermin D
(GSDMD) and the maturation of pro-inflammatory
interleukins (IL-1f and IL-18). GSDMD pores then
induce cell lysis, cell death and the leakage of intracellular
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components inte the extracellular space. The non-
canonical inflammaseme pathway can be initiated by the
direct binding of caspase-4 and -5 to lipopolysaccharide
from Gram-negative bacteria®. Another way to activate
pyreptosis is caspase-3/Gasdermin E (GSDME) pathway.
Caspase-3 can be activated by mitochondrial intrinsic and
death receptor pathway. The activated caspase-3 then
cleaves GSDME. Cleaved GSDME N-fragments form
pores in the plasma membrane, causing pyroptosis™™ (see
Fig. 2). This activation of GSDME may divert TNF-
induced apoptosis to pyroptosis. Because GSDME
expression is often silenced in tumour cells, which is not
the case of healthy cells, this caspase-3 activity may be
responsible for serious side effects of many chemother-
apeutic regimens''”. Pyroptosis can also be activated by
caspase-8 and subsequent cleavage of GSDMD'', In the
absence of GSDMD, caspase-1 can activate caspase-8,
caspase-3, and caspase-7 and induce apoptosis, making
apoptosis a backup programme for dysfunctional pyr-
optosis. Accordingly, tissue samples of HNSCC without
the presence of lymph node metastasis showed high
expression of caspase-1'1%, During apoptosis, caspase-3
and -7 specifically block cleavage of GSDMD''. In con-
trast, expressicn of inactive caspase-8 or pan-caspase
inhibition induces the formation and subsequent activa-
tion of caspase-1. This mechanism triggers pyroptesis in
cells with dysfunctional apoptosis''®. Caspase-1 is also
involved in the facilitation of cytoprotective autephagy
during hypoxia-induced mitochondrial stress by activat-
ing LC3 and Beclin-1 and favouring clearance of damaged
mitochondria''’. Tn the feedback loop, autophagy down-
regulates inflammasomes as activation of autophagy by
inflammatory signals limits IL-13 production by targeting
inflammasomes for destruction. Both the AIM2 and
NLRP3 inflammasomes can be recruited to p62 and
engulfed by autophagosomes''®. On the other hand,
inhibition of autophagy enhances inflammasome activ-
ity"*®. Many studies have suggested that mitochondrial
defects may promote inflammasome activation through
excessive ROS production, mitechondrial cardiolipin
exposure or release of mitochondrial DNA™.
Inflammation belongs among major causes of HNSCC
cancerogenesis. Accordingly, inflammasome NLRP3
expression was enhanced in human HNSCC tissues and
the IL-1p concentration was increased in the peripheral
blood of these patients'?®. The increased expression of
NLRP3 was also associated with tumour growth, inva-
siveness, metastasis, development of cancer stem cells
{CSCs) and their self-renewal in HNSCC'* % Fur-
thermore, it has been reported that high NLRP3 expres-
sion is associated with poor clinical cutcome in 5-FU-
treated oral squamous cell carcinoma (OSCC) patients
and NLRP3 knockdown increased 5-FU-induced apopto-
sis in OSCC cells'. Blockage of the NLRP3
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inflammasome/IL-13 pathway by MCC950 improved
anti-tumour immune responses in an HNSCC mouse
model'® and blockade of the IL-1p pathway by bio-
pharmaceutical drug anakinra has overcome erlotinib
resistance in HNSCC xenografts™®. On the other hand,
alcohol has been shown te promote both the release
of IL-1B and pyroptosis™®. Infection of human keratino-
cytes with HPV16 also induced the secretion of IL-1. Yet,
upon expression of the viral early genes, IL-13 tran-
scription is blocked, because HPV16 derived E6 protein
can antagonise IL-1p production by inhibiting IRF6
transcription and upregulation of sirtuin 1 (SIRT1)"275,
Knockdown of SIRT1 upregulates AIM2 expression and
triggers pyroptosis'*%. SIRT1 expression was associated
with good prognosis in HNSCC patients'*. Nevertheless,
cigarette smoke impairs SIRT1 activity and promotes
pro-inflammatory responses in epithelial cells™*®, HPY E7
may also inhibit pyroptosis by promoting TRIM21-
mediated degradation and ubiquitination of the IFI16
inflammasome®.

Although pyroptosis seems to have rather tumour-
promoting effects in HNSCC, the exogenous activation of
pyroptosis has recently been shown to trigger powerful
anti-tumour effect'’®. As many tumour cells have an
innate resistance to apoptosis, the induction of pyroptosis
may provide an efficient cancer therapy strategy. Indeed,
interventions with some chemotherapeutic agents cause a
switch from caspase 3-dependent apoptosis to pyroptosis
by activation of GSDME>'* and unleashing of inflam-
masome activation augments the efficacy of some
immune checkpoint inhibitors'**, GSDME also enhances
the number and activity of tumour-infiltrating natural-
killer (NK) and CD8 + T-lymphocytes, as well as phago-
cytosis of tumour cells by tumour-associated macro-
phages. Moreover, granzyme B produced by NK cells also
activates pyroptosis in target cells by cleaving GSDME at
the same site as caspase-3, thereby establishing a positive
feedback loop. However, this mechanism of tumour
suppression is abregated in perforin-deficient mice or
mice without killer lymphocytes'®. Caspase-3 activation
and cytochrome c release in response to apoptotic stimuli
are significantly reduced in GSDME-deficient cells™.
Uncleavable or pere-defective GSDME proteins are also
not tumour suppressive and many cancer-associated
GSDME mutations reduce GSDME function, suggesting
that GSDME inactivation is a strategy developed by can-
cer cells to reach the immune evasion'®*. A decrease in
GSDME expression and function was shown in radio-
resistant HNSCC™.

Ferroptosis

Ferroptosis is independent of caspase activity. Instead,
ferroptotic cells die following iron-dependent membrane
lipid peroxidation. Importantly, tumeur cells capable of
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molecular patterns (PAMPs) activate the inflammasomes. Active inflammasomes lead to the cleavage and activation of caspase-1. The activated
promotes the maturation and secretion of interleukins IL-1f and IL-18. When pathogen-derived lipopolysaccharide (LPS) binds to the precursor of
pathway. Caspase-3 can also be activated by mitochondrial outer membrane permeabilization (MOMP) and death receptor pathways. The activated
caspase-3 then cleaves GSDME and produces GSDME N-fragments, The N-fragment of GSDME form cell membrane pares resulting in pyroptosis.

Pyroptosis results in membrane rupture and the release of DAMPs that are detected by phagocyte receptors, such as TIM 4 (T cell immunoglobulin

production of pro-inflammatory interleukins (e.g. IL-1, IL-6) and IL-12, which activates NK cells and induces the differentiation of naive CD4 T cells. The
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evading other types of cell death probably maintain or
acquire a sensitivity to ferroptosis. Given that HNSCC
cells often manifest an increased intracellular iron
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concentration due to a high level of TFRC1 (transferrin
receptor 1 responsible for cellular iron uptake)'®” and a
low abundance of ferroportin (responsible for iron
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Fig. 3 Ferroptosis. Ferroptosis is characterised by iron-induced lipid peroxidation. The intracellular concentration of iron can be affected by the
activity of transferrin, transferrin receptor and ferroportin, or by the release of iron from ferritin, which is often managed by ferritinophagy. HNSCC
cells often manifest an increased intracellular iron concentration due to a high level of TFRCT (transferrin receptor 1 responsible for cellular iron
uptake} and a low abundance of ferroportin (responsible for iron efflux). The non-physiological degree of lipid peroxidation and the initiation of
ferroptosis is prevented by glutathione and glutathione peroxidase 4 (GPX4) activity. Ferroptosis could be also prevented with chelating agents or
vitamin E, which casts a bad light on the benefits of antioxidants in the treatment of some ferroptosis-prone cancers. Glutamine and glutaminolysis
also play a crucial role in the activation of ferroptosis. PI3KCA is among the most frequently mutated and activated genes in HNSCC. PIK3CA activation
can lead to increased mTOR activity and decreased autophagy. Consequently, the presence of PI3KCA activation may predispose these cancer cells to
avoid autophagy, ferritinophagy and ferroptosis. The ferroptotic signalling pathways are significantly influenced by HPV infection and by the genetic
background of HNSCC. Green bubbles indicate activation and pink inhibition of the process

efflux) 3, ferroptosis-inducing therapy can be expected to
effectively induce cell death in HNSCC cells without
affecting normal tissue; see Fig. 3. Interestingly, the TFRC
gene is located in the genomic region frequently amplified
in HNSCC (3q29)*°.

The induction of ferroptosis can be reversed by glu-
tathione peroxidase 4 (GPX4) and ferroptosis suppressor
protein 1 (FSP1). The blockade of cystine-glutamate
antiporter (Xc—) system and cystine import is important
for the induction of ferroptosis as inhibitors of (Xc-)
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system including sulfasalazine and erastin have been
shown to induce ferroptosis™*. The system (Xc—) consists
of two subunits, SLC3A2 and SLC7A11. The expression
of the SLC7A11 subunit is suppressed by protein p53 that
inhibits cystine uptake and sensitises cells to ferroptosis.
Even some mutated forms of p53, which are no longer
able to induce apoptosis or senescence, do not lose their
effect on the induction of ferroptosis™*!.

Tumour cells having mesenchymal features (tumour
cell lines of mesenchymal origin, epithelial tumour cell
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lines that have undergene EMT and tumour cells exhi-
biting mesenchymal state-mediated resistance to anti-
tumour therapy) appear to be particularly sensitive to
ferroptosis. These cells usually have a higher activity of
enzymes that promote the synthesis and storage of leng-
chain polyunsaturated fatty acids (PUFAs), which are a
source of lipid peroxidation during oxidative stress. As a
result, such cells are highly sensitive to GPX4 inhibition
and ferroptesis. The interrelationship of mesenchymal
phenotype and sensitivity to lipid peroxidation appears to
be a result of the high expression of the protein ZEB1
(Zinc finger E-box-binding hemeobox 1), which functions
in both EMT and lipogenic processes. Deletion of ZEB1
was able to remove sensitivity to GPX4 inhibiticn in
these cells'*>. ZEB1 was identified as a key player in the
inflammation-induced promotion of EMT in HNSCC*,
Accordingly, the MS subgroup of HNSCC characterised
as having an elevated expression of EMT-associated genes
could be the most sensitive to ferroptosis. In epithelial
cells, interactions mediated by E-cadherin suppress fer-
roptosis by activating the intracellular NF2 and Hippo
signalling pathway'**. Furthermore, HPV16-derived E6
and E7 oncoproteins induce expression of the EMT-
activating transcriptional factors Slug, Twist, ZEB1 and
ZEB2'.

Another underlying ferroptosis
observed after erastin treatment. Erastin can bind with
VDAC?2 on the mitochondrial cuter membrane, where it
alters membrane permeability and the ion selectivity of
the channels (allows only cations tc move into mito-
chondria), causing mitochondrial dysfunction and ROS
release that ultimately leads to glutathione (GSH) deple-
tion and ferroptosis'*®. Recently, it was also found that
activation of ferroptosis by erastin increases the level of
lysosomal-associated membrane protein 2a (LAMP2),
thereby promoting chaperone-mediated autophagy, which

mechanism was

in turn promotes the degradation of GPX4'¥. Ferroptosis
seems to be also tightly associated with ferritinophagy as
inhibition of ferritinophagy by blockage of autephagy or
knockdown of NCOQA4, which mediates the selective
autophagic degradation of ferritin, abrogated the accu-
mulation of ROS and cellular labile iron™*®. HPV1é
oncoproteins mute the host autophagic response at dif-
ferent levels of the autophagic pathway. E5 interferes with
the phagophore assembly, while E6 and E7 inhibit
autophagosome/lysosome fusion™*'*®. This autophagy
inhibition may provide some resistance against ferroptosis
in HPV-positive HNSCC, but the exact influence of HPV
on ferritinophagy is currently not clear because it was also
shown that HPV16 E6/E7 oncoproteins can activate
autophagy via accelerating autophagosome formation and
degradation'®".

PI3KCA is among the most frequently mutated and
activated genes in HNSCC in both HPV-pesitive and
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negative diseases (56 and 34%, respectively)™. Interest-
ingly, PIK3CA activation in HPV-positive HNSCC can
lead to increased mTOR activity and decreased autop-
hagy™®”. Consequently, the presence of PISKCA activation
may predispose these cancer cells to avoid autophagy,
ferritinophagy and ferroptosis. It was shown that aspirin
or its active metabolite salicylate induce autophagy by
inhibiting the acetyltransferase activity of EP300'*'%%,
This effect of aspirin may be especially beneficial for
HNSCC patients with PI3KCA over-activation. Accord-
ingly, the use of nonsteroidal anti-inflammatory drugs
(NSAID), such as aspirin, caused improved survival
among HNSCC patients with PIK3CA mutations. Among
subjects with PIK3CA mutations or amplification, regular
NSAID use (26 months) conferred markedly prolonged
disease-specific survival and overall survival compared to
non-regular NSAID users'®. In our opinion, this could be
partly a consequence of autophagy and ferroptosis reac-
tivation. Autophagy induction by rapamycin also showed
the synergistic effects with irradiation in oral squamous
cell carcinoma cells**®.

In the absence of glutamine or inhibition of glutami-
nolysis, blocked cystine impeort cannot induce ferroptosis.
Since many types of tumours, including HNSCC, are
dependent on glutaminolysis™ and glutaminolysis is
necessary to induce ferroptosis, can these tumour cells be
more sensitive to induction of ferroptosis? Glutamine is
synthesized by the enzyme glutamine synthetase (GS)
from glutamate and ammonia. Glutamate is generated
from glutamine during glutaminelysis, which is a series of
biochemical reactions degrading the amino acid gluta-
mine to glutamate, aspartate, CO3, pyruvate, lactate, ala-
nine and citrate'®”. Both glutaminase-1 (GLS1) and
glutaminase-2 (GLS2) are involved in glutaminolysis, but
only GLS2 mediates ferroptosis and is a transcriptional
target of the p53 protein. Accordingly, GLS2 has been
recognised as a tumour suppressor and GLS1 more as an
oncoprotein'®®. GLS1 expression was correlated with a
poor survival rate in HNSCC patients'®. Tt was also
demonstrated that high expression of system (Xc-)
components and glutamine transporter ASCT2 is corre-
lated with undifferentiated status in HNSCC'® and
ASCT2-dependent glutamine uptake is involved in the
progression of HNSCC™. Sulfasalazine is a specific
inhibitor of (Xc—)-mediated cystine transport and inhibits
the growth of HNSCC cells"®>. It was shown that the
cytotoxicity of sulfasalazine relies on ASCT2-dependent
glutamine uptake and glutamate dehydrogenase (GLUD)-
mediated a-ketoglutarate production. Therefore, the
activity of glutaminolysis-related proteins, such as ASCT2
and GLUD, can be probably used as a biomarker to pre-
dict the efficacy of sulfasalazine therapy in HNSCC™P.
On the other hand, sulfasalazine resistant HNSCC cells
were found to highly express aldehyde dehydregenase
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ALDH3A1 which plays a key role in the protection of cells
from lipid peroxidation. This resistance was reversed by
knockdown of ALDH3A1 or by ALDH inhibitor dyclo-
nine'®, Several studies have also revealed that transpor-
ters ASCT2 and (Xc—) mediate resistance in HNSCC cells
after cetuximab, cisplatin and AG1478 treatment =266,
High concentrations of extracellular glutamate can
block cystine uptake by the (Xc—) system and induce
ferroptosis'®”1%, As cancer cells secrete high concentra-
tions of glutamate through the activity of the cystine/
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glutamate antiporter (Xc—) system, they can be sensitive
to ferroptosis when they have no support of other cells in
the tumour microenvironment (TME). Nevertheless,
increased stiffness of extracellular matrix during tumour
progression induces CAFs to import glutamate (through
SLC1A3) and release aspartate and glutamine supporting
cancer cell proliferation; see Fig. 4. Glutamine synthetase
(GS/GLUL) is often overexpressed in these CAFs'®. In
some cases, SLCIA3 gene can be interrupted by HPV
integration'”*'”". The metabolic symbiosis enables cancer
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cells to get rid of ferroptosis-promoting glutamate and to
gain glutamine. This metabolic exchange can take place
alsc between cancer cells and M2-macrophagesl72. Con-
sequently, blocking the transport of glutamate into the
CAFs or M2-macrophages may lead to enhanced sensi-
tivity of glutamine-addicted cancer cells to ferroptosis.
Nevertheless, this approach should be used with caution
because increased levels of extracellular glutamate
have been associated with the progression of cancer-
induced pain'”™.

Establishing of glutamate metabolic symbiosis by
metabolic reprogramming is coordinated by a YAP/TAZ-
dependent mechanotransduction pathway'™; see Fig. 4.
Accordingly, levels of nuclear YAP/TAZ in fibroblasts
associated with perineural invasion of HNSCC were
higher than those in the stroma of normal mucosa'”.
YAP expression was elevated at the invasive front of
HNSCC tumours'”® and also as a consequence of PIK3CA
overexpression'””. Although YAP activation in tumour
strema can lead to avoiding ferroptosis caused by a high
concentration of glutamate in TME, YAP itself can pro-
mote ferroptosis under some circumstances by upregu-
lating ferroptosis modulators ACSLA4 and transferrin
receptor TFRC™. Tt seems possible that YAP/TAZ
activity balances the tendency of cancer cells to undergo a
distinct form of cell death as nuclear accumulation and
activation of YAP/TAZ protect cells from apoptosis but
sensitise cells to ferroptosis and autophagy™**'™,

Some cells in TME, such as CD8 + T-cells, can induce
ferroptosis in tumour cells and the insensitivity to PD-L1
inhibitors is eften accompanied by resistance to ferrop-
tosis'””. One of the key factors causing the immunc-
genicity of ferroptotic cancer cells may be HMGB1*®.
Cancer cells undergoing ferroptosis release HMGB1 in
an autophagy-mediated manner, when autophagy
promotes HMGBI1 acetylation, resulting in HMGB1
release’®!. Although HMGB1 serum and tissue levels
were found to be elevated in HNSCC, they are associated
rather with chemoattraction of regulatory T cells (Treg)
and promoting of their immunosuppressive functions™®.
Ferroptosis was also associated with an increased
expression of cyclooxygenase-2 and the release of pros-
taglandin E2 (PGE2) which facilitates immune evasien of

tumour cells'®3.

Targeted therapy of non-apoptotic programmed
cell deaths in cancer

The development of new antineoplastic drugs targeting
programmed cell death suitable for clinical use is a
demanding and time-consuming process. Therefore, the
effects of previously approved drugs on any type of pre-
grammed cell death should be intensively studied. The
potential for such type of clinical use has been attributed
to some cholesterol-lowering drugs, muscle relaxants,
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antimalarials or anti-rheumatic drugs such as sulfasala-
zine, lanperisone, statins, artesunate or aspirin.

Sulfasalazine (Azulfidine) has been repurpesed to
induce ferroptosis via inhibition of (Xc—) system. Cyto-
toxicity of sulfasalazine relies on glutamine uptake and
a-ketoglutarate production'®. However, HNSCC cancer
cells are capable of developing resistance. Resistance to
ferroptosis induced by sulfasalazine may be overcome by
ALDH inhibitor dyclonine or inhibition of CISD2"*'%,
Both pharmacological and genetic inhibition of SLC7A11
induce ferroptotic cell death and increase the cytotoxicity
of cisplatin in HNSCC cells, which were resistant to
cisplatin before this inhibition'®. Activation of ferroptosis
also appears to contribute to the efficacy of radio-
therapy'®® or some novel anticancer drugs with potential
in HNSCC treatment, such as dihydroartemisinin'®’.
(Xc—)-targeted therapy may also kill undifferentiated
HNSCC cells expressing variant isoforms of CD44
(CD44v) and concurrently may sensitise the remaining
HNSCC cells to available treatments including EGFR-
targeted therapy'®.

Lanperisone is a modified form of muscle relaxant tol-
perisone and selectively kills K-Ras-mutant cells through
the induction of ROS, which is mediated through iron and
ferroptosis pathways'®®. Ferroptosis may also be induced
by statins as statins target the mevalonate pathway, which
is crucial for GPX4 maturation'®®. This fact opens novel
prospects of statins as therapeutic agents in cancer'®®,
Another inductor of ferroptosis is probably artesunate
and its derivatives. Artesunate is a medication used to
treat malaria and can also produce ROS and cause oxi-
dative stress in cancer cells. In pancreatic ductal adeno-
carcinoma, HNSCC and ovarian cancer cells, the anti-
tumour effect of artesunate was mediated by induction of
ferroptosis'®®.

Many proven anticancer drugs show a profound effect
on programmed cell death. Dabrafenib, a B-RAF inhibitor
approved for the treatment of melanoma, has also been
shown to be a potent, high-affinity RIPK3 inhibitor that
blocks TNE-a-induced necroptosis'®’. Qther clinically
approved drugs that may inhibit necroptosis include
vemurafenib, sorafenib, pazopanib and ponatinib'®?. In
contrast, induction of necroptosis has been identified as
an important effector mechanism of oxaliplatin, mitox-
antrone or 5-fluorouracil in anti-tumour activity"™***. In
some tumour cells, inhibition of caspases is essential for
the induction of necroptosis. Inhibiters of caspase activity
can block caspase-8-mediated cleavage of RIPK1 and
stabilise RIPK1-containing protein complexes. Inhibitors
of caspase activity (e.g. IDN-7314, Z-VAD) are being
tested as a novel approach in adjuvant chemotherapy of
colorectal cancer showing resistance to 5-flucrouracil***.
Induction of necroptosis also appears to be beneficial in
the treatment of leukaemias and neuroblastomas™®*1%%,
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Some results indicate that cisplatin and Val-boroPro
(Talabostat) induce pyreptosis in cancer cells suggesting
that they may provide additional advantages in the
treatment of cancers with high levels of GSDME expres-
sion™®”1%%, Ferroptosis can be induced by altretamine and
sorafenib. Altretamine is an orally administered alkylating
agent which is currently used as a secondary therapy for
advanced ovarian carcinoma. It directly binds and inac-
tivates GPX4'*. Sorafenib is a kinase inhibitor approved
for the treatment of renal cell carcinoma, hepatocellular
carcinoma and thyroid carcinoma. Sorafenib induces
ferroptosis independent from the encogenic status of Ras,
RAF, PIK3CA and p53 in cancer cell lines originating
from different solid tumours®™. Sorafenib increased the
antiproliferative effect of cisplatin without affecting
apoptosis in HNSCC cells, also enhanced HNSCC radie-
sensitivity2 L Cisplatin alone was found to be a potent
inducer of ferroptosis®®.

The only clinically approved autophagy inhibitors
nowadays are chloroquine (CQ) and hydroxychloroquine
(HCQ)?™. HCQ is currently in various stages of clinical
trials as monotherapy or as part of combination therapy
for solid tumours, however, pharmacodynamic studies
suggest that the maximum permitted dose of HCQ
(1200 mg/day) shows only slight inhibition of autophagy
in vivo. This may be due to the reduced absorption of the
drug into cells in an acidic environment (pH arcund 6.5),
which is unfortunately typical of the tumour micre-
environment®®. Many CQ analogues with promising
metabolic and antineoplastic effects are also in clinical
trials®®®. Furthermore, some otherwise used compounds
may have a profound effect on autophagy. For example,
pro-apoptotic BH3-mimetic compounds
ABT737, competitively disrupt the interaction between
Beclin-1 and BCL2 or BCL-XL liberating Beclin-1 from
an inhibitory complex and thus induce autophagy’®®.

such as

Aspirin induces autophagy via inhibition of the acetyl-
transferase EP300 and recapitulates features of caloric
restriction'®154,

Conclusion

Many HNSCC cancer therapies aim to induce apoptosis
to suspend tumour growth. However, avoiding apoptosis
is one of the key hallmarks of cancer and the presence of
genetic heterogeneity and supporting TME severely limits
the clinical efficacy of these approaches. Nevertheless,
scientific consensus describes many different cell death
subroutines with different regulatory pathways and cancer
cells are probably not able to avoid all of cell death types
at once. Therefore, a more focused and individualised
therapeutic approach is needed to address the specific
advantages and disadvantages of individual tumours. A
full understanding of the sensitivity or resistance to spe-
cific cell death type given by certain genetic background
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and/or microenvironment that occurs during the HNSCC
pathogenesis may reveal specific and effective targets for
novel tailored therapeutic approaches. The genetic fin-
gerprint of individual tumours can direct the development
of novel agents te selectively hit the tumour cells while
sparing the healthy ones. For example, HPV-positive
HNSCC may be more sensitive to mitochondria-targeted
treatments, such as mitocans, and the MS subgroup
of HNSCC, having an elevated expression of EMT-
associated genes, could be the most sensitive to ferrop-
tosis. Consequently, the future development of agents that
directly target cell death pathways could lead te disease
regression even in patients with poor prognosis.
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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. This 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 % '°.

Author’s publications relevant to this chapter

1. Vicar, T., Balvan, J., ef 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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Abstract

contrast microscopic modalities.

each microscopy modality and published them online.

Quantitative phase imaging, Laplacian of Gaussians

Background: Because of its non-destructive nature, label-free imaging is an important strategy for studying
biological processes. However, routine microscopic techniques like phase contrast or DIC suffer from shadow-cast
artifacts making automatic segmentation challenging. The aim of this study was to compare the segmentation
efficacy of published steps of segmentation work-flow (image reconstruction, foreground segmentation, cell
detection (seed-point extraction) and cell (instance) segmentation) on a dataset of the same cells from multiple

Results: We built a collection of routines aimed at image segmentation of viable adherent cells grown on the culture
dish acquired by phase contrast, differential interference contrast, Hoffman modulation contrast and quantitative
phase imaging, and we performed a comprehensive comparison of available segmentation methods applicable for
label-free data. We demonstrated that it is crucial to perform the image reconstruction step, enabling the use of
segmentation methods originally not applicable on label-free images. Further we compared foreground
segmentation methods (thresholding, feature-extraction, level-set, graph-cut, learning-based), seed-point extraction
methads (Laplacian of Gaussians, radial symmetry and distance transform, iterative radial voting, maximally stable
extremal region and learning-based) and single cell segmentation methods. We validated suitable set of methods for

Conclusions: We demonstrate that image reconstruction step allows the use of segmentation methods not
originally intended for label-free imaging. In addition to the comprehensive comparison of methods, raw and
reconstructed annotated data and Matlab codes are provided.

Keywords: Microscopy, Cell segmentation, Image reconstruction, Methods comparison, Differential contrast image,

Background

Microscopy has been an important technique for
studying biology for decades. Accordingly, fluorescence
microscopy has an irreplaceable role in analyzing cel-
lular processes because of the possibility to study the
functional processes and morphological aspects of living
cells. However, fluorescence labeling also brings a number
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2Department of Physiology, Faculty of Medicine, Masaryk University, Kamenice
5, CZ-62500 Brno, Czech Republic

3Department of Pathological Physiology, Faculty of Medicine, Masaryk
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Full list of author information is available at the end of the article

of disadvantages. These include photo-bleaching, diffi-
cult signal reproducibility, and inevitable photo-toxicity
(which results not only from staining techniques but also
from transfection) [1]. Label-free microscopy techniques
are the most common techniques for live cell imaging
thanks to its non-destructive nature, however, due to the
transparent nature of cells, methods of contrast enhance-
ment based on phase information are required.

The downside of contrast enhancement is an introduc-
tion of artifacts; Phase contrast (PC) images contain halo
and shade-off, differential image contrast (DIC) and Hoff-
man Modulation Contrast (HMC) introduce non-uniform

©The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

N BMC

International License (httpy/creativecommons.org/licenses/by/40/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a linkto the
Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver

(httpy/creativecommons org/publicdomain/zero/1 .0/) applies to the data made available in this article, unless otherwise stated
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shadow-cast artifacts (3D-like topographical appearance).
Although various segmentation procedures have been
developed to suppress these artifacts, a segmentation is
still challenging.

On the other hand, quantitative phase imaging (QPI),
provides artifact-free images of sufficient contrast.
Although there are no standardized methods for the seg-
mentation of QPI-based images, fundamental methods
for segmentation of artifact-free images (e.g. from fluores-
cence microscopy) will be utilized.

In this review, we describe and compare relevant meth-
ods of the image processing pipeline in order to find
the most appropriate combination of particular meth-
ods for most common label-free microscopic techniques
(PC, DIC, HMC and QPI). Our aim is to evaluate
and discuss the influence of the commonly used meth-
ods for microscopic image reconstruction, foreground-
background segmentation, seed-point extraction and cell
segmentation. We used real samples - viable, non-stained
adherent prostatic cell lines and captured identical fields
of view and cells manually segmented by abiologist. Com-
pared to microscopic organisms like yeast or bacteria,
adherent cells are morphologically distinctly heteroge-
neous and in label-free microscopy, the segmentation is
therefore still a challenge. We will use the most common
imaging modalities used by biologist and we will provide
a recommendation of image processing pipeline steps for
particular microscopic technique.

The segmentation strategies tested herein are selected
to provide the most heterogeneous overview of recent
state of the art excluding the simplest and outdated meth-
ods (e.g. simple connected component detection, ulti-
mate erosion, distance transform without h-maxima etc.).
Deep-learning strategies are intentionally not included
due to their distinct differences, high demands on training
data and the range of possible settings (training hyperpa-
rameters, network architecture, etc.).

Results

Inthe paragraphs below we provide a detailed summary of
each image processing step from the pipeline (see Fig. 1),
followed by short description of achieved results. We start
with description of “all-in-one” tools and continue with
image reconstruction, foreground-background segmenta-
tion, cell detection and final single cell segmentation (i.e.
instance segmentation).

Due to the large number of tested methods and
approaches, we have decided to introduce a specific des-
ignation of the methods. We used prefix in order to refer
to image reconstruction ('r’), foreground-background seg-
mentation (‘') and cell detection (‘d’) and finally to all-in-
one tools (‘aio’). The list of these designations, number of
parameters to be adjusted in these methods and computa-
tional demands are provided in Table 1.

Page 2 of 25

“All-in-one” tools

First, we performed an analysis with the available com-
mercial and freeware “all-in-one” tools including FAR-
SIGHT [2], CellX [3], Fogbank [4], FastER [5], CellTracer
[6], SuperSegger [7], CellSerpent [8], CellStar [9], Cell-
Profiler [10] and Q-PHASE’ Dry mass guided watershed
(DMGW) [11]. As shown in Table 2 the only algorithm
providing usable segmentation results for raw images is
Fogbank, which is designed to be an universal and easy
to set segmentation tool. Very similar results were pro-
vided by CellProfiler, which is easy to use tool allowing to
crate complete cell analysis pipelines, however, it works
sufficiently only for reconstructed images. The QPI’ ded-
icated DMGW provided exceptional results, but for this
microscopic technique only. The remaining methods did
not provide satisfactory results on label free data; FastER,
although user-friendly, failed because of the nature of
its maximally stable extremal region (MSER) detector.
FARSIGHT failed with the automatic threshold during
foreground segmentation. CellX failed in both the cell
detection with gradient-based Hough transform and in
the membrane pattern detection because of indistinct cell
borders. The remaining segmentation algorithms - Cell-
Star, SuperSegger, CellSerpent - were completely unsuit-
able for label-free non-round adherent cells with Dice
coefficient < 0.1 and thus are not listed in Table 2 and
Fig. 4.

Because of the low segmentation performance of the
examined “all-in-one” methods, we decided to divide the
segmentation procedure into four steps - (1) image recon-
struction (2) background segmentation, (3) cell detection
(seed expansion) and (4) segmentation tailored to the spe-
cific properties of individual microscopic techniques (see
Fig. 1).

Image reconstruction

As shown, the performance of most “all-in-one” meth-
ods is limited for label-free data, in particular due to the
presence of contrast-enhancing artifacts in microscopic
images. Image reconstruction was therefore employed to
reduce such artifacts, Methods by Koos [12] and Yin [13]
(further abbreviated rDIC-Koos and rDIC-Yin, respec-
tively) were used for DIC and HMC images. Images of PC
microscopy were reconstructed by Top-Hat filter involv-
ing algorithm by the Dewan [16] (rPC-TopHat), or Yin
method (rPC-Yin) [14].

Generally, following conclusions apply for image recon-
structions:

¢ No distinctive differences in image reconstruction
efficacy were observed between the microscopic
methods apart from QPI, as shown in Fig, 2 (described
by area under curve, AUC, see Methods for details).

¢ The AUC of QPI was distinctly higher with values
near 0,99
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Fig. 1 Block diagram showing segmentation approach. For details of ind ividual steps, see Results and Materials and Methods.EGT, empirical
gradient treshold; LoG, Laplacian of Gaussians, DT, distance transform, MSER maximally stable extremal region

+ Computationally more-demanding methods
(rDIC-Koos and rPC-Yin) perform better except for
relatively simple rPC-Top-Hat, which provides
similar results

* DProbability maps generated by sWeka or slllastik can
be used like reconstructions in later segmentation
steps. The advantage of this approach is the absence
of the need to optimize parameters.

DIC and HMC reconstructions

With regard to the morphology of reconstructed images,
rDIC-Koos provides a detailed structure of the cells with
distinctive borders from the background. Tor rDIC-Yin
[13], details of the reconstructed cells are more blurred
and uneven background with the dark halos around the
cells (see Fig. 2) complicating the following segmenta-
tion. As a result, AUC of rDIC-Yin was distinctly lower as
compared with the others.

Both rDIC-Koos [12] and rDIC-Yin [13] methods work
on the principle of minimizing their defined energy func-
tion. The main difference is that better-performing Koos
[12] uses 11-norm (instead of 12) for sparse regularization
term. Yin's 12-norm, on the other hand, enables derivation
of closed form solution, which is much simpler and thus
faster to compute. Time needed for the reconstruction is
dramatically different - 2.1 s, 36.6 min, 13.1 min and 0.17
s for rDIC-Koos, rDIC-Yin, rPC-Koos and rPC-TopHat,
respectively. rDIC-Koos also introduces a parameter for
the number of iterations, which is however insensitive
within the tested range.

Although these methods were not designed for use
on HMC images, the same conclusions also apply for
the reconstruction of those images, which showed only
slightly worse results. The results of reconstruction accu-
racy can be seen in Fig. 2. Combinations of the best-
performing parameters are listed in the Additional file 1.

Phase contrast reconstructfon
From the perspective of cellular morphology of recon-
structed images, rPC-TopHat creates artifacts between

37

closely located cells with the borders precisely dis-
tinguishable. Reconstruction based on rPC-Yin [14]
causes an even background without observable arti-
facts around the cells, however cell borders are miss-
ing and mitotic cells are not properly reconstructed
(see Tig. 2).

The optimization of the PSF parameters of rPC-Yin
reconstruction is problematic. The PSF parameters of a
particular microscope are not always listed or known.
Searching for these parameters with optimization proved
to be complicated. Because the optimizing function is
not smooth and contains many local local extrema, the
result changes significantly and chaotically even with a
small change of parameters or, at the same time, combina-
tions of parameter settings give very similar (near optimal)
results.

Regarding the computational times, the rPC-Yin recon-
struction works very similarly as the rDIC-Koos approach
for DIC, with similar computational difficulties. The result
of a simple top-hat filter unexpectedly turned out to
be comparable to the complex and computationally dif-
ficult rPC-Yin method. For the reconstruction perfor-
mance see Fig. 2, for optimal parameter setting see the
Additional file 1.

Foreground-background segmentation

In the next step of the workflow, the image foreground
(cells) was segmented from the image background. Both
unprocessed and reconstructed images were used. Follow-
ing strategies were used for the foreground-background
segmentation: (a) Thresholding-based methods: simple
threshold (sST), automatic threshold based on Otsu
et al. [17] {(sOtsu), and Poisson distribution-based tresh-
hold (sPT) [2], (b) feature-extracting strategies: empirical
gradient threshold (SEGT) [18] and approaches specific
for PC microscopy by Juneau et al. (sPC-Juneau) [19],
Jaccard et al. (sPC-Phantast) [21], and Topman (sPC-
Topman) [20]), (c) Level-Set-based methods: Castelles
et al. [22] (sLSCaselles), and Chan-Vese et al. [23] (sLS-
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Table 1 List of tested segmentation methads and all-in-one segmentation tools and definition of abbraviations

Segmentation step Abbreviation Description Setable parameters Computational time Ref.
Allin one tools
aicFasright Nucleus editor of Farsight toolkit N/A 4965 2]
aioCellX segrentation, fluorescence quantification, N/A 10305 [31
and tracking tool Cellx
aioFogbank single cell segmentation tool FogBank N/A 12005 [4]
according Chalfoun
aioFastER fastER - user-friendly tool for ultrafast and N/A 042s [5]
robust cell segmentation
aioCellProfiler tool for cell analysis pipelines including single N/A 11853 [10]
cell segrnentation
aicDMGW Dry mass-guided watershed method, 1.00s
(Q-PHASE, Tescan)
Reconstruction
DIC-Koos DIC/HMC image reconstruction according 2 36,60 min [12]
Koos
rDIC-Yin DIC/HMC image reconstruction according Yin 2 2108 [13]
rPC-Yin PC image reconstruction according Yin 4 1310 min [14]
tPC-Tophat PC image reconstruction according 1 0173 [15,18]
Thirusittampalam and Dewan
Foreground-background segmentation
sST simple thresholding 1 <0013
sOtsU threshelding using Gaussian distribution 0 <0015 17
sPT threshelding using Poisson distribution 0 <0015 [2]
SEGT empirical gradient threshold 3 0245 [18]
sPC-Juneau Feature extraction approach according 3 02653 [191
Juneau
sPC-Topman Feature extraction approach according 4 0353 [20]
Topman
sPC-Phantast Phantast toolbox developed by Jaccard 5 03558 21
sLS-Caselles Level-set with edge-based method 2 31405 [22]
sLS-ChanVese Level-set with region-based method 2 11.10s 23]
sGraphCut Graph-Cut applied on recosntructed and raw 2 15805 [24]
data
sWekaGraphCut  Graph-Cut applied on probability maps 2 31.80 min** [24]
generated by Weka
sllastikGraphCut - Graph-Cut applied on probability maps 2 31.52 min** [24]
generated by llastik
sllastik machine learning tool by Sommer N/A 31.20 min+21 s* [25].
s\Weka machine learning tool by Arganda-Carreras N/A 2760 min+2.20 [26]
min*
Cell detection (seed-point extraction)
dLoGm-Peng multiscale LoG by Peng 4 3605 [27]
dlLoGm-Kong multiscale LoG by Kong 5 42053 [28]
dLoGg-Kong generalized LoG filter by Kong 2 46405 [28]
dLoGg-Xu generalized LoG filter by Xu 3 5105 [29]
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Table 1 List of tested segrmentation methods and all-in-one segmentation tools and definition of abbreviations (Continued)

Segmentation step Abbreviation Description Setable parameters Comptational time Ref.

dLoGh-Zhang Hessian analysis of LoG images by Zhang 1 8905 [20]

dFRST fast radial-symmetry transform 5 15310 [31]

dGRST generalized radial-syrnmetry transform 5 572.305 [32]

dRV-Qi radial voting methods by Qi et al, 5 95005 [33]

dDT-Threshold distance transform by Thirusittampalam, 4 011s [15]
threshold-generated foreground

dDT-Weka distance transform by Thirusittampalam, 3 011 sk [s]
sWeka-generated foreground

dMSER rnaxirnally stable extremal region method 3 2105 [34]
(MSER)

dCellDetect rmachine learning method based on MSER 1 141,70 5/60.20 5* [35]

Single cell tinstance) segmentation
MCWST farker-conttrolled watershed 0 1405
MCWS-dDTH Marker-conttrolled watershed on DT image 0 1415

For detailed list of optimized parameters see Additional file 1. ¥ computational time for learning based approaches indicated as Twa values for learning and classification. **

computational time for Weka+Graph cut combination shown as sum time of these methods. & not includes time for Weka probability map creation, T indicate final

segmentation step following foreground-background segmentation and seed-point extraction. Number of parameters in “all-in-one” approaches not shown because of the

GUl-based nature, similarly, not shown for leaming-based approaches, see Methods section for details, Computational time shown for one 13601024 DIC field of view

ChanVese), (d) Graph-cut [24], and (e) Learning-based
Tlastik [25], and Trainable Weka Segmentation [26].

Based on the obtained results, this step can be con-
sidered the least problematic in segmentation, with the
following general findings:

* Well-performing methods (e.g. sWeka, slllastik,
sLS-Caselles,sEGT, sPC-Juneau) are robust enough
to work even on unreconstructed data.

* Image reconstruction improves
foreground-background segmentation efficacy and
once reconstructed, there are no distinct differences
in segmentation efficacy between microscopic
techniques

* QPI performs dramatically better even
unreconstructed

* Learning-based methods (sWeka and sllastik)
perform better by a few units of percents. Its
performance can further be improved with GraphCut.

* More time-consuming methods (sLS-Caselles,
sLS-ChanVese, sGraphCut, sWeka, sllastik) does not
necesarily provide better results. For detailed results,
see chapters below and Fig. 3.

Threshold-based approaches

The Simple threshold (sST) provides better results than
automatic thresholding techniques assuming Poisson
distribution (sPT) or Otsu method (sOtsu). The potential
of these automatic techniques lies in the segmentation of
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images, where optimal threshold value varies between the
images. However, this is not necessary for QPI images
(constant background value increases success of sST)
and for reconstructed images with background removal
(background values are close to zero, so the histogram
cannot be properly fitted with Gaussian or Poison dis-
tribution, see Table 2). There are not any parameters to
optimize for sOtsu and sPT methods, which is the main
advantage. The results of thresholding could be poten-
tially improved by morphological adjustments. Regarding
the computational times, these are the simplest and thus
the fastest possible methods, which are listed mainly to
provide basic idea about the segmentability of our data.

Feature-extraction-based approaches

The feature-based approaches - sEGT, sPC-Topman, sPC-
Phantast and sPC-Juneau are all mainly based on the
extraction of some feature image, which is then thresh-
olded and morphologically modified. Because of fea-
ture thresholding strategies, the segmentation is possible
without the image reconstruction. Thus these methods
are among the most straightforward approaches to extract
and threshold some local features (e.g. absolute value of
gradient or local standard deviation).

Allthese methods can be easily adjusted, have the same
number of parameters and the segmentation performance
is very similar (see Table 1) with slightly better-performing
sEGT. Compared to the other feature-extraction-based
methods, sSEGT includes elimination of small holes.
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Table 2 The segmentation efficacy (shown as Dice coefficient) of individual segmentation steps on raw and reconstructed image data

Segmentation efficacy (Dice coefficient)
Method QPI DIC HMC PC

raw raw rDIC rDIC raw roIC rDIC raw rPC PC
Koos [12] Yin [13] Koos [12] Yin[13] ¥in [14] TopHat [15]

Foreground-background segmentation

sWekaGraphCut 096 036 089 034 086 084 034 086 0.80 034
slllastikGraphCut 094 087 089 034 087 0.84 034 080 0.80 084
sWeka 054 035 087 030 085 082 0.79 081 072 031
sllastik 094 085 086 080 0.82 0.82 0.79 0.84 072 082
sLS-Caselles 088 083 082 079 084 079 079 0.77 075 079
SEGT 089 038 085 064 086 0.79 0.70 074 068 0.79
sPC-Phantast N/ZA N/A NAA N/A N/A NAA N/A 0.77 N/A N/A
sPC-Juneau 085 085 084 059 0.82 0.77 059 073 072 0.76
sPC-Topman N/A N/A N/A N/A N/A N/A N/A 0.72 N/AA N/A
sLS-ChanVese 061 048 0.74 055 068 067 0.36 0.64 065 0.76
sGraphCut 0.92 0.38 078 064 0.32 0.59 0.58 0.40 0.70 0.74
sST 092 0.339 076 061 031 072 0.53 040 069 073
sPT 083 0.34 060 0.34 030 046 008 0.29 067 073
sOtsu 062 0.34 036 031 028 016 018 024 0.51 0.66

Cell detection (seed point extraction)

dGRST 0.94 065 079 085 0.75 081 085 0.81 0.77 088
dLoGm-Kong 0.90 0.83 0.90 0.86 072 0.84 0.8s 052 0.69 0.78
dFRST 0.94 0.58 078 032 0.70 078 0.82 0.82 0.74 0.88
dLoGm-Peng 0.89 071 0.86 0.78 0.69 0.83 0.86 051 0.73 0.84
dLoGg-Kong 085 0.83 0.80 0.84 0.74 0.82 0.83 043 0.72 Q.79
dDT-Weka 0.81 0.68 0.81 0.74 073 072 0.75 080 0.76 0.78
dLoGg-Ku 0.84 0.77 0.80 0.80 0.65 0.81 0.78 052 0.71 0.78
dDT-Threshold 0.94 026 0.91 0.86 0.54 0.86 0.84 049 0.76 0.81
dRV-Qi 077 0.61 057 0.58 070 048 048 082 0.59 0.65
dMSER 093 0.06 0.55 0.58 029 0.82 0.69 065 0.79 0.68
dCellDetect 092 0.00 0.88 0.89 0.00 0.83 0.84 0.00 0.71 0.81
dLoGh-Zhang 0.82 013 052 064 0.25 063 065 0.49 0.70 061
Single cell (instance) segmentation
MCWS-d DTt 0.77 0.58 0.66 0.81 0.47 0.54 0.55 052 0.37 0.62
MCWSH 082 0.55 0.69 0.63 026 0.54 053 041 0.39 0.60
aioFogbank 0.71 0.54 0.55 042 0.44 0.38 039 046 0.34 Q.19
aioCellProfiler 0.69 0.37 0.55 0.38 019 045 027 0.09 0.41 0.54
aloDMGW 082 0.08 0.62 0.38 0.00 048 029 010 0.39 0.65
aioFasright 021 015 043 0.00 0.00 0.26 014 003 0.37 0.57
aioCellX 0.34 0.03 0.08 0.21 002 0.18 0.05 007 0.03 Q16
aioFastER 0.09 003 007 0.00 0.02 017 001 025 0.08 0.06

Sorted by Dice coefficient thigh to low). N/A, nat applicable, for foreground background segmentation, methods designated for PC image were not deployed on other
microscopic modalities

The performance of feature-extraction methods is is mostly due to halos in PC; although sPC-Topman

technique-dependent with the highest scores for DIC  and sPC-Phantast are extended by the elimination of PC
and QPI and the lowest (but still high) for PC. This artifact regions, sPC-Topman have even worse results
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than sEGT or sPC-Juneau and sPC-Phantast leads to a From feature thresholding methods, SEGT was shown
slight improvement only for a cost of more parameters to be the best with only a small number of parameters and
to be set. great versatility. Because of its percentile based threshold,
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it can be used even with a default setting, which achieves
e.g. 0.84 Dice coefficient value for QPI. Compared to
threshold-based methods, feature-extraction strategies
perform approximately 10% better. Considering the com-
putational demands, these methods are very simple and
fast - comparable to simple thresholding.

Level-set-based approaches

Both sLS-Caselles [22] and sLS-ChanVese [23] active con-
tours tended to shrink too much, which was compensated
by setting additional force to negative sign, which leads
to a tendency of the contour to grow. The increase of the
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additional force leads to a better Dice coefficient value
until a breaking point, after which it leads to the total
divergence of the contour. Still, the value of additional
force had a much greater influence than the smoothness
parameter.

Compared to the above-mentioned foreground-
background segmentation strategies, the level-set based
methods are relatively complicated and computation-
ally difficult (tens of seconds vs. less than 1 s per FOV,
Table 1). In their basic forms, two parameters are needed
to be set. Another great disadvantage is that proper
initialization is required, mainly the sLS-Caselles method
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is very sensitive to initialization. Based on segmentation
results, sLS-ChanVese is applicable on reconstructed
images only, and does not even reach the segmentation
efficacy of simple threshold results. On the other hand,
sLS-Caselles is applicable on raw images, but only for PC
images it surpasses the otherwise much faster sSEGT.

Graph-cut
There is a large number of methods and modifications
based on Graph-Cut. Herein, we tested the basic model
only. When Graph-cut was employed on the recon-
structed images (sGraphCut), the highest Dice coefficient
was obtained among non-trainable approaches except for
rPC-Tophat, being surpassed by sLS-ChanVese. Never-
theless, Graph-Cut does not outperform simple threshold
dramatically, providing roughly 2% increase in Dice coef-
ficient and is only suitable for reconstructed data.
Regarding differences between microscopic meth-
ods, the Graph-cut approach was most suitable for
reconstructed DIC images, followed by PC and HMC.
Regardingthe computational times, this method performs
similarly as the level-set-based strategies (tens of seconds
per FOV - Tables 1 and 2). Optimized values are shown in
Additional file 1.

Trainable approaches

Trainable Weka segmentation (sWeka) and Ilastik
(sllastik) were employed in this step. Similarly to the
feature-extracting approaches, these are applicable on
raw, unreconstructed data. Both sllastik and sWeka
outperformed all tested foreground-background segmen-
tation methods with Dice coefficient up to 0.94 for QP1
and up to 0.85 for DIC, HMC and PC.

Regardless of the imaging modality used, there was an
identifiable “breakpoint” in the dependency between the
area size used for learning and the segmentation efficacy
after which no dramatic increase in Dice coefficient was
observed, see Fig, 3. For DIC, PC, and HMC it was approx.
at the size 70 x 70 px., for QPI, distinctly smaller area
was necessary, approx. 25 x 25 px. These areas roughly
correspond to the cell size. However, to demonstrate the
theoretical maximum of this method and to compare it
with Ilastik, learning from one whole FOV for DIC, HMC,
and PC and from 3 FOVs for QPI was deployed (see
Table 2.

Next, an effect of learning from one continuous area in
one FOV, or smaller patches of same sizes from multiple
FOVs was tested. On DIC data it was demonstrated that
learning from multiple areas causes significant, but slight
2% increase increase in Dice coefficients.

No increase of Dice coefficient was observed when
different filters were enabled apart from the set of
default ones (“default” vs “all”) as well as changing
of minimum/maximum sigma. This was tested with a
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random search approach and with the Dice coefficient
varying +0.01. Both Weka and Ilastik provide almost
the same segmentation results and are identically time-
demanding.

There are two parameters to be optimized: terminal
weights and edge weight. Edge weight (designated as
“smoothness” in the GUI, range 0-10) reflects a penalty
for label changes in the segmentation (higher values cause
smoother result).

Furthermore, probability maps generated by sWeka
and Ilastik under optimal settings were exported and
these maps were further segmented by Graph-Cut
(sWekaGraphCut/sllastikGraphCut) and optimized in a
same manner as sGraphCut on reconstructed data.
A slight increase of the segmentation efficacy caused
the sWekaCraphCut/sllastikCraphCut combination to be
the most efficient foreground-background segmentation
method for QPI, HMC, and PC, only being surpassed by
EGT on raw DIC image data. More importantly, this was
achieved without the need of the image reconstruction.

Cell detection (seed-point extraction)

Once the foreground (cells) is separated from the back-
ground, the next step is to identify individual cells
(seed points). The following strategies were used: (a)
Cell shape-based, Laplacian of Gaussian (LoG) vari-
ants Peng et al. [27] (dLoGm-Peng), Kong et al.[28]
(dLoGm-Kong), Hessian Zhang et al.[30] (dLoGh-Zhang),
generalized Kong et al. [28] (dLoGg-Kong), general-
ized Xu et al. [29] (dLoGg-Xu), (b) Cell shape-based,
generalized radial symmetry transform [32] (dGRST),
fast radial symmetry transform [31] (dFRST), (c) Qi et
al.[33] radial voting (dRV-Qi), (d) distance transform
[15] (dDT-Threshold, dDT-Weka), (¢) Maximally Sta-
ble Extremal Region [34] (AMSER), and (f) dCellDetect
[35]. Following general conclusions are applicable for this
segmentation step:

¢ Seed-point extraction is crucial step of cell
segmentation

¢ The requirement of reconstructed images is a
significant bottleneck of the seed-point extraction

¢ multiscale and generalized LoG are among the most
robust and to some extent work also on
unreconstructed data

* Radial symmetry transform-based strategies perform
well

¢ Seed-point extraction is exceptional on QPI data

¢ Learning-based approach dCellDetect provide
exceptional results on reconstructed data.

Laplacian of Gaussian-based strategies
Multiscale LoG filters (dLoGm-Peng and dLoGm-Kong)
perform similarly as generalized versions (dLoGg-Kong
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and dLoGg-Xu), but Hessian-based LoG (dLoGh-Zhang)
were significantly worse in some cases. As for the tradi-
tional microscopic methods, LoG approaches enables the
highest achievable segmentation efficacy. It was found out
that particular combinations of reconstruction-LoG filter
perform better than others; an optimal reconstruction-
seed-point extraction combination is rDIC-Koos followed
by dLoGm-Peng for DIC, rDIC-Koos plus dLoGm-Kong
for HMC, and rPC-Tophat plus dLoGm-Peng for PC.
Moreover, there were dramatic differences in cell detec-
tion between QPI and the remaining contrast-enhancing
microscopic methods. On the other hand, there were no
differences with Dice coefficient 0.9 for both QPI and DIC
with dALOGm-Kong (Fig. 4).

Hessian variant dLoGh-Zhang achieved low segmenta-
tion efficacy on our samples of adherent cells (of various
sizes) due to the use of one estimated optimal kernel size
only (see Table 2). dLoGg-Kong originally completely fails
for some modalities due to the wrong cell size estimation
caused by sub-cellular structures, which produce higher
signal then cells. This was eliminated by introducing a new
Omin Parameter, limiting the lower scale.

Regarding the computational times, LoG-based are
among faster techniques, being surpassed only by the
distance transform.

Radial symmetry transform-based strategies

Compared to the computationally-simple LoG-based
techniques, the dFRST [31] and generalized dGRST [32]
provide better results for unreconstructed QPI images
and, notably, for unreconstructed HMC and PC images.
On reconstructed data, a possible application is for PC
data with results very close to QPI segmentation, Never-
theless, computational times in the orders of hundreds of
seconds need to be taken into account.

Radial voting

Radial voting (dRV-Qi) approach [33] does not achieve
the results of fast LoG-based strategies for all microscopic
modalities, either raw or reconstructed, while being com-
putationally comparable to radial symmetry transform-
based approaches. Thus, it is considered not suitable for
such data.

Distance transform

The strong advantage of the distance transform [15] is
its speed, which is the highest among other seed-point
extraction strategies. Segmentation efficacy of the tested
version with optimal thresholding (dDT-Threshold) is the
highest among all microscopies except for PC, but image
reconstruction is needed. An alternative approach is to
use WEKA for binary image generation (dDT-Weka),
where cells are less separated than in a case of optimal
threshold.
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Maximally stable extremal region

Compared to the relatively consistent performance of LoG
between microscopic techniques, the dMSER approach
[34] is distinctly more suitable for HMC reconstructed
by rDIC-Koos and PC reconstructed by rPC-Yin, where
the segmentation performance as well as computational
requirements are identical or similar to LoG.

CellDetect

The CellDetect approach uses [35] maximally stable
extremal region for segmentation. Adherent cells in unre-
constructed DIC/HMC/PC images are, however, dramat-
ically heterogeneous structures, Thus, there are no ele-
ments registered for learning and thus the performance
of CellDetect was similar to aioFastER methods. On the
reconstructed data, it performs similarly as LoG- or dis-
tance transform-based methods. Nevertheless, because
the trainable nature of this technique, enormous compu-
tational time demands must be taken into account (up to
100-fold higher than DT). Segmentation of microscopic
elements of low shape heterogeneity (e.g. yeast) would
profit from CellDetect significantly.

Single cell (instance) segmentation

The data which underwent reconstruction, foreground
segmentation and seed-point extraction were finally seg-
mented by Marker-controlled watershed (MCWS) applied
on distance transform or on images directly. Com-
pared to previous steps, errors generated by this step
have only minimal impact on overall segmentation qual-
ity, providing few-pixel-shifts to one or other adjacent
cells. The distance transform approach is more univer-
sal but, in case the cells are well-separated, MCWS-only
approach can provide better results. When compared to
“all-in-one” segmentation strategies, the approach pro-
posed by us provides dramatically better results except
of proprietary software for quantitative phase imaging
(see Table 2). With this in regard, the development of
a new method which is strictly based on the nature of
mass-distribution-QPI images could provide even better
results.

Finally, it was assessed how the segmentation accuracy’s
individual steps are affected by morphological aspects
of cells. Following aspects were studied (Fig. 5): cellu-
lar circularity and level of contact of cells with other
cells (isolated cells vs cells growing together in densely
populated areas, expressed as a percentage of cellu-
lar perimeter in contact with other cells). The circu-
larity ranged 38.2 to 63.5%, median 51.2%, (percentage
of cells with a circularity 100%: 2.1%), the percentage
of perimeter ranged 4.1-41.9%, median 22.0% (percent-
age of cells with no contact with others 21.7%). Cells
with circularity ranges 0-40% and 70-100% were con-
sidered low- and high-circularity cells. Regarding the
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degree of contact with other cells, cells whose 0-15%
and 50-100% of perimeter was in contact with other
cells were designated “isolated” and “growing together”,
respectively.

It was found out that the reconstruction method does
not affect a difference in segmentation accuracy between
highly- and low-circular cells (the segmentation accu-
racy in highly circular cells is in average 15% better for
all reconstruction methods) without significant variations
for individual methods. Seed-point extraction, however, is
much more cell-shape-dependent (Fig. 5¢). Because these
methods are blob detectors by nature, the result is better
for more circular cells with most methods. However,
the dDT-Treshold and dCellDetect are not affected by
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circularity and are among the most efficient segmenting
tools at the same time.

Regarding the effect of a degree of contact with other
cells, method of image reconstruction does not affect a
difference in segmentation between densely and sparsely
populated areas (20% better segmentation results for iso-
lated cells). Seed-point extraction accuracy is however
even more profoundly affected by a level of contacts
with other cells (in average 25% better segmentation for
isolated cells).

Discussion
During the last two decades, the amount of approaches to
segment microscopic images increased dramatically. The
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Fig. 5 Cell segmentation efficacy and cell morphology. a histograms showing distribution of circularity and level of contact with other cells (shown
as percentage of cell perimeter touching with other cells, Based on histograms, low/high circularity and isolated/growing together groups were
created. b effect of cell reconstruction, on segmentation accuracy, subset of low/high circularity and low/high contact with other cells (for this step,
dLoGm-Keng was used in next segrentation step for all methods). e effect of various Seed-point extraction methods, effect of low/high circularity
and low/high contact on segmentation efficacy. Last step is shown for GPI data only

precise segmentation of label-free live-cell microscopic
images remains challenging and not completely solved
task. Furthermore, different microscopic techniques make
this task more difficult due to different image properties
provided.

Accordingly, the aim of this study was to compare the
most heterogeneous spectrum of segmentation methods
to real data of the same cells from multiple contrast
microscopic modalities. The properties of each processing

step has been evaluated and segmentation accuracy has
been compared.

We used human adherent cells, which are much more
heterogeneous in shape and thus much bigger challenge
for segmentation than the segmentation of spherical bac-
teria or yeast. Based on the described results, we can now
summarize, discuss and suggest several findings directed
to both biologists and bioinformaticians from different
points of view.
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Segmentability of microscopic techniques

When considering a microscopy technique for label-free
segmentation, there were no dramatic differences in the
segmentation efficacy between DIC, HMC or PC. How-
ever, the highest segmentation efficacy was obtained when
QPI microscopy was used due to the higher image qual-
ity (without significant artefacts and high image contrast).
In principle, approaches originally intended for fluo-
rescence segmentation are applicable for these images.
QPI technique should be also the choice, when a fast,
high throughput segmentation is desirable, because no
image reconstruction is needed and simple threshold-
ing with MSER - Seeded watershed provides satisfactory
results.

Performance of segmentation steps

Regarding individual processing steps, the most crucial
are image reconstruction and seed-point extraction meth-
ods. Foreground-background segmentation, on the other
hand, can be considered the least problematic part,
where no dramatic differences between methods were
observed, except that learning-based approaches scored
better. Regarding the seed-point extraction, however, a
reconstructed image is needed for almost all approaches
(except dDT-Weka), making seed-point extraction depen-
dent on precise reconstruction. Not all foreground-
background segmentation methods need reconstructed
images, because some are compatible with raw DIC or
PC images {e.g. sWeka, sLS-Caselles, sEGT) and gen-
erally perform well. Omitting the reconstruction step
will need the seed point extraction methods applica-
ble to raw data (eg. dDT-Weka or DT with different
foreground-background segmentation), which can slightly
reduce the quality of cell segmentation. It was also evi-
dent, that not all reconstruction algorithms are suitable
for the seed-point extraction (high Dice coefficient in the
foreground segmentation step does not guarantee suit-
ability for the seed-point extraction). It also cannot be
stated that the time-consuming methods are dramati-
cally better-performing in the seed-point extraction. Here,
the learning-based approach provided better results, too.
Below we provide short workflow summary for each
microscopic technique:

*  QPI — this technique usually provides images with
the best image properties with respect to automated
image processing. We observed that Weka probability
map segmented with Graph-cut, followed by seed-
point extraction with dGRST and finally segmented
by Marker-controlled watershed gives superior
results. In general, any segmentation approach used,
QPI gained the highest segmentation efficacy.

* PC — for this modality we suggest simple and fast
reconstruction with Top-Hat filter, and dGRST or
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dFRST for seed-point extraction. Graph-cut applied
to probability Weka probability maps produce best
foreground-background segmentation. Final
segmentation is slightly improved if
Marker-controlled watershed is applied to distance
transform image (instead of intensity image).

¢ DIC/HMC - the images from these modalities are
similar, which leads us to suggestion that the same
pipeline can be applied to both. We suggest to use
rDIC-Koos method for reconstruction and
Graph-cut applied to probability Weka probability
maps for foreground-background segmentation.
Thresholding with distance transform
(dDT-Threshold) is best for seed-point extraction,
finally segmented by Marker-controlled watershed.
Although DIC and HMC have a lot of similar
features, DIC produce generally better results.

All-in-one packages are extremely popular in biolo-
gist community and more or less provide the complex
solution for single cell segmentation task. However, these
packages implement common image processing meth-
ods (some of them described here) and together with
graphical user interface and interactions, provide rich
possibilities for segmenting the images. We can conclude
that FogBank and CellProfiler tools achieve the highest
segmentation efficacy among these approaches (without
need of programming skills) and it is also universal for var-
ious imaging modalities. Both FogBank and CellProfiler
use a similar generalizable approach based on the com-
bination of watershed and distance transform, however,
CellProfiler also includes a possibility to build complete
cell analysis pipelines and as such should be default choice
without programming.

Deep-learning remarks
Intentionally, our focus was set on a spectrum of tradi-
tional strategies while the rapidly-developing spectrum
of deep-learning-based segmentation was omitted. The
main practical limitation of application of deployment of
pre-trained U-net or other deep learning method (transfer
learning) is the need for sufficiently large training dataset
(covering different modalities and cell types/shapes).
However, the image databases for segmentation tasks
are not as large and complex as ImageNet [36], which
became a standard for pre-training of classification-based
networks. For this reason, available models use only pre-
trained encoder [37], which is pre-trained for classifica-
tion on ImageNet. As such, we leave this investigation for
future work, where deeper-comparison is highly needed,
especially for different amounts of training data and from
view of computational requirements.

Despite the tremendous success of deep learning
approaches applied in many computer vision tasks
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including live cell imaging, there is no straightforward
way how to use these methods for cell segmentation of
touching dense populated cells. One of the approaches to
achieve separated mask for each cell is to predict simple
binary foreground mask, but giving higher weight to cor-
rect prediction on the boundary as in [38]. Another simple
solution is to predict three pixel classes — background,
foreground and cell boundary as in [39], which provides
better separation of cells. On the other hand, deep learn-
ing can be also used for cell detection by regression of 2D
Gaussians on the position of centroids as in [40]. In [41],
authors combined detection and segmentation into simul-
taneous prediction with one U-Net network, where one
prediction map predicts distance to cell boundary (after
thresholding we obtain foreground-background segmen-
tation) and second map predicts distance to cell centroid
(detections are obtained with local maxima detection).
These techniques are very promising, however, their test-
ing is out of scope of this paper because our dataset is
not sufficiently large for training of these algorithms and
there is no standard way how to use deep learning for
cell segmentation, leading to enormous number of possi-
ble setups to test in order to achieve fair comparison to
classical methods.

Remarks and limitations

Because of Matlab platform was used, the information
regarding computational time is approximate with a large
software-dependent space for its reduction. All segmen-
tation steps were performed in a sequential way. Thus
parallel processing may provide a distinct improvement
for most of the methods, but this was beyond the scope of
this study. Based on a distinctive difference in a segmenta-
tion accuracy between “all-in-one” methods and individ-
ual methods reviewed herein, well-performing methods
usually have more than three parameters to be set (usu-
ally not even corresponding with morphological features
of the cells). Thus it is still difficult, if not impossible, to
automatize the whole segmentation process. In a spite of
this, deep-learning approaches provide some alternative —
instead of setting optimized parameters, user needs just to
provide a training dataset.

Although there are several excellent reviews on such
segmentation, a study practically comparing the to-date
best-performing approaches on real data from various
microscopic techniques is still missing. In [42] the authors
review a broad spectrum of segmentation methods to seg-
ment histological images. In [43] the authors focus on
available tools with GUL The author of [44] summarizes
historical progress of cell segmentation methods. There
are also works on comparing QPI, DICand PC, but in [45],
the authors compare modalities without segmentation
and in [46] authors test algorithms only on QPI data, with-
out considering image reconstructions, In Ulman et al.
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[47] the authors compared segmentation and tracking on
various microscopic methods, including 2D fluorescent,
DIC and PC. Many detection errors can be eliminated
with tracking. Thus the comparisons with our review
might be rather relative. Similarly to our results, one of the
best-performing algorithms “KTH-SE” used a relatively
simple thresholding together with a precise seed-point
extraction (tracking in their case). This underlines the fact
that a precise seed-point extraction is the most crucial
segmentation aspect. Also a segmentation performance
was significantly lower in the “Fluo-C2DL-MSC” dataset
characteristic by low circularity of cells.

Our study has several limitations. These include the
focus on the segmentation of adherent cells, not those
cultivated in the 3D matrix or suspension-cultured coun-
terparts. Also the ground truth manual segmentation was
performed by a human, although experienced biologist.
The problem of overlapping cells was present, although
relatively rare. Using the learning-based approaches it was
demonstrated that those surpass the transitional strate-
gies. This predicts a future success for deep-learning
methods and probably also their future superiority. Also,
in accordance with cell time-lapse trend in microscopy,
cell segmentation is just the first part of the story with cell
tracking being another one.

Conclusion
In this study, we performed a comprehensive testing
of image processing steps for single cell segmentation
applicable for label-free images. We searched for pub-
lished methods, which are used by biologists and bioin-
formaticians, we assessed the suitability of used data
and we carefully tested particular segmentation steps
(image reconstruction, foreground-background segmen-
tation, seed-point extraction and cell segmentation) and
compared them with available “all-in-one” approaches.
As expected, learning-based methods score among the
best-performing methods, but well-optimized traditional
methods can even surpass these approaches in a fraction
of the time. We demonstrated that the image reconstruc-
tion step makes it possible to use segmentation methods
not directly applicable on the raw microscopic image.
Herein we collected a unique set of similar field-of-
view image of the same cells acquired by multiple micro-
scopic techniques and annotated by experienced biologist.
The raw and reconstructed data is provided, together
with the annotated ground truth and Matlab codes of all
approaches.

Methods

Dataset

Cell culture and culture condition

PNT1A human cell line was used in the experiment. This
cell line was derived from normal adult prostatic epithelial
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cells immortalized by transfection with a plasmid contain-
ing SV40 genome with defective replication origin. The
cell line was purchased from HPA Culture Collections
(Salisbury, UK). PNT1A cells were cultured in RPMI-
1640 medium supplemented with antibiotics (penicillin
100 U/ml and streptomycin 0.1 mg/ml) with 10% fetal
bovine serum (FBS). Prior microscopy acquisition, cells
were maintained at 37°C in a humidified (60%) incubator
with 5% COs (Sanyo, Japan). Intentionally, high passage
number of cells was used (> 30) in order to describe
distinct morphological heterogeneity of cells (rounded
and spindle-shaped, relatively small to large polyploid
cells), For acquisition purposes, cells were cultivated in
Flow chambers p-Slide 1 Luer Family (Ibidi, Martinsried,
Germany).

Microscopic image acquisition and dataset characteristics
QPI microscopy was performed on Tescan Q-PHASE
(Tescan, Brno, Czech Republic), with objective Nikon CFI
Plan Fluor 10 x /0.30 captured by Ximea MR4021MC
(Ximea, Miinster, Germany). Imaging is based on the orig-
inal concept of coherence-controlled holographic micro-
scope [48, 49], images are shown as a 32bit file with val-
ues corresponding to pg/um?® recalculated from radians
according to Barer and Davies [50, 51].

DIC microscopy was performed on Nikon A1R micro-
scope (Nikon, Tokyo, Japan) with a Nikon CFI Plan Apo
VC 20 x /0.75 objective captured by a Jenoptik ProgRes
MEF CCD camera (Jenoptik, Jena, Germany).

HMC microscopy was performed on Olympus 1X71
microscope (Olympus, Tokyo, Japan) with Olympus
CplanFL N 10 x /0.3 RC1 objective captured by Hama-
matsu Photonics ORCA-R2 CCD camera (Hamamatsu
Photonics K.K., Hamamatsu, Japan).

PC microscopy was performed on a Nikon Eclipse
TS100-F microscope, with a Nikon CFI Achro ADL 10 x
/0.25 objective captured by Jenoptik ProgRes MF CCD
camera.

The captured dataset characteristics are summarized in
Table 3. All data were manually segmented by an expert in
cell biology as ground truth for segmentation and detec-
tion. Same areas of sample were captured using these
microscopes, but due to the cell movement and different
FOV size the overlap is not absolute.

All-in-one segmentation tools
Here are described “all-in-one” approaches (designated
with “aio” prefix).

aioFARSIGHT

FARSIGHT toolkit 0.4.5 module Nucleus editor [2] con-
sists of an automatic Poisson threshold binarization
refined with graph-cut (applied on a binary foreground
image) and produces initial segmentation containing
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cell clusters. Next, Multiscale Laplacian-of-Gaussian is
used to produce feature map (image where blobs are
enhanced - see “LoG filters” section for more details),
which is segmented by local clustering algorithm. This
clustering algorithm then produces rough cell clus-
ter separation. Finally «-Expansions (multilabel graph
cut) is used to refine segmentation, with novel method
of Graph colouring for more efficient computation
(see [2] for more details).

The first set of parameters was cell-shape-derived: “min
scale” and “max scale” (the minimum and maximum scale
of the multiscale Laplacian of Gaussian filter) were set
based on a measured radius of equivalent circle of cells,
“xy clustering res” (resolution of the local maximum clus-
tering) was set similarly as “min scale’, and “min object
size” was set as the area of the smallest cell. The sec-
ond set of parameters was optimized: “high sensitivity”
(enable/disable high sensitivity binarization), “finalize seg-
mentation” (enable/disable the segmentation refinement
step), “use distance map” (enable/disable the use of the
distance constraint to select the LoG scales), and “refine-
ment range” (parameter sets the maximum distance that
an initial contour can be shifted).

aioCellX
Dimopoulos et al. [3] approach consists of seed genera-
tion with gradient-based Hough transform, construction
of membrane patterns images for each seeed (cross-
correlation with estimated membrane profile} and seg-
mentation of each such image with graph-cut. After that,
statistical morphological outliers are removed and indi-
vidual regions are combined (almost identical regions are
merged and overlaps are resolved).

CellX includes a GUI, where user can interactively set
cell size range, maximal cell length and estimated mem-
brane profiles.

aioFogbank

In Chalfoun et al. [4] Fogbank, foreground is segmented
with EGT. Seeds are detected as connected regions after
percentile thresholding (with some distance and size con-
straints). Pixels above a defined percentile level are then
connected to the nearest seed-point. Either intensity or
gradient image and either Euclidean or geodesic distance
are used for computation.

Table 3 Data-set summary

Modality FOV size Image size Nurm. of FOVs  Num. of cells
QP! 376x376 um  600x 600 px 18 637

pC 1253x6844 g 1360x 1024 px 10 2387

DIC 627x472 purn - 1360x 1024 px 11 862

HMC 867x660 um 1344x 1024 px 11 1297
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aioFastER

Hilsenbeck et al. [5] FastER applies MSER to construct
component tree and SVM for classification of regions into
groups of cells or false detections. Finally non-overlapping
regions with the highest score are selected. It shares
CellDetect similarities (see “CellDetect” section), but this
algorithm uses 9 features for SVM classification only and
does not compute globally optimal solution, thus being
computationally faster. To achieve complete segmenta-
tion (not only detection as CellDetect), authors modified
their approach on the algorithmic level. Size constraints of
cells (measured min/max cell size) were set and “de-noise”
parameter setting were optimized (off/on/strong). Larger
number of FOVs used for training were tested without
improvement.

Dry mass-guided watershed

The dry mass-guided watershed method (designated as
aloDMGW) is a thresholding-based approach, imple-
mented as a part of Analyzer module of Q-PHASE soft-
ware 6.803 (Tescan, Brno, Czech Republic). First the phase
image is slightly smoothed and foreground is separated
from background using thresholding. Then watershed
starting from the local maxima is performed. The decision
of merging of touching segments, or leaving them sepa-
rated, is based upon the sums of pixel values (i.e. dry mass)
in each touching segment. The optimized parameters are:
threshold; min segment sum (the minimum accepted sum
of pixel values in each segment used to filter out noise
and cell debris); max merge sum (the threshold of sum
of pixel values of touching segments used to decide if the
segments should be merged or left separated).

aioCellProfiler

The CellProfiler [10] is a strong segmentation tool, how-
ever, we perceive it more as a platform where a substantial
part of the segmentation strategies used here can be
reproduced. Nevertheless, we evaluated output of “Indeti-
fyPrimaryObject” module, which combines thresholding
and watershed. Watershed is used twice, for seed-point
extraction and final single cell segmentation, and it is
applied to either intensity or DT image. Additionally,
module uses some smoothing and it remove seed-points
bellow some allowed distance. Measured range of cell
radiuses and optimal threshold {see Additional file 1) were
used and we optimized betwen application to intensity or
DT image for both steps.

Other ail-in-one tools
Following algorithms were reviewed but not used in com-
parison with reasons stated below:

CellTracer [6] consists of 3 steps — foreground seg-
mentation, border segmentation and cell segmentation by
model fitting. This approach is more suitable for yeast-
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or bacteria-shaped objects (coccus- or bacillus-shaped
with distinctive borders). Similar issues were observed in
SuperSegger [7], CellSerpent [8] or CellStar [9].

Image reconstruction techniques

DIC, HMC and PC image formation process can be
described as convolution between the original image of
the scene and 2D PSF. For PC images PSF is [13]

PSFpc(x,y) = 8(x, ) — airy (,/xz +y2> (1)

where §() is Dirac delta function and airy(-) is Airy pat-
tern. This leads to halo and shade-off artifacts (see Fig. 2).
For DIC image PSF is difference of two Gaussians [52]:

2492 )
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where o is Gaussian standard deviation and u =[u ¥]7
is unit vector specifying shear direction. It means that
DIC image is derivation under shear direction visible as
3D-like topographical appearance (see Fig. 2). The inverse
PSF then can be used for image reconstruction. The goal
of these reconstruction algorithms is to produce image
of blob-like cells qualitatively corresponding to cell mass
(similar to QPI). The methods described bellow are des-
ignated with prefix “r” (reconstruction), original modality
and author, where possible.

DIC reconstruction methods were well reviewed in [12].
Based on the results of this study, two methods were cho-
sen: (a) fast, computationally-efficient Yin et al. approach
[13] (in following parts designated as “rDIC-Yin") and (b)
more computationally-demanding Koos et al. [12] (des-
ignated as “rDIC-Koos”). HMC images have the similar
properties as DIC and therefore the same reconstruction
algorithms were tested.

For PC reconstruction [14], two methods were chosen
(a) more complex computationally-demanding method
based on PST model (designed as “rPC-Yin”) (b) simple
Top-hat filtering (designated as “rPC-Tophat”).

PSFpic (%, ) = —xu exp (7

rDIC-Koos

Method proposed by Koos [12] (tDIC-Koos) uses an
energy minimization with data term and total variation
regularization term

1 - “
E=3 []ch ED g twl vilde @)

where - denotes dot product, 77 denotes gradient, u =
[z v]7 isunit vector specifying shear direction, €2 is image
domain and K is kernel which approximate PST without
derivative {Gaussian function), where vK = PSFpic (%, %).
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Euler-Lagrange equation of data term for symmetric ker-
nel K leads to

u%g+v%g7/y‘K(ﬁ%§+2mﬂﬁy+ﬂ%§):0
w
(4)

where 9, and 8 denotes partial derivatives and W is a
local window (with size of kernel). Finally, this can be
solved with gradient descent iterative method as

FED ZFO (ula,%f” O 4 29,0, 0 + vzaﬁf@)) *K

0]
+ 48, G + v0,G — div (L)
| vf®
(5)

where ¢ is reconstructed image in next iteration, div
denotes divergence. Last term is proposed by total varia-
tion regularization.

Besides of shear angle, which is assumed to be known
{or recognizable from image - typically multiple of 45),
rDIC-Koos method has three parameters - weight of
smoothness (total variation) regularization wy, step size of
gradient descent w, and number of iteration i¢, Smooth
regularization sets compromise between noise elimina-
tion and details preservation. Too large step size leads to
method divergence and too small step size leads to slow
convergence. Number of iterations has a small influence
on the result; default value 20000 was used. For setting of
other parameters see Additional file 1.

rDIC-Yin

Yin et al. [13] presented a reconstruction method for
DIC images (rDIC-Yin) working with multiple shear direc-
tions, but with some simplification in equations it also
works on images with one shear angle direction. Authors
assumed that distortion of the microscope can be modeled
by convolution with PSF

g=d«f (6)

where d is PSF (in general a directional first-derivative-of-
Gaussian kernel, but simple difference without Gaussian is
used for simplification), g is acquired image and f is orig-
inal image. Simple inverse filtering leads to highly noisy
images, which can be reduced by regularization. This can
be achieved with optimization of energy function which
must be minimized over whole image domain

ED =@+t g’ +warD’ +wf @

This equation is composed of data term, smooth term
and sparse term (all with Z; penalization, where w; and
w, are weights for the smooth and sparse regulariza-
tions, respectively). f is reconstructed image (approxima-
tion of f). Smoothness is achieved by setting a restored

)|
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pixel value to be close to the average of its neighbors
(where a =[1,1,1;1,—8,1;1,1,1]/8). Sparse regulariza-
tion causes the value of background pixels to be close to
zero. Optimization of function has close-form solution in
Fourier space (F = i) ete)

F=—DoGowmACA+w, —DOD) 8)

where “@" and “©" denotes element-wise division and
multiplication, respectively.

Besides shear angle, rDIC-Yin has two parameters only,
wy and w,, which set smoothness and sparse regulariza-
tions, respectively.

rPC-Yin
In [14] Yin et al. used a deconvolution with sparse con-
straint regularization to reconstruct PC images. This
method was further expanded with dictionary of diffrac-
tion patterns [53], which deals with problematic mitotic
cells. This method is in fact a segmentation method as
presented inthe Su at al. paper [53] and it therefore cannot
be used as preprocessing (i.e. reconstruction) step. rPC-
Yin [14] is very similar to rDIC-Yin [13] with modified
equation 7 to linear equation system with /; penalization
for the sparse term.
- - T - —

E® = Hf — 8% + wed LE+ w,|AT) ©)
where T and g are vectorized restored and acquired
images, H is the transfer matrix of the image formation
model and L is Laplacian matrix {corresponding to dif-
ferent expression of operators d and a in the equation 7).
A is positive diagonal matrix defining sparseness, wy and
w; are weights for the smooth and sparse regulariza-
tions. Because of /; penalization of sparseness (known
to be better than [y) there in no closed-form solution. It
can be solved with an iterative algorithm which is based
on non-negative multiplicative updating (for more imple-
mentation details see [14]). PST (which leads to H) is then
modeled by the equation 1, where airy pattern is

r r

airy(r) = R —(R-W) (10)

where R and W are PSF-dependent parameters - outer
radius (R) and ring width (W) of phase ring and /()
is the first order Bessel function of the first kind. rPC-
Yin has also optimization parameters wg and w, which
define weights of components of optimized energy func-
tion. Other parameters not discussed in [14] were set
to default value (radius — 2,epsifon — 100,gamma —
3,scale = 1, maxiter = 100, tol = 10716), Because of large
computational time, optimization of PSF and optimiza-
tion parameters was done separately - first proper PSF was
found (other parameters set to default value wy; = 1 and
wy = 0.5) and then optimal W and R values were used in
optimization of ws and w,.
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rPC-Tophat
Top-hat filtering (referred here as rPC-Tophat) was used
by Thirusittampalam et al. [15] and Dewan et al. [16] for
halo artifacts elimination. This simple heuristic approach
shows very promising results and it is considered as the
next PC reconstruction technique in this paper.
Reconstruction based on top-hat filtering with disk-
shaped structuring element has only one adjustable
parameter - radius of structuring element, which is
roughly equal to the radius of the cell, with optimal value
r=16.

Foreground-background segmentation
Thirteen methods has been tested and to make it more
clear, the methods are designated with prefix “s” (segmen-

tation), original modality and the author, where possible.

Thresholding
Three threshold-based techniques were used for the
foreground-background segmentation. Simple threshold
(named as sST) and two automatic threshold algorithms,
Otsu [17] (sOtsu) and Poisson distribution [2] (sPT).
Automatically determined thresholds varies between
FOVs, so a better result can be expected. sOtsu assumes
that gray-scale values are mixture of two Gaussian dis-
tributions. Nevertheless, for the adherent cell images the
mixture of two Poisson distributions is sometimes more
suitable [2], thus sPT was tested. For ST, threshold value
was optimized with 100 steps between minimal and max-
imal value.

Empirical gradient threshold

Chalfoun et al. [18] described an empirical gradient
threshold method (referred here as sEGT), which uses
empirically derived model for threshold estimation. SEGT
was described to work with different microscopic modal-
ities (PC, DIC, brightfield and fluorescence) and is appli-
cable also on the others, including raw (unreconstructed)
images. sEGT utilizes a Sobel operator to compute abso-
lute value of gradient, then the percentile-based threshold
is found, followed by the binary morphological opera-
tions. Three parameters must be set beforehand: minimal
cell size (removing small objects), minimal hole (removing
small holes) and manual fine-tune (decreasing or increas-
ing the estimated threshold). For all these methods mini-
mal object size was determined from a ground true mask
of the training images.

sPC-Juneau

Juneau et al. [19] described simple segmentation method
(referred here as sPC-Juneau) designed for PC images. It
computes a range map (difference between minimum and
maximum in local window), which is then thresholded.
Consequently, all holes and small objects in the binary
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image are removed. Thus these parameters are optimized:
window size, threshold and minimal object size. Although
originally designed for PC images, it is applicable for other
modalities as well.

sPC-Phantast

Jaccard et al. [21] developed a software toolbox PHAN-
TAST consisting of foreground segmentation techniques
specialized for PC microscopy images. It computes local
contrast

VCrE_ (G172

C=
Gxl

{11)

where G is a Gaussian kernel with standard deviation ¢.
The resulting local-contrast image is then globally thresh-
olded and halos are corrected. For halos correction, the
gradient direction is computed by eight Kirsch filters
(8 directions). Halo pixels are initialized with boundary
pixels of binary image, then iteratively each halo pixel
points to its gradient direction and two adjacent direc-
tions, where each of these three pixels is marked as halo
if it is considered foreground (for bright halos gradient
points in and for dark cells gradient points out). Maxi-
mum cell area fraction removed as halo is restricted and
after elimination of halos, small objects and holes are
removed. This leads to 5 parameters - Gaussian o, thresh-
old, halo area fraction, minimal hole size and minimal
object size.

sPC-Topman

Topman et al. [20] described another method for fore-
ground segmentation originally intended for PC images.
This approach applies two filters, one with a small
and one with a large local window computing the
standard deviation, where both are thresholded. The
result is an intersection of these two binary images,
where binary image from large window is morpholog-
ically eroded (with morphological element of half the
size of the large window) and final image is morpho-
logically opened and closed. This leads to 4 parame-
ters - two window sizes, threshold, and morphological
element size.

LevelSets

Matlab implementation of level-set method with function
activecontour was used. This implementation includes an
edge-based method [22] (referred as sL.S-Caselles) and
region-based method [23] (referred as sLS-ChanVese).
Both methods use a Sparse-Field implementation [54] for
contour evolution and both have two adjustable param-
eters - smoothness of the result contour and additional
force, which leads to a tendency of the contour to grow
or shrink. While sLS-ChanVese segments the image into
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two regions based on the mean region intensities, sLS-
Caselles segments the image based on the edges. The
level-set methods were initialized with morphologically-
dilated binary results of Weka segmentation, because it
provides similar initial contours for all modalities. Num-
ber of iterations of the evolution was set to 1000, which
was shown to be enough for all types of images and all
parameter settings.

Trainable Weka Segmentation

Next, a machine learning tool for microscopy pixel
classification Trainable Weka Segmentation v.3.2.13 was
used [26] (designated as sWeka), Compared to previ-
ous foreground-background segmentation strategies, this
approach was primarily used directly on the raw data.
Weka was trained using the following default training
features (Gaussian blur, Sobel filter, Hessian eigenvalues,
difference of Gaussians filter, membrane projections) as
well all remaining available filters (variance filter, min-
imum filter, maximum filter, median filter, anisotropic
diffusion, bilateral filter, lipschitz filter, kuwahara filter,
gabor filters, Sobel filter, laplacian filter, structure, entropy
filter). For these filters it is also possible to set a o
range, which specifies the filter size. Other parameters
were set to default values, random forest classifier was
set to 200 trees (WEKA TFastRandomTorest). Because of
learning nature of this approach, the effect of following
factors on segmentation efficacy was optimized: {a) num-
ber of fields of view used for learning (b) training features
used for learning (“all” and “default” training features),
(c) effect of various fields of view used for training (one
continuous area in one FOV, or smaller patches of same
sizes from multiple FOVs), (d) size of FOV used for learn-
ing (increasing the area from 6 x 6 px to 1360 x 1024 px).
Moreover, probability maps were exported and used for
further analyses.

Hastik
Another tested machine learning tool for pixel classi-
fication was Tlastik v.1.3.0 [25]. Tlastik uses a random
forest classifier [55] with 100 trees and is very simi-
lar to WEKA. Ilastik was launched using the following
settings: enabled all training features: raw intensity, gra-
dient magnitude, difference of Gaussians, Laplacian of
Gaussian, structure tensor eigenvalues and the Hessian
matrix eigenvalues - all with 7 Gaussian smoothings with
o =03 — 10px.

lastik was optimized accordingly as Weka. It allows a
computationally expensive automatic selection of suitable
features. Based on a first optimization step, there was no
significant difference between “optimal” and “all” features.
Thus, in a spite of this and a fact that Iastik has less
available features then WEKA, “all” features were used in
further steps.
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Graph-cut approach

An Image] plugin for Graph-Cut (v. 1.0.2) based on the
reimplementation of Kolmogorov’s maxflow v3.01 library
[24] was used. The following data were used as an
input for Graph-Cut: (a) Probability maps generated by
Weka (referred as sWekaGraphCut), (b) images recon-
structed with approaches described in “Image reconstruc-
tion approaches” and (c) raw image data (both referred as
sGraphCut). There are two parameters to be optimized:
terminal weight and edge weight. Edge weight (designated
as “smoothness” in the GUI, range 0-10) reflects a penalty
for label changes in the segmentation (higher values cause
smoother result), Terminal weights (designated as “fore-
ground bias’, range 0-1) correspond to a cost of assigning
background pixels to the foreground.

Terminal weights (foreground bias in GUI) affect the
segmentation efficacy distinctly, thus its optimization is
crucial. On the other hand, edge weight (smoothness)
corresponds to the size of individual cells and has been
roughly estimated from 0.4 to 0.8 for used cell sizes
(between 1000 and 4000 pixels, respectively).

Cell detection (seed-point extraction)

The cell detection (seed-point extraction) plays a key
role in the segmentation of the overlapping objects. For
densely clustered and touching cells a precise cell detec-
tion has the most significant influence to the final seg-
mentation accuracy. The primary goal in the cell detection
is to recognize the presence of the individual objects in
the image. Finally, combination of successful foreground-
background separation followed by identification of
individual cells enable to segment individual cells. There
is a considerable amount of methods for cell detection
and the mostly used and cited methods are described and
evaluated in this paper. Because most of the described
methods require blob-like cells, image reconstruction is
necessary in most cases (except LoG and generalized LoG
filters by Kong et al. [28]).

The tested seed-point extraction methods usually
include parameters related to the cell radius (minimal and
maximal). For this reason we estimated these values from
the ground truth masks. Background segmentation from
the previous step was used to eliminate falsely detected
seeds in the background. Some of the tested meth-
ods already include this step (e.g. dLoGg-Xu [29]). The
binary background masks produced by trainable Weka
segmentation were used for this purpose. For clarity, the
methods described bellow are designated with prefix “d”
(detection), image processing approach and author, where
possible.

LoG fifters
Because of distinctive popularity of the LoG filter for the
blob object detection, many modifications of this detector
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exist, e.g. multi-scale LoG, Hessian LoG, generalized LoG.
LoG filter at a scale o is defined by equation

2 x| 2
LoG(x,0) = V3G (x,0) = %e_r% ,
gl

(12)
where G is 2D Gaussian function, x = (x,%) and ||-|| is
Euclidean norm [27]. In principle, this filter works as a
matched filter for blobs.

Multi-scale LoG filtering uses a bag of LoG filters with
m different sigma values, which leads to m — D feature
space. As proved by Lindeberg [56], LoG responses must
be normalized LoG(X, 0 )uomn — oVLoG(x, o) for scale
invariance, where »» — 2 for scale invariance, but it can be
refined for a preference of larger or smaller objects.

Peng et al. [27] used Maximum Intensity Projection
(MIP) of the series of LoG-filtered images MIP(x) =
rr}ja.x(LoGnarm (x,0)), with threshold applied to result-

ing 2D image, where binary objects correspond to
the detected cells. This method (further designated as
dLoGm-Peng) has the following parameters: minimal
8igma Oyin, Maximal sigma oyqy, sigma step Ao , ¥ and
threshold.

Kong et al. [28] searched for local maxima higher than
defined threshold in whole m — D LoG scale space with
elimination of overlapping regions by a pruning process.
In the pruning process, the overlapping blobs are elimi-
nated, where only blob with larger value in 1 — D scale
space is preserved. This method has these parameters:
Omax, Sigma step Ao , v, threshold and maximal overlap
ratio. Here for o the logarithmic step is used. This method
is referred as dLoGm-Kong.

Hessian analysis of LoG (referred as dLoGh-Zhang)
described by Zhang et al. [30] uses the same bag of LoG-
filtered images, but optimal scale identification and cell
center detection is different. It is known, that local Hes-
sian matrix is positive definite for blob-like structures.
The Hessian H {computed from LoG-filtered image) at
position (x,y) can be approximated with differences in
2 x 2 neighborhood. Each connected region with a pos-
itive definite Hessian is considered as cell, where H is a
positive definite matrix when Hi1 is positive and det (H) is
positive,

8LoG(xy,0) BLoG(xy;0)
) . (13)

axl Axd
H@ 3,00 =\ sroltupor) 8Loc(ryi)
Bydax ayg

Optimal is considered a such scale where the mean inten-
sity of the LoG-filtered image is maximal on the positive
definite locations, and these positive definite regions are
the detected cells. Method is insensitive to choice of range
and steps of &, which leaves only y parameter to be opti-
mized. Zhang [30] also uses unsupervised classification to
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identified true cells only, but in our case this leads to dete-
rioration of the results only and thus was not included in
the testing.

Intuitively rotationally-symmetric LoG kernels are very
sensitive to irregular cell shape. For this reason Kong
et al. [28] proposed a generalized LoG filter (referred as
dLoGg-Kong) for the detection of the elliptical shapes.
They derived an equation for elliptical kernel with two
standard deviations oy, oy and orientation ®. Method also
includes a specific scale normalization with a parame-
ter « and automatic choice of sigma range based on the
initial analysis with circular LoG filters. For every pixel
position, a feature image is created as a sum of all fil-
ter responses and detected cells are local maxima in this
image (see [28] for more details). Thanks to the automatic
o estimation, there is one parameter only - . Method uses
integer kernel sizes smaller than estimated o4y, Small
kernels produce false peaks on a sub-cellular structures in
our data. These artefacts are eliminated by adding a oy,
parameter, which corresponds to a minimal cell radius.

Xu et al. (referred as dLoGg-Xu) [29] sped up this tech-
nique by summation of the filters with the same kernel
orientation @, which is possible thanks to the distributive
property of convolution. Instead of automatic estimation
of o range, they estimate it from cell radii. Moreover
this technique includes a different normalization (without
parameter) and mean-shift clustering for elimination of
multiple-time detected seeds. Parameters of this method
are: o range and mean shift window size.

A similar approach was described also in Peng et al. [27]
method. Parameter range of o is estimated based on cell
radius aso = r/ﬂ. For dLoGm-Peng we used estimated
Omax aNd oy, Step of o (Ac) is insensitive parameter,
therefore we set it to 1. For setting of other parameters see
Additional file 1. Authors [27] used » = 2, which is proven
to lead to the theoretical scale invariance. When y < 2 the
smaller objects are preferred, for y > 2 the larger objects
are preferred. Appropriate setting of y leads to mean Dice
coefficient improvement +0.089 for dLoGm-Peng method
and for this reason we add y to optimized parameters
for both dLoGm-Peng and dLoGm-Kong methods. Simi-
larly for dLoGm-Kong we used estimated oy,4x and oy
with 13 logarithmic steps like the authors[28] (for other
parameter settings see Additional file 1). Extension by y
parameter leads to 3 parameters (besides of cell radii),
which are sensitive and must be properly set. Both gen-
eralized LoG methods try to avoid parameters setting,
where dLoGg-Xu has cell size-related parameters only (we
set it based on estimated radius) and dLoGg-Kong has
one adjustable parameter - scale normalization factor, but
cell size estimation is automatic. Both generalized LoG
methods are computationally expensive (see Table 1), but
dLoGg-Xu reduces the computational time by a reduction
of number of convolutions.
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Distance transform

Distance transform (DT) of foreground image is defined
as a distance to the nearest background pixel (Euclidean
distance is chosen as metric). Local maxima of the gen-
erated distance map are considered as cells. This method
often detects many false cells. For this purpose h-maxima
transform is used [15], which uses a grayscale morphology
for elimination of small local maxima, where parameter /4
sets the depth of local maxima to be eliminated. We used
two modifications of this method; dDT-Threshold, where
binary foreground is computed with optimized threshold
and dDT-Weka, where foreground from Weka segmenta-
tion is used. Other parameter of this method is maximal
size of objects and holes, which are eliminated before
applying of the DT.

Fast radial-symmetry transform

Tast radial-symmetry transform [31] (referred as dFRST)
is a general method for the detection of circular points of
interest applicable to approximately circular objects, Pix-
els with absolute value of gradient greater than threshold
B vote in its gradient direction at the distance of radius
r € R, where R is set of radii, determined based on
object/cell size. If bright blobs are only considered detec-
tion, positions of affected pixel is given by an equation

£x)
Fo0 = vound ( 1260 ’)
where g(x) represents the gradient and rownd operator
rounds each vector element to its nearest integer. On posi-
tion P(x), an orientation projection image O is increased
by 1and magnitude projection image M, by ||g(x)||. Trans-
formation is defined as mean over all radii

(14)

1
szﬁ;g*@ {15)
where
R = 0 (\or;x)\) a6
By — O,® 0| <k a7
Tk otherwise

where G, is a Gaussian kernel, o is the radial strictness
parameter and & is a scaling factor normalizing different
radii (where typically & = 10). Inspired by Ram et al.
[57], we use a gray-scale dilatation to small local max-
ima suppression in S. Local maxima are then considered
as cells. As R we use all integer values between esti-
mated minimal and maximal cell radius, The parameters
for this method include: radial strictness o, scaling factor
k, size of morphology structuring element §, and gradient
threshold 8.
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Generalized Radial-symmetry transform

The generalized radial-symmetry transform as described
by Bahlman et al. [32] (referred as dGRST) is able to
deal with elliptical shapes because affine transform is
employed.. Similarly to generalized LoG filters, we can
compute response for different axis scalings and rotations.
The dGRST principle is similar to dFRST method, but the
gradient g (x) is transformed to

g0 = GMG "M g(x) (18)
where
M= [ ° (1)] (19)

and G is affine transformation matrix - for ellipse it is rota-
tion and scaling with parameters 8, @ and & We canset r =
1 and used @ and & to adjust the size of the desired ellipse
axis. All integer values between estimated minimal and
maximal cell radius with & > & and 6 steps for & were used
for @ and ». Bahlmann at al. [32] mentioned also a Gaus-
sian kernel specified by affine transformation parameters
¢, a and b. For consistency with dFRST, we use Gaus-
sian kernel with o = 0.5 distorted with G transformation.
Remaining parameters are identical to dFRST.

Radial voting

Qi et al. [33] presented a modification of radial voting for
cells in histopathology specimens (reffered here as dRV-
Qi). It is based on an iterative radial voting described
previously [58], but works as a single-path voting followed
by a mean-shift clustering. Every pixel with positionx =
[, 5] vote in Gaussian smoothed gradient direction «(x),
with cone shaped-kernel function (voting area).

AGY, Prins Frnaes A) = {o + rcos, y + rsin| roi <
P < Ppand — A < <8+ A}
(20)

where 6 is an angle of vector o (X), {Fuin, 'max) is kernel
radial range and A is the kernel angular range. In addi-
tion, voting sector is weighted by Gaussian function with
center located at kernel center. Every pixel (with gradi-
ent above certain threshold) update voting image V by
adding voting pixel gradient magnitude |g(x)| to all pixels
under kernel. Voting image is then thresholded with sev-
eral thresholds and results are summed and clustered with
mean-shift algorithm. For more details see [33]. We used
estimated ryg, and #yq, from the ground truth images,
thresholds were set to 0.2, 0.3,...0.9-times the maximum
of image, and we optimized sigma of gradient Gaussian
smoothing, sigma of Gaussian for kernel and mean shift
bandwidth. We also vote with all pixels, not only with pix-
els with high gradient magnitude, because computational
time of our implementation is not dependent on number
of voting pixels. Besides [33] we also tested original [58]
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and newer [59] methods, but both were less suitable for
adherent cells.

Maximally stable extremal region

Extremal regions of gray-value image are defined as con-
nected components of thresholded image I, = 7>¢
for some ¢ in this method (designated as dMSER).
As described in [34], dMSER produces stable extremal
regions of image which are stable in sense of area variation
w.rt. changing threshold ¢ Minimal stability of extracted
region can be set with two parameters - threshold step
8 defining the percentage of intensity range and maximal
relative area change with this step. This method gener-
ates many regions which can overlap. Finally, the smallest
regions generated with the highest threshold are picked.
This is achieved by finding of the local maxima in the sum
of binary images of all regions. Another option is the usage
of most stable region from the overlapped ones, but this
was shown to be noneffective in our case.

CellDetect

Arteta et al. [35] implementation of CellDetect uses MSER
to identify the candidate regions, followed by a classifi-
cation of true regions. Method extracts 92-dimensional
feature vector with object histograms and shape descrip-
tors. Training proceeds in two phases. In the first phase,
training of binary SVM and its evaluation is done, which
produces score for each region. Region with one seed-
point and highest score {one for each seed-point) is used
as ground truth for the next phase. In the second phase,
structured SVM is used for classification of the regions
within each tree created from the overlapping regions,
but non-overlap constrains are included. For more details
see [35]. Method requires few training images with sim-
ple dot annotation and proper setting of MSER detector
to achieve high recall.

Single cell (instance) segmentation

After image reconstruction, foreground-background seg-
mentation and seed-point extraction, individual cells were
segmented using Marker-controlled (or seeded) water-
shed [60]. This step showed to be less crucial, because
inaccuracy in placing border between cells has a small
influence to segmentation efficacy only. Thus, for combin-
ing of foreground and seeds into the final segmentation,
we test only this simple but very robust technique. Note
that more advanced methods exist - e.g. graph-cut [61], or
level-set [62] based.

Maker-controlled watershed is similar to classic water-
shed approach, with restriction of local minima posi-
tions into detected seeds location, which can be sim-
ply done with mathematical morphology operations.
Besides of straightforward application on our images,
we proposed a second approach applied on DT image,
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which does not require an intensity valley between
separated cells. For DT image we use geodesic dis-
tance transform [63] with distances from seeds (the dis-
tance within the foreground pixels only, ignoring the
background).

General parameter optimization strategy

Grid search with 10 steps was used for the optimization
of parameters of all methods, where suitable range was
selected experimentally by a few manual tests. Parame-
ters with large searched range (relatively large difference
between lower and upper bound) were searched with log-
arithmic scale. The same parameters ranges were used for
all modalities. All parameters were properly set for train-
ing images and then these values were used for all test-
ing images. For background segmentation and detection
methods Dice coefficient was used as an objective func-
tion (used e.g. in [18]). For image reconstruction tech-
niques the area under ROC curve (AUC) generated by
thresholding was used (as well as in [14] or [12]). Because
of large computational difficulty of some methods, we
attempted to eliminate such parameters from optimiza-
tion, which does not influence the objective function.
If threshold is optimized parameter, its value was opti-
mized between a minimal and maximal intensity of image
pixels, with 100 steps for simplicity. Before application
of each method, images were normalized into interval
[0,1], where minimal and maximal values of the first
image of each sequence were used as a reference for the
normalization.

Evaluation of results

The £ score (Dice coefficient) was used as a measure
of segmentation accuracy for (1) foreground-background
segmentation, (2) seed-point extraction, and (3) single cell
segmentation, with following modifications:

Foreground-background segmentation evaluation
For the evaluation of cell segmentation, Dice coefficient
was used as follows:

) 21X N Y]
Dice = — 21
|X|+ 1Y @1
where | - | is number of pixels of region, X and Y are

ground truth and result segmentation, respectively. Dice
coefficient is equal to [-score, but this term is used for
pixel-wise evaluation. Another metric used for segmenta-
tion evaluation is Jaccard index, which is related to Dice
coefficient as:
Dice
2 — Dice
which is monotonically increasing function on interval
< 0,1 > (the range of Dice values). This means that order

Jaccard = (22)
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of quality of segmentation algorithms w.r.t. Jaccard is same
as w.rt. Dice coefficient and for this reason we evaluated
only Dice coefficient.

Dice coefficient was computed for evaluation of the
foreground segmentation results using all pixels in the
image.

Seed-pointextraction evaluation
Single dot labels (seeds) are considered as cell detection
results. If some method produces pre-segmented regions,
then centroids are used as labels. Because our ground
truth corresponds to the binary segmented cells, we con-
sider as TP (true positive) such cells having one seed only.
As TP (false positive) are considered cells with additional
seeds in one cell and with seeds outside cells. FN (false
negative) are cells without any seed. To evaluate the per-
formance of the cell detection, Dice coefficient (F} score)
was used
20TP

2TP + FP+ FN’

In some papers the accuracy of the centroid positions
is also evaluated. Nevertheless, these positions are not
very significant for cell segmentation. Therefore, we didn't
evaluate this accuracy.

Dice = (23)

Single cell segmentation evaluation

For single cell segmentation evaluation the I score (Dice
coefficient) is used in a similar manner as for foreground-
background segmentation evaluation with following mod-
ifications: We dealt with correspondence of objects. We
used same evaluation of correspondence as [64] in their
SEG evaluation algorithm — cell are considered as match-
ing if:

XN Y| > 05X 24)

which ensures unambiguous pairing. The final measure
of Dice was calculated as the mean of the Dice coefficient
of all the reference objects. The cells which are on the
image boundary were labeled and they are not included in
the evaluation.

A computer with following specifications was used to
estimate computational times: Intel Core i5-6500 CPU, 8
GB RAM.

Additional file

Additional file 1: Optimal values for parameters of individual
reconstruction methods (xlsk table). * highest value not reducing
sensitivity, ** not leamed because of identification of small number of
regions. nan, not a number. (XLSX 17 kb)
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Results 4

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. The 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. Therefore, 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: The "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). The 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.
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1. Vicar T, Raudenska M, Gumulec J, Balvan J. The quantitative-phase dynamics of apop-
tosis and lytic cell death. Scientific Reports, 10, 1566 (2020)
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of Apoptosis and Lytic Cell Death
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Cell viability and cytotoxicity assays are highly important for drug screening and cytotoxicity tests of
antineoplastic or other therapeutic drugs. Even though biochemical-based tests are very helpful to
obtain preliminary preview, their results should be confirmed by metheds based on direct cell death
assessment. In this study, time-dependent changes in quantitative phase-based parameters during
cell death were determined and methodology useable for rapid and label-free assessment of direct
cell death was introduced. The goal of our study was distinction between apoptosis and primary lytic
cell death based on morphologic features. We have distinguished the lytic and non-lytic type of cell
death according to their end-point features (Dance of Death typical for apoptosis versus swelling and
membrane rupture typical for all kinds of necrosis common for necroptosis, pyroptosis, ferroptosis and
accidental cell death). Our method utilizes Quantitative Phase Imaging (QPI) which enables the time-
lapse observation of subtle changes in cell mass distribution. According to our results, morphological
and dynamical features extracted from QPI micrographs are suitable for cell death detection (76%
accuracy in comparison with manual annotation). Furthermore, based on QPI data alone and machine
learning, we were able to classify typical dynamical changes of cell morphology during both caspase
3,7-dependent and -independent cell death subroutines. The main parameters used for label-free
detection of these cell death modalities were cell density (pg/pixel) and average intensity change of
cell pixels further designated as Cell Dynamic Score (CDS). To the best of our knowledge, this is the first
study introducing CDS and cell density as a parameter typical for individual cell death subroutines with
prediction accuracy 75.4% for caspase 3,7-dependent and -independent cell death.

Analysis of cell viability and the distinction of specific cell death subtype represent a key aspect in many areas
of cell biology. This kind of information is also highly important for drug screening and cytotoxicity tests of
antineoplastic or other therapeutic drugs. Cell death is considered reversible until a first ‘point-of no- return’
is overstepped. While no exactly defined biochemical event can be taken as an undisputable proof of this
point-of- no-return, cell should be taken as dead when any of these situations occur: (1) the cell has lost the
integrity of its plasma membrane; (2) the cell and its nucleus has undergone complete fragmentation into discrete
bodies (apoptotic bodies); (3) the cellular corpse has been engulfed and digested by a neighbouring cell*. Cells
that are arrested in the cell cycle should be counted as viable”.

Methods for cell death analysis are usually based on various basic cell functions such as enzyme activity,
semi-permeability of the mitochondrial or cellular membrane, cell adherence, ATP production, the presence of
specific markers, or changes of functionality due to specific inhibitor (genetical or pharmacological)®. Methods
for cell death detection form two main groups: a) methods that directly measure cell death; and b) methods
that analyse biochemical processes or features characteristic for viable cells®. Even though indirect tests are very
helpful to obtain preliminary preview, their results should be confirmed by methods based on direct cell death
assessment’®. According to NCCD (Nomenclature Committee on Cell Death), the currently accepted definition
of cell death and its subroutines is based particularly on genetical, biochemical, pharmacological, and functional
parameters, rather than morphological aspects!. Specific methods for apoptosis and Iytic cell death detection are
focused on typical biochemical parameters such as visualization of phosphatidylserine exposure, executioner
caspases activation, or DNA fragmentation in the case of apoptotic cell death; and loss of barrier function and
subsequent permeabilization of the plasma membrane with the release of specific death associated molecular pat-
terns (DAMP) during lytic cellular demise'. Nevertheless, almost all these methods are based on fluorometric or
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Figure 1. Block diagram of cell death subroutine classification. The process is divided into three steps: cell
tracking, prediction of timepoint of death and cell death type classification. (1) cell tracking results from a
tracked and segmented cells (for detail regarding tracking see Fig. 2) and set of extracted quanitative-phase-
based features listed in the second step, (2) prediction of timepoint of death for each cell. Long-short term
memory (LSTM) neuronal network is used for this step and all features mentioned in the step 2 were included
for this prediction. (3) Cell death type classification is based on two parameters: density and cell dynamic score
(CDS). Based on them, Support Vector Machine classifier (SVM) is used for cell death type classification as
“apoptotic” or “Iytic”. The input parameters for this analysis are: (i) interval minus 10h to timepoint of death
(predicted in the previous step), and (ii) manually annotated death type (apoptosis vs Iytic cell death). Figure
shows the average cell dynamic score and mass density, LNCaP cells after 0.1 pM doxorubicin treatment (N=61
apoptosis and 53 Iytic cell death). GMM, Gaussian Mixture Model; MRW, Movement Regularized Watershed;
QPI, quantitative phase image.

colourimetric endpoint visualization of the analyzed parameter and belong among indirect assays. Such indirect
endpoint analyses are prone to the misleading results as we have shown in our previous work®. Although mor-
phological aspects of cell death are not generally recommended to determine cell death subroutines!, it would be a
mistake to completely ignore them. Recent progress in Quantitative Phase Imaging techniques (QPI) has enabled
the observation of time-dependent subtle changes unrecognizable to the naked eye (such as cell mass distribu-
tion) on micrographs. These changes in cell mass distribution, cell density, micro-blebbing of the cell membrane,
nuclear shape, homogeneity of cell content, and many other parameters, which can be typical for individual cell
death subroutines, can be observed without fixation, labelling or cell harvesting.

In this article, we demonstrate a methodology useable for rapid assessment of direct cell death that is based
on NCCD recommendations (Fig. 1). The goals of our study were (a) estimation of time point of cell demise and
(b) distinction between apoptosis and primary lytic cell death based on morphologic features. We were able to
distinguish the Iytic and non-lytic type of cell death according to their end-point features (Dance of Death typical
for apoptosis versus swelling and membrane rupture typical for all kinds of necrosis common for necroptosis,
pyroptosis, ferroptosis and accidental cell death). Using advanced quantitative label-free phase imaging (QPI),
we were also able to observe typical dynamical changes of cell morphology during both caspase 3, 7-dependent
and -independent cell death subroutines and to determine the moment of cell death. Dynamical, time-dependent
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Figure 2. Block diagram of cell tracking algorithm. Cell tracking is used in the first step of the algoritm, see
Fig. 1. Nuclear staining with Hoechst 33342 from individual frames is used as an input. Maximally stable
extremal region (MSER) is used to segment cell clusters in which the subsequent expectation maximalization
(EM) tracking is performed separatelly. Red dots represent individual nuclei (centers of Gaussians of the
Gaussian mixture model (GMM)). Finally, GMM is used to split individual nuclei masks.

changes in cell mass distribution maps were used for the label-free distinction between typical morphological
patterns appropriate for caspase-dependent and caspase-independent cell death subroutines.

Asmodel cells, prostate cancer cell lines DU145, LNCaP, and benign cell line PNT1A established by immortal-
ization of normal adult prostatic epithelial cells were used. These cell lines were not selected because of the clinical
relevance, but rather because of their radically different size and accessibility for the automatic segmentation algo-
rithm. We expected cellular size to be the factor influencing the rate of morphological changes during cell death.
Cell death was triggered by doxorubicin and staurosporine, two commonly known inducers of apoptosis with
a distinct induction of caspase cleavage and consequently a distinct morphological manifestation”. Cell death
induced by black phosphorus (BP) was detected as an example of difficult detection conditions®.

Cell tracking is an essential step in cell image analysis. Even though many methods exist’, there is no universal
and sufficiently robust method applicable to QPI, especially for touching cells and if correct tracking through
whole image sequence is needed. Simple available tools like TrackMate!® have shown to be insufficient, thus we
have developed a new tracking method tailored for our dataset.

The number of existing methods for the detection of cell death in label-free time-lapse images is very lim-
ited. In'! authors detect cell death event in Phase Contrast Microscopy using features time-series (size, round-
ness, speed etc.) and classify each time point as alive or death with transductive support vector machine. In
comparison, our technique based on quantitative microscopy data uses more features and more advanced Long
Short-Term Memory (LSTM) neural network.

There are several techniques for static cell image classification including extraction of features and application
of classifier'>"3 or application of convolutional neural network'. These techniques can be also possibly applied for
a distinction of different types of cell death, however, we decided for using only two features for this distinction
in order to make our results easily interpretable, while also incorporating new features describing cell dynamics.

Methods

Chemical and biochemical reagents. RPMI-1640 medium, fetal bovine serum (FBS) (mycoplasma-free),
penicillin/streptomycin, and trypsin were purchased from Sigma Aldrich Co. (St. Louis, MO, USA). Phosphate
buffered saline PBS was purchased from Invitrogen Corp. (Carlsbad, CA, USA). Ethylenediaminetetraacetic
acid (EDTA), staurosporine, doxorubicin and all other chemicals of ACS purity were purchased from Sigma
Aldrich Co. (St. Louis, MO, USA) unless noted otherwise. z-VAD-FMK was purchased from Promega (Madison,
Wisconsin, USA). Black phosphorus was kindly provided by Dr. Martin Pumera.

Cell culture and cultured cell conditions. LNCaP cell line was established from a lymph node metas-
tase of the hormone-refractory patient and contains a mutation in the androgen receptor (AR) gene. This
mutation creates a promiscuous AR that can bind to different types of steroids. LNCaP cells are AR-positive,
PSA-positive, PTEN-negative and harbor wild-type p53'>16. PNT1A is an immortalized non-tumorigenic epi-
thelial cell line. PNTIA cells harbour wild-type p53. However, SV40 induced T-antigen expression inhibits the
activity of p53. This cell line had lost the expression of AR and prostate-specific antigen (PSA)!7. DU-145 cell
line is derived from the metastatic site in the brain and contains P223L and V274F mutations in p53. This cell
line is PSA and AR-negative and androgen independent'®. All cell lines used in this study were purchased from
HPA Culture Collections (Salisbury, UK) and were cultured in RPMI-1640 medium with 10% FBS. The medium
was supplemented with antibiotics (penicillin 100 U/ml and streptomycin 0.1 mg/ml). Cells were maintained at
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Figure 3. Quantitative phase-related parameters of cells dying by apoptotic and Iytic cell death. DU-145 cells
exposed to 0.1pM doxorubicin. (a) Real-time QPI signals for canonical apoptosis (red), Iytic cell death (blue),
morphologically non-canonical apoptosis (green), and ambiguous cell death type (violet) based on a proposed
classification algorithm. (b) classification of cell death type according to cell dynamic score and normalized
density. N =160 cells. (¢) Inhibitor of apoptosis z- VAD-FMK (10 pM) decreases proportion of cells classified
as “apoptotic” (characteristic by high density/high cell dynamic score (CDS)). N =381 cells. (d) verification of
classification accuracy determined in previous step by the measured signal delay of fluorescence onset of Casp
3,7 and PL. Apoptotic cells display a delay in PI signal onset compared to Casp 3,7. This delay was determined
both for automatic and manual classification. (e) verification of classification accuracy determined in previous
step by the nuclear signal intensity measured by Hoechst 33342. Apoptotic cells display an increased Hoechst
33342 intensity because of nuclear shrinkage. *Indicate p < 0.05, **indicate p < 0.001. Bar charts are shown

as mean and standard error. (f) prediction accuracy for all other cell types (PNT1A and LNCaP and DU-145
cells) exposed to other treatments (staurosporine and black phosphorus, for results see Supplementary Figs. 2 to
12). See Fig. 7. for quantitative phase and fluorescent images in critical timepoints of particular cells. BP, black
phosphorus; PI, propidium iodide; CDS, cell dynamic score.

37°C in a humidified (60%) incubator with 5% CO, (Sanyo, Japan). Cell lines were not tested on mycoplasma
contamination.

Cell death was induced using 0.5 uM staurosporine, 0.1 uM doxorubicin, or 400 ug/mL of black phosphorus.
Caspase activity was inhibited by 10 pM z-VAD-FMK.

Correlative time-lapse quantitative phase-fluorescence imaging.  QPI and fluorescence imaging
were performed by using multimodal holographic microscope Q-PHASE (Telight a.s., Brno, Czech Republic).
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Figure 4. Apoptotic and lytic cell death subroutines and their quantitative phase and caspase 3,7 and
propidium iodide signals. Average curves of particular parameters for manually annotated DU-145 cells dying
by apoptotic cell death (N=105) and by Iytic cell death (N=148). Before averaging, signals are aligned to the
timepoint of death.

To determine the amount of caspase-3/7 product accumulation, cells were loaded with 2 uM CellEvent™
Caspase-3/7 Green Detection Reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s
protocol and visualized using FITC 488 nm filter. To detect the cells with a loss of plasma membrane integrity,
cells were stained with 1 ug/ml propidium iodide (Sigma Aldrich Co., St. Louis, MO, USA) and visualized using
TRITC 542 nm filter. Nuclear morphology and chromatin condensation were analyzed using Hoechst 33342
nuclear staining (ENZQO, Lausen, Switzerland) and visualized using DAPT 461 nm filter. Cells were cultivated
in Flow chambers p-Slide T Lauer Family (Ibidi, Martinsried, Germany). To maintain standard cultivation con-
ditions (37 °C, humidified air (60%) with 5% CO,) during time-lapse experiments, cells were placed in the gas
chamber H201 - for Mad City Labs Z100/Z500 piezo Z-stages (Okolab, Ottaviano NA, Italy). To image enough
cells in one field of view, Nikon Plan 10/0.30 was chosen. For each of three cell lines and each of three treatments,
seven fields of view were observed with the frame rate 3 mins/frame for 24 or 48 h respectively.

Holograms were captured by CCD camera (XIMEA MR4021 MC-VELETA), fluorescence images were cap-
tured using ANDOR Zyla 5.5 sCMOS camera. Complete quantitative phase image reconstruction and image
processing were performed in Q-PHASE control software. Cell dry mass values were derived according to'® and®
from the phase (Eq. (1)}, where m is cell dry mass density (in pg/pm?), ¢ is detected phase (in rad), » is wave-
length inpm (0.65 pm in Q-PHASE), and « is specific refraction increment (=0.18 pm?/pg). All values in the
formula except the o are constant. The value of ¢ (Phase) is measured directly by the microscope.

2
2mex (1)

Integrated phase shift through a cell is proportional to its dry mass, which enables studying changes in cell mass
distribution?’.

Celldry mass tracking. The custom method for automatic cell tracking and measuring of selected features
was developed and implemented in MATLAB. Although tracking is not the main contribution of this article, it is
a necessary step for our analysis and there is no available method suitable for QPI. The proposed tracking method
consists of two main steps - nuclei tracking followed by expansion of each nucleus region to the whole cell.

Nuclei tracking is done by Gaussian Mixture Model (GMM) fitting to nuclei image (Hoechst 33342) in each
frame by Expectation-Maximization (EM) algorithm (a similar method is used for segmentation in?!). For each
frame, Gaussians are provided from the previous frame and their parameters are updated by several steps of
EM. Before the application of GMM, background pixels are eliminated by segmentation using Maximally Stable
Extremal Region (MSER)?. Gaussians parameters are optimized for each nuclei cluster separately. In the first
frame, positions of Gaussians are initialized manually and the covariance matrices are initialized as an identity
matrix. The whole algorithm is summarized in Fig. 2 and for more details see”’. This method does not recognise
division of cells. For the next analysis, we use only cells, which occur in the whole image sequence without divi-
sion ot joining with other cell (which appears mainly due to tracking and segmentation errors).

The previous step provides tracked nuclei, but for extraction of most of the cell features, we need cell segmen-
tation. However, nuclei can be used as seeds for segmentation in each frame. We can use simple thresholding for
segmentation of foreground in QPI cell image, where the threshold value can be the same in all frames, which
provides sufficient results for a distinction between foreground and background, but a separation of single cells is
very problematic. We use tracked nuclei as seeds for proper division of the foreground binary mask F; (obtained
by tresholding) to the single cells binary mask S,. Seeded watershed® is used on the negative of the original image
O, with nuclei tracking result as seedpoints. Watershed results (boundary lines) are then used for division of the
foreground mask.

However, the simple application of the watershed algorithm leads to a fast mass exchange between cells due
to segmentation errors, which is very undesirable for precise feature extraction. For this reason, we introduced a
simple modification named Movement Regularized Watershed (MRW), in order not to allow dramatic contour
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Figure 5. Comparison of manual and automatic cell death timepoint prediction, cumulative survival rate of
cells exposed to cell death inducers. ITAg,™, inhibition time for 50% of cell population, manually annotated;
ITAc,", inhibition time for 50% of cell population, automatically annotated. Cross-validation is used for
accuracy calculation and construction of automatic cell survival rates.

changes between frames. This can be achieved by incorporating the mask from the previous frame to the actual
frame watershed calculation. This can be done by modifying O, and F; as

Optey) = {oxx, P S =0
—00, otherwise

Fote, ) = [E(x, M ey =1
Q, otherwise

where §[71(x, y)and }:?—1("’ y) are an eroded versions of single cell segmentation and dilated version of fore-
ground segmentation from the previous frame, respectively. Modified O#(x, v) and F(x, ) are used in the seeded
watershed algorithm. Modification of O(x, y) forbid high area exchange between cells in consecutive frames and
modification of E(x, y) forbid high contour movement into the background between frames. Maximal possible
contour movement than can be set by the amount of erosion and dilatation.

Manval dataset annotation. For each cell line and each treatment, seven FOVs were processed by the
tracking method and only complete tracklets were kept for manual annotation. Overall, 819 PNT1A4, 755 DU-145,
and 581 LNCaP cells with annotated cell death were analysed. Timepoints of cell death and apoptotic or Iytic cell
death morphotype were manually annotated by a skilled professional (JB). Following parameters were consid-
ered: Casp 3,7 signal, PI signal, nuclear morphology, plasma membrane rupture and blebbing, surface detach-
ment and cell rounding. A total number of 230, 196 and 220 apoptotic morphotypes for DU-145, LNCaP and
PNT1A, respectively, was detected. A total number of 421, 237 and 441 lytic cell death morphotypes for DU-145,
LNCaP and PNT1A, respectively, was detected. Remaining cells survived the treatment.
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Figure 6. Characteristic quantitative phase and fluorescence images of Iytic and apoptotic cell death. Data
correspond to time signals shown in Fig. 3. Blue arrows indicate particular cell dying by lytic cell death and
membrane rupture, red (canonical apoptosis) and green (noncanonical apoptosis) arrows indicate particular
apoptotic cells and their fluorescence onset of Casp 3,7 and P1 signal: Apoptotic cells display a delay in PI
signal onset compared to casp 3,7. 10x magnification. FOV size approx. 107 pm. CDS, cell dynamic score; QPI,
quantitative phase image; P1, propidium iodide.
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Feature extraction. For further analysis, we extracted several cell features including cell mass, area, mass
density (average pixel brightness), cell speed (centroid movement), circularity, eccentricity and maximum of the
histogram, the position of maxima of histogram and entropy of histogram. Besides the classical cell features, we
introduce tailored feature Cell Dynamic Score (CDS). CDS is a mean Euclidian distance between cell pixels in the
actual and the following frame computed as

CDS = — I(x))?

>,

n xeM,,

where M, is a set of poisitons defined by the cell segmentation mask in the n-th frame and I, is the n-th frame
of QPI. CDS provides information about the speed of change of the cell pixel values due to both movement and
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Figure 7. Morphological differences of staurosporine- and doxorubicin-induced apoptosis. White arrows
indicate persisting attachment of staurosporine-treated cells and surface detachment of doxorubicin-treated
ones in QPI. 10x magnification. FOV size approx. 107 pm. QPI, quantitative phase image; PI, propidium iodide.

morphological changes, but it is not much dependent on the segmentation quality, because the same mask is used
in both frames. All these features were evaluated in all frames, where the result is a set of signals describing the
cell behaviour in time.

Label-free algorithm for cell death detection. Besides the significant mass decrease of dead cells, var-
ious feature evolvement types were observed during detected cell deaths, which complicate the expert specifica-
tion of the detected phenomenon, thus machine learning approach was chosen for this task. Bidirectional Long
Short-term Memory (BiLSTM) networks® have shown to be very successful for signal classification and regres-
sion tasks, thus it is suitable for the purpose of detection of cell death in analysed cell signals. Manual annotation
of cell death timepoint is converted to a signal with a Gaussian curve at a death timepoint. The proposed approach
is inspired by the detection of correlation filters?, where the aim is to regress the Gaussian curve on the desired
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position, where Gaussian represents uncertainty in position. Long-short term memory (LSTM) network has been
trained for the regression of Gaussian curves created on the time of cell death (with sigma 50), where the whole
method is summarized in Fig. 1.

According to”, the network was set to two BiLSTM layers (with 100 units) and 3 fully connected layers (with
100, 50 and 100 neurons) with ReLu and dropout with probability 0.5. The whole network was optimized using
Mean Square Error loss and ADAM optimizer?® with learning rate 1072, 3, _0.9, 3,_0.999, gradient clipping to
norm 1%, weight decay 1072, batch size 256 and 40 epochs. We augment our training dataset with random dip-
ping (shortening each signal by at most 1/3 of length). One network was trained for all 9 cell lines/experiments
evaluated by cross-validation, where one FOV from all experiments was used for testing and the rest for training.
Cell death time was identified as a maximum in the network response with a value higher than the chosen thresh-
old 0.4. Quality of cell detection is evaluated in terms of accuracy, where detection is considered as correct if it
detects a death in a +5h (£100 frames) window from ground truth cell death or if death is not detected and the
cell is labelled as alive (at the end of the experiment).

Cell death type identification. We observed two distinct dynamical patterns of cell mass manipulation
during cellular death, where each cell was manually labelled as one of these types. To quantify these morpholog-
ical types we extracted average values of extracted features in 200 frames (10h) before cell death (shorter time
window is used if more timepoints are not available). We trained linear Support Vector Machine (SVM) classifier
for automatic classification of these cell death types. SVM classifier was trained for each cell line (one for all three
treatments) because cell lines are morphologically different. All possible subsets of features were tested and classi-
fication accuracy was evaluated. Only density and CDS were finally used because accuracy does not increase sig-
nificantly with the addition of other features (accuracy 75.4% and 76.2% for two and three features, respectively),
where two features can be comprehensibly visualized. These two features have also a distinct biological meaning
and its difference in an average aligned signal can be confirmed in Fig. 1.

Furthermore, the correctness of the classification was confirmed by the analysis of nucleus shrinkage and
by Casp 3,7-PI signal onset delay in fluorescence data. Nucleus shrinkage was measured as an average Hoechst
33342 brightness in 200 frames (10h) before cell death (based on nuclei mask produced by GMM tracking). Casp
3,7-PI signal onset delay was measured as a time difference (delay) between the time when Casp 3,7 signals reach
1/3 of its average value after cell death (average in widnow of 200 frames) and the cell death time (which corre-
sponds to a steep PI signal increase). The output of this analysis is shown in Fig. 3d.e.

Results

Automatic cell death detection.  After induction of cell death by using 0.5 UM staurosporine, 0.1 UM
doxorubicin, or 400 ug/mL of B, respectively, 11 morphological parameters detectable by QPI (see Fig. 1) and
their real-time values were collected. Effector caspase 3/7 activity, nuclear morphology and membrane integrity
(propidium iodide signal; PI) were verified using time-lapse fluorescent microscopy to estimate ground truth
for cell death detection based on cell mass parameters. The decrease in cell dry mass (pg), cell density (pg/pixel),
and the Cell Dynamic Score (CDS; see the methodological part for equation) measured by QPI was in clear rela-
tionship with the onset of propidium iodide and caspase signalling. Furthermore, dead cells showed no longer
any significant changes in CDS. (see Fig. 4). Based on QPI features, automatic and label-free detection of 1T,
(time of half-maximal inhibition effect for given treatment concentration) can be performed (see Fig. 5). Its
evaluation is based on automatic cell detection of cell death using the LSTM network, where we can easily accu-
mulate the number of dead cells assuming that all cells are alive at the start of the image sequence. This parameter
is important because IC;; values can be significantly different in different time points (such as 24h versus 48h
treatment®). For ITg, of tested compounds and cell lines see Fig. 5. Automatic detection of cell death showed 76%
accuracy compared to the manual detection of cell death based on the fluorescent PI signal and morphological
criteria visible to the naked eye.

Cell density and cell dynamic score reflect subroutine of cell death.  Based on QPI data, we were
able to distinguish two different subroutines of cell death: a) cells having high cell density and intensive bleb-
bing of the plasma membrane (high CDS) followed by plasma membrane rupture and b) cells having low cell
density and low CDS before plasma membrane rupture (see Fig. 6 and Supplementary Videos 1-2). These var-
iants occupied extreme positions on the CDS versus cell density plot (see Fig. 3b and Supplementary Fig. 1).
Time-lapse images and QPI features of these cells are shown in Fig. 3a and Supplementary Figs. 3 and 8. Based
on fluorescent data referring caspase 3, 7 activity, nuclear morphology and membrane integrity (PI signal); see
Fig. 6 and Supplementary Figs. 2-12, the a) type of cell death with high CDS and high cell density is bona fide
apoptosis because PI signal was delayed over caspase signals and shrinkage of the nucleus was apparent (Fig. 3e).
Moreover, cells with high CDS and high cell density were only rarely presented in z- VAD-FMK treated popula-
tion, see Fig. 3¢; Z-VAD-FMK is a cell-permeable pan-caspase inhibitor that irreversibly binds to the catalytic site
of caspase proteases and inhibits apoptosis. On the other hand, the b) type of cell death is bora fide Iytic cell death
as Pl and caspase signals were displayed simultaneously and no significant shrinkage of the nucleus was apparent.
Cells near the dividing line showed a)-like and b)-like features to varying degrees. Casp 3,7-PI signal onset delay
and nucleus shrinkage (described in Methods) were quantified for both automatic and manual labels of cell death
types (see Fig. 3d and Supplementary Table 1), which confirmed the existence of these two cell death subroutines.
Furthermore, apoptosis and lytic cell death were visually detected by the expert according to the fluorescent sig-
nals and eye-visible cell morphology. The automatic label-free distinction of cell death subroutine showed 75.4%
accuracy (average of all cells and treatments) compared manual distinction of cell death type based on fluorescent
signals and eye-visible morphological criteria; (see Fig. 3f). Interestingly, no cells showed a gradual cell rounding
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and loss of surface contact during staurosporine treatment. Other treatments caused such phenomena relatively
often. For illustration see Fig. 7.

Discussion

The basic requirement for a good method of cell death detection is the ability to detect a robust parameterin a
highly reproducible and if possible inexpensive manner under changing conditions caused by the cell heteroge-
neity. In this study, we suggest that morphological and dynamical features extracted from the QPI cell image are
suitable for cell death detection. QPI enables the time-lapse observation of subtle changes in the cell mass distri-
bution unrecognizable by the naked eye, and therefore provides detailed information on cell morphology and cell
mass topography during cell death. Cell dry mass can be calculated directly from phase values detected in each
pixel’’~%%, Cell dry mass is the direct result of biosynthetic and degradative processes within a cell and is, there-
fore, a promising indicator of cell fate including cell death**?°. The distribution of cell mass during the processes
of cell death is significantly changing in time with a typical steep decrease of the cell mass due to the rupture of
the plasma membrane or cell fragmentation. This phenomenon is bona fide universal for all cell types and was
also observed in target cells after contact with a cytotoxic T-cells*’. Plasma membrane rupture can be otherwise
measured by quantification of the release of intracellular enzymes from the cell into the cell culture medium.
Nevertheless, the enzymatic activity of these enzymes can be seriously affected by differences in the pH between
intracellular environment and culture medium and by time spent in the extracellular space®.

Based on QPI data, we were also able to distinguish two specific subroutines of cell death (Fig. 3a—e). While
the cell death subroutine a) (bona fide apoptosis) showed a high cell density and strong fluctuation in CDS before
cell death; during the subroutine b) (bona fide lytic cell death) the cell density was low and CDS was relatively
stable after the initial decline. These variants occupied extreme positions on the CDS versus cell density plot.
Cells near the dividing line (see Fig. 3b) probably succumb to another subroutine of cell death such as pyroptosis
or necroptosis, as neither staurosporine nor doxorubicin is a specific apoptosis inductor®®™. The a) type of cell
death was characteristic by a decrease in the cell area, a gradual cell rounding and aloss of surface contact (this
phenomenon was not observed in the case of staurosporine treatment) followed by membrane blebbing (known
as “dance of death”); see Fig. 3 and Supplementary Fig. 2 to 12°%. Since membrane blebbing during apoptosis
results from caspase-mediated activation of ROCK L, it can be assumed that apoptosis was involved in these
cases™. At the final stages of apoptosis, the actin cytoskeleton is degraded?®*!. Due to the hydrophobic nature of
the apoptotic bodies, they undergo the plasma membrane fusion in the culture medium. The membrane of this
post-apoptotic body subsequently cracks and culminates in secondary necrosis (in our case depicted by a steep
decrease of cell mass) in the absence of phagocytes™ . The b) type of observed cell death presented persisting
large cytoplasmic membrane blebs or multiple small blebs and cell swelling leading to the final cell membrane
rupture. This type of dying cells was adherent during the whole process. It can be assumed that Iytic cell death
was involved in these cases®. Although several studies based on QPI detection of cell death have been published
earlier, they do not include the distingnishing of specific subroutines of cell death and have failed to capture
the entire process of cell death, including the early stages due to short intervals of QPI capturing***. From an
image analysis point of view, we introduce a new powerful technique for cell tracking and segmentation, capable
of robustly track cell thought the whole image sequence. We also introduced a completely new method for the
detection of cell death in time-series of measured cell features using LSTM neural network. To the best of our
knowledge, this is also the first study introducing CDS and cell density as a parameter typical for individual cell
death subroutines.

Data availability

The Matlab code is available at GitHub (https://github.com/tomasvicar/CellDeathDetect). Annotated quantitative
phase image dataset (with cell tracking masks and labels of cell death timepoints and types of death) used in the
manuscript is available at Zenodo repository (www.zenodo.org), https://doi.org/10.5281/zenodo.2601562.

Received: 11 October 2019; Accepted: 15 Jamary 2020;
Published online: 31 January 2020

References

Galluzzi, L. ef &l Molecular mechanisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018. Cell

Death Differ. 25, 486-541 (2018).

Kroemer, G. et al. Classification of cell death: recommendations of the Nomenclature Committee on Cell Death 2009. Cell Death

Differ. 16, 3-11 (2009).

Galluzzi, L. et al. Guidelines for the use and interpretation of assays for monitoring cell death in higher eukaryotes. Cell Death Differ.

16, 1093-1107 (2009).

Kepp, O., Galluzzi, L., Lipinski, M., Yuan, J. Y. & Kroemer, G. Cell death assays for drug discovery. Nat. Rev. Drug. Discovery 10,

221-237 (2011).

Balvan, J. ¢f al. Multimodal holographic microscopy: distinction between apoptosis and oncosis. PLeS One 10, €0121674(2015).

Palchaudhuri, R. ef al. A Small Molecule that Induces Intrinsic Pathway Apoptosis with Unparalleled Speed. Cell Rep. 13, 2027-2036

(2015).

Yang, E, Teves, S. 8., Kemp, C. . & Henikoff, $. Doxorubicin, DNA torsion, and chromatin dynamics. Biochimica EL Biephysica Acta-

Reviews Cancer 1845, 84-89 (2014).

. Fojtii, M. et al. Black Phosphorus Cytotoxicity Assessments Pitfalls: Advantages and Disadvantages of Metabolic and Morphological

Assays. Chemt. — A Eur. J. 25, 349-360 (2019).

Ulman, V. et al. An objective comparison of cell- tracking algorithms. Nat. Methods 14, 1141 (2017).

10. Tinevez, J.-Y. ef al. TrackMate: An open and extensible platform for single-particle tracking, Methods 115, $0-90 (2017).

11. Huh, S. & Kanade, T. Apoptosis detection for non-adherent cells in time-lapse phase contrast microscopy. Med. Image Compuit.
Cowmpuit Assist. Interv. 16, 59-66 (2013).

-

[

ked

=

[l

™

00

b

SCIENTIFIC REPORTS|

(2020) 10:1566 | https://doi.org/10.1038/541598-020-58474-w

71



Results

www.nature.com/scientificreports/

12,

13.
14.
15.

1

1

1

19.
20.
2L

2

23,

=

2

25.

5

26.

=3

2

28.
29.

==

3

S

3L
32,

33
34

35.
36.

3

3

=5

3

40.

S

41.

=

4

43,
44
45.

46.

&

Ll

el

o0

[

L

=

hl

e

a4

Manivannan S, et al. HEp-2 Cell Classification Using Multi-resolution Local Patterns and Ensemble SVMs. In: 2014 1st Workshop
ot Pattern Recognition Tedhniques for Indirect Immunoflorescence Images (ed~(eds) (2014).

Bs, D. & Subramaniam, K. H. R N. HEp-2 cell classification using artificial neural network approach (2016).

Li, H. Deep CNNs for HEp-2 Cells Classification: A Cross-specimen Analysis (2016).

Skjoth, L H. & Issinger, O. G. Profiling of signaling molecules in four different human prostate carcinoma cell lines before and after
induction of apoptosis. Int. J. Oncol. 28, 217-229 (2006).

Mitchell, S., Abel, P, Ware, M., Stamp, G. & Lalani, E. Phenotypic and genotypic characterization of commonly used human
prostatic cell lines. BJU Inf. 85, 932-944 (2000).

Raudenska, M. et al. Cisplatin enhances cell stiffness and decreases invasiveness rate in prostate cancer cells by actin accumulation.
Sci. Rep. 9, 1660 (2019).

Chappell, W. H. et al. p53 expression controls prostate cancer sensitivity to chemotherapy and the MDM?2 inhibitor Nutlin-3. Cell
cycle 11, 4579-4588 (2012).

Prescher, I A. & Bertozzi, C. R Chemistry in living systems. Nat. Chem. Biol. 1, 13-21 (2005).

Park, Y., Depeursinge, C. & Popescu, G. Quantitative phase imaging in biomedicine. Nat. Photonics 12, 578-589 (2018).

Jung, C., Kim, C., Chae, S. W. & Oh, S. Unsupervised Segmentation of Overlapped Nuclei Using Bayesian Classification. IEEE Trans.
Biomed. Eng. 57, 2825-2832 (2010).

Nistér D, Stewénius H. Linear Time Maximally Stable Extremal Regions (2008).

Vicar, T. Robust Cell Nuclei Tracking Using Gaussian Mixture Shape Model. In: 24th Conferenice STUDENT EEICT 2018 (ed”(eds).
Brno University of Technology, Faculty of Electrical Engineering and Communication (2018).

Pinidiyaarachchi, A. & Wihlby, C. Seeded watersheds for combined segmentation and tracking of cells. In: Fnternational Conference
o Image Analysis and Processing (ed”(eds). Springer (2005).

Graves, A., Mohamed, A. & Hinton, G. Speech recognition with deep recurrent neural networks. In: 2013 IEEE International
Conference on Acoustics, Speech and Signal Processing (ed~(eds) (2013).

Henriques, . E, Caseiro, R., Martins, P. & Batista, J. High-Speed Tracking with Kernelized Correlation Filters. IEEE Trans. Pattern
Anal. Mach. Infell. 37, 583-596 (2015).

Reimers, N. & Gurevych, I Optimal hyperparameters for deep Istm-networks for sequence labeling tasks. arXiv preprint
arXiv:170706799(2017).

Kingma, D. P. & Ba, ]. Adam: A method for stochastic optimization. arXiv preprint arXiv:14126980 (2014).

Pascanu, R, Mikolov, T. & Bengio, Y. On the difficulty of training recurrent neural networks. In: Infernational conference on machine
learning (ed” (eds) (2013).

. Gumuleg, J. et al. Cisplatin-resistant prostate cancer model: Differences in antioxidant system, apoptosis and cell cycle. Inz. J. Oncol.

44, 923-933 (2014).

Slaby;, T. et al. Coherence-controlled holographic microscopy for live-cell quantitative phase imaging, (edA(eds) (2015).

Chmelik, R. et al. Chapter 5 - The Role of Coherence in Image Formation in Holographic Microscopy. In: Progress in Optics
(ed”(eds Emil W). Elsevier (2014).

Kolman, P. & Chmelik, R. Coherence-controlled holographic microscope. Opt. Express 18, 21990-22003 (2010).

Zangle, T. A., Burnes, D., Mathis, C., Witte, O. N. & Teitell, M. A. Quantifying biomass changes of single CD8+ T cells during
antigen specific cytotoxicity. PLoS One 8, 68916 (2013).

Popescu, G. et al. Optical imaging of cell mass and growth dynamics. Am. J. Physiol.-Cell Physiology 295, C538-C544(2008).
Simenc, J. & Lipnik-Stangelj, M. Staurosporine induces different cell death forms in cultured rat astrocytes. Radielogy Oncol. 46,
312-320(2012).

Sugimoto, K, Tamayose, K., Sasaki, M., Hayashi, K. & Oshimi, K. Low-dose doxorubicin-induced necrosis in Jurkat cells and its
acceleration and conversion to apoptosis by antioxidants. Br. J. Haematol. 118, 229-238 (2002).

. Galluzzi, L. et al. Molecular definitions of cell death subroutines: recommendations of the Nomenclature Committee on Cell Death

2012. Cell Death Differ. 19, 107-120(2012).

Coleman, M. L. et al. Membrane blebbing during apoptosis results from caspase-mediated activation of ROCK I Nat. Cell Biol. 3,
339-345 (2001).

Coleman, M. L. & Olson, M. E Rho GTPase signalling pathways in the morphelogical changes associated with apoptosis. Cell Death
Differ. 9, 493-504 (2002).

Desouza, M., Gunning, B. W. & Stehn, . R. The actin cytoskeleton as a sensor and mediator of apoptosis. Bioarchitecture 2, 75-87
(2012).

Silva, M. T. Secondary necrosis: the natural outcome of the complete apoptotic program. FEBS Lett. 584, 4491-4499 (2010).
Hanahan, D. & Weinberg, R. A. Hallmarks of Cancer: The Next Generation. Celf 144, 646-674 (2011).

Pavillon N, et al. Early Cell Death Detection with Digital Holographic Microscopy. PLeS One 7 (2012).

Khmaladze, A. et al. Cell volume changes during apoptosis monitored in real time using digital holographic microscopy. J. Struct.
Biol. 178, 270-278 (2012).

Pavillon, N. et al. Cell morphology and intracellular ionic homeostasis explored with a multimodal approach combining
epifluorescence and digital holographic microscopy. J. Biophotonics 3, 432-436 (2010).

Acknowledgements

This work was supported by funds from the Faculty of Medicine, Masaryk University to Junior researcher (Jan
Balvan), and by Grant Agency of the Czech Republic (18-24089 S). Black phosphorus was kindly provided by Dr.
Martin Pumera and Dr. Zdenek Sofer from University of Chemistry and Technology Prague, Czech republic. We
acknowledge Dr. Michaela Fojtu for her kind assistance with black phosphorus preparation and Telight, a.s. for
support to Telight Q-PHASE technology.

Author contributions

Tomas Vicar: image analysis, data interpretation, manuscript preparation; Martina Raudenska: wrote the
manuscript, study design; Jaromir Gumulec: interpretation of results, manuscript preparation; Michal Masarik:
study design, study concepts; Jan Balvan: study design, microscope operation, interpretation of results, writing
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58474-w.

SCIENTIFIC REPORTS|

(2020) 10:1566 | https://doi.org/10.1038/541598-020-58474-w

72



Results

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to].B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS| (2020) 10:1566 | https://doi.org/10.1038/541598-020-58474-w

73



Results

@ PLOS ‘ ONE

CrossMark

dlick for updates

E OPEN ACCESS

Citation: Balvan J, Krizova A, Gumulec J,
Raudenska M, Sladek 7, Sedlackova M, etal. (2015)
Mulimodal Holegraphic Microscopy: Distinction
betwesn Apoptosis and Oncosis. PLeS ONE 10(3):
80121674, dai:10.1371 journal pone 0121674

Academic Editor: Robert M. Hoffman, AntiCancer
Inc., UNITED STATES

Raceived: October 3, 2014
Accepted: February 3, 2015
Published: March 24, 2015

Copyright: © 2015 Balvan €{ al. This is an open
aceess article distributed under the terms of the
Creafve Commons Affribution License, which permits
unresfricted use, distribufion, and repreduction in any
medium, provided the original author and seurce are
credifed.

Data Availability Statement: All relevant data are
within the paper.

Funding: The financial support from CEITEC
CZ.1.051.1.00/02.0088 and project for concepfual
development of research organization (Facufy of
Medicine, Masaryk university - ROZVI241LF52014) is
greatly acknowledged. Part of the work was caried
out with the support of core facilities of CEITEC -
Cenfral European Insffute of Technology under
CEITEC-open access project, ID number
LM2011020, funded by the Ministry of Education,
Youth and Sporfs of the Czech Republic under the
activity "Projects of major infrastrucfures for research,

Multimodal Holographic Microscopy:
Distinction between Apoptosis and Oncosis

Jan Balvan?, Aneta Krizova®?®, Jaromir Gumulec'?, Martina Raudenska'?,
Zbysek Sladek*, Miroslava Sedlackova®, Petr Babula®, Marketa Sztalmachova'?,
Rene Kizek?”, Radim Chmelik>®, Michal Masarik'?*

1 Department of Pathological Physiology, Faculty of Medicine, Masaryk University, Brno, Czech Republic,
2 Central European Institute of Technology, Emo University of Technology, Brno, Czech Republic,

3 TESCAN Emo, s.r.0., Bmo, Czech Republic, 4 Department of Momphology, Physiology, and Animal
Genetics, Mendel University in Brno, Bmao, Czech Republic, 5 Department of Histology and Embryology,
Faculty of Medicine, Masaryk University, Brno, Gzech Republic, 8 Department of Physiclogy, Faculty of
Medicine, Masaryk University, Erno, Czech Republic, 7 Department of Chemistry and Biochemisiry, Mendel
University in Brno, Brno, Czech Republic, 8 Institute of Physical Engineering, Faculty of Mechanical
Engineering, Emo University of Technology, Brno, Czech Republic

* masark @med.muni.cz

Abstract

Identification of specific cell death is of a great value for many scientists. Predominant types
of cell death can be detected by flow-cytometry (FCM). Nevertheless, the absence of cellu-
lar morphology analysis leads to the misclassification of cell death type due to underesti-
mated oncosis. However, the definition of the oncosis is important because of its potential
reversibility. Therefore, FCM analysis of cell death using annexin Wpropidium iodide assay
was compared with holographic microscopy coupled with fluorescence detection - “Multi-
modal holographic microscopy (MHM)”. The aim was to highlight FCM limitations and to
point out MHM advantages. It was shown that the annexin V+/P1- phenotype is not specific
of early apoptotic cells, as previously believed, and that morphological criteria have to be
necessarily combined with annexin V/P1forthe cell death type to be ascertained precisely.
MHM makes it possible to distinguish oncosis clearly from apoptosis and to stratify the pro-
gression of oncosis.

Introduction

Cell necrobiology is a rapidly developing field of cell biology that defines various modes of cell
death pursuant to biochemical, morphological, and molecular changes accompanying distinct
types of cell death including the tissue response [1].

Identification of the exact type of cell death following the cell injury is important for diag-
nostics, dose-response, and toxicological studies. It is extremely important to assess and inter-
pret cotrectly the cellular response to severe injury including changes that occur before and
after the cell death, because cell death changes could be the eatliest signal of toxic reactions to a
variety of drugs including the anticancer treatment. Cells can die through a number of different
mechanisms inter alia by apoptosis, autophagy, necrosis, or oncosis. Nevertheless, two major
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types of cell death are accidental cell death and programmed cell death. When assessing the
major effect of a particular therapeutic drug, it is essential to know which type of cell death is
involved most in the drug response. If the main mechanism involved in the cell death is oncosis
followed by necrosis, the cells lose membrane integrity and release their intracellular contents,
which are often aggressive, proinflammatory, and cause damage to the surrounding tissue [2].
By contrast, apoptotic cells may not promote inflammation because they are usually ingested
by phagocytes before releasing their intracellular contents [3]. An important biochemical event
leading to oncosis /necrosis, as opposed to apoptosis, is a rapid decrease of intracellular ATP
[4, 5]. The assessment of oncosis is frequently neglected, although itis an important pre-lethal
phase that follows a serious cell injury and, unlike in necrosis, some mechanisms possibly exist
for reversing the process [5].

Many changes typical for these two main types of cell death (accidental and programmed
cell death) are detectable by flow-cytometry. Nevertheless, relying solely on the low-cytometry
could lead to the misclassification of the cell death type since—similarly as apoptotic cells—
oncotic cells could exhibit external phosphatidylserine residues (PS) while maintaining mem-
brane integrity. As a result, encotic cells could display the annexin V+/PI- phenotype, formerly
supposed to be specific of apoptotic cells [6, 7]. Similaily, the TUNEL assay is also known to be
non-specific for apoptosis/oncosis differentiation [8-10]. Consequently, morphological criteria
are considered the most reliable evidence of apoptosis [11, 12]. Characteristics of apoptosis,
oncosis, and necrosis are summarized in Table 1.

In this paper, we present a methodology that can be used for the rapid assessment of cell via-
bility and distinction of oncosis and apoptosis utilizing multimodal holographic microscope
(MHM). MHM combines holographic microscopy with the well-known fluorescence micros-
copy. The employed holographic microscopy (HM)}) is based on an off-exis setup with an inco-
herent source. In contrast with the HM laser source, the incoherent HM source enables high-
quality quantitative phase imaging free of speckles and parasitic interferences, comparable with
the lateral resolution of conventional wide-field microscopes. Owing to the off-axis setup, only

Takle 1. Characteristic features of apoptasis, oncosis, and necrosis.

Necrasis Apoptosis
increased (swelling)*

disrupted*®

reduced (shrinkage)*
intact*; altered orientation of lipids

karyolysis* and caspase independent DNA
fragmentation,lysis of nucleolus

nuclear chromatin condensation®;
fragmentation of DNA into nucleosome
size fragments, iregularity of nucleus®
apoptotic bodies®; pseudopod retraction®;
spherical shape of cells®

increasingly translucent cytoplasm®; swelling of ER
and loss of nbosomes; swollen mitochondria with
amaiphous densities; lysosome rupture; plasma.
membrane rupture®; myelin figures

ATP depletion retained ATP production

annexin V+/P[+* annexin V+/ P|—*

frequent

Feature Oncosis

Cell size increased (swelling)*

Plasma intact® in the early phase;

membrane increased throughput depending
on the phase of oncosis

Nucleus Nucleus dilatation® and
clumping of chromating®
reticular nucleolus

Specific swelling of organelles;

fealures membrane blebs®

Energy ATF depletion

balance

Pl/annexin annexin V+/ Pl

assay annexin V+/Pl+*

Adjacent frequent

inflammation

* indicates typical features of distinct cell death, easy observable by using MHM. ER—endoplasmatic reticulum; ATP—adenosine trichosphate; Pl—
propidium icdide. According to our resulis and [4, 5, 43].

doiz10.1371journal pene. 0121674 £001
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Table 2. Classification of holographic methods.

Methad

FPhase-shifting microscopes

Digital holographic microscopes

Coherence-controlled
holographic microscopes

doi0.1371 fjournal pone. (21674 4002

Optical setup

In-line {zero angle between object and
reference beam)

lllumination source

Low-coherence (halogen
lamp, LED)

Praoperties

+ suppressed coherence noise
+ coherence-gating effect

off-axis {(non-zero angle between object High-coherence (laser)
and reference beam)

+ lateral resolution of conventional
microscopes

— slow: 3 images for reconstruction
- coherence noise

— lateral resolution 2x worse than in

conventional microscopes

+ fast: 1 image/reconstruction
low-coherence + suppressed coherence noise
+ coherence-gating effect

+ lateral resolution of conventional
microscopes

+ fast 1image/freconstruction

one hologram is needed for image reconstruction and very fast processes can be observed [13].
General characteristics of different holographic methods are summarized in Table 2. Holo-
graphic microscopy is a method of quantitative phase imaging. Providing intrinsic high con-
trast, phase images allow an easy segmentation of cells from the image background and
monitor morphological and position changes over the time [14]. Fluorescence imaging is com-
bined with holographic microscopy in a way that the focus plane in both methods is at the
same position. This allows an easy transition between the two methods, imaging in the satne
conditions and neatly at the same time points. This unique combination enables a label-ftee
observation of processes such as morphological and position changes preceding the cell death
and a follow-up fluorescence verification of cell death types in one field of view using a

single instrument.

In this study, PC-3 prostatic cell lines treated with plumbagin in concentrations exceeding
1C50 were chosen as a model because our laboratory has a long-term experience in studying
this ROS-generating agent and in characterizing this cell line [15-17]. In sum, the aim of this
stucy was to highlight limitations of the flow- cytometry analysis of cell death and to point out
advantages of MHM imaging. The hypothesis is that MHM is capable of differentiating be-
tween apoptosis and oncosis more accurately than flow-cytometry. Thus, we demonstrate a
new possible application of this innovative microscopic technique.

Materials and Methods

Chemical and biochemical reagents

Ham’s F12 medium, mycoplasma-free foetal bovine serum (FBS), penicillin/streptomycine and
trypsine were purchased from PAA Laboratories GmbH {Pasching, Austria). Phosphate-buff-
ered saline {PBS) was purchased from Invitrogen Corp. {Catlsbad, CA, USA). Ethylenedi-
aminetetraacetic acid (EDTA), plumbagin and other chemmicals of ACS purity were purchased
from Sigma- Aldrich Co. (St. Louis, MO, USA), unless noted otherwise.

Cell cultures

Human PC-3 prostate cancer cells were used in this study. The PC-3 cell line was established
from the prostatic adenocarcinoma {Grade 4) of a 62-vear-old Caucasian male and derived
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from a metastatic site in the bones. The PC-3 cell line was purchased from HPA Culture Col-
lections {Salisbury, UK).

Cultured cell conditions

The PC-3 cells were cultured in Ham's F12 medium with 7% FBS. The medium was supple-
mented with penicillin {100 U/ml) and the cells were kept at 37°C in the humidified incubator
with 5% CO2.

Plumbagin treatment

The stock solution of plumbagin was prepared in dimethylsulfoxide {DMSC) and diluted with
the medium. Controls were added an equal volume of DMSO (final concentration < 0.1%).
The plumbagin treatment was initialized after the cells reached ~50% confluence. Previously,
IC50 for plumbagin was determined as 1.50 pM using MTT. Thus, a treatment with 2 pM of
plumbagin was used in this experiment to ensure the initiation of cell death.

Multimodal holographic microscopy

The design of the Multimodal Holographic Microscope (IPE BUT, TESCAN, Brno, Czech Re-
public) is based on the original concept of the Coherence-Controlled Holographic Microscope
[18,19].

Holographic microscopy was initiated after 2 h of the plumbagin treatment. Time-lapse
monitoring was performed for 2 h (in total 4 h of plumbagin treatment) at a frame-rate of 1
frame/min. The cells were observed in flow chambers p-Slide I Luer Family cat. Num. 80196
(Ibidi, Martinsried, Germany) in Ham’s F12 medium. Nikon Plan 10x/0.3 and Nikon Plan
Fluor 20/0.5 objectives were used for both holographic and fluorescence observations. Inter-
ferograms for holography were taken using a CCD camera (XIMEA MR4021MC-VELETA).
The fluorescence mode used a plasma light source {Sutter Instrument Lambda XL) and a CCD
camera {XIMEA MR285MC-BH, 1392x1040px) was used to capture the images.

Holographic and fluorescence images were collected by custom software. In fluorescence
image there is no need for other image processing; however, holographic raw data have to be
numerically reconstructed. The numerical reconstruction is performed by the custom software
where the established methods of the fast Fourier-transform [20] and phase unwrapping [21,
22] are implemented. The output from the software is an unwrapped phase image. This image
has intrinsic high contrast and can be processed by an available image processing software.

We used particulatly the Image] functions of Thresholding and Analysed Particles. At cho-
sen time points of the time-lapse observation, the cells were segmented from the background, a
threshold value for the segmentation being 0.21 rad (0.05 pg/pixel). Each cell was controlled vi-
sually, and cells in contact were separated manually. Measurements of cell surface, cell dry
mass and mean cell dry mass followed.

TEM visualization of ultrastructure. PC-3 cells were gently harvested by repetitive pi-
petting and spun down (2000 rpm, 5 min.). Briefly, the cells were fixed with 3% glutaraldehyde
in a cacodylate buffer for 2 hours and washed three times for 30 minutes in 0.1 M cacodylate
buffer. Then they were fixed with 0.02 M OsO4 dissolved in 0.1 M cacodylate buffer, dehy-
drated in alcohol, and infiltrated with acetone and No. 1 Durcuptan mixture overnight. On the
following day, the cells were infiltrated with No. 2 Durcuptan mixture, embedded and poly-
merized. Ultrathin sections {90 nm, Ultramicrotome LKB, Bromma, Stockholm, Sweden) were
transferred onto grids covered with a Formvar membrane {Marivac Ltd,, Halifax, Canada). 2%
uranyl acetate and Reynolds solution were used for contrast staining. The sections were viewed
in the transmission electron microscope {Morgagni 268, FEI Europe B.V., Eindhoven
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Netherlands). Software AnalySIS (Soft Imaging System, Gmbl, Minster, Germany) was used
for a picture analysis of the cell ultrastructure.

Annexin V/propidium iodide flow-cytometry

Double-staining with fluorescein isothiocyanate {FITC)/propidium iodide {PI) was performed
using the annexin V-FLUOS-staining kit {Roche Applied Science) according to the manufac-
turet’s protocol in order to determine percentages of viable, apoptotic, and necrotic cells fol-
lowing the exposure to plumbagin (2 uM). Briefly, the cells were harvested by repetitive
pipetting and washed two times with PBS {centrifuged at 2000 rpm for 5 min). Then they were
re-suspended in 100 pl of the annexin V-FLUOS labelling solution and incubated for 15 min.
in the dark at 15-25°C. Annexin V-FITC binding was detected by flow cytometry (Partec
GmbH, Minster, Germany) (Ex = 488 nm, Em = 533 nm, FLI filter for annexin V-FLUOS and
FL3 filter for PI). The data were analyzed using the FloMax software version 2.5 (Partec
GmbH, Minster, Germany).

Results
Development of the multimodal holegraphic microscope

The employed multimodal holographic microscope was developed in cooperation between re-
searchers from the Brno University of Technology and the TESCAN Brno Company. The
MHM design {IPE BUT, TESCAN, Bmo, Czech Republic} is based on the concept of the Co-
herence-Controlled Holographic Microscope {CCHM) desctibed in [19]. This novel optical
setup of CCHM overcomes drawbacks of the previous concept [ 18], while preserving all bene-
fits and enabling multimodal imaging.

The holographic mode setup is shown in Fig. 1. It is based on the Mach-Zehnder-type inter-
ferometer. The light from the soutce (S) passes through the collector lens {CL) and is divided
by the beam splitter (BS} into two separated optical paths—object and interferometer reference
arm. The beams are directed by mirrors (M). Both arms consist of condenser (C), objective {O)
and tube lens (TL). In the reference arm, a diffraction grating {DG) is placed. The output lenses
{OL) focus the beams onto the output plane. There the object beam and the reference beam re-
combine and create an interference fringes pattern {hologramy), which is captured by the cam-
era {D).

The amplitude and the phase image are reconstructed numerically from the hologratm. The
process of the numerical reconstruction is based on the fast Fourier transform methods [20].
For time-lapse sequences, the image processing discussed in [23] is applied. The entire image
reconstruction and image processing are performed by our own software. The resulting phase
image can be used for classic image processing and analysis, e.g. for segmentation that defines
what is the background and what is the cell in the image. From the phase image, various other
visualization modalities can be easily obtained by simple numerical calculations [24]. Here we
used a simulated differential interference contrast {simulated DIC) that was calculated asa 1D
gradient of the quantitative phase image.

Flow-cytometry analysis of cell death

First, non-stained cells (control} were analyzed using flow-cytometry to set the annexin V /PI
gating regions {Fig. 2A). Consequently, non-treated cells and cells treated with plumbagin for 3
hwere analyzed (Fig. 3B and C, resp.). Four different phenotypes were distinguished: (a)
annexin V—/PI— {lowerleft quadrant, (}3); estimated as viable cells; (b) annexin V+/PI- (lower
right quadrant, (34); usually estimated as apoptotic cells, but probably could contain larger
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Fig 1. Holographic mode setup in Multimodal hol ographic microscope is hased on the Mach-Zehnder-
type interferometer. The light is divided into two separate optical paths—object arm and interferometer
reference arm. Both arms consist of condenser (C), objective (O} and tube lens (TL). In the reference am, a
diffraction grating (GG) is placed. The cbject beam and the reference beam recombine in the output plane
and create interference fringes patiem, which is captured by the camera (D). S—source; CL—collector lens;
BS—beam splitter; M—mirror; C—condenser, O-objective; TL—ube lens; DG—diffraction grating; OL—
output lens; D—detector.

doiz1 0.1371fjoumal.pone.0121674.g001

quantities of oncotic cells; {c) annexin V—/PI+ {upper lett quadrant, Q1); fragments of dam-
aged cells; (d) annexin V+/ PI+ (upper right quadrant, 32); late apoptotic and necrotic cells.

Compared to the non-treated cells, the fraction of annexin V+/PI- cells increased distinctly
to 30.55% {compared to 4.50% in the non-treated sample), and the fraction of annexin V+/PI
+ increased up to 7.75% (compared to 1.70% in the non-treated sample). Furthermore, the
studied cells were back-gated in the dot plot with the forward scatter/side scatter parameters of
these treated cells. As a result of the back-pating, two different annexin V+/PI- populations
can be seen {gated in green colour) (Fig. 2C, lower dot plot, arrows R1 and R2). Therefore, ad-
ditional re-gating was performed. As a result, annexin V+/ PI- and lower FSC {region R1, sup-
posed apoptosis} formed 9.51% of cells, and annexin V+/ PI- and higher FSC (region R2,
supposed oncosis) formed 13.22% of cells (gating process not shown).

Time-lapse holographic microscopy

Subsequently, the same plumbagin-treated PC-3 cell line was observed using MHM. Attention
was focused on changes in the cellular morphological features including cell shape, cell mass,
cell spreading area, and typical structures, which could be seen in the injured cells. Using the
time-lapse analysis, we identified 329 of cells which increased their volume and showed in-
creasing blebs in the plasma membrane duting the time-lapse analysis (desighated as “increase
size” in Fig. 2D), 24% of cells, which decreased their volume and showed apoptotic bodlies {des-
ignated as “decrease size”}, and 44% of cells with the unchanged volume during the 2 h of mon-
itoring. From the phase images, we also measured cell surface mass over the time-lapse
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Fig 2. Differences in cell death estimation between flow cytometry and halagraphic microscopy. A. Flumbagin treatment, no annexin V/F| staining,
used for gating set-up. Upper dot plot indicates annexin /P! fluorescence, lower dot plot indicates FSC/SSC of these cells colourcoded acconding togating
regions. B. Annexin ¥/F| staining, untreated cells. 2% are double negative for staining. C. Annexin V/F| staining after 3 h of the experiment. See increased
populations of annexin V-positive {green gating) and doulle positive {red staining). In FSC/SSC scatter plot, amows indicate two populations {gating regions)

of annexin V+/P|-cells: (R1) smaller cells {lower FSC) and (R2) larger cells (higher FSC). See the Resulis section for details. D. Multimodal holographic
microscope, phase image. 10 x magnification 3 h after 2 pi plumbagin treatment. Red-outlined cells show size increase and oncotic phenotype, green-

outlined cells show surface area decrease and apoptotic phenotype, blue-cutlined cells show no changes during 2 h menitoring. For typical morphological
criteria of oncotic/apoptic cells see (Table 1) E. Relative change of cell sudace inindividual cells {relative to initial time point). Colour coding of individual cells

is based on {D). F. Mass of individual cells in pg. Note a significantly higher mass of the “decrease -size” cell population. G. Time-lapse of typical oncotic
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‘increase size” cell indicated by red arrow in (D), simulated digital interference microscopy H. Time-lapse of typical “decrease size” apoptotic cell indicated by
grean amow in (D). Simulated digital interference microscopy. FSC—orward scatter, SSC—side scatter, Pl—propidium iodide.

doiz10.1371 fjournal peone. (1216749002

observation (Fig. 2E-F). Accordingly, the surface area of the cells differed significantly between
these three groups of cells, F (2, 244) = 31.05, p < 0.001, namely at later time points. With re-
gard to cell mass, the results are in accordance with the assumnption that this parameter remains
neatly unchanged over this short time in the cell cycle. 90% of the observed cells changed their
mass by less than 7%, F(5, 244} = 0.03, p = 0.99. In contrast, the mass of cells was significantly
higher in the “decrease size™ group of cells as compared to the “no change” and “increase size”
groups, F(5, 244) = 4.68, p = 0.01; the mass of the “decrease size” cells was on average 1.3-fold
higher (Fig. 2F).

By contrast to oncosis or necrosis, which are associated with the cell swelling and increased
cell volume, apoptosis is connected with the loss of cell volume during the cell shrinkage {for
detailed characterization of morphological changes of each cell death type see the below section
of this text). Regarding the fact, 2x3 two way contingency tables were created to compare HM
with the flow-cytometry results {no size change in HM vs. double-negative cells in FCM; “in-
crease size” vs. annexin V+/PI+ population, and “decrease size” vs. annexin V+/PI- popula-
tion). There was a significant difference between the assays; the proportion of the “increase
size” cells was significantly higher when determined by holographic microscopy, * = 18.043,
p = 0.0001 (Table 3). Because two annexin V+/PI- populations (green) were found on the
ESC/SSC dot-plot by back gating, another chi-squared test was performed. Unlike in the previ-
ous testing, the “increase size” was compared with the annexin V+/PI+ population (Q2) plus
R2 population (see above for details) and the “decrease size” included only the R1 gating re-
gion. Although there was still a significant difference, the proportional difference between the
assays was not that profound and hence the p-level was higher (Table 3).

Assessment of apoptotic, oncotic, and necrotic cells morphology

Consequently, morphology of the cells after the plumbagin treatment was described using
MHM, light microscopy, and verified at ultrastructural level using transtission electron mi-
croscopy (TEM). In agreement with the previous chapter, three populations of cells were ob-
served according to size changes. Apart from cellular shrinking or swelling, other
characteristics typical of distinct cell deaths were observed in MHM (see Table 1). In the onco-
tic cells, an intact plasma membrane with cytoplasmic blebs, nuclear chromatin clumping, and
nucleus dilatation were detected. The formation of cytoplasmic blebs is well apparent in the
time lapse (Fig. 2G).

Some major morphological features connected with necrosis were observed too, including
multiple and large cytoplasmic blebs, translucent cytoplasm, cell swelling ended by cell mem-
brane distuption and nucleus dilatation {Fig. 3). In contrast, the shrinking group of cells exhib-
ited characteristics typical of apoptosis: spherical shape of the cells, chromatin condensation,
nuclear membrane irregularity and indeed the formation of multiple apoptotic bodies consid-
ered as an advanced stage of apoptosis {Fig. 3A, second column). Based on these characteristics,
typical morphological ctiteria visible in MHM are illustrated in scheme (Fig. 3B). By using the
fluorescence mode of MHM, we detected annexin V staining in all observed types of cell deaths
{oncosis, necrosis, and apoptosis as well; Fig. 3A). In eatly apoptotic cells, annexin V positivity
was detected, namely nearby the cell membrane {Fig. 3A, first column).

All mentioned morphological characteristics were corroborated by light microscopy (data
not shown) and at the ultrastructural level by using TEM. Further cell death features observable
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Table 3. Twa-way contingency table of the abserved cell death frequencies based on morphalagical criteria and flow-cytometry analysis.

Technique

phase images from MHM
Flow-cytometryt
Flow-cytometry, adjusted for oncosist

Cell classification 72 p level
normal increase size decrease size
44 32 24 - -
51 8 31 18.04 0.0001
51 13 21 10.85 0.0044

T For ‘flow cytometry”, annexin V+/ Pl+ cells are designated as “increase size”, and annexin ¥+/F |- cells are designated as "decrease size”. Compared to

phase images from MHM.

T for flow cytometry, adjusted for oncosis”, annexin V+/ Pl- cells gated by lower FSC (i.e. smaller cells, arrow R1 in Fig. 2C) are designated as “decrease
size” (reflect “true apoptosis”™), and summed annexin V+/Pl+ and annexin V+/P|- cells gated by higher FSC {i.e. larger cells, arrow R2 in Fig. 2C) are
designated as “increase size” (reflect necrosis and oncosis, resp.). Compared to phase images from MHM. Pl—propidium iodide, FSC—forward scatter.

doiz10.1371journal pone.0121674 1003

only with TEM were found. Inter alia, dilatation of endoplasmic reticulum {ER) and Golgi ap-
paratus, condensation of mitochondria followed by their swelling and rupture, formation of cy-
toplasmic vacuoles, swollen and ruptured lysosomes, lysis of nucleolus and karyolysis in
oncotic/necrotic cells were apparent {Fig. 4 and unpublished data). In apoptotic cells, signifi-
cant nuclear fragmentation was observed (Fig. 4).

According to our results, MHM is not able to recognize ultrastructural details of cells (mito-
chondria, ER, etc.), but is more suitable for detecting membrane blebs and apoptotic bodies. The
recognition of membrane blebs and apoptotic bodies in MHM was even better than with TEM.

Assessment of oncosis progression using MHM

Multimodal holographic microscope combines holographic imaging with fluorescent imaging.
The unique device makes it possible to combine the assessment of main morphologic features
with annexin V/PI staining using a single instrument in one field of view. Thus, this technique
was employed for an in-depth analysis of oncotic cells.

Cells with the characteristic morphological criteria of oncosis exhibit various conditions of
the Pl/annexin V staining. We identified the following variants of oncotic cells: {1} small mem-
brane blebs, higher mass of cells and annexin V—/PI- staining; {2} more frequent/larger plas-
matic blebs, gradual loss of spindle cell shape, clumping of chromatin, annexin V+/ PI
— staining; (3) more frequent/larger plasmatic blebs, lower mass of cells, significant swelling of
nucleus with a still distinguishable nudear membrane and chromatin condensation, annexin V
+/PI+; (4) annexin V+/PI+ combined with the homogenization of nuclear structure, cell mem-
brane disruption with a partial extrusion of cell contents, and other morphological criteria of
necrosis (Fig. 5). Based on these apparently gradual morphological and staining characteristics,
a staging of oncosis was suggested as follows: normal cells/oncosis transition, early oncosis, late
oncosis, oncosis/mecrosis transition.

Discussion

Methods of quantitative phase imaging are rapidly developing at present. Although their prin-
ciples had been known for many years, the methods were not widely used until computer tech-
nology recorded a sufficient progress.

Phase-shift ing microscopes [25-27] provide images with the suppressed coherence noise
and lateral resolution comparable to that of conventional microscopes. They use low-coherence
sources and owing to that, the coherence gating effect can be exploited. Disadvantage is the fact
that three images, each with a different induced phase shift, have to be captured for one
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Fig 4. Characteristic apoptotic, necretic and oncatic cells intransmission electron microscope (TEM). A. Apoptotic cell, overall view, 2800 x. B.
necrotic cell, 2800 x. C. oncoticcell, 2800 x, D. Detail of apoptotic cell nucleus, 5800 x. E. Detail of necrotic cell, 14000 x. F. Detail of oncotic cell cytoplasm,
11000 x magnification. Red arrow—nuclear fragmentation. Elack arrow—rupture of plasmatic membrane. White arrow—karyolysis. Yellow amow—reticular
nucleolus. Dark blue arrow—cdilatation of nucleus. Green arrow—dilatation of ER and Golgi. Pink arow—cytoplasmic bleb. Light blue arrow—chromatin
condensation. Violet arrow—fomation of cyloplasmic vacuoles. Orange amrow—initial lysis of nucleolus. Brown arrow—mitochondrial swelling.

doi10.1371journal pone.0121674.9004

numerical reconstruction. Therefore, mechanical displacements have to be used and the acqui-
sition rate is limited.

On the other hand, digital holographic microscopes with the off-axis setup and laser sources
[28-30] allow a fast acquisition rate because only a single image is needed for the reconstruc-
tion. However, coherence noise is higher, lateral resolution is lower, and the coherence gating
effect cannot be used.

The etnployed MHM is based on the Coherence-Controlled Holographic Microscope
{CCHM) [18] and links advantages of the both previously developed methods of holographic
microscopy. Moreover, MHM enables to combine holographic microscopy with other tech-
niques [19].

MHM allows quantitative phase contrast imaging combined with other proven methods
such as fluorescence microscopy. The method constitutes an overlap of traditional microscopy
techniques. Information in the phase image provides values of optical path delay caused by the
observed cell. These values are directly proportional to the cell dry mass, originally published
in [31, 32], and therefore, an evaluation of cell mass changes is possible [33-36]. Owing to this,
holographic microscopy and similar techniques of quantitative phase imaging are useful tools
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for research in cell biology, such as cell dynamics studies, cancer research [37], intracellular
mass transport [38], membrane fluctuations [39], cell cycle [33], cell growth [34] and others
[40]. Digital holographic microscopy is highly suitable for studying dynamic processes, which
are important for the analysis of living cells. Its potential for utilization in basic and applied re-
search is promising. Accordingly, the monitoring of green- or red- fluorescent protein-express-
ing cells appears to be very promising using this instrument. Such a technique allows the
visualization of cellular processes such as cell cycle, cell death, nuclear cytoplasma dynamics of
viable cells in real time, which is expedient as compared with the use of artificial fluorescent
staining techniques [41, 42].

In this study, we focused on distinguishing apoptosis from oncosis as a relevant example of
the possible MHM use. Many authors use the annexin V/PI assay for the detection and quanti-
fication of apoptosis but often do not validate the type of cell death by assessing morphological
features. In healthy cells, phosphatidylserine residues (PS) occur on the inner side of the
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cytoplasmic membrane. P§ is externalized during apoptosis or, as our results showed, also in
early oncosis by flipping from the inner to the outer layer of plasma membrane to enable the
binding of annexin V. Propidium iodide (PI) detects cells with a distupted plasma membrane
by nuclear DNA staining. Unfortunately, using the conventional annexin V/PI assay in flow-
cytometty, it is not always simple to differentiate apoptosis from oncosis [6], because, as our re-
sults showed, oncosis and apoptosis can occur simultaneously in the quadrant Q4 (annexin V
+/PI-} of the dot plot. Thus, significant difference between the estimation of cell death using
FCM and morphological criteria was observed. Therefore, it was not surprising that the estima-
tion of cell processes using FCM and MHM differed significantly and led to the overestimation
of the apoptotic population using FCM.

Interestingly, the back gating of flow-cytometry fluorescence data gave us unique results.
Back gating of the annexin V+/PI- population to the forward scatter/side scatter dot plot visu-
alized two sharply demarcated different populations: {1} a population of smaller annexin V
+ cells (lower FSC parameter, marked as R1 in Fig. 2}, and {2} a population of larger annexin V
+ cells. In addition, back gating of the annexin V+/PI+ population to ESC/S5C dot plot brought
us an additional information regarding the cell size: these double-positive cells ranged in size
between the two annexin V+ populations. In accordance with the knowledge of the size of apo-
ptotic, necrotic, and oncotic cells, this back gating allowed us to distinguish the populations of
small apoptotic cells from the large oncotic cells. This back gating also confirmed that {double-
positive) necrotic cells are larger than apoptotic cells and demonstrated that the necrotic cell
population is smaller than that of the oncotic cells. These findings were taken into account for
a further comparison of FCM and MHM. This time, however, the population of oncotic cells
was added to necrotic cells and not to apoptotic cells. This “FCM adjustment for oncosis” re-
sulted in markedly reduced differences between FCM and MHM; the difference was still signif-
icant though. Consequently, morphological criteria were shown to be the most reliable
evidence of apoptosis. Apart from the cellular shrinking, other characteristics typical of apopto-
tic cells were apparent in MHM, e.g. nuclear irregularity, spherical cell shape, chromatin con-
densation, formation of multiple apoptotic bodies, and annexin V positivity, particularly near
the cell membrane. Predominant characteristics typical of oncotic cells observable in MHM
were cellular swelling, nuclear chromatin clumping, and formation of organelle-free blebs in
the cytoplasmic membrane. These typical morphological criteria of distinct cell deaths were in
compliance with results obtained from the transmission electron microscope (TEM) and also
with the previous studies [4, 5, 43]. Thus, MHM can be considered a sufficient tool to estimate
the cell fate.

Because oncosis and apoptosis can occur in response to the same drug, it is very important
to distinguish carefully between these different kinds of cell death when testing new therapeutic
drugs [44, 45]. Great emphasis is put also on the dynamic assessment of the prevalent effect of
a particular therapeutic drug at different concentrations [46], because many dose-response
studies have shown that cells exposed to lower concentrations of drugs such as cisplatin, etopo-
side, arsenic trioxide or doxorubicin, mostly exhibit the morphological characteristic of apo-
ptosis but at higher doses, their morphology is typical for oncosis [4, 44, 47]. Dynamic {real-
time) monitoring of treated cells is another important MHM application. The real-time moni-
toring makes it possible to observe particular cell death phases including the final fate of cells
after the treatment, which is a significant advantage as compared with the common light mi-
croscopy providing only a kind of the end-point analysis. It was demonstrated that even if the
cells are driven to oncosis, there could be some mechanisms to reverse the process [4, 5], which
can be easily captured by real-time MHM monitoring. Thus, MHM might provide a new valu-
able insight into cell biology.
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(Abstract: Black phosphorus (BP) belongs to a group of 2D
nanomaterials and nowadays attracts constantly increasing
attention. Parallel to the growing utilization of BP nanomate-
rial increase also the requirements for the thorough compre-
hension of its potential impact on human and animal health.
The aim of this study was to compare and discuss five
assays commonly used for the cytotoxicity assessments of
nanomaterials with a special focus on BP nanoparticles. A
comprehensive survey of factors and pitfalls is provided that
should be accounted for when assessing their toxicity and

pointed to their inconsistency. BP might introduce various

levels of interference during toxicity assessments depending

N

~

on its concentration applied. More importantly, the BP toxici-
ty evaluation was found to be influenced by the nature of
assay chosen. These are based on different principles and do
not have to assess all the cellular events equally. A commer-
cial assay based on the measurement of protease activity
was identified to be the most suitable for the BP toxicity as-
sessment. Further, the benefit of time-lapse quantitative
phase imaging for nanomaterial toxicity evaluation was
highlighted. Unlike the conventional assessments it provides
real-time analysis of the processes accompanying BP admin-
istration and enables to understand them deeper and in the
context. )

Introduction

The explosion of research interest in the field of nanotechnolo-
gy resulted over the last two decades in the evolution of a
spectrum of nanoparticles’ applications that are still being
broadened. Special group of nanoparticles represent 2D nano-
materials extensively investigated for their applicability in the
field of catalysis,""? water pollution,* optoelectronic,” and bio-
sensor development.®™® In last years, these proved to have a
significant potential also in biomedical applications, especially
in the treatment of cancer. They were successfully used as a
non-toxic delivery platform for anticancer drugs.®” Further, 2D
nanomaterials showed great promises in the photothermal

[al Dr. M. Fojtu, Dr. D. Bousa, Prof. Z. Sofer, Prof. M. Pumera
Department of Inorganic Chemistry
University of Chemistry and Technology Prague
Technickd 5, 166 28 Prague 6 (Czech Republic)
E-mail: pumera.research@gmail.com
[b] Dr. M. Fojtu, Dr. J. Balvan, Dr. M. Raudenskd, T. Vicar, Dr. M. Masaiik
Department of Physiology, Facuity of Medicine
Masaryk University, Kamenice 5
625 00 Brno (Czech Republic)
[c] Dr. 1. Balvan, Dr. M. Raudenskd, Dr. M. Masarik, Prof. M. Pumera
Central European Institute of Technology
Brno University of Technology
Technickd 3058/10, 616 00 Brno (Czech Republic)
(@ Supporting information and the ORCID identification number(s) for the au-
@ thor(s) of this article can be found under:
https://doi.org/10.1002/chem.201804434.

Chem. Eur. J. 2019, 25, 349 - 360

Wiley Online Library 349

therapy (PTT), since they are capable of light energy conver-
sion to heat while creating hyperthermia. Besides, they may
also be used as a non-toxic photosensitizer for the photody-
namic therapy (PDT) that is based on a generation of reactive
oxygen species (ROS). Further, 2D nanomaterials were repeat-
edly reported to inhibit the bacterial growth, to be applicable
for the in situ disinfection and described as a promising alter-
native strategy to combat with the antibiotic resistance of bac-
teria and biofilms.®'® Nanomaterials such as graphene, transi-
tion-metal dichalcogenides, or black phosphorus are particles
with the third dimension reduced to the sub-nanometer
length scale, therefore are termed “2D nanomaterials”.""! Grow-
ing application potential of 2D nanomaterials and their increas-
ing incorporation in commercial products are simultaneously
placing great demands on their safety for human and animal
health, as well as for the environment in general."? Therefore,
thorough and comprehensive toxicity evaluation should repre-
sent crucial decisive milestone preceding the material intro-
duction to the industrial applications.

Black phosphorus (BP) is the most stable among the three
phosphorus allotropes. Individual BP atoms create a 2D struc-
ture. Since they are in sp>-hybridization state, phosphorus
layers are wrinkled, but still vertically stacked and holding to-
gether via weak van der Waals forces"¥ Due to this weak
bonding between individual phosphorus layers, bulk BP can be
exfoliated into a thin material of few- or single-layer struc-
ture™ BP evinces a high level of anisotropy. Therefore,
changes in the BP structure alter its behaviour and electro-
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chemical properties." This is favourable for a wide spectrum
of diverse applications. Further, after exposure to air or water,
it degrades to nontoxic phosphorus intermediates as P,O, thus
is considered to be biodegradable.”'® Prospective introduction
of BP in industrial applications and in the area of biomedicine
are holding huge potential. On the other hand, before this
happens we should be aware of BP interactions with the envi-
ronment and with living organisms including human. There-
fore, it is absolutely crucial to precisely, quantifiably and repro-
ducibly assess the toxicity of this recently introduced material.
Several reports have outlined the difficulties associated with
nanoparticle toxicity assessments.'” In vitro toxicity assess-
ments represent the first key step towards elucidation of the
nanomaterial safety profile. These assays are principally based
on the evaluation of various molecular events comprising
changes in the DNA structure, generation of reactive oxygen
species (ROS), disruption of metabolic activity, disruption of
cellular membrane, or changes in a cellular morphology. Most
of the published studies concerning with the toxicity of nano-
materials use one of the well-established viability assays based
on colorimetric and fluorometric detection (Figure 1, Table 1).
These assays enable high-throughput toxicity assessment and
are considered as a golden standard."® Nevertheless, it should
be noted that these assays were primarily developed for cyto-
toxicity assessment of soluble and preferably also colourless
compounds. When determining the toxicity of nanomaterials,
especially those of 2D shape, their rich surface chemistry
should be taken into consideration. Functional groups present-
ed on the particle surface frequently interact with the chemi-
cals used in these conventional assays. Further, since the 2D
nanoparticles are usually dark-coloured, the distortion of as-
sessed parameters, for example, absorbance of the solution,
may be growing with the increasing concentration of the ma-
terial. On top of it, peculiarities of each individual toxicity assay
should be considered, for example, LDH assay as will be ex-
plained below. All these factors may impact the evaluated pa-
rameters and consequently, the data may be unintentionally
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Figure 1. Schematic summary depicting principles of cell viability detection
assays used within this study. GF-AFC: glycyl-phenylalanyl-aminofluorocou-
marin, LDH: lactate dehydrogenase, INT: 2-p-iodophenyl-3-p-nitrophenyl-5-
phenyl tetrazolium chloride, WST: 8-2-(2-methoxy-4-nitrophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt, MTT: 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide.

manipulated. This altogether leads either to overestimation, or
more dangerously underestimation of the nanomaterial-associ-
ated risk. More importantly, it gives rise to some incorrect con-
clusions regarding the particle biocompatibility, nanotoxicity
and safety in general.

Among the most intensively used methods for evaluating
cell proliferation and viability belong tetrazolium-salt based
assays (MTT, WST, XTT and other) allowing simple, rapid, high-
throughput, and inexpensive determination of compound tox-
icity. MTT, WST-8 and resazurin assay together with non-tetra-
zolium LDH and Multi-Tox Glo assays are commonly employed
for the determination of nanomaterials’ toxicity in in vitro toxi-
cological studies.

The assays used in this study were primarily developed for
the toxicity assessment of soluble and preferably colourless
compounds. Evaluation of nanomaterials’ toxicity using these
well-established assays should still be possible. However, it

Table 1. Comparison of methods for cellular viability assessment used in this study.
Method  Principle Advantages Limitations
MTT conversion of MTT to water insoluble rapid, simple, inexpensive, sensitive, versa- can not discriminate between cytotoxic and antiprolifera-
formazan by enzymes located in cyto- tile, reliable, appropriate for first rounds of tive effects, not working well for assessing compounds al-
plasm and mitochondria high-throughput studies tering mitochondrial metabolism
WST-8 enzymatic conversion of WST-8 dye to  rapid, simple, sensitive, versatile, reliable, not working well for assessing compounds altering mito-
water-soluble formazan appropriate for the first rounds of high- chondrial metabolism
throughput studies
resazurin reduction of resazurin to resorufin by  rapid, simple, versatile, reliable, appropriate not working well for assessing compounds altering mito-
enzymes located in mitochondria, cyto- for the first rounds of high-throughput chondrial metabolism, sensitive to the presence of pro-
sol and microsomes studies teins in the culture medium
LDH measurement of LDH activity in extra-  rapid, simple evaluation detects only cell deaths accompanied by LDH leakage,
assay cellular medium LDH stability and enzymatic activity in supernatants might
be affected by several factors
MultiTox measuring of specific protease activity —rapid, versatile, reliable, allows data nor- due to the higher cost less appropriate for high-through-
malization put studies
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might be not as trivial as it may seem due to their complex
physicochemical properties.™ The MTT salt is widely utilized
for the viability assessment. MTT assay is based on colorimetric
assessment of dark purple insoluble formazan produced by
metabolically active cells by reduction of yellow 3-(-4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. For a long
time, it was believed that this reduction is taking place mainly
in the mitochondria and is catalysed predominantly by mito-
chondrial succinate dehydrogenase. However, several reports
then confirmed that the main site of MTT reduction is in the
cytoplasm with the reduced nicotinamide adenine dinucleotide
(NAD) coenzyme being the main source of reducing power, fol-
lowed by ascorbic acid, dihydrolipoic acid, cysteine, tocopher-
ols, and glutathione.?>2"! The resulting insoluble formazan is
then solubilized by an organic solvent (e.g., DMSO, isopropa-
nol) prior spectrophotometric measurement. The extent of the
MTT reduction is then proportional to the number of viable
cells. Several factors may influence the MTT readout, including
changes in activity of oxidoreductases, metabolic and energeti-
cal fluctuations, or oxidative stress. Therefore, in fact, the MTT
assay does not measure the number of viable cells, but rather
a complex set of enzyme activities reflecting the level of cellu-
lar metabolic state.??

Another assay included in this study uses the WST-8 dye be-
longing to the second generation of tetrazolium salts. These
salts are in general cell-membrane impermeable because of
their net negative charge hampering them to enter the cell.
The reduction site is apparently cell surface, or the trans-
plasma membrane electron transport.?"”’ The reaction product
is water-soluble formazan. Therefore, one reaction step is elimi-
nated compared with the MTT assay since there is no need for
using organic solvents. The WST-8 assay results may be influ-
enced by the similar factors as MTT since they principally re-
semble.” Resazurin assay is a fluorescent viability assay based
on detecting the cellular metabolic activity. Blue non-fluores-
cent resazurin is reduced to pink highly fluorescent resorufin
by dehydrogenase enzymes located in mitochondria, cytosol
and microsomes of metabolically active cells. Therefore, the
amount of resorufin produced is proportional to the number
of metabolically active cells.””’ Lactate dehydrogenase (LDH)
assay is assessing the activity of extracellular LDH released
from cells into the extracellular space after irreversible cell
damage accompanied by cell membrane injury. Among the ad-
vantages of the LDH assay are speed, simplicity and reliability.
Moreover, when evaluating this assay, the cells themselves are
not taking part in the reaction. Since the LDH is released out-
side the cell, its activity is quantified from the supernatant.**
The MultiTox-Glo Multiplex Cytotoxicity Assay™ (further
termed “MultiTox") is a commercial kit for measuring a relative
number of live and dead cells. This assay measures two pro-
tease activities: one is a marker of cell viability, the other deter-
mines the number of dead cells. In this study, we used only
live cell detection based on measuring cell-permeant peptide
substrate that is cleaved by live-cell protease. This generates a
fluorescent signal proportional to the number of living cells.””

This study provides a deeper insight into limitations of indi-
vidual viability assays for the toxicity evaluation of BP nanopar-
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ticles. Further, flow-cytometry and quantitative phase time-
lapse imaging is employed to clarify the differences among in-
dividual toxicity assays that are usually disregarded in studies
determining the safety of nanomaterials.

Results and Discussion
Synthesis and characterization of black phosphorus

Black phosphorus (BP) was synthesized by high pressure con-
version of red phosphorus. The red phosphorus synthesized
was exfoliated by share-force milling in DMF.?® The morpholo-
gy of BP nanoparticles was investigated by AFM and TEM
(Figure 2). The AFM shows the particles lateral size in the
range of 100-300 nm with thickness in the range of 5 to
60 nm. The morphology of particles together with height pro-
file are shown in Figure 2a,b. The small size of the particles
was also confirmed by TEM which shows the aggregates of
nanoplates with size in the range of tenth to few hundred
nanometers. The TEM image with SAED and corresponding
HR-TEM image are shown on Figure 2¢,d.

2.1 A (100)

X

Figure 2. (a) Morphology and (b) height profile of BP nanoparticles, (c) the
TEM image and (d) corresponding HR-TEM image (scale bar corresponds to
5nm).

The X-ray diffraction shows significant broadening of diffrac-
tion pattern. The broadening of diffraction pattern corresponds
to crystallite size in the range of 10 to 50 nm (Figure 3). The
Raman spectroscopy shows the presence of three dominant
phonon modes Alg, B2g and A2g characteristic for black phos-
phorus. The Raman spectra are shown on Figure 3a. The X-ray
diffraction shows significant broadening of diffraction pattern
(Figure 3b). The crystallite sizes were refined according to the
Scherrer formula. The diffraction pattern broadening in (0k0)
direction correspond to the crystallite size of 33 nm. The
broadening originating from in-plane diffraction pattern corre-
spond to the crystallite size in the range of 5-20 nm for indi-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Raman spectra of BP nanoparticles, (b) the X-ray diffractogram,
(c) the survey XPS spectra and (d) the high-resolution P 2p spectra.

vidual crystallographic planes. The real particle sizes are bigger
since each particle can be composed of several crystallites."%?
The chemical composition was verified by X-ray photoelectron
spectroscopy. The survey XPS spectra show the presence of
phosphorus (P 2p and P 2s characteristic peaks) as well as
carbon from surface adsorption and oxygen from surface ad-
sorption and oxygen from surface oxidation (Figure 3¢). The
oxidation of exfoliated BP in aqueous environment shows two
peaks at 130 eV characteristic for P—P bonds in BP and broad
P—O bond at 135 eV (see high-resolution XPS spectra of P 2p
region on the Figure 3d).

Cell mass calculation

Two cell lines were selected for the BP interference experi-
ments. These were not chosen because of their tissue origin,
but due to their different size, since we expect the BP toxicity
to be also cell size/mass dependent. A2780 cell line represents
the population of cells with smaller size, PC-3 cell culture is a
representative of cell line with cells of greater diameter. An in-
teresting phenomenon concerning another 2D nanomaterial,
graphene oxide (GO), was formerly observed in a study by
Chang et al.? They found out that the cytotoxicity of GO par-
ticles and reduced graphene oxide (rGO) sheets particle is size-
dependent.® Similar impact of cellular size/mass on cytotoxici-
ty might be also expected. Therefore, A2780 and PC-3 cells
were characterized with respect to their morphology using
quantitative phase imaging (Figure 4a, b, respectively).

All analysed parameters (Table 2) were calculated as an aver-
age of values acquired by image analysis of 200 cells for each
cell line. PC-3 cell mass was more than twice as high than the
A2780 cell mass; 574.8 pg and 272.0 pg, respectively. Simulta-
neously, PC-3 cell area was more than four times bigger than
in the case of A2780 cells; 1218.2 um? and 294.8 pm?, respec-
tively.
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Figure 4. Morphological characterization of (a) A2780 and (b) PC-3 cell line.
Example of quantitative phase image segmentation used for further analysis.
For each cell line 200 randomly chosen cells were analysed. Average A2780
cell mass was 272.0 + 144.9, average PC-3 cell mass 574.8 +255.1.

Table 2. Morphological characterization of A2780 and PC-3 cell line. Mor-
phological parameters were acquired after quantitative phase image seg-
mentation. For each cell line 200 randomly chosen cells were analyzed.

Mass Area Perimeter Circularity
lpgl [mm?] luml 9]
A2780 272.0+144.9 294842421 7414336 67.94+13.0
PC-3 574.8+255.1 1218.2+469.1 161.8+43.2 59.9+14.6

Cytotoxicity assessment of black phosphorus

The cytotoxicity of the BP particles was assessed in two cell
lines (Figure 5): human ovarian cancer cell line A2780 and
human prostate cancer cell line PC-3. Cell cultures were ex-
posed to BP treatment in a broad concentration range 0-
400 pgmL™" for 24 hours. In this study, we used BP in the form
of a colloidal solution in DMF (dimethylformamide). Organic
solvents are known for damaging the cellular structures and in-
ducing cytotoxicity® Therefore, to exclude the additional sec-
ondary toxicity caused by DMF solvent and misinterpretation
of BP toxic effect, DMF was separated from the particles by
double centrifugation (14000 rpm, 4°C, 60 min) followed by
washing with sterile water.

First, the toxicity of BP in A2780 cell line was assessed (Fig-
ure 5a). In general, the toxicity of BP particles differed signifi-
cantly depending on the cytotoxicity assay used. The BP half-
maximal inhibition concentrations (ICs, values) for the ovarian
cancer cell line A2780 and BP were 82.5-3.3 pgmL™" for MTT
assay, 61.07.8 pgmL™" for WST-8 assay, 47.7+6.1 ugmL™" for
resazurin assay, 236.9427.8 ugmL™' for LDH assay, and 66.7 +
3.7 for MultiTox-Glo assay (Table 3).

After that, we assessed the toxicity of BP nanomaterial
against PC-3 cells (Figure 5b). The toxicity of BP particles again
varied according to the assay used. The IC;, values assessed by
individual assays were determined as follows: >400 pgmL "'
for MTT assay, 144.1L£133 ugmL™" for WST-8 assay, 90.0+
1.7 ugmL™" for resazurin assay, 106.4412.7 ugmL™" for LDH
assay, and >400 ugmL~" for MultiTox assay (Table 3). In gener-
al, all methods used confirmed relatively low cytotoxicity of BP
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Figure 5. Relative viability of (a) ovarian cancer cell line A2780 and (b) pros-
tate cancer cell line PC-3 after administration of BP assessed by MTT assay
(purple), WST-8 assay (orange), resazurin assay (blue), LDH assay (red), and
MultiTox-Glo assay (grey). The x axis represents BP concentration, range 0-
400 pgmL™, the y axis represents relative cell viability. Values are average of
three independent measurements, each performed in tetraplicate. Data are
displayed as mean +5SD.

Table 3. Comparison of half-maximal inhibition concentration values
(ICso) for individual cell lines and assays used for their determination.
Data are displayed as mean + SD.

1C, A2780 [ugmL™'] ICsy PC-3 [ugmL~']

MTT 825+33 >400
WST-8 61.0+78 1441+£133
resazurin 47.7+6.1 900+1.7
LDH assay 23694278 1064+12.7
MultiTox 66.7+37 >400

for both cell lines up to the concentration of around
15 ug mL~". Similar toxicity of BP was obtained also in our pre-
vious study.® For this BP concentration the lowest viability was
determined by resazurin assay for both cell lines, 68.1% for
A2780 and 84.2% for PC-3 cell line, the highest viability was
again for both cell lines assessed by LDH assay, 99.9% for
A2780 cell line and 98.6% for PC-3 cell line.

The percentages of viable cells differed significantly among
the respective type of viability assessment, various BP concen-
trations applied and cell lines. Among all assays the biggest
difference in determined viability values after application of
the same BP concentration was of 48.5% in the case of A2780
cell line (applied BP concentration 150 pgmL™") and the in the
case of PC-3 cell line of about 40.7% (applied BP concentration
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400 pgmL™). In general, all assays except the LDH determined
PC-3 cell line to be less sensitive towards BP effect, especially
in higher BP concentrations.

In overall, the results obtained from all five cytotoxicity
assays differed extensively highlighting both, their high degree
of mutual inconsistency when assessing the BP cytotoxicity
and apparently also considerable differences among A2780
and PC-3 cell lines concerning their sensitivity towards BP
nanoparticles. Recently, Song etal. reported concentration-
and time-dependent toxicity of layered BP against fibroblasts
using WST-8 kit.* After 24 h treatment, they did not detect
severe signs of toxicity (cell viability around 82%) up to the
concentration of 4 ugmL~" BP. In our study, similar viability
(82%) was determined using WST-8 after application of
25 pgmL~" of BP to A2780 cells (the PC-3 cells were even less
sensitive to the BP presence). However, not all types of cell
death are necessarily accompanied with the reduction of mito-
chondrial enzymes activity, or LDH leakage out of the cell. This
again highlights the need to combine several types of tech-
niques for cytotoxicity measurement. In general, we should be
fully aware of that even when analysing other types of nano-
materials, similar degree of inconsistency between individual
cytotoxicity assessments and cell lines might be expected. To
determine which assay reflects the real cell viability most accu-
rately, Annexin V-FITC/PI staining was subsequently performed.

The background signal of BP particles was determined in
the concentration range from 0 to 400 ugmL~" for both cell
lines and all the assays except LDH assay (Figure 6). In LDH
assay the particles are not presented in the reaction, therefore
the BP particle background signal was not defined.

As for the BP particles’ interference, the MTT, WST-8, and re-
sazurin assays show similar patterns in BP-induced background
signal. In these, an increase of background signal grew propor-
tionally with the BP concentration, starting to be significantly
increased from the concentration around 50-80 pgmL™". This
trend might be attributed to their similar principle, for exam-
ple, measurement of the similar set of enzyme activities. In the
MTT assay the background signal comprised from 0-94.2%
(A2780) and 0-40.9% (PC-3) of the total signal {peaking for
A2780 and PC-3 cells in the BP concentration range of 250 and
400 pgmL~', respectively), in the WST-8 assay from 0-93.1%
(A2780) and 89.6 % (PC-3) of signal (peaking for A2780 and PC-
3 cells in the BP concentration 250 and 400 pgmL™', respec-
tively), in resazurin assay from 0-86.8% (A2780) and 83.8%
(PC-3) of signal (peaking in the BP concentration 400 pgmL™).
The MultiTox assay, based on the measurement of protease ac-
tivity, showed mildest fluctuations of background signal
through the whole concentration range ranging from 0-31.9%
(A2780) and 27.9% (PC-3) of signal (peaking in the BP concen-
tration 400 pgmL™).

In terms of the BP interference, we may consider LDH and
MultiTox as the most suitable methods for determination of BP
toxicity: The LDH assay because of the lack of background
signal rising from the absence of BP particles. The MultiTox
assay was then chosen due to the mildest fluctuations in back-
ground signal across the whole concentration range.
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Figure 6. Participation of BP background (orange) on the final signal. BP in
the concentration ranging from 0 to 400 pgmL~". The BP background signal
in LDH assay is not stated since the BP particles are not taking part in the
cytotoxicity determining reaction. The x axis represents BP concentration
(ugmL™"), the y axis stands for relative signal (%). Values are average of
three independent measurements, each performed in tertaplicate.
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The accuracy of toxicity assessments was verified by flow-cyto-
metric analysis using Annexin V-FITC/PI staining. The A2780
and PC-3 cells were treated with 0, 25, 50, 80, and 400 pgmL™"
BP. Individual cell stages were identified by the extent of An-
nexin V expression on the surface of cells and total propidium
iodide (PI) uptake using flow cytometry. In the lower BP con-
centration range (up to 80 pgmL™' BP), the A2780 cells main-
tained a high viability (more than 80%), however, the highest
BP concentration led almost directly to cell death associated
with the rupture of plasma membrane (primary, or secondary
necrosis): Annexin V+/Pl+ cells (Figure S1, Table S1). In the
PC-3 cells these processes remained rather low (less than
5.5%) up to the concentration of 80 pgmL™" BP, but unlike the
A2780 cells percentage of Pl— cells exposing phosphatidylser-
ine (PS) on the outer leaflet of an intact plasma membrane
(early apoptotic, or early oncotic): Annexin V- /Pl—, was grad-
ually increasing (up to nearly 21% compared to less than 8%
in case of A2780 cells). Generally, in the PC-3 cells BP adminis-
tration primarily induced cell death associated with the expo-
sure of PS in the outer leaflet of the plasma membrane of Pl
negative cells after administration of lower BP concentrations,
the necrotic processes were accompanied to a larger extent of

Chem. Eur. J. 2019, 25,349 -360

M (PI-/Annexin V-) viable cells

(PI-/Annexin+) dying cells with intact
cell membrane (early apoptotic, or
early oncotic)

u (PI+/Annexin V-) debris

® (Pl+/Annexin V+) dying cells with
ruptured membrane (primary, or
secondary necrosis)
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Figure 7. Distribution of viable, early apoptotic, late apoptotic and necrotic
(a) A2780 cells and (b) PC-3 cells treated with 400 ugmL~" BP analysed by
the extent of Annexin V expression on the surface of cells and total Pl
uptake using flow cytometry. (c) Diagram showing percentage representa-
tion of A2780 and PC-3 cells treated with 400 pgmL™" BP in various states
determined using flow cytometry; viable cells (blue), early apoptotic (green),
late apoptotic and necrotic stages (red) and cellular debris (grey).

Table 4. Representation of viable, early apoptotic, late apoptotic and ne-
crotic A2780 cells and PC-3 cells treated with 400 pgmL~' BP analysed by
the extent of expression of Annexin V on the surface of cells and total Pl
uptake using flow cytometry expressed in percentages; viable cells (PI—/
Annexin V—), early apoptotic (PI—/Annexin V), late apoptotic and ne-
crotic stages (Pl +/Annexin V+) and cellular debris.

PI—/An- Pl—/Annexin+: Pl4-/Annexin+: Pl+/An-
nexin—: dying cells with dying cells with nexin—:
viable cells intact membrane  ruptured mem- debris
brane
A2780 4.73 481 62.23 2823
PC—3 3238 34.32 30.16 3.14
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were obtained after application of the same BP concentration
to PC-3 cells, where more than 32.38% of PC-3 cells remained
viable, which is almost seven times more than in the case of
the A2780 cell line. The percentage of early apoptotic PC-3
cells was about 34.32% (7-times more than in the A2780 cell
line) and the extent of necrotic processes was just 30.16%
(twice less than in A2780 cell line). We have shown that BP
might induce various level of cellular damage and employ di-
verse cell death mechanisms depending on the cell line select-
ed and concentration of BP used.

Interestingly, treating A2780 cell with 400 ugmL™" BP in-
creased the percentage of cellular debris nearly nine times
(3.14% for PC-3 cells and 28.23% for A2780 cells). This can be
most likely attributed to the presence of apoptotic bodies and
most importantly to the disseminated nuclei, organelles and
cellular residues released after the cell membrane rupture as a
result of intensive necrotic processes. The extent of cellular
debris is therefore most evident in A2780 cells after application
of the highest BP concentration.

Among the assays mentioned above, the LDH assay at the
first glance might seem as the best choice for the toxicity as-
sessment of nanomaterials. The nanomaterials are not taking
part in the reaction and therefore, the contribution of unwant-
ed interactions of nanomaterial with the assay’s reagents are
prevented. Nevertheless, according to our observations, the
LDH assay is not optimal for the toxicity determination of BP
particles, and this for three reasons: firstly, since the principle
of this assessment resides in measuring of released LDH after
cell membrane rupture, it is not possible to detect cells under-
going early apoptosis using this assessment. LDH is only re-
leased from apoptotic blebs after secondary necrosis occurs.*"
As our results from follow-up flow-cytometry analysis revealed,
the proportion of the BP-induced apoptotic cells may exten-
sively differ among cell lines. Therefore, LDH assay may under-
estimate the real material toxicity by not detecting early apop-
totic processes. Secondly, another problem arises if the per-
centage of material-induced apoptotic cells differs between
cell lines extensively as in this case. If the toxicity would be as-
sessed only by LDH assay the cells undergoing apoptosis
would be not detected and the toxicity results would be con-
sequently incomparable and misleading. And finally, the level
of LDHA gene expression might greatly differ between the cell
lines. In fact, A2780 and PC-3 cells are not an exception, PC-3
cells were identified to overexpress LDHA.®? This explains why
the LDH kit among all other assays was the only one which
identified PC-3 cells to be more sensitive to the BP administra-
tion, even though according to the flow-cytometry data and
the level of induced primary and secondary necrosis it should
be the other way around.

The flow-cytometry data revealed a concentration depen-
dent toxicity of BP correspondingly with the data acquired
from viability assessment. More specifically, in the case of
A2780 cells the percentage of Annexin V+/PI+ cells increased
with increasing BP concentration, with the most rapid growth
within the concentration range 80-400 ugmL™". In the PC-3
cell line, the percentage of Annexin V+/PI+ cells also gradual-
ly increased with increasing BP concentration, although even

Chem. Eur. J. 2019, 25, 349 - 360 www.chemeurj.org

355

CHEMISTRY

A European Journal

Full Paper

more crucial was the presence of early apoptotic processes.
Therefore, the Annexin V-FITC/PI staining study helped us to
further identify another phenomenon influencing the toxicity
assays outputs. After administration of the same BP concentra-
tion, cells of different size may have very distinct fate. A limited
capability to detect more types of frequently occurring cell
death events is one of the reasons why some of the assays
might be not suitable for the nanoparticle toxicity evaluation.
For example, the LDH assay measures enzymatic activity of
LDH released from cells undergoing necrosis after cell mem-
brane rupture. Nevertheless, no LDH is released during early
apoptosis® and therefore, LDH assay cannot detect it. This
statement is supported also by the toxicity data where all via-
bility assays except the LDH assay identified A2780 cells to be
more sensitive to the BP effect than PC-3 cells (Table 3). Flow
cytometric data were in general in agreement with the MTT
and MultiTox assay. However, since MTT evinces a concentra-
tion-dependent interference, the MultiTox assay was among
other four assays identified to be the most suitable for assess-
ing the BP nanotoxicity. It should be noted, that each of these
assays has its own advantages and limitations. Thus, it is abso-
lutely crucial to be aware of pitfalls each of them may be
bringing. Therefore, to avoid false positive and false negative
results, the combination of at least two well-established meth-
ods is highly recommended.

Time-lapse holographic microscopy

To investigate the interaction of BP with cells in more detail,
quantitative phase time-lapse imaging was employed. Time-
lapse experiments are especially beneficial when analysing ma-
terial toxicity since, unlike the other “black box end-point
methods”, enable understanding the accompanied processes
not only in context, but also in real time. Time-lapse holo-
graphic microscopy is capable of automatic cell segmentation
and real-time data quantification (Figure 8). After treating the
cells with 80 pgmL™" BP, amount of accumulated BP was ob-
served. A2780 and PC-3 cells show a very similar trend of BP
accumulation with phosphorus average accumulation speed
1.86 and 2.73 percent of cell area covered per minute, respec-
tively (Figure 8a). The PC-3 cells accumulated the BP more rap-
idly, especially within the first eight hours. The BP accumula-
tion was gradually increasing within the 24 hours in both cell
lines. Another evaluated parameter was cell mass (Figure 8b),
which in the case of PC-3 cells slightly increased, while A2780
cells rather shrank in the course of time. This decrease in cellu-
lar mass is typical for dying cells.** Interestingly, the peaks in
graphs for the A2780 BP accumulation curve and A2780 cell
mass may be observed at the same time. Therefore, A2780
most likely reached a limiting amount of BP accumulated
within the cell and their cell membrane ruptured because of
induced necrotic processes. No such a phenomenon was ob-
served within the PC-3 cell line. Accumulated BP caused a sig-
nificant reduction in the motility in both cell lines (Figure 8c).
Interestingly, the motility of PC-3 cells was increasing within
the first three hours before it started to decrease. This motility
drop was most likely caused by a large amount of BP accumu-
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Figure 8. Quantitative phase time-lapse imaging of A2780 and PC-3 cells
after administration of 80 pgmL™~" BP. Several parameters were evaluated for
both cell lines including (a) BP accumulation in A2780 (blue) and PC-3 cells
(orange) expressed as a percentage of BP covered area, (b) changes in cell
mass, (c) changes in cellular motility, and (d) cell viability. All the evaluated
parameters were monitored for 24 hours for each cell line.

lated within the cell. This oversize cargo then reduced the cell
locomotion. On the other hand, the motility of A2780 cells was
decreasing right from the first moments after administrating
BP and was slowly declining for eight hours. After exceeding
initial eight hours after BP administration, the A2780 cell loco-
motion almost stopped for the rest of the measurement. Since
the A2780 cell size is lower than the PC-3 cell size, they are
probably also capable only of carrying a lower amount of BP.
This may be the cause of their earlier locomotion arrest. Finally,
the cell viability was measured within the 24 hours (Figure 8d).
According to the data acquired by quantitative phase imaging
administration of 80 ugmL™" BP did not reduce the PC-3 viabil-
ity significantly while the A2780 viability decreased to 50%. In-
terestingly, unlike the A2780 cells, the PC-3 cells seem to
absorb BP actively. This can be seen from colocalization experi-
ments and the videos (Figure 9, video S1 and video S2, respec-
tively).

Conclusions

In vitro cytotoxicity assays are common tools for the general
safety assessment of nanomaterials as they have a fundamen-
tal role in the prediction of their safety for humans, animals
and the environment. The wide employment of viability assays
in the toxicity evaluation of nanoparticles led in some cases to
the ignoring of their biochemical principle, possible interfer-
ences and limitations. Here we reported the importance of
considering the type of cell death BP induces and the variabili-
ty of its effect among individual cell lines. A comparison of five
assays, which are routinely used for the cytotoxicity evaluation,
revealed their inconsistency in the BP toxicity assessment. This
was attributed to several phenomena: a different level of back-
ground signal BP is inducing in individual assays, different re-
sponse of distinct cell lines to the BP presence and finally to
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A2780
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Figure 9. Colocalisation experiment of black phosphorus particles and

A2780 and PC-3 cells carried out by merging of phase (upper black images)
and amplitude imaging (lower grey images) 0, 8, 16, and 24 hours after BP
administration. In phase images (upper black), cells are demarcated by blue
line, BP particles are visible as a red dots clustering thru the course of time.
In amplitude images (lower grey), cells are demarcated by blue line, BP parti-
cles are visible as a black material clustering thru the course of time.

the nature of each assay which are based on different princi-
ples and do not have to assess all the cellular events equally.
Finally, a commercial assay which is based on measurement of
protease activity, was concluded to be the most suitable assay
for determining BP particles’ toxicity. It shows the lowest back-
ground signal and secondly, the data are in the satisfactory
level of agreement with flow-cytometric data and quantitative
phase imaging by holographic microscope. These time-lapse
experiments obtained by holographic microscope were found
to be exceptionally beneficial since these provided an under-
standing of the accompanied processes in context and in real
time. In a summary, our data highlighted the importance of
combining several cytotoxicity assessments and the indispens-
ability of determining the type of cell death that the cells are
undergoing after administration of nanomaterials. We should
be aware of the fact, that BP particles might induce distinct
processes in different cell lines. It is absolutely crucial to select
the most appropriate method, or to combine it with principally
different one, as well as to rigorously evaluate the data these
might provide.

Experimental Section
Material preparation

Synthesis of black phosphorus was performed by wrapping the
red phosphorus (10 g; 99.999 %, Sigma-Aldrich, Czech Republic) in
graphite foil and loading it in the high pressure/high-temperature
uniaxial pressing apparatus of 20 mm size. After that, the sample
was exhibited to the pressure of 6 GPa and the temperature of
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600 °C for 30 min, at a rate of 100°Cmin~". Subsequently, the appa-
ratus was cooled down to the room temperature at the same rate.
The graphite foil was removed and resulted black phosphorus was
grinded in the agate mortar. Powder containing particles of the
size below 0.5 mm was obtained by subsequent sieving the materi-
al. Then it was dispersed in DMF by ultrasonication (6.25 mgmL™";
400 W; 15 min) followed by milling under argon atmosphere in the
share force milling apparatus at 17000 rpm in a glass jacketed
vessel at 15°C for 1 h.

Material characterization

X-ray powder diffraction data were collected at room temperature
on Bruker D8 Discoverer (Bruker, Germany) powder diffractometer
with parafocusing Bragg-Brentano geometry using Cuy, radiation
{(A=0.15418 nm, U=40 kV, /=40 mA). Data were scanned over the
angular range 10-80° (26) with a step size of 0.016° (26). Data eval-
uation was performed in the software package EVA. The AFM
measurements were carried out on the Ntegra Spectra from NT-
MDT. The surface scans were performed in a tapping (semi-contact)
mode. Cantilevers with a spring constant of 1.5 kNm™" equipped
with a standard silicon tip with curvature radius lower than 10 nm
were used for all measurements. For the measurement sample sus-
pension (1 mgmL~") was drop-casted on freshly cleaved mica sub-
strate. The measurement was performed under ambient condition
with a scan rate of 1 Hz and scan line of 512. InVia Raman micro-
scope (Renishaw, England) in backscattering geometry with CCD
detector was used for Raman spectroscopy. DPSS laser (532 nm,
50 mW) with applied power of 5 mW and 50X magnification objec-
tive was used for the measurement. Instrument calibration was
achieved with a silicon reference which gives a peak position at
520 cm™' and a resolution of less than 1 cm™". The samples were
suspended in deionized water {1 mgmL™") and ultrasonicated for
10 min. The suspension was deposited on a small piece of silicon
wafer and dried. High resolution X-ray photoelectron spectroscopy
(XPS) was performed using an ESCAProbeP spectrometer (Omicron
Nanotechnology Ltd, Germany) with a monochromatic aluminum
X-ray radiation source (1486.7 eV). Wide-scan surveys of all ele-
ments were performed, with subsequent high-resolution scans of
the P 2p peak. Relative sensitivity factors were used to evaluate
the carbon-to-oxygen (C/O) ratios from the survey spectra. The
samples were placed on a conductive carrier made from a high
purity silver bar. An electron gun was used to eliminate sample
charging during measurement (1-5 V).

Chemical and biochemical reagents

RPMI-1640 medium, Ham’s F12 medium, fetal bovine serum (FBS)
(mycoplasma-free), penicillin-streptomycin and trypsin were pur-
chased from PAA Laboratories GmbH (Pashing, Austria). Phosphate
buffered saline (PBS) was purchased from Invitrogen Corp. (Carls-
bad, CA, USA). Annexin-V-FLUOS Staining Kit was purchased from
Roche (Mannheim, Germany). Cell Counting Kit-8 (for WST-8 assay)
was obtained from Dojindo Laboratories (Kumamoto, Japan), Multi-
Tox-Glo Multiplex Cytotoxicity Assay was purchased from Promega
Corporation (Madison, WI, USA), Pierce LDH Cytotoxicity Assay Kit
was purchased from Thermo Fischer Scientific (Waltham, MA, USA).
Thiazolyl blue tetrazolium bromide (for MTT assay), resazurin
sodium salt (for resazurin assay), ethylenediaminetetraacetic acid
(EDTA), dimethyl sulfoxide (DMSO) and all other chemicals of ACS
purity were purchased from Sigma Aldrich Co. (St. Louis, MO, USA),
unless noted otherwise.
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Cell line and cell culture

Two human cell lines were used in this study. The human ovarian
cell line A2780 was established from a tumour tissue of an untreat-
ed patient with ovarian cancer. The cell line was cultivated in
RPMI-1640 medium with 10% FBS supplemented with antibiotics
{penicillin 100UmL™" and streptomycin 0.1 mgmL™"). The PC-3
human prostate cell line established from a grade 4 prostatic ade-
nocarcinoma and was cultivated in Ham’s medium with 10% FBS
supplemented with antibiotics (penicillin 100 UmL™" and strepto-
mycin 0.1 mgmL™). Cell lines chosen for this experiment were not
selected because of some kind of clinical relevance, but rather be-
cause of their morphology since A2780 and PC-3 cells differ in size.
We expect cellular morphology to be the factor influencing the
particle intake. While A2780 cells are small, PC-3 cells are rather
larger and possess larger surface area. The cells were grown in the
incubator at 37°C in humidified 5% CO, mixture with ambient air.
Both cell cultures used in this study were purchased from Health
Protection Agency Culture Collections (Salisbury, UK).

Cell mass calculation

Measurement of A2780 and PC-3 cellular size was performed by
quantitative phase imaging by Tescan multimodal holographic mi-
croscope Q-PHASE. Cells were cultivated in Flow chambers p-Slide
| Lauer Family (lbidi, Martinsried, Germany). To image enough
number of cells in one field of view, objectives Nikon Plan 10/0.30
were chosen. Holograms were captured by CCD camera (XIMEA
MR4021 MC-VELETA). The entire image reconstruction and image
processing were performed in Q-PHASE control software. From
each cell line 200 randomly selected cells were subjected image
analysis. Cell dry mass values are derived according to Prescher,
Bertozzi, and Wayne® from phase, according to Equation (1):

_ Q)
2na

where m represents cell dry mass density (in pgum?), ¢ detected
phase (in rad), 2 wavelength in um (0.65 um in Q-PHASE), and «
specific refraction increment, which is ~0.18 um*pg . Detected
phase values are dependent on two spatially and temporally varia-
ble parameters; refractive index and thickness of the sample, ac-
cording to Equation (2):

~ 2x(ns — nm)ts @)
2

where n; and n,, are refractive indexes of sample and medium and
t, is a thickness of the sample (in um).

Statistical analysis and image processing

Quantitative phase images were analysed with Q-PHASE control
software, which includes segmentation based on watershed with
region merging, followed by feature extraction (mass, circularity
and position) for next analysis.

Preparation of particles for biological analysis

Biological experiments were initiated by sonicating the BP stock
solution (6.25 mgmL™" in a DMF) for 15 min in iced bath. The sus-
pension of particles in desired amount was toped up with sterile
water up to 500 L and resulted suspension of particles was centri-
fuged (14000 rpm, 4°C, 60 min). After that, the supernatant was re-
moved, and sediment of particles was dispersed again in 1 mL of
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sterile water and centrifuged (14000 rpm, 4°C, 60 min). Particles
were used for the further analysis after removing of supernatant
and adding the amount of culture media required for analysis.

Cytotoxicity assessment of black phosphorus

MTT viability test: The A2780 cells were seeded on 96-well plate
at density 1x 10" cells/well in RPMI-1640 medium, containing both
10% FBS and 1% penicillin-streptomycin, incubated at 37°C in hu-
midified 5% CO, mixture. The PC-3 cells were seeded on 96-well
plate at density 8x10° cells/well in Ham’s medium, containing
both 10% FBS and 1% penicillin-streptomycin, incubated also at
37°C in humidified 5% CO, mixture. After 48 h, the cell culture
medium was removed and replaced with a new media containing
BP. The BP concentrations ranged from 0 to 400 ugmL™". After in-
cubating the cells for 24h 200puL of medium containing
1 mgmL~" MTT reagent per well was added. Plates were kept in
humidified atmosphere at 37°C for 4 h, wrapped in the aluminium
foil. After that, the medium containing MTT was exchanged with
200 pl/well of 99.9% DMSO to dissolve formazan crystals. Then,
25 ul/well of glycine buffer was added to DMSO, gently shaken,
and the absorbance was read at a wavelength of 570 nm using Cy-
tation 3 Imaging multimode imaging reader (BioTek Instruments,
Winooski, VT, USA). The ICs, values were calculated by fitting the
data with a logistic function to create sigmoidal dose-response
curve. The curve is described by four variables: upper limit, lower
limit, skewness of the function, and log ICy,. The ICs, values define
a concentration of compound required to inhibit the cell growth
by 50%. All the measurements were performed in tetraplicates.
WST-8 assay: Both the A2780 and the PC-3 cells were seeded at
the same density as mentioned above and treated with BP in the
same way and for the same time as in the case of MTT viability
assay. The WST-8 assay was then performed according the manu-
facturer’s instructions. The absorbance was measured at 450 nm
using Cytation 3 Imaging multimode imaging reader (BioTek Instru-
ments, Winooski, VT, USA). The IC,, value was defined. All the
measurements were performed in tetraplicates.

LDH cytotoxicity assay: Both the A2780 and the PC-3 cells were
seeded at the same density as mentioned above and treated with
BP in the same way and for the same time as in the case of MTT vi-
ability assay. The LDH assay was then performed according the
manufacturer’s instructions. The absorbance was measured at
490 nm using Cytation 3 Imaging multimode imaging reader
(BioTek Instruments, Winooski, VT, USA). The IC;, value was defined.
All the measurements were performed in tetraplicates.

Resazurin viability assay: Both the A2780 and the PC-3 cells were
seeded at the same density as mentioned above and treated with
BP in the same way and for the same time as in the case of MTT vi-
ability assay. After incubating the cells for 24 h 100 uL of medium
containing 0.15 mgmL~" resazurin reagent per well was added.
Plates were kept in humidified atmosphere at 37°C for 4 h, wrap-
ped in the aluminium foil. After that, fluorescence was recorded
using 560 nm excitation and 590 nm emission filter using Cytation
3 Imaging multimode imaging reader (BioTek Instruments, Winoos-
ki, VT, USA). The ICy, value was defined. All the measurements
were performed in tetraplicates.

MultiTox-Glo multiplex cytotoxicity assay: Both the A2780 and
the PC-3 cells were seeded at the same density as mentioned
above and treated with BP in the same way and for the same time
as in the case of MTT viability assay. After incubating the cells for
24 h, 50 uL of the GF-AFC reagent per well was added. Plates were
wrapped in the aluminium foil, orbitally shaken to ensure homoge-
neity, and incubated in humidified atmosphere at 37°C for 2 h.
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After that, fluorescence was recorded using 400 nm excitation and
505 nm emission filter using Cytation 3 Imaging multimode imag-
ing reader (BioTek Instruments, Winooski, VT, USA). The IC, value
was defined. All the measurements were performed in tetrapli-
cates.

Measurement of background signal

The background signal of BP particles in the concentration range
from 0 to 400 ugmL™" for particular culture media and individual
assays was measured as described in methods above without the
presence of cells. The only exception was LDH assay in which the
background signal cannot be measured since the BP particles are
not taking part in the cytotoxicity determining reaction. In this
assay, before the absorbance measurement the cellular superna-
tant is transferred to a new plate and mixed with a reaction mix-
ture prepared from lyophilized substrate mix and assay buffer sup-
plied by manufacturer.

Annexin V/propidium iodide flow-cytometry

Annexin-V-FLUOS Staining Kit (Roche Applied Science) was used
for double-staining the cells with fluorescein isothiocyanate (FITC)/
propidium iodide (Pl) according to manufacturer’s instructions to
determine percentages of viable cells, early apoptotic cells, or late
apoptotic and necrotic cells following the exposure to assorted
concentrations of BP. The cells were seeded on a Petri dish (d=
60 mm) and their number was recalculated in the way the final
confluence there corresponds the confluence in a well of 96-well
plate in viability assessments. After 48 h, the cells were treated
with assorted concentrations of BP (amount of BP corresponding
0, 25, 50, 80, and 400 pgmL~" concentrations during viability as-
sessments). Since the BP nanomaterial sediments on the bottom of
the plates and dishes we concluded that the most relevant recalcu-
lation will be based on the surface area exposed to BP than on the
concentration. The amount of BP applied was recalculated in this
way, so it corresponds the BP amount applied in viability assess-
ments. After 24 h treatment, the cells were harvested using a scra-
per and washed twice with PBS (centrifuged at 2000 rpm for
5min). Then, they were resuspended in 100 uL of Annexin-V-
FLUOS staining solution and incubated for 15 min at a laboratory
temperature and in the dark. Cells were resuspended in 500 pL of
incubation buffer and Annexin V-FITC binding was detected by
flow cytometry (BD FACSVerse, BD Biosciences) using 488 nm exci-
tation and 515 nm bandpass filter for fluorescein detection and
filter >600 nm for Pl detection. The data were analysed using the
BD FACSuite software.

Time-lapse holographic microscopy

Quantitative phase imaging of living cells was obtained using Q-
PHASE, the coherence-controlled holographic microscope, CCHM
(Tescan, Brno, Czech Republic). The microscope setup is based on
off-axis holography and incorporates a diffraction grating to allow
imaging with both spatially and temporally low-coherent illumina-
tion. This leads to a high quality of QPI compared to coherent-illu-
mination digital holographic microscopy (DHM) by suppressing co-
herence noise (speckles), interferences and diffraction artefacts,
while the lateral resolution is enhanced closer to a standard light
microscope. The off-axis configuration of the system enables a
single shot QPI acquisition.®

Quantitative phase time-lapse imaging was initiated immediately
after treating the cells with 80 uygmL™" BP. Time-lapse monitoring
was performed for 24 h at a frame-rate of 1 frame/3 min. The cells
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were observed in flow chambers p-Slide | Luer Family Cat. No.
80196 (Ibidi, Martinsried, Germany) in RPMI-1640 (for A2780 cells)
and Ham’s medium (for PC-3 cells). Nikon Plan 10x/0.3 was used
for both holographic observations. Interferograms for holography
were taken using a CCD camera (XIMEA MR4021MC). The fluores-
cence mode used a solid-state light source (Lumencor Aura I) and
a sCMOS camera (Andor Zyla 5.5, 2560 2160px) was used to cap-
ture the images.

The holographic raw data must be numerically reconstructed. The
numerical reconstruction is performed by the custom software
where the established methods of the fast Fourier-transform and
phase unwrapping are implemented. The output from the software
is an unwrapped phase image. This image has intrinsic high con-
trast and can be processed by an available image processing soft-
ware.

Dry cell mass tracking and determination of the weight
threshold for living cells

Single cell mass measurements were performed using the original
Q-PHASE software, which provides dry cell mass and motility (cell
centroid movement between frames) data for individual cells. The
initial distribution of A2780 cell masses was log-normal, with a
range of 130-500 pg. Most of the cells had dry mass > 130 pg and
<400 pg, only small fraction was larger with dry masses higher
than 500 pg. At the time 0, all tracked cells in the population were
alive (verified visually by coherence-controlled holographic micros-
copy), with cell dry mass > 130 pg. Consequently, we determined
the cell mass threshold of viable A2780 cells as 130 pg. Similarly,
we determined viable PC-3 cells with threshold 250 pg, but no
dead cells were observed.

Cell-phosphorus colocalization measurement

For the colocalization of BP particles and cells, the novel method
based on the merging of phase and amplitude imaging was used.
This method combines quantitative phase imaging of weakly scat-
tering or absorbing objects (cells) with the reconstructed ampli-
tude imaging (similar to the bright field microscopy) of amplitude
objects (BP or metal particles) recalculated from the hologram.
Phosphorus accumulation was analysed using MATLAB custom
script. Cells were segmented by thresholding of quantitative phase
image (threshold 0.07 pgum™) followed by removing of small ob-
jects and holes (< 100 px). Similarly, BP particles were segmented
by thresholding of amplitude image (threshold 3000). Overlay of
cells and phosphorus areas was used for computation of the
amount of accumulated phosphorus, which was determined as
percent of the area of the cells (foreground) covered by the phos-
phorus. Moreover, phosphorus above/under the cells were also
considered, thus percentage of background (outside cells) covered
area was subtracted as correction and average of 5 field of views
were computed for every sample. The disadvantage of this ap-
proach is that we are not able to quantify the amount of phospho-
rus in volume units or concentration, but we can analyse an in-
crease in its amount in the cells.
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ABSTRACT Emerging flaviviruses are causative agents of severe and life-threatening
diseases, against which no approved therapies are available. Among the nucleoside
analogues, which represent a promising group of potentially therapeutic com-
pounds, fluorine-substituted nucleosides are characterized by unique structural and
functional properties. Despite having first been synthesized almost 5 decades ago,
they still offer new therapeutic opportunities as inhibitors of essential viral or cellular
enzymes active in nucleic acid replication/transcription or nucleoside/nucleotide me-
tabolism. Here, we report evaluation of the antiflaviviral activity of 28 nucleoside
analogues, each modified with a fluoro substituent at different positions of the
ribose ring and/or heterocyclic nucleobase. Our antiviral screening revealed that 3'-
deoxy-3’-fluoroadenosine exerted a low-micromolar antiviral effect against tick-borne
encephalitis virus (TBEV), Zika virus, and West Nile virus (WNV) (EC;, values from
1.1 0.1 uM to 47 = 1.5 uM), which was manifested in host cell lines of neural and
extraneural origin. The compound did not display any measurable cytotoxicity up to
concentrations of 25uM but had an observable cytostatic effect, resulting in sup-
pression of cell proliferation at concentrations of >12.5 uM. Novel approaches based
on gquantitative phase imaging using holographic microscopy were developed for
advanced characterization of antiviral and cytotoxic profiles of 3’-deoxy-3'-fluoroade-
nosine in vitro. In addition to its antiviral activity in cell cultures, 3’-deoxy-3’-flucroa-
denosine was active in vivo in mouse models of TBEV and WNV infection. Our results
demonstrate that fluoro-modified nucleosides represent a group of bicactive mole-
cules with excellent potential to serve as prospective broad-spectrum antivirals in
antiviral research and drug development.

KEYWORDS nucleoside analogue, 3'-deoxy-3'-flucroadenosine, flavivirus, tick-borne
encephalitis virus, antiviral activity, cytotoxicity, mouse model

merging flaviviruses {genus Flavivirus, family Flaviviridae) are transmitted by blood-
sucking arthropods, such as ticks or mosquitoes, and are causative agents of serious
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human diseases such as dengue fever, vellow fever, West Nile fever, Japanese encepha-
litis, and tick-horne encephalitis (1), More than 400 million clinical cases of flavivirus-
induced infections are reported annually worldwide, which are in many cases fatal (2).
No approved therapy is currently available against infections caused by medically im-
portant flaviviruses. Development of new and effective antiviral drugs and therapeutic
strategies for infections caused by emerging flaviviruses and other viruses responsible
for life-threatening diseases is extremely important. It is particularly crucial in the cur-
rent era of increased global travel, as well as emerging issues with increasing numbers
of zoonotic infections due to the loss of animal habitats, and the growing spread of vi-
ral vectors as a result of climate change.

Nucleoside/nuclectide analogues can alter essential biochemical processes by suffi-
ciently mimicking the structure of natural nucleosides/nuclectides for cellular or viral
enzyme recognition. This capability makes these compounds attractive candidates for
treating various diseases, including those resulting from viral {3, 4), bacterial (5), fungal
(6), or parasitic infections (7, 8, or various types of cancers (9, 10). As antivirals, nucieo-
side analegues operate via numerous modes of action, amoeng which suppression of vi-
ral nucleic acid synthesis is considered particularly important due to their highly spe-
cific interactions with viral polymerases that subsequently result in premature DNA/
RMNA chain termination {111 Other modes of action for antiviral nucleosides include: (i)
blocking the viral methyltransferases responsible for viral RNA methylation and cap-
ping (12, 13); (i) suppression of de nove nuclectide biosynthesis and depletion of the
cellular nucleotide pool (14}; {iil) accumulation of mutations in viral genomes, leading
to error catastrophe (15, 16); and (iv) immunomodulation that promotes the ThT lym-
phocyte—based antiviral response (17).

Nucleoside analogues madified with a fluore substituent at different positions of a
sugar ring and/or heterocyclic {purine/pyrimidine) nuclecbase were initlally synthe-
sized in the 1970s. Soon after, researchers noted unique properties that the fluorine
imparts to the nucleoside scaffold (18, 19). In drug design, flucrine is often used as an
isosteric replacement because of its similar size to hydrogen, as well as its similar elec-
tronegativity to the hydroxyl moiety in ribo/deoxyribonucleosides (20). Because of the
exquisite electronegativity of fluorine, this substituent significantly influences the con-
formational properties of the nucleoside sugar ring by “locking” it into a specific con-
formation, e.q., in C2'-endo/C37-exo, €2'-exo/C3"-endo or other variations of the enve-
lope/half-chair pentose conformations. This effect <an substantially influence the
recognition of a nucleoside analogue by DNA/RNA polymerases, reverse transcriptases,
and nucleoside/nucleotide kinases. These differences occur because each enzyme pre-
fers a different nucleoside/nucleotide conformation, with the ultimate result being effi-
cient enzyme inhibition and cessation of viral replication (21-23). Furthermore, fluorine
increases the stability of neighboring bonds {e.g., N-glycosidic or phosphoester bonds),
which renders fluoro-modified nucleosides resistant to unwanted catabolic degrada-
tion by nucdeoside phosphorylases, esterases, and other intracellular hydrolases (21,
24). Finally, fluorine, when incorporated into a pyrimidine or purine base, considerably
alters the steric and electronic properties of the base, as well as the hydrogen bonding
interactions between the enzyme active site and nucleoside analogue (25-27). Based
on these unigue properties, use of fluorine substituents is widely agreed to be an ad-
vantageous drug modification, and numerous fluerine-substituted nucleoside-based
drugs have been developed. Many of these candidates have shown potent anticancer
activity (e.q., gemcitabine [2'-dideoxy-2',2"-difluorocytidine] [28] or floxuridine [2'-
deoxy-5-fluoreuriding] [29]), while athers have been approved to treat serious and life-
threatening viral infections, e.qg., sofosbuvir, a McGuigan ProTide of 2'-fluoro-2"-methyl-
uridine for treatment of chronic hepatitis C (HQY) infections (30).

Here, we have evaluated the antiflaviviral activity of a series of 28 nucleoside ana-
logues modified with a fluoro substituent at different positions of the ribose ring (pre-
dominantly at {3’ and €37} and/or at the {2 or C5 position of the heterocyclic nucleo-
base. We also tested several fluoro-modified arabino nudleosides. Qur antiviral
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screening revealed that the vast majority of the investigated compounds showed no
antiflaviviral effect or were substantially cytotoxic at the tested concentrations. Among
the compounds we tested, however, 3’-deoxy-3'-fluoroadenosine exerted a high anti-
flaviviral potency in vitro, showing low-micromolar antiviral effects against tick-borne
encephalitis virus (TBEV}, Zika virus (ZIKV), and West Nile virus (WNV). 3’-Deoxy-3"-fluo-
roacdenosine displayed observable cytostatic effects at high concentrations, but was
well tolerated in the tested cell lines at compound levels of <<12.5 M. In addition, a
quantitative phase imaging (QPI) approach based on high-resolution holographic mi-
croscopy was developed and optimized for advanced characterization/description of
antiviral efficacy and cytotoxicity of 3'-deoxy-3’-fluoroadenosine in cell culture. Finally,
we also demonstrated an antiviral effect of 3’-deoxy-3’'-fluoroadenosine in mouse
models of TBEV and WNV infection. To the best of our knowledge, this study is one of
the few to describe an antiviral effect of a fluoro-substituted nucleoside against emerg-
ing flaviviruses. It also is the first to demonstrate antiviral activity of fluorinated nucleo-
sides against TBEV, a virus responsible for serious neuroinfections in Europe and
Northeast Asia. Moreover, our work demonstrates that fluoro-modified nucleoside scaf-
folds represent an interesting group of bioactive molecules characterized by unique
structural properties with potential for use in antiviral research, drug development,
and structure optimization as prospective broad-spectrum antivirals.

RESULTS

Initial antiviral screening of fluoro-substituted nucleosides. A series of 28 flu-
oro-modified nucleoside analogues was initially evaluated for potency in inhibiting
TBEV-induced cytopathic effect (CPE) in porcine kidney stable (PS) cells. PS cells are an
immortalized cell line widely used for isolation and multiplication of TBEV and other
flaviviruses (31}. Our attention was predominantly focused on nucleosides with a flu-
oro-substituent located at the €2/, C3', €2, or €5 positions. For some nucleosides, we
evaluated both of the ribo- and arabino-sterecisomers. For several of the compounds,
a C2'-fluoro-substituent was combined with other halogen or alkyl moieties at the C2,
C5, or N2 positions, resulting in di-substituted compounds (Fig. 1).

In this initial screening, all compounds were tested against TBEV {strain Hypr) at a
single concentration of 25 uM using a 24-h pretreatment assay. We observed that
TBEV-infected PS cell monolayers treated with 3’-deoxy-3’-fluoroadenosine, 3’-deoxy-
3’ fluoroguanosine, or 3’-deoxy-3’-flurouridine had higher cell viability (70.0, 36.1, and
35.8%, respectively) compared to virus-infected cells treated with other compounds
tested (<230%), as well as to virus-infected mock-treated cells (14.6%) (Fig. 2A).

To analyze the anti-TBEV activity of the 3’-deoxy-3’-fluoro-substituted nucleosides
in more detail, we tested the antiviral potency of these compounds at concentrations
of 0,6.25, 12.5, and 25 uM. Viral titers were determined from the collected media using
the plaque assay after 72 h of cultivation. Although 3’-deoxy-3’-fluoroguanosine and
3’-deoxy-3'-flurouridine did not reduce viral titers in TBEV-infected cells, 3'-deoxy-3'-
fluoroadenosine showed remarkable inhibitory activity (Fig. 2B to D). For this nucleo-
side, compound concentrations of 6.25 uM reduced the virus titer by more than 2
orders of magnitude, whereas concentrations of 12.5 and 25 uM resulted in total abro-
gation of viral replication in vitro (Fig. 2B}. Based on the observed antiviral activity of
3’-deoxy-3'-fluorcadenosine, we selected this nucleoside for further antiviral/cytotoxic-
ity studies.

Dose-dependent antiflavivirus activity of 3'-deoxy-3'-fluoroadenosine. We next
evaluated the antiviral activity of 3’-deoxy-3’-fluoroadenosine using three representa-
tive flaviviruses, i.e, TBEV (strains Hypr and Neudoerfl), ZIKV (strains MR-766 and
Paraiba_01), and WNV (strains Eg-101 and 13-104). For antiviral assays, two cell lines
were preferentially used: PS cells and human brain cortical astrocytes (HBCA} cells, the
latter of which are primary cells of neural origin that are considered to be a clinically
relevant model for in vitro antiflaviviral studies.

To assess the antiviral effect of 3’-deoxy-3'-fluoroadenosine against TBEV, we ini-
tially tested three treatment regimens differing by the time of drug addition to virus-

February 2021 Volume 65 Issue2 e01522-20

104

Antiricrobial Agents and Chemotherapy

aacasmory 3

Downloaded from https://journals.asm.org/journal/aac on 17 February 2025 by 147.251.135.113.



Results

Eyeretal. Antimicrobial Agents and Chemotherapy

.

2 * oY
o _

H mn

Ho H

26 I 28 [
I)\f% N\g/ﬂ\/\/

mn |

H

Hcs ‘A‘OH ° HOS. H

FIG 1 Structures of fluorinated nudeosides used in this study. (1) 2'-Deoxy-2'-flucroadenosine; (2) 2'-deoxy-2'-
fluoroguanosine; (3) 2'-deoxy-2’-fluorocytidine; (4) 2'-deoxy-2'-fluorouridine; (5) 2'-deoxy-2’-fluoro-2-fluoroadenosine; (6) 2'-
deoxy-2'-fluoro-N2-isobutyrylguanosine; (7) 2'-deoxy-2'-fluoroisoguanosine; (8) 2’-deoxy-2'-fluoro-5-methylcytidine;
(9) 2'-deoxy-2'-fluoro-5-iodouridine; (10) 2'-deoxy-2'-fluoro-5-methyluridine; (11) 2’-deoxy-2'-fluoroarabinoadenosine;
(12) 2'-deoxy-2'-fluoroarabinoguanosine; (13) 2’-deoxy-2'-fluoroarabinocytidine; (14) 2’-deoxy-2'-fluoro-
arabinouridine; (15) 2'-deoxy-2'-fluoro-5-iodoarabinouridine; (16) 2'-deoxy-2'-fluoro-5-methylarabinouridine; (17)
2'-deoxy-2’-fluoro-5-ethylarabinouridine; (18) 3’-deoxy-3’-fluoroadenosine; (19) 3’-deoxy-3’-fluoroguanosine;
(20) 3’-deoxy-3'-fluorouridine; (21) 2’,3'-dideoxy-3’'-fluoroguanosine; (22) 2’,3'-dideoxy-3'-fluorouridine; (23) 2'-
deoxy-5-fluorocytidine; (24) 2'-deoxy-5-fluorouridine (floxuridine); (25) 2-fluoroadenosine; (26) 5-fluorocytidine;
(27) 5-fluorouridine; and (28) capecitabine.

infected cells (see Materials and Methods) as follows: (i) a 24-h pretreatment; (ii) a si-
multaneous treatment; and (iii) a 2-h posttreatment. Notably, 3’-deoxy-3’-fluoroade-
nosine showed a strong anti-TBEV effect in all tested treatment regimens. Although
all of the dose-response curves were similar in shape and slope, the compound-
induced inhibitory activity was most pronounced using the pretreatment assay, as
was obvious from the 100% inhibition of viral replication at compound concentra-
tions higher than 10 uM (Fig. 2E and F). Based on these results, we decided to use a
24-h pretreatment for all other analyses of the nucleoside’s antiviral activity.
Anti-TBEV potency in PS cells reached low-micromolar concentrations, with 50%
effective concentration (EC,,) values of 2.2 = 0.6 uM and 1.6 = 0.3 uM for Hypr and
Neudoerfl strains, respectively. The antiviral activity of 3’-deoxy-3'-fluoroadenosine
was slightly lower in HBCA cells, providing EC,, values of 3.1 = 1.1 uM for Hypr and
4.5 = 1.5 uM for Neudoerfl (Fig. 3E and F; Table 1). For both cell lines, the anti-TBEV
effect of 3’-deoxy-3'-fluoroadenosine was stable over time, and the inhibition of virus
replication was clearly apparent at 48 and 72 h postinfection (p.i.). (Fig. 3A to D).

February 2021 Volume 65 Issue 2 e01522-20 aacasmorg 4

105

Downloaded from https://journals.asm.org/journal/aac on 17 February 2025 by 147.251.135.113.



Results

Antimicrobial Agents and Chemotherapy

Antiflaviviral Activity of 3'-Deoxy-3’-Fluoroadenosine

(82) auiqeyvaden

(£2) auipunoson)4-g

(92) auipnfooson|3-g

(g2) auisouapeoson|4-Z

(y2) aupunoaonyy-g-Axoa@-,z

(€2) auipnkoosonyy-g-AxoaQ-,z

(z2) suipunodonyy- ¢-AxoapiQ-.£'.2
(12) auisouenbosony- e-AxoapiQ-.€£'.2
(02) autpunoaonyy- g-Axo0aQ - ¢
(61) auisouenbolonyy- ¢-AxoaQq -.¢
) auisouapeosonyy- £-Axoaqg - £
1nouiqe.ejAyje-g-olonyy- z-Ax0a Q- .z
IpunoulqesejAy3a w-g-odonyy- Z-Ax0aQ-.z
\plNoulqeseopol-g-odonyy- Z-Ax0aQ-,Z
\plnoulqeseosonyy- Z-Ax0aQ-,Z
nhaouiqeseosonyy- z-AxoaQg-.z

(z1) auisouenBouiqeseosonyy- z-Ax03Qg-.Z

(L1) auisouapeoujqeseosonyy- z-Axo0aQ-,z

(01) autpuniAyid w-g-oonyy- z-Ax0a Q-2

(6) auipunopol-g-olonyy- z-Ax0a Q-2

(8) auipnhajhyse w-g-osony- z-Ax03@-,Z

(2) auisouenbosjoionyy- z-AxoaQ-,z

(9) auisouenbjfifynqosi-zN-odonyy- Z-Ax0aQ-.Z
(g) auisouapeoson)y-z-osony- z-Ax0aQ-.Z

(¢) auipunodonyy- z-Ax0aQ -2

(€) autpnhoosonyy- z-Ax0aq - 2

(2) auisouenBoiony- z-Axo0aQ -2

(1) auisouapeosony- z-Ax0aQ -,z

1199 pajoajui-A3gL

S99 d|qeIA
o w o w0 o
o ~ wn o~
e
Aungeln (190 %

ine

3’-Deoxy-3"-fluorourid

3’-Deoxy-3 -fluoroguanosine D

ine C

-fluoroadenosi

3’-Deoxy-3

o

CITSETIST LPT £q $TOT Areniga £ uo oee fetinol/31o0 wse srewnoly/:sdny woiy papeojumo

n
2
S
£
]
©
S
]
8
v c o
cao ¥
— < D
= c* 8
=] =
[ Wa;v:m
L la g3 &
g "L c
- v O
8 wg £V
° d3 8. F
= g 3
S c =
o o EC.U
- Lo = g ¢
S € 8 =z£ 9
g2 3 5% % 5§ 24%
g 2
g 3 EEZ 1|8 ®E
Q S T ST o .
©c 2 gS g S 9=
T e T T 5
- $823 (le2 2°
pem. 1W (tm
250 ! a v
S8 e g ¢35
3= 5 . 33
hmo.v.O G =
SEZ !s8 %
o
232. O
4t L 37
e %
S r r r r r —t T .~
= 5 & & 3 3 & @8 £s
2 8 &8 & ¢ ¢ @8 RS
§ gT
2 [lw/ndd] om snap a2
5 28
£ LW 2 £
3 [
o
s 2z
o )
T T~
= Q
S = c
o Lo Uz
o ~ 5 2
£ 22
(] w < v 3
ta = < U
F2 Fo
c  w o - c 2=
o o o =] o =
- - - v - - '3.._tm o>
@ =
[lwyndd] 1o snan - £ 2%
[ c e € o U
o m%e -8 £ 3 =)
> EEE [s € 58 I
I S8 S s L3 &
W. £Eo¢ o 8 ~
T E= - WS n
= wi Lo & a A =
az 8 -3 UV 2
c 2 8 © @
© c 9 el
o 589 o o5 ~
® 853 « & 3g° P
E=4 E 2 [l S < E
<G (6] a
@ NN~ £ o
] 7
Z e
e tht e EZs
o e v
K g a4 = 5 S
S > & 3 S > S > ° = =l
3 - - - - - - - c i S
o o wn >
£ [lw/n4d] somm snuip sd
Q O ~
& s 8
=
=5 -
o N 5
> & & & & & o N Q ES
- - - - o E 5
[lw/n4d] 1o snap S 2

106



Results

Eyer et al. Antirnicrobial Agents and Chemotherapy

TABLE 1 Antiviral and cytotoxicity characteristics of 3'-deoxy-3-adenosine

ECso (M)*2 CCy (uM)4 SK<
Virus _ Strain PS HBCA PS HBCA  PS HBCA
TBEY  Hypr 2206  31+11 =114  >81
Neudoerfl 16503 4515 =156 =56
ZIKV MR-766 L0 47213 oo g >227  >53
Paraiba_01 1.6 =02 45*+14 >156 > 56
WNY  Egion 3712  43+03 =68 =58
13-104 4715 43 + 0.6 >53 =58

“Determined from three independent experiments. EC,, 50% effective concentration; CC., 50% cytotoxic
concentration.

“Expressed as a 50% reduction in viral titers and calculated as inflection points of sigmoidal inhibitory curves,
which were obtained by a nonlinear fit of transformed inhibitor concentrations versus normalized response
using GraphPad Prism 7.04 (GraphPad Software, Inc., USA).

<8l (selectivity index) = CC,/ECgy.

Sensitivity of both ZIKV strains to 3’-deoxy-3’-fluoroadenosine appeared to be com-
parable to that for TBEV. In PS cells, the anti-ZIKV effect was characterized by EC,, val-
ues of 1.1 = 0.1 uM and 1.6 = 0.2 uM for MR-766 and Paraiba_01, respectively {Fig. 3E;
Table 1). After 72 h p.i, complete inhibition of virus replication was achieved at concen-
trations of 25 uM {for MR-766) and 12.5 uM and 25 uM (for Paraiba_01) (Fig. 3B). The
efficacy of 3'-deoxy-3’-fluoroadenosine in suppressing ZIKV replication in HBCA was 3-
to 4-fold lower than in PS cells, but it still reached low-micromolar values for both ZIKV
strains (EC,, values of 47 = 1.3 uM and 4.5 = 1.4 uM) (Fig. 3D and F; Table 1). In addi-
tion to ZIKV, 3’-deoxy-3’-fluoroadenosine significantly inhibited in vitro replication of
both tested WNV strains. Compared with TBEV and ZIKV, the anti-WNV effect was char-
acterized by slightly higher EC,, values: 3.7 = 1.2 uM {for Eg-101) and 4.7 = 1.5 uM (for
13-104) in PS cells, and 4.3 = 0.3uM {for Eg-101) and 4.3 =06 uM (for 13-104) for
HBCA cells (Fig. 3C, D, and F; Table 1).

Dose-dependent antiflaviviral effects of 3’-deoxy-3’-fluorcadenosine identified in
viral titer inhibition assays were confirmed by immunofluorescent staining, which was
used to assess the expression of flaviviral surface E antigen in PS cells as a parameter of
viral infectivity and replication in vitro. Although the surface E protein was highly
expressed in virus-infected mock-treated cells (Fig. 4A), we observed a gradually
decreasing fluorescence signal in cell monolayers treated with ascending compound
concentrations monitored at 72 h p.i. A nucleoside concentration of 25 uM was strong
enough to completely inhibit protein E expression of all tested flaviviruses in PS cell
culture (Fig. 4A).

We then proceeded to study the antiviral activity of 3'-deoxy-3’-fluoroadenosine
using a monitoring system based on QPI with high-resolution holographic microscopy
to measure multiple parameters describing the physiological state of the monitored
cells. These parameters included the following: (i) covered area {um?) and (ii) cell dry
mass (pg) (both used to characterize cell growth and proliferation activity); (iii) cell
speed (um/min) {describing cell movement intensity); (iv) circularity {characterizing

FIG 2 Legend (Continued)

incubated with the compounds for 72 h. Following incubation, PS monolayers were stained by naphthalene black and absorbance was
measured at 540 nm. 3'-Deoxy-3"-flucro-modified nuclecsides that were further analyzed for their antiviral activity/toxicity are framed in
red. Compound numbers correspond to those in Fig. 1. (B to D} TBEV titer reduction with 3'-deoxy-3'-flucroadenosine {(B), 3'-deoxy-3'-
fluoroguanesine {C}, and 3'-decxy-3"fluorouridine (D} at the indicated concentrations. The treatment regimen for B to D was the same
as that for A; after 72h of incubation, virus titers were determined using a plaque assay. {E} Antiviral activity of 3'-deoxy-3'-
fluoroadencsine against TBEV strain Hypr when the compound was added to PS cells at 24 h prior to infection (blue}, simultanecusly
with infection {red}, or 2h after infection {green}. The growth media were collected after 72h of cultivation and analyzed using the
plaque assay. (F) Antiviral activity of 3'-deoxy-3'-flucroadenosine against TBEV strain Neudoerfl in PS cells at a 24 h pretreatment (blue},
simultaneous treatment {red} or 2h posttreatment {green). The growth media were analyzed using the plaque assay after 72h of
incubation. The mean titers or % cell viabilities from three biclogical replicates are shown, and error bars indicate standard errors of the
mean {n=3). The horizontal dashed line indicates the minimum detectable threshold of 1.44 leg,, PFU/mI.
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FIG 3 Dose-dependent anti-flaviviral activity of 3'-deoxy-3'-fluoroadenosine and cytotoxicity studies. (A and B) Growth curves for TBEV, ZIKV, and WNV in
PS cells treated with 3’-deoxy-3'-fluoroadenosine at the indicated concentrations. PS cells were pretreated with the compounds at the indicated
concentrations for 24h and subsequently infected with the indicated flaviviruses at an MOI of 0.1. The infected cells were then incubated with the
compound for 48h p.i. or 72h p.i. and viral titers were determined using the plaque assay. Data used for construction of dose-response curves for Hypr
and Neudoerfl TBEV at 72h p.i. (B) were reused from Fig. 2E and F, as those were two identical experiments. (C and D) Growth curves for TBEV, ZIKV, and
WNV in HBCA cells treated with 3’-deoxy-3'-fluoroadenosine at the indicated concentrations. The treatment regimen was the same as in A and B, with the
viral titers determined after 48 or 72h p.. (E and F) Inhibition curves of 3'-deoxy-3'-fluoroadenosine for the indicated flaviviruses cultivated with the
compound in PS cells (E) or HBCA cells (F) for 72 h p.. The mean titers from three biological replicates are shown, and error bars indicate standard errors
of the mean (n=3). The horizontal dashed line indicates the minimum detectable threshold of 1.44 log,, PFU/ml.

morphological changes of the cells and the rate of round cells); (v) density (pg/um3);
and (vi) cell dynamic score (to determine cell death).

QPI revealed that control cells displayed typical signs of normal physiological
growth, proliferation, and movement, a low degree of morphological circularity (nor-
mal-shaped cells prevailed), and low mass density related to a low degree of apoptosis.
In contrast, heat-killed cells exhibited sharp and fast alterations in cellular parameters

February 202

1 Volume 65 Issue2 €01522-20

108

aacasm.org 7

Downloaded from https://journals.asm.org/journal/aac on 17 February 2025 by 147.251.135.113.



Results

Eyeretal. Antimicrobial Agents and Chemotherapy

A TBEV ZIKV WNV
Hypr Neudoerfl Paraiba_01 MR-766 Eg-101 13-104

o ------

B C 8
5 100
25 2 . PS
2 B HECA
= 75
20 >
- - PS §
= o
g 15 - HBCA g
° I 50
= =4
810 8
X @
-\I—.\._'_.//—‘ o 25
5 o
[ e 5
T T T y T T T T v & B
0 01 04 08 16 31 63 125 25 0 01 04 08 16 31 63 125 25
Compound concentration [uM] Compound concentration [uM]

FIG 4 Inhibition of flavivirus surface E antigen expression by 3’-deoxy+3'-fluoroadenosine and cytotoxicity studies. (A) PS cells were pretreated with the
compound for 24 h and subsequently infected with the indicated flaviviruses at an MOI of 0.1. PS cells were fixed on slides at 72 h postinfection, stained
with flavivirus-specific antibody labeled with FITC (green), and counterstained with DAPI (blue). Scale bar, 50 um. (B and C) Cytotoxicity of 3'-deoxy-3'-
fluoroadenosine expressed as a percentage of cell death (B) and relative percentage of cell abundance (C). The mean percentage of cell death or mean
relative percentage of cell abundance from three biological replicates is shown, and error bars indicate standard errors of the mean (n=3).

and low cell dynamic scores typical of lytic cell death (Fig. 5 and 6; Fig. S1 in the sup-
plemental material). TBEV-infected cell monolayers were characterized by low values
for the covered area, gradually decreasing cell dry mass, and slowing cell speed.
Moreover, TBEV-infected cells exhibited an increased cell circularity and higher mass
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FIG 5 Real-time QP! signals for PS cells at different time points. PS cells in flow chambers were treated with the compound and inoculated
with TBEV (strain Hypr) as described in the Materials and Methods. Control cells, compound-treated cells (12.5uM, and 25 uM), and TBEV-
infected compound-treated cells (12.5 uM) maintained normal growth in a confluent monolayer with no morphological signs of ongoing cell
death. TBEV-infected cells underwent apoptotic cell death with the presence of blebbing and apoptotic bodies (at 16 h, 32 h, and 40 h).
Heat-killed cells underwent a lytic form of cell death without the presence of blebbing cells and apoptotic bodies. Scale bar=30 um.
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cell culture. (A) Real-time QPI-measured area of the cell population (left) and the endpoint area values of the cell population after 40 h of treatment (right).
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density, related to a virus-induced CPE formation/apoptosis, as also demonstrated by
the cell dynamic score, an average intensity change in cell pixels typical for membrane
blebbing, and intensive changes in CPE-assaciated cell mass distribution. Finally, TBEV-
infected cells treated with 3'-deoxy-3'-fluoroadenosine (12.5 uM} showed parameter
values similar to those of control cells, highlighting the ability of 3’ -deoxy-3'-flucroa-
denosine to inhibit viral replication and suppress CPE formation and apoptasis (Fig. 5
and &; Fig. 51).

Cytotoxicity of 3'-deoxy-3 -flucreadenosine. We investigated the potential cyto-
toxicity of 3" -deoxy-3'-flucroadenosine for PS and HBCA cells in terms of @} cell death
and (i) relative percentage of cell abundance (a parameter corresponding with the
total abundance of lactate dehydrogenase in the cell population, which can be used as
an index of total cell count), using the CytoTox 96 non-radicactive cytotoxicity assay
(Promega, Wi, USA). Measurement of the released amount of lactate dehydrogenase
in compound-treated cells revealed no substantial toxicity of 3’ -deoxy-3' fluorcadeno-
sine for PS cells up to 25 uM (cell death values were 3.8 = 0.1% for compound-treated
cells [25 M) and 3.0 % 0.3% for mock-treated cells) (Fig. 4B). For HBCA, the compound
was only slightly cytotoxic at a concentration of 25uM (cell death value of
10.1 £ 0.2%) compared with mock-treated cells (cell death value of 7.7 = 0.8%)
(Fig. 4B}

Treatment with 3'-deoxy-3'-flucrecadenosine resulted in substantial differences in
relative percentage of cell abundance, however, in compound-treated PS/HBCA cells
campared to mock-treated monolayers, where a relative percentage of cell abundance
in PS monolayers treated with the compound at 25 uM was only 56.9 = 17.3% com-
pared to control cells. Of note, this parameter was not substantially affected when the
cell monolayers were treated with compound concentrations of 12.5 uM or less {Fig.
4C). This effect was even higher in HBCA cells and reached 80.0 & 3.8%, 54.7 = 0.1%,
and 51.8 = 0.3% for concentrations of 6.3, 12.5, and 25 uM, respectively (Fig. 4C). The
observed differences in relative percentage of cell abundance indicated that the com-
pound concentrations of 25 uM or PS) and 125uM and 25 oM for HBCA) consider-
ably suppressed cell proliferation (Fig. 40 but did not result in extensive cell death or
cell monolayer damage (Fig. 4B). Based on these results, it can be conduded that 3'-
deoxy-3'-fluorcadenosine exerted an observable cytostatic effect at the above-men-
tioned concentrations for both cell lines tested.

QP of cells treated with 125 uM or 25 uM 3'-deoxy-3"-fluoroadenosine yielded
dose-response curves that were similar in shape and slope to those for control calls,
They were, however, somewhat flatter, indicating slower progress in area coverage
and growth of cell dry mass and almost the same degree of mass density within the
wheole monitoring peried. This result can be explained as a consequence of the com-
pound’s cytostatic effect, which confirmed the findings obtained previously in colori-
metric cell-based assays. We found no signs of apoptosis or other types of cell death in
compound-treated PS cells {Fig. 5 and 6; Fig. 57).

Antiviral efficacy of 3'-deoxy-3'-fluorcadencsine in a mouse model of lethal
flavivirus infection. Based on the observation that 3'-deaxy-3'-fluoroadenasine
strongly inhibited replication of emerging flaviviruses in vitro, we then proceeded to
investigate its anti-WNV and anti-TBEV effects in mouse infection models (Fig. 7A).
BALB/¢ mice injected subcutancously with a lethal dose of WY strain Eg-101 (08
PFU/mouse) exhibited characteristic clinical signs of infection, such as ruffled fur,

FIG 6 Legend (Continued)

A significant drop in cell-covered area was noticeable after TBEV and heat treatment. This effect of TBEY was reversed after 3'-deoxy-3'-flucroadencsine
treatrnent. (B} Real-time QPi-measured cell dry mass {left} and the endpoint cell dry raass values after 40 h of treatment (right). A significant drop in cell dry
mass was noticeable afler TBEV and heat treatment. This effect of TBEV was reversed after 3'-deoxy-3'-fluorcadenosine treatment. (G Real-time GPI-
measwed cell dynamic score {{eft) and the endpoint cell dynamic score vaiues after 40h of treatment {right). High ceil dynamic score indicating apontosis
was observable after TREV treatment. This effect of TBEY was reversed & 3'-deoxy-3'flucrcadenosine treatment. {3} Real GP-measured cell speed
{lefty and the endpoint cell-speed values of celis after 40h of treatment (right). ot significant, P == 0.05; % 7 < 0,05 ™%, P < 0001, Boxes: main box
edges are 25th and 75th percentiles, central line indicates the median, and whis’ indicate the lowest and highest vaiues of the 1.5 Interquartile range.
Each dot in the boxpict represents the average value for one field of view.
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FIG 7 Antiviral efficacy of 3'-deoxy-3’-fluoroadenosine in mouse models of WNV and TBEV infection. (A)
The design of the in vivo antiviral experiment. (B) Toxicity evaluation of 3'-deoxy-3'-fluoroadenosine in
mice. The compound (25 mg/kg) was administered twice daily to adult BALB/c mice for 6 days. (C) Groups
of adult BALB/c mice were infected with a lethal dose of WNV (strain Eg-101) and treated twice daily with
intraperitoneal 25mg/kg 3’-deoxy-3'-fluoroadenosine or phosphate-buffered saline (mock treatment) at
the indicated times after WNV infection. Survival rates were monitored daily. (D) Clinical signs of WNV
infection were scored daily as follows: 0, no signs; 1, ruffled fur; 2, slowing of activity or hunched posture;
3, asthenia or mild paralysis; 4, lethargy, tremor, or complete paralysis of the limbs; and S, death. (E)
Groups of adult BALB/c mice were infected with a lethal dose of TBEV (strain Hypr) and treated twice
daily with intraperitoneal 25mg/kg 3’-deoxy-3'-fluoroadenosine or phosphate-buffered saline (mock
treatment) at the indicated times after TBEV infection. Survival rates were monitored daily. (F) Clinical
signs of TBEV infection were scored daily as described in D. ns, not significant, P > 0.05; *, P < 0.05; **,
P < 0.01; ***, P < 0.0001.

hunched posture, tremor, and paralysis of the limbs, within 7 to 13 days p.i., with most
mice requiring euthanasia. The mortality rate was 90%, with a mean survival time of
12 = 1.6 days p.i. Similarly, mice injected with TBEV strain Hypr (10® PFU/mouse, a sub-
cutaneous route) showed typical signs of infection within days 8 to 10days p.i. The
mortality rate was ultimately 100%, with a mean survival time of 9.0 = 1.0 days (Fig. 7C
and D).

In order to evaluate toxicity of the compound in vivo, 3’-deoxy-3'-fluoroadenosine
(a dose of 25mg/kg/2xday) was administered to BALB/c mice intraperitoneally for
6 days and clinical scores of the treated animals were monitored daily. In seven mice,
the treatment was associated with moderate side effects starting at day 3 after treat-
ment initiation (manifested by slightly ruffled hair or hunched posture), which led to a
gradual increase in the average clinical score up to 0.7 within days 6 to 7. After we
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stopped the compound administration (at day 6), the observed side effects gradually
disappeared (Fig. 7B). As expected, moderate side effects were observed in both WNv-
or TBEV-infected compound-treated mice starting on day 3 or 4 p.i. (Fig. 7D and F). The
increase of clinical score was probably related with the cytostatic activity of the com-
pound, as demonstrated by in vitro (cell-based) assays.

In WNV-infected BALB/c mice, 3’-deoxy-3’-fluoroadenosine (25 mgrkg/2xday)
administered intraperitoneally (the administration was initiated from the time of virus
inoculation and ceased at day 6 p.i.) significantly protected the animals from disease
development and mortality (70% survival rate, P << 0.01). In 70% of WNV-infected com-
pound-treated mice, no signs of clinical infection were observed up to the end of the
experiment (day 28 p.i). In 30% of mice, the compound substantially prolonged the
time of mouse survival (14.5 = 2.4 days) compared with controls {Fig. 7C and D).

Treatment with 25 mg/kg/2xday of 3’-deoxy-3'-fluoroadenosine initiated at the
time of TBEV inoculation and ceasing at day 6 p.. resulted in a slight but statistically
significant survival prolongation among TBEV-infected compound-treated mice
(P << 0.05). Although all treated mice eventually died, they showed slightly slowed de-
velopment of clinical signs of neuroinfection within days 8 to 13 p.. and had an
increased mean survival time of 10.5 + 1.9 days compared with control animals {Fig. 7E
and Fj.

DISCUSSION

Fluoro-substituted nucleosides show unique chemical, biochemical, and biological
properties and are widely used as treatment for numerous viral, bacterial, fungal, and
protozoal infections, in addition to many cancers {18, 19). So far, however, only a few
of these compounds have been tested against flaviviruses to assess their antiviral in
vitro and in vivo effects (32-34). In this study, we evaluated the antiviral activity of a se-
ries of 28 fluoro-modified nucleosides against TBEV in the PS cell line. To our surprise,
we found little to no inhibition of virus-induced CPE formation by almost all of the
tested compounds, and some of them proved to be highly cytotoxic. No antiviral activ-
ity or high toxicity was observed in particular with nucleosides modified with a fluoro-
substituent at C2’, C2, or C5. Inactivity of 2’'-flucro-modified nucleosides against TBEV
could be explained by elimination of the 2'-hydroxy hydrogen bond donor, which
results in a dramatic decrease in hydrogen-bonding capacity with the polymerase or
the incoming nucleoside triphosphate and the inability of such nucleosides to trigger
inhibition of viral RNA synthesis (35).

Changes in stereochemistry at the €2’ position from the ribo-configuration to the
arabino-orientation also can lead to compound inactivity, as illustrated with a series of
2'-deoxy-2'-fluorearabinonucleosides tested in this study. Similarly, the addition of a
fluoro-substituent to the C2/C5 positions of a purine/pyrimidine yielded compounds
with no anti-TBEV efficacy, likely due to electrenic or steric hindrance with the viral
NS5 RdRp active site {35). Alternatively, inactivity of these nucleoside analogues may
be the result of inefficient compound uptake mediated by specific nucleoside trans-
porters, low conversion efficacy into active (phosphorylated) forms by cellular kinases,
or a high degradation rate caused by nucleoside/nucleotide catabolic enzymes (4). As
a result, those mechanisms could be interesting targets for further investigation.

As might be expected, nucleosides lacking the 3’-hydroxyl group could be potent
inhibitors of flaviviral NS5 RdRp-mediated RNA synthesis, acting as obligate RNA chain
terminators (11). Indeed, 3'-deoxy-3’-fluoroguanosine 5'-triphosphate was previously
described as interacting directly with NS5B RdRp of HCV, resulting in suppression of vi-
ral RNA synthesis by disruption of further extension of the replicating viral RNA (35).
The potency to inhibit HOY NS5B polymerase activity was also observed in 3’-deoxy-
3’-fluoroadenosine 5'-triphosphate; however, the inhibitory activity was considerably
lower than its guanosine counterpart {35). Our in vitro antiviral assays revealed that
two 3'-deoxy-3'-fluoro—substituted nucleosides, 3’-deoxy-3’-fluoroguanosine and 3’-
deoxy-3’-flucrouridine, did not suppress multiplication of TBEV in PS cells. In contrast,
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3'-deoxy-3'-fluorcadenosine, a nucleoside first synthesized in the late 1980s at the
Rega Institute for Medical Research in Belgium {36, 37), showed potent, low-micromo-
lar antiviral inhibition of in vitro TBEV replication. Moraover, this compound suppressed
replication of two other medically important flaviviruses, WNV and ZIKV, in PS cels, as
well as in primary HBECA cells. The antiviral effect was stable over time, with inhibition
of viral replication observed at 48 and 72h p.i, and the compound was highly active
even if added to PS cells at 2h after infection. The ability of 3/-deoxy-3"fluoroadeno-
sine to inhibit multiple arthropod-borne flaviviruses demonstrates potent, broad-spec-
trum antiviral activity across the genus Favivirus. Broad-spectrum inhibitory effects for
3 -deoxy-3'-fluorcadenosine have also been described in earlier papers for numerous
RNA viruses of the Picornaviridae, Togaviridae, Reoviridlae, and Arenaviridae families
(36, 38).

Notably, we did not observe any measurable in vitro cytotoxicity of 3'-deoxy-3'-flu-
orcadenasine in PS and HBCA cells within compound concentrations used for antiviral
activity evaluation (0 to 25 pM). This resultis in agreement with earlier studies showing
a minimum cytotoxic concentration of 40 uM for primary rabbit kidney cells, Vero cells,
and Hela cells (36, 37). However, 3'-deoxy-3"-fluoroadenosine did have observable
cytostatic effects at 25 uM in PS cells and at 125uM and 25 uM in HBCA cells.
Cytostatic properties of ¥-deoxy-3'-flucroadenosine were previously described for
murine leukemia cells (L12710), human B-lymphaoblast (Raji) cells, human T-lymphocyte
(H9) cells, and human T4-lymphocytes (MT-4}, acting at concentrations ranging from
1.6 to 23 uM (37, 39).

It could be speculated that the cytostatic activity is related to low selectivity of 37-
deoxy-3'-fluorcadenosing 5'-triphosphate for viral RdRps over other types of polymer-
ases. The extremely broad range of viruses sensitive to this nucleoside, including vacci-
nia virus among DNA viruses, supports this hypothesis (36). In accordance with this
claim, 3'-deoxy-3'-flugroadencsine has also been described as terminating RNA syn-
thesis catalyzed by DNA-dependent RNA polymerase from E coli (40). In addition, 3'-
deoxy-3'-fluorcadenosine inhibited incorporation of *H-labeled uridine into celfular
RNA, resulted in abrogation of cellular RNA synthesis in actively growing Vero cells
(38). Alternatively, the broad range of antiviral activity of 3"-deoxy-3’-fluoroadenosine
and the reported suppression of cellular RNA synthesis could also be explained as a
result of compound-mediated inhibition of purine/pyrimidine biosynthesis and nudeo-
tide depletion, as was recently described for a broad-spectrum antiviral and anticancer
drug gemcitabine {2’ -dideoxy-2",2"-diflucrocytidine) @11 In order to explain a broad
spectrum  antiviral efficacy of 3'-deoxy-3'-fluoroadenosine, this compound was
alse tested for its potential inhibition of S-adenosylhomocysteine (SAH) hydrolase.
However, no inhibitory activity to SAH hydrolase was demonstrated, unless it was used
at a rather high concentration (36).

Based on our observation that 3'-deoxy-3"-fluoroadenosine showed a strong antivi-
ral potency in cell culture (in vitro), we evaluated its activity /n vivo using mouse mod-
els of WNV and TBEV infection. Treatment of WNV-infected mice with 25 mg/kg of 3'-
deoxy-3'-fluorcadenosing twice a day resulted in a significant decrease of morntality
and in a substantial elimination of clinical signs of neurainfection. In TBEV-infected
mice, the antiviral effect of 3'-deoxy-3"-fluoroadenosine (25 mg/kg/2 <day) was not as
strong; however, the compound administration resulted in significantly longer survival
time and slower progress of development of clinical signs compared with control ani-
mals. A lower efficacy of 3’-deoxy-3’-flucroadenosine against TBEV (strain Hypr) in vivo
could be explained by a rapid/aggressive course of TBEV infection in mice, where the
average survival time of TBEV-infected mice was shorter than that of WhV-infected
mice (9.0 = 1.0days versus 12 = 1.6days, respectively). 3’-Deoxy-3'-fluorcadenasine
was previously demonstrated to show high efficacy in suppressing the formation of tail
lesions in vaccinia virus-infected rodents. The compound, administered intravenously
for 5days at concentrations of 50 and 100 mg/kg/day, reduced the number of pox tail
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lesions by 25% and 80%, respectively. A dose of 200 mgrskg/day was reported to be le-
thal for mice (36).

Previous studies have shown that nucleosides with antiviral activity against ar-
thropod-borne flaviviruses contain one of the following sugar ring modifications:
(i) @ methyl substitution at €2’ (42), (i) an ethynyl substitution at C2’ (43, 44), or
(iiiy an azido substitution at C4' (45). An observable (but weaker) antiflaviviral
effect also has been reported for nucleosides with (iv) a cyano substitution at 7’
(46). These chemical modifications are used in combination with appropriate het-
erocyclic bases or their modified counterparts (e.g., with 7-deazaadenine) and/or
with maedifications of N-glycosidic bond (e.g., switching to a C-glycosidic bond) (4).
Herein we have described the first results showing that a fluoro-substitution at the
(3’ position of adenosine represents another useful nucleoside modification that
exhibited low-micromolar inhibitory activity against emerging flavivirus replica-
tion. While the increased cytostatic activity of 3’-deoxy-3’-flucroadenosine in vitro
limits its potential use for further clinical applications; however, additional chemi-
cal modifications could improve this compound’s cytotoxic/cytostatic profile. This
is exemplified by 2’-deoxy-2"-fluorinated nucleosides, in which the addition of C2'
methyl and (5’ phosphoramidate groups led to increased nucleoside selectivity
toward viral RdRp, manifested as high inhibitory potency and low toxicity. These
characteristics have been demonstrated for the anti-HCV drug sofasbuvir (47, 48),
illustrating the considerable potential of fluoro-substituted nucleoside analogues
as prospective starting points in developing effective antivirals for treating flavivi-
rus-associated diseases.

MATERIALS AND METHODS

Ethics statement. This study was carried out in strict accordance with Czech law and guidelines for
the use of experimental animals and protection of animals against cruelty {Animal Welfare Act 246/1992
Coll). All procedures were reviewed by the local ethics committee and appreved by the Ministry of
Agriculture of the Czech Republic {permit no. 13522/2019-MZE-18134).

Cell cultures, virus strains, and antiviral compounds. PS cells (31} were cultured at 37°C in
Leibovitz {L-15) medium. HBCA (ScienCell, Carlsbad, CA} cells were cultivated in Astrocyte medium
{Thermo Fisher Scientific). The media were supplemented with 3% {L-15} and 6% {Astrocyte medium)
newborn calf serum and 100 U/ml penidillin, 100 .g/ml streptomycin, and 1% glutamine (Sigma-Aldrich,
Prague, Czech Republic).

The following emerging flaviviruses were tested: TBEV (strains Hypr and Neudoerfl, both members of
the West Eurcpean TBEV subtype, provided by the Collection of Arboviruses, Institute of Parasitology,
Biclogy Center of the Czech Academy of Sciences, Ceske Budejovice, Czech Republic http://www
arboviruscollection.cz/index.php?lang=en), ZIKV {African strain MR-766 and Brazilian strain Paraiba_01,
kindly provided by Carla Torres Braconi and Paclo M. de A. Zanotto, University of Sac Paole), and WNV
{Eg-101, @ member of genomic lineage 1, originally isolated from human serum in Egypt, and 13-104, a
representative of genomic lineage 2, isolated from the Culex modestus mosquito in the Czech Republic).

Nucleoside analogues were purchased from Carbosynth {(Compten, UK} (2'-deoxy-2'-flucroadenc-
sine, 2'-deoxy-2'-fluoroguanosine, 2'-deoxy-2'-fluorocytidine, 2'-deoxy-2"-fluorouridine, 2"-deoxy-2'flu-
oro-2-flucrcadenocsine, 2'-deoxy-2'-fluoro-N2-iscbutyrylguanosine, 2'-deoxy-2'-flucroisoguanosine, 2'-
deoxy-2'flucro-5-methylcytidine, 2'-deoxy-2'-flucre-5-iodouridine, 2'-deoxy-2'-fluoro-5-methyluridine,
2'-deoxy-2"-fluoroarabinoadenosine, 2'-deoxy-2'-flucroarabinoguanosine, 2'-deoxy-2'-flucrcarabinocy-
tidine, 2'-deoxy-2'-fluoroarabincuridine, 2'-deoxy-2'-flucro-5-iodearabineuridine, 2'-deoxy-2'-fluoro-
5-methylarabinouridine, 2'-deoxy-2'-fluoro-5-ethylarabinouridine, 3’-deoxy-3'-fluorcadenosine,
3'-deoxy-3'flucroguanosine, 3'-deoxy-3'-flucrouridine, 2',3'-dideoxy-3'-flucroguanosine, and 2'3’-
dideoxy-3"-fluorcuridine) and from Sigma-Aldrich (Prague, Czech Republic) (2-flucroadencsine, 5-flu-
orocytidine, 2'-deoxy-5-fluorocytidine, capecitabine, 5-flucrouridine, and 2’-deoxy-5-fluorouridine
[floxuridinel}. Test compounds were sclubilized in 100% dimethyl sulfoxide (DMSO} to yield 10mM
stock solutions.

Initial antiviral screening with CPE reduction assay. The 28 flucro-substituted nuclecsides were
first screened at a single concentration of 25 uM for their ability to inhibit cytopathic effects (CPE) medi-
ated by TBEV infection {strain Hypr} in PS cells. The cells were seeded in 96-well plates (approximately
2 x 10* cells per well} and incubated for 24 h to form a confluent monclayer. Following incubation, the
medium was aspirated from the wells and replaced with 200zl of fresh medium containing 25 uM of
the test compound {three wells per compound} and incubated for an additional 24 h {i.e., 24-h pretreat-
ment}. DMSC was added to virus-infected cells as a negative control at a final concentration of 0.5%
{volfvol). After 24 h, the medium was aspirated again and replaced with 200 x| of compound-containing
medium {25 uM) inoculated with TBEV at a multiplicity of infection {MOI} of 0.1. The CPE was monitored
visually using the Olympus BX-5 microscope equipped with an Qlympus DP-70 CCD camera. At 72 h pi,
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cell menolayers were stained by naphthalene biack. The rate of CPE was expressed in terms of celi viabil-
ity as the absorbance at 540 nm by compound-treated cells relative to the absorbance by DMSO-treated
cells, as descrided previcusly (49}, To analyze the ant-TBEV activity of 3'-deoxy-3'flucroadenosine, 3'-
decxy-3"-fucroguancsine, and 3'-deoxy-3'-fluercuridine in more detail, we treated PS cell monolayers
with these compounds at concentrations of 0, 6.25, 12.5, and 25 uM and incubated for 24 h. Then, the
growth medivrm was asoirated and repiaced with fresh medium containing the same concentrations of
the tested compounds and TBEV inceulurn (strain Hypy, MOi of 0.1). Viral titers were estimated from the
coliected media using the plaque assay after a 72-h cultivation.

Optimization of the compound treatrment regimen. PS celis were seeded in 98-weli plates
{approximately 2 x 107 ceils per well; and ncubated for 24 h 1o form a confluent monolayer. For testing
the optimal compound treatment regimen, we performed three independent experiments, differing in
the time of drug ad n to infected PS cells. {i} For a pretreatment assay, 200 ! of medium with 3'-
deoxy-3 -fluorcadenosine at a concentration range of 0 to 25 M (2-fold dilutions, three wells per con
centration) was added to PS cell monolayers a1 24 h nrior o infection, After a 24-h incubation, medium
was aspirated and replaced with 200 1! of fresh compound-containing medium in the same concentra-
tion range and noculated with TBEY (Hyor or Neudeerfl) at an MO of 0.1, Cells were then incubated for
an additional 72k, {ih For a simuitaneous treatment, medium comtaining 3’ -deoxy-3'-fuoroadencsine at
& concentration range of 0 1o 25 xM Inccoulated with TBEV (MG of 0.1} was added to cells and ncubated
for 72 h. For the posttreatment assay, PS cells were first infected with TBEV (MOl of 0.1), and after 2h

{the time needed for virus adsorption and internalization), medium containing 3'-deoxy-3'-flucroadenc-
sine at a concentration range of 0 1o 25 M was added to the infected cells and incubated for 72h.
Foilowing incubation, the viral titers were determined from the collected supernatant media by a plague

assay and used 1o COnSTUCE dose-Tesponse curves,

BDose-response studies using the viral tier reduction assay. To study the dose-response effect of
3-deoxy-3"fluorcadenosine, we used a viral titer reduction assay. PS or HBCA cell monolayers were pre-
treated with medium containing 3'-decxy-3"-flucreadencsine at a concentration range of 0 to 25 uM {(2-
fold dilutions, three weils per compound} for 24 h. The medium was aspirated, replaced with 200 . of
fresh meadium conta’

ng the compound at the same concentration range, incculated with TBEV {strains
Hypr and Meudoerfl), ZIKY {strains MR-766 and Paraiba_1), or WNV {strains Eg-101 and 13-104) at an
MO of 0.1, and incubated for an additional 48 or 72 h. Viral titers were determined from the celiected su-
peraatant media by a plague assay and used to construct dose-response and nhibition curves. The data
used for TBEV strains Hypr and Neudoerfl (24 h pretreaiment) in Fig. 2E and £ were reused in Fig. 3B, as
those were twe identical experiments. The viral titers obiained at 72h .. were used for calculation of
the 50% effective concentrations {EC.,; the concentration of compoeund reguited to inhibit the viral ther
by 50% compared 1o the control value). The individual points of the Inhibition curves were caleuiated by
transformation of virus titer values to percent inhibition according to equation 1,

Percent inbibition = 100 ~ (A/B < 100) 1)

where A s the virus titer for the individual compound concentrations tested (0.8 to 25 nM
B is the virus titer for a compound concentration of 0 uM (PFU/mi}.

Plague assays. Plague assays were performed in PS cells {to determine TBEV tters; or Vero cells (for
ZIKV and WNV titers) as described previously (42, 504 Briefly, 10-fold dilutions of TBEV, WNV, or ZIKV
were prepared in 24-well tissue culture plates, and PS {for TBEV} or Vere {for WNV and ZIKV) cells were
added o each weil {0.6 to 1.5 % 107 celis per welll After o 4-h incubation, the suspension was overlaid
with 1.5% {wtivol) carbexymethylcellulose in L-15 {for PS) or Dulbecco’s modified Eagle's medium
{DMEM} Hor Vero). Following a 5-day incabation at 37°C, the infected plates were washed with phos-
phate-puffered saline, and the celi monclayers were stained with napithalene black. The virus titer was
expressed as PEU/ml.

immunofluorescence staining. To measure the compound-induced nhibition of viral
gen expression, a cell-Dased favivirus mmunostaining assay was performed as previcusly described
{42). Briefly, PS cells were seeded onto 96-well otitration piates and treated with the test compound
at a concentration range of 0 1o 25 xM (2-fold dilutions, three wells per concentration} for 24 h. After a
24-h pretreatment, the ceil monoiayers were infected with the appropriate flaviviruses at an MO! of 0.1
and cultured for 3 days at 37°C. After cold acetone-methanol {1:7) fixation and biocking with 10% fetal
bovine serum, we Incubated the cells with & mouse moenoclonal antibody trgeting the flavivirus group
surface antigen {protein &) (1:250; antibody clone D1-4G2-4-15; Sigra-Aldrich, Prague, Czech Repubic)
and subsequently labeled it with an anti-mouse goat secondary antibody conjugated with fluorescein
isothiccyanate {FTC 1:500; by incubation for 11t 37°C. The cells were counterstained with 47, 6-diami-
dino-2-pherylindole {DAPI; 1 ug/mi} for visualization of the cell nuclel and the fluorescence signal was
recorded with an Olymous [X71 epiflucrescence microscope.

Cytetoxicity assays. PS5 or HBCA cell monoiayers in 96-well plates were treated with 3'-deoxy-3'-
fluoroadenosing at a concentration range of 0 1o 25 uM (2-fold dilutions, three wells per concentra-
tion) and cultured for 96 h {a 24-h pretreatment foliowed by a 72-h Incubation, L.e., the same time du
ration as for antiviral assays). The cylotoxic/oytostatic activity of 3'-deoxy-3'flusrcadenosine was
determined in terms of {i} cell death or (i} relative percentage of cell abundance using the CytoTox 96
non-radicactive oytotoxicity assay {Promega, Fitchburg, Wi, USA) following the manufacturer’s instruc-
tions. This assay is based on quantitative measuremnent of lactate dehydrogenase, a stable cytoselic
enzyme that is released upon cell lysis. Cell death was estimated as the percentage of colorimetric ab-
sorbance at 4%0nm by the compound-treated o refative 1o the absorbance by totally lysed

{PFU/mly and
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(chemically killed) cells. We assessed relative percentage of cell abundance as the percentage of color-
imetric absorbance at 490 nm by lysed compound-treated cells relative to the absorbance by lysed
mock-treated cells.

Quantitative phase imaging. Quantitative phase imaging {(QPI} was performed using a multimodal
holographic microscope, Q-PHASE (TELIGHT a.s,, Brno, Czech Republic). PS cells were seeded in flow
chambers u-Slide | Luer Family {Ibidi, Martinsried, Germany} (approximately 2 x 10° cells per chamber)
and cultivated for 24 h to form a confluent monclayer. We performed the following independent
experiments based on: {i) mock-infected and mock-treated cells as a negative control (growth medium
was aspirated from the chamber and replaced with fresh medium}; (i1} TBEV-infected and mock-treated
cells {growth medium was aspirated from the chamber and replaced with fresh medium containing
TBEV [Hypr] of MOI=0.1}; (iTi} TBEV-infected cells treated with 3’-deoxy-3"-flucroadencsine at a con-
centration of 12.5 uM {growth medium was aspirated from the chamber and replaced with fresh me-
dium containing TBEV [Hypr, MOI = 0.1] and 125 uM of the compound; virus and compound were
added to the cells in the same time); {iv} mock-infected and compound-treated cells {12.5 M} (growth
medium was aspirated and replaced with fresh medium containing 12.5 uM of the compound}; (v}
mock-infected and compound-treated cells (25 1M} {(growth medium was aspirated and replaced with
fresh medium with 25 uM of the compound); and (v} heat-killed cells used as a medel of Iytic cell
death (a positive control). Cells were cultivated in the chambers for 40 h postinfection and the GPI pa-
rameters, such as covered area, cell dry mass, cell speed, circularity, density, and cell dynamic score
were continuously menitored. Te maintain ideal cultivation conditions (37°C, 60% humidified air} dur-
ing time-lapse experiments, cells were placed in a gas chamber (H201-Mad City Labs [MCL]-Z100/500
piezo Z-stages; Ckelak, Ottaviano NA, Italy). To image enough cells in one field of view, we chose the
Niken Plan 10x/0.30. For each treatment, nine fields of view were observed with a frame rate of
3 min/frame for 40 h.

Holograms were captured using a CCD camera (XIMEA MR4021 MC-VELETA}. Complete QP recon-
struction and image processing were performed with G-PHASE control software. Cell dry mass values
were derived according to references 51 and 52 from the phase {equation 2}, where m s cell dry mass
density {in pg/um?),  is detected phase {in rad), A is wavelength in gm {0.65 xm in Q-PHASE), and a'is
specific refraction increment (~0.18 m3/pg). All values in the formula except the ¢ are constant. The
value of ¢ {phase) is measured directly by the microscope.

Pk
m=o {2)

Integrated phase shift through a cell is proportional to its dry mass, which enables studying changes
in cell mass distribution {52).

Image analysis was performed with customized MATLAB software developed by our laboratory.
The analysis process consists of segmentation, the interconnection of matching cells in adjacent time
frames, and extraction of the analyzed dynamical and morphological cell features. The detalls of the
cell segmentation algorithm that we used are described in reference 53. Cell death detection and the
distinction between apoptotic and lytic cell death using QPI have been described in detail {54).

Mouse infections. We evaluated the anti-TBEV effect of 3'-decxy-3’-fluoroadenosine using five
groups of 6-week-old female BALB/c mice {purchased from AnLab, Prague, Czech Republic} as fol-
lows: group 1 {n= 10} intraperitoneally injected with 3'-deoxy-3'-flucroadenosine at 25 mg/kg/2 xday
to evaluate the compound toxicity; group 2 {n =10} was subcutaneously injected with TBEV strain
Hypr {10° PFU/mouse} and treated intraperitoneally with 200 ul of 3’-deoxy-3'-fluoroadenosine at
25mg/kg/2xday {treatment started simultanecusly with infection); group 3 {(n =10} was subcutane-
ously injected with TBEV strain Hypr (10° PFU/mouse} and treated with vehicle {contrcl animals);
group 4 {(n =10} was subcutaneously njected with WNV strain Eg-101 (10° PFU/mouse} and treated
intraperitoneally with 200 ul of 3'-deoxy-3'-flucroadencsine at 25 mg/kg/2x day {treatment started
simultanecusly with infection); and group 5 {(n =10} was subcutaneously injected with WNV strain Eg-
101 {10° PFU/mouse} and treated with vehicle {control animals}. 3'-Deoxy-3'-flucroadenocsine was
freshly solubilized in sterile saline buffer before each injection and administered to the animals twice
daily for 6days. The clinical scores and survival rates of virus-infected mice were monitored daily
throughout the experiment for 28 days. llIness signs were evaluated as follows: 0 for no symptoms; 1
for ruffled fur; 2 for slowing of activity or hunched posture; 3 for asthenia or mild paralysis; 4 for leth-
argy, tremor, or complete paralysis of the limbs; and 5 for death. All mice exhibiting disease consist-
ent with a clinical score of 4 were terminated humanely {cervical dislocation) immediately upon
detection.

Statistical analysis. Data are expressed as mean * standard deviation {SD) and the significance of
differences between groups was evaluated using the one sample Wilcoxon test {to compare clinical
scores of treated mice with control animalsy or ANOVA followed by Tukey-Kramer posttest {to compare
multiple QPI parameters in compound-treated/TBEV-infected cells with controls). Survival rates were an-
alyzed using the logrank Mantel-Cox test. All tests were performed with GraphPad Prism 7.04 {GraphPad
Software, Inc,, San Diego, CA, USA). P <2 0.05 was considered significant.
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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. The 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). These 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. There 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 2. 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. The 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 !'. 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.
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Abstract

Resistant cancer phenotype is a key obstacle in the successful therapy of prostate cancer.
The primary aim of our study was to explore resistance mechanisms in the advanced type
of prostate cancer cells (PC-3) and to clarify the role of autophagy in these processes. We
performed time-lapse experiment (48 hours) with ROS generating plumbagin by using multi-
modal holographic microscope. Furthermore, we also performed the flow-cytometric analy-
sis and the qRT-PCR gene expression analysis at 12 selected time points. TEM and
confocal microscopy were used to verify the results. We found out that autophagy (namely
mitophagy) is an important resistance mechanism. The major ROS producing mitochondria
were coated by an autophagic membrane derived from endoplasmic reticulum and
degraded. According to our results, increasing ROS resistance may be also accompanied
by increased average cell size and polyploidization, which seems to be key resistance
mechanism when connected with an escape from senescence. Many different types of cell-
cellinteractions were recorded including entosis, vesicular transfer, eating of dead or dying
cells, and engulfment and cannibalism of living cells. Entosis was disclosed as a possible
mechanism of polyploidization and enabled the long-term survival of cancer cells. Signifi-
cantly reduced cell motility was found after the plumbagin treatment. We also found an
extensive induction of pluripotency genes expression (NANOG, SOX2, and POU5F 1) at the
time-point of 20 hours. We suppose, that overexpression of pluripotency genes in the por-
tion of prostate tumour cell population exposed to ROS leads to higher developmental plas-
ticity and capability to faster respond to changes in the extracellular environment that could
ultimately lead to an alteration of cell fate.
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Introduction

Prostate cancer (PC) is one of the most frequently diagnosed cancer types in men. Most of
prostate cancers are initially responsive to androgen deprivation therapy, but later would
emerge an aggressive, androgen-independent phenotype resistant to conventional therapies.
This advanced type of prostate cancer easily metastasizes. Hematogeneous metastases are usu-
ally present in 35% of prostate cancer patients with the most frequent localisation in bones
(90%). The widely studied model for androgen-independent, advanced, metastases-producing
prostate cancer is the PC-3 cell line established from the lumbar metastasis of a 62 year old
Caucasian male with grade 4 of prostatic adenocarcinoma. PC-3 cells are hemizygous for 17p
chromosome, and their sole copy of the p53 gene has a stop codon at position 169 [1]. Asa
result, PC-3 cells do not express the functional p53 protein, which makes it rather resistant to
p53-mediated apoptosis [2]. Furthermore, we chose PC-3 cell line and not DU145, because
DU145 prostate cancer cells express PTEN, which is not expressed by PC-3 cells 3, 4]. Multi-
ple functional studies support the role of PTEN as a critical tumour suppressor in prostate can-
cer [5-7].

In our previous study we demonstrated that the PC-3 cell line showed higher resistance to
cisplatin-induced apoptosis and no decreasing proportion of G2/M fraction (4N DNA content)
evident in 22Rv1 cells [8]. Cisplatin is primarily considered as a DNA-damaging agent, form-
ing different types of hard-reparable adducts with cellular DNA [9]. Apart from DNA damage,
cisplatin also induces reactive oxygen species (ROS) [10]. Due to the fact, we have focused on
another ROS-producing reagent, plumbagin [11], which does not form DNA adducts, to assess
importance of cell death modulation and dealing with ROS for PC-3 resistance. Plumbagin
(5-hydroxy-2-methyl-1,4-naphthoquinone) occurs naturally in the medicinal herb Plumbago
zeylanica L. and belongs to naphthoquinones. Naphthoquinones display their cytotoxic actions
through two ways: as pro-oxidants, reducing oxygen to reactive oxygen species; and as electro-
philes, which form covalent bonds with tissue nucleophiles [12]. Furthermore, plumbagin was
also shown to suppress the activation of nuclear factor-xB (NF-xB) [13].

In recent studies, ROS generation was associated with the mitochondria as a consequence of
impaired mitochondrial protein synthesis [10]. Furthermore, it was pointed out, that cells with
a deficit of functional mitochondria are more resilient to cell damage by cisplatin [14]. How-
ever, Panov et al. found out, that the prostate cancer cell lines LNCaP, PC-3, and DU145 con-
tained 2 to 4 times more mitochondria per gram of cells than normal prostate epithelial cells.
Respiratory activities of mitochondria isolated from normal prostate epithelial cells were also
5-20-fold lower than those of mitochondria isolated from prostate cancer cells [15]. Therefore,
we presume the existence of some protective mechanisms against ROS in PC-3 cells. Many cell
injuries caused by ROS could be sublethal (especially if the studied cells have disrupted apopto-
sis-triggering mechanisms) and result in an altered steady state in which the damaged cells are
able to survive. Even if a damaged cell is driven to oncosis (oncosis is a pre-lethal phase that fol-
lows a serious cell injury) or senescence, there are probably some mechanisms to reverse this
process [16-18], particularly if the cell is able to get rid of damaging factors and restore ATP
production. A possible way to gain enough energy for the survival could be autophagy [19],
cannibalism or entosis [20, 21]. Autophagy was at first considered a mechanism that sup-
presses malignant transformation. However, strong evidences for a dual role of autophagy
were discovered [22]. In early tumours, autophagy could be truly a potent tumour suppressor
because it can assure organelle and protein quality control and prevent genomic instability and
aneuploidy organelle [23]. However, there are significant evidences that autophagy has a can-
cer-promoting role in established tumours [24].
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One of the significant histopathological features of human solid tumours is the occurrence
of large atypical cancer cells with multiplicated nuclear DNA that are known as polyploid giant
cancer cells (PGCCs). Increased PGCCs numbers usually appear in late disease stages and
grades or as a consequence of chemotherapy [25]. An important goal of our study was to
explore possible mechanisms of defence against ROS in the advanced type of prostate cancer
cells. We tried to assess the role of autophagy and the formation of polyploid giant cancer cells
(PGCCs) in the advanced type of prostate cancer. We also attempted to verify a hypothesis that
autophagy could be the mechanism of resistance against ROS rather than the mechanism of
cell death. This hypothesis is supported by recent findings indicating that well-characterized
autophagy activators and mTOR inhibitors (such as rapamycin, PP242, or resveratrol)
markedly improve the speed and efficiency of puripotent stem cells generation [26].

Materials and Methods
Chemical and biochemical reagents

Ham’s F12 medium, fetal bovine serum (FBS), (mycoplasma free), penicillin/streptomycin and
trypsin were purchased from PAA Laboratories GmbH (Pasching, Austria). Phosphate-buff-
ered saline (PBS) was purchased from Invitrogen Corp. (Carlsbad, CA, USA). Ethylenedi-
aminetetraacetic acid (EDTA), plumbagin and other chemicals of ACS purity were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA), unless noted otherwise.

Cell cultures and cultured cell conditions

Human PC-3 prostate cancer cells were used in this study (passage 18-24). The PC-3 cell line
was established from grade 4 prostatic adenocarcinoma from 62 years old Caucasian male and
derived from the metastatic site in bones. The PC-3 cell line was purchased from HPA Culture
Collections (Salisbury, UK).

PC-3 cells were cultured in Ham’s F12 medium with 7% FBS. The medium was supple-
mented with penicilin (100 U/ml) and the cells were maintained at 37°C in humidified incuba-
tor with 5% CO,. Hypoxy/starvation-resistant PC-3 were selected by cultivation without the
access of oxygen and with no medium replacement for one month.

Plumbagin treatment

The stock solution of plumbagin was prepared in dimethylsulfoxide (DMSO) and diluted with
the medium. An equal volume of DMSO (final concentration < 0.1%) was added to the con-
trols. The plumbagin treatment was initialized after the cells reached confluence of ~50%. For
cytotoxicity assessment, a range of concentrations 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 umol/l of
plumbagin was used. Time points for cell harvesting and thus for subsequent analyses were 0 h,
40 min,, 1,5, 4, 6, 8, 10, 16, 20, 24, 36, and 48 h.

Cell content quantification

Total cell content was measured using Casy model TT system (Roche Applied Science, USA)
and the following protocol: first, calibration was performed from the samples of viable and
necrotic cells. For the necrotic cells, 100 pl cell suspension and 800 ul Casy Blue solution were
mixed and left for 5 minutes at room temperature. Subsequently, 9 ml CasyTone was added.
To prepare a viable cell standard, 100 pl of cell suspension was mixed with 10 ml CasyTone. All
subsequent measurements were performed on 100x diluted 100 pl cell suspension. Prior to
each measurement, the background was subtracted. All samples were measured in duplicates.

PLOS ONE | DOI:10.1371/journal.pone.0145016 December 15,2015 3/23
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Measurement of cell viability—MTT test

The suspension of 5000 cells was added to each well of standard microtiter plates. Volume of
200 pl was transferred to wells 2-11. The medium (200 pl) was added to the first and to the last
column (1 and 12, control). The plates were incubated for 2 days at 37°C to ensure cell growth.
The medium was removed from columns 2 to 11. Columns 3-10 were filled with 200 pl of
medium containing an increased concentration of plumbagin (0-6 umol/l). As a control, col-
umns 2 and 11 were filled with the medium without plumbagin. The plates were incubated for
12 and 24 h, then the medium was removed and the cells were washed in PBS. Columns 1-11
were filled with 200 ul of medium containing 50 ul of MTT (5mg/ml in PBS), incubated in
humidified atmosphere for 4 h at 37°C, and wrapped in aluminium foil. After the incubation,
the MTT-containing medium was replaced with 200 pl of 99.9% dimethylsulfoxide (DMSO) to
dissolve MTT-formazan crystals. Subsequently, 25 pl of glycine buffer was added to all wells
and absorbance was determined immediately at 570 nm (VersaMax microplate reader, Molec-
ular Devices, Sunnyvale, CA, USA).

Cell growth and proliferation assay using impedance measurement

Cell growth was analyzed using the real-time cell analysis (RTCA) system (xCELLigence;
Roche Applied Science and ACEA Biosciences). Firstly, the optimal seeding concentration for
proliferation and cytotoxic assay was determined. PC-3 cells were seeded at a density of 7000
cells per well in E-Plates 16. After seeding the total number of cells in 200 yl medium to each
well, in E-Plate 16, the attachment, proliferation and spreading of the cells was monitored
every 15 min. After 24 hours, plumbagin was added and the cell index (CI), which reflects cell
viability, was monitored. All experiments were carried out for 250h. The results are expressed
as a cell index using the manufacturer’s software (Roche Applied Science and ACEA Biosci-
ences). The experiments were made in duplicates.

Flow cytometric analysis of cell death

Double-staining with fluorescein isothiocyanate (FITC)/propidium iodide (PI) was undertaken
using the Annexin V-FLUOS-staining kit (Roche Applied Science) according to the manufac-
turer’s protocol in order to determine percentages of viable, apoptotic and necrotic cells follow-
ing the exposure to plumbagin. Briefly, the cells were harvested by repetitive pipetting and
washed two times with PBS (centrifuged at 2000 rpm for 5 min), resuspended in 100 pl of
Annexin-V-FLUOS labelling solution and incubated for 15 min. in the dark at 15-25°C.

(Ex = 488 nm, Em = 533 nm, FL1 filter for Annexin-V-FLUOS and FL3 filter for PI).

Flow cytometric detection of autophagosomes

Autophagosome formation in PC-3 cells was detected using the CYTO-ID Autophagy Detec-
tion Kit (Enzo, PA, USA) following the manufacturer’s instruction. The CYTO-ID green fluo-
rescent reagents specifically detect acid autophagic vacuoles formed during autophagy. Briefly,
the cells were harvested by gentle repetitive pipetting, spun down and washed twice in RPMI
1640 with 5% fetal bovine serum (FBS). The cells were resuspended in 500 yl of freshly diluted
CYTO-ID staining reagent and incubated in the dark at 37°C for 30 min. CYTO-ID fluores-
cence of cells was immediately analyzed by flow cytometry using the flow cytometr (Partec
GmbH, Miinster, Germany) (Ex =480 nm, Em = 530 nm, FL1 filter for CYTO-ID, SSC for cel-
lular granularity). The percentage of cells with CYTO-ID staining was used to represent the
formation of autophagosomes.
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Flow cytometric analysis of intact healthy cells

The cell pellet was prepared as mentioned above. The cells were resuspended in 500 pl of
freshly diluted 1 yM SYTO 16 (Thermo Fisher Scientific, Waltham, MA, USA) staining solu-
tion and incubated in the dark at 37°C for 45 min. SYTO 16 fluorescence of cells was immedi-
ately analyzed on the same instrument as mentioned above (Ex = 488 nm, Em = 518 nm, FL1
filter for SYTO 16, FSC for cell size). The percentage of SYTO 16-positive cells was analyzed.
The data were analyzed using the FloMax software (Partec GmbH, Miinster, Germany).

Fluorescence microscopy and cell staining

For fluorescence microscopy, the cells were cultivated directly on microscope glass slides
(75x25 mm, thickness 1mm, Menzel Glisser, Braunschweig, Germany) in Petri dishes in the
above-described cultivation media (see Cultured cell conditions). The cells were transferred
directly onto the slides, which were submerged in the cultivation media. After the treatment,
the microscope glass slides with a monolayer of cells were removed from the Petri dishes,
rinsed in the cultivation medium without plumbagin supplementation and PBS buffer and
directly used for staining and fluorescence microscopy.

The cells were incubated with the following highly specific fluorescent probes: reactive oxy-
gen species were visualized using CellROX Deep Red reagent (Life Technologies, USA, 5 uM,
cell-permeant, life-cell stain with absorption/emission maxima of 644/665 nm), mitochondria
were visualized using MitoTracker Green FM (Life Technologies, USA, 300 nM, cell-permeant
life-cell stain with absorption/emission maxima of 490/516 nm), and endoplasmic reticulum
was visualized using ER-Tracker Red (Life Technologies, USA, 1 uM, cell-permeant, life-cell
stain with absorption/emission maxima of 587/615 nm). After incubation (45 min, 37°C,
dark), the cells were washed three times with PBS buffer (0.05 M, pH 7.0) and observed under
the confocal microscope (Leica TCS SP8 X, Germany) using appropriate excitation and emis-
sion wavelengths.

TEM visualization of PC-3 ultrastructure

The PC-3 cells were gently harvested by repetitive pipetting and spun down (2000 rpm, 5
min.). Briefly, the cells were fixed with 3% glutaraldehyde in cacodylate buffer for 2 hours and
washed three times for 30 minutes in 0.1 M cacodylate buffer. Following this, they were fixed
with 0.02 M OsOy dissolved in 0.1 M cacodylate buffer, dehydrated in alcohol, and infiltrated
with acetone and No. 1 Durcuptan mixture overnight. On the following day, the cells were
infiltrated with No. 2 Durcuptan mixture, embedded and polymerized. Ultrathin sections (90
nm, Ultramicrotome LKB, Bromma, Stockholm, Sweden) were transferred onto grids covered
with the Formvar membrane (Marivac Ltd., Halifax, Canada). 2% uranyl acetate and Reynold’s
solution were used for contrast staining. The sections were viewed in the transmission electron
microscope (Morgagni 268, FEI Europe B.V., Eindhoven Netherlands). Software AnalySIS
(Soft Imaging System, GmbH, Miinster, Germany) was used for image analysis of cell
ultrastructure.

Quantitative phase imaging

Quantitative phase imaging is a non-invasive technique with high intrinsic contrast even for
naturally transparent objects such as live cells. Therefore this method is suitable for long term
observations of cell reactions to treatment without any additional staining. In these experi-
ments quantitative phase imaging was performed by Tescan multimodal holographic
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microscope Q-PHASE. Q-PHASE is based on the original concept of coherence-controlled
holographic microscope [27, 28].

Quantitative phase imaging was initiated immediately after plumbagin treatment. Cells
were cultivated in Flow chambers p-Slide I Lauer Family (Ibidi, Martinsried, Germany) In
order to image enough number of cells in one field of view, objectives Nikon Plan 10/0.30 were
chosen. Holograms were captured by CCD camera (XIMEA MR4021 MC-VELETA). The
entire image reconstruction and image processing were performed in Q-PHASE control soft-
ware. Quantitative phase images are shown in grayscale with units of pg/um? that were recalcu-
lated from original radians according to Barer and Davies [29, 30]. Movies with identification
arrows were prepared in Image] software.

RNA Isolation and Reverse Transcription

TriPure Isolation Reagent (Roche, Basel, Switzerland) was used for RNA isolation. RNA sam-
ples without reverse transcription were used as negative control for gRT-PCR to exclude DNA
contamination. The isolated RNA was used for the cDNA synthesis. RNA (1000 ng) was tran-
scribed using the transcriptor first strand cDNA synthesis kit (Roche, Switzerland), which was
applied according to manufacturer's instructions. The cDNA (20 ul) prepared from the total-
RNA was diluted with RNase-free water to 100 pl and the amount of 5 ul was directly analyzed
by using the LightCycler®480 II System (Roche, Basel, Switzerland).

Quantitative real-time polymerase chain reaction

qRT-PCR was performed using TagMan gene expression assays and the LightCycler®480 1T
System (Roche, Basel, Switzerland). The amplified DNA was analyzed by the comparative Ct
method using B-actin as a reference gene. The primer and probe sets for ACTB (assay ID:
Hs99999903_m1), BECN1 (Hs00186838_m1), BIRC5 (Hs00153353_m1), CCL2
(Hs00234140_m1), MAP1LC3 (Hs00797944_s1), SOX2 (Hs01053049_s1), NANOG
(Hs04260366_g1), POU5F1 (Hs04260367_gH), and HIF1A (Hs00153153_m1) were selected
from the TagMan gene expression assays (Life Technologies, USA). The qRT-PCR was per-
formed under the following amplification conditions: total volume of 20 y, initial incubation
at 50°C/2 min followed by denaturation at 95°C/10 min, then 45 cycles at 95°C/ 15 sec and at
60°C/1 min.

Statistics

Pearson correlation, principal component analysis and cluster analysis were performed to
reveal associations between cases and variables. These analyses were performed on standard-
ized data; the cluster analysis was performed using Ward’s method. All charts are depicted
with means and standard deviations. Software Statistica (StatSoft, Tulsa, OK, USA) was used
for analysis.

Results
Determination of IC50 for plumbagin

To assess the cytotoxic effect of plumbagin on the PC-3 cell line, and to select concentrations
for further analyses, MTT test and real time cell analysis (RTCA) impedance based test were
performed with concentrations 0 (no drugadded), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 umol/l. Using
the logistic regression, IC50 concentrations were determined at time-points 6 and 24h (see Fig
1A, 1B, 1C and 1D). The output of RTCA method is a cell index value (CI), see Fig 1A, that
reflects the number of cells, as well as morphological parameters, such as the size, shape, and
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Fig 1. Effect of plumbagin treatment on viability and size of cells. (A) Real-time monitoring of relative cell impedance (showed as a cell index) using the
RTCA system. (B) MTT-assessed response to 6h plumbagin treatment. (C) MTT-assessed response to 24h plumbagin treatment. (D) IC50 values according
to RTCA and MTT and length of treatment. (E) Time-dependent changes in the quantity of large cells with intact nuclei (SYTO 16++/FSC+) and intact cells
{AnnexinV-/Pl-) assessed by flow-cytometry. (F) Numbers of large healthy cells depicted as SYTO 16++ /FSC+ (red) cluster at flow-cytometric dot plot at 6h
time-point; Forward-scattered light (FSC) is proportional to cell-surface area or size. (G) Granularity of large healthy cells depicted as SYTO 16++/SSC+
(red) cluster at flow-cytometric dot plot at 6h time-point; Side-scattered light (SSC) is proportional to cell granularity or intermnal complexity. (H) Morphology of
PC-3 cells after 6h plumbagin treatment, 20x magnification, phase contrast microscopy. (I) Numbers of large healthy cells depicted as SYTO 16++/FSC+
(red) cluster at flow-cytometric dot plot at 24h time-point; Forward-scattered light (FSC) is proportional to cell-surface area or size. (J) Granularity of large
healthy cells depicted as SYTO 16++/SSC+ (red) cluster at flow-cytometric dot plot at 24h time-point; Side-scattered light (SSC) is proportional to cell
granularity or internal complexity. (K) Morphology of PC-3 cells after 24h plumbagin treatment; giant PC-3 cells with polyploid giant cancer cell (PGCCs)-like
morphology are highlighted by arrows. 20x magnification, phase contrast microscopy.

doi:10.1371/journal pone.0145016.g001

degree of cell attachment to the substrate. This means that an increase in the average size of
surviving cells could affect the CI value and could correlate with higher IC50 values (1.4 uM
and 10 uM IC50 after 6h and 24h treatment, respectively). We performed the flow-cytometric
analysis by using SYTO 16 double-positivity as a marker of viable cells and forward scatter
(FSC) to detect the size of surviving cells after the 2 uM plumbagin treatment. Numbers of
large healthy cells depicted as a SYTO 16++ /ESC+ (red) cluster at the flow-cytometric dot plot
were elevated at 24h time-point in comparison with 6h time-point; see Fig 1F, 1G, 1L and 1].
This experiment was done in triplicates. The average rate of large SYTO 16++ was 15.92% after
6h of plumbagin treatment and 19.58% after 24h of plumbagin treatment (Fig 1E). As we
observed no dividing cells during the treatment (compare treated and untreated time-lapse, S1
and S5 Videos; cell division was apparent only in untreated cells), emergence of larger cancer
cells could be assumed namely because no increase in the percentage of annexin V-/propidium
iodide (PD)- cells (healthy cells that would result from dividing) was observed between 5h time-
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point and 24h time-point of the treatment (Fig 1E). According to these results, the shift in
IC50 values identified by the RTCA method may reflect the increased cell size between 6h and
24h time-points, as corroborated by the microscopic analysis; see Fig 1H and 1K.

PC3 cell line is predisposed to mitophagy

To assess the relative intensity of mitophagy related genes expression (PINKI, FUNDCI,
SMURFI, and PARL) in the PC-3 cell line, we used the CellMiner Database (http://discover.
nci.nih.gov/cellminer/). It allows to precisely determine selected genes expression patterns
from 5 microarray platforms in 60 cell lines (NCI60 panel) (S1 Appendix). Pro-mitophagic
genes PINK1, FUNDCI, and SMURFI were relatively overexpressed in PC-3 as compared with
other cell lines; on the other hand, PARL (responsible for PINK1 cleavage) was underexpressed.
These data suggest that PC-3 cells have possibly a high level of mitochondrial quality control
and are able to effectively identify and then degrade damaged mitochondria.

Endoplasmic reticulum-affected mitophagy

In order to establish whether the majority of reactive oxygen species (ROS) in the cell is pro-
duced by the mitochondria, we applied fluorescent staining after the plumbagin treatment.
General accumulation of ROS was monitored using CellROX Deep Red Reagent. Clear coloca-
lisation of ROS and mitochondria staining was found (see Fig 2B and 2C). Major ROS produc-
ing mitochondria (see arrows) were coated by isolation membrane derived from ER (see Fig
2D). This observation was corroborated by transmission electron microscopy (TEM) (see Fig
2F). Swollen and damaged mitochondria were wrapped by engulfing membrane and gradually
degraded (see Fig 2G). No coating membrane was found around the healthy mitochondria (see

Fig 2E).

Time-lapse imaging
A time-lapse Video was captured by holographic microscope to observe the intensity of cell
migration and also to quantify the kinetics of PC-3 cells death in 48 hour period. Many differ-
ent types of cell-cell interactions were monitored and identified during this period including
vesicular transfer (Fig 3F and 3G), eating of dead or dying cells (frequency of observation 2.5%;
Fig 3C, $3 Video) and engulfment and cannibalism of living cells (frequency of observation
0.8%; Fig 3B). During the cannibalism of living cell, a cannibalic cell came into contact with a
target cell. The next step was a gradual engulfment of target cell. The nucleus of the target cell
appeared initially unaltered whereas the engulfing cell’s nucleus began to change into a more
semilunar shape. Bird eye structure typical for cannibalism was observed (Fig 3B, 52 Video).
Finally, the target cell died off. The 2 uM plumbagin treatment had a particular impact on cell
motility and on changes in cell-to-cell communication. A significant reduction of cell motility
and communication was found after the plumbagin treatment (see Fig 3H and 31, S1 and S5
Videos).

In oncosis, early changes included marked alterations in the cell shape and volume (Fig 3D,
S1 Video). Oncotic cells formed cytoplasmic blebs and showed chromatin clumping followed
by necrotic features such as cells membrane rupture and detachment from the surface. Never-
theless, some oncotic cells escaped this fate and were able to reverse processes leading to necro-
sis. Triggering of oncosis is not an irreversible process; oncosis can be reverted (see Fig 3E, S4
Video).

Moreover, we observed entosis triggering 20 h after the plumbagin treatment in the tumour
cell population exposed to plumbagin. During entosis, cells invaded neighbouring cells, which
led to the formation of cell-in-cell structure (see Fig 3A, S1 Video), no bird eye structure was
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Fig 2. Reactive oxygen species (ROS)-induced mitophagy. (A) Phase contrast microscopy of PC-3 cell after plumbagin treatment. (B) General
accumulation of ROS after plumbagin treatment monitored by confocal microscopy by using CellROX Deep Red Reagent. Areas with ROS accumulation are
highlighted by arrows. (C) Mitochondria staining monitored by confocal microscopy using MitoTracker Green; area associated with ROS in Fig 2B are
highlighted by arrows. (D) Endoplasmic reticulum (ER}) staining monitored by confocal microscopy using ERTracker Red; areas associated with ROS in Fig
2B are highlighted by arrows. (E) Untreated PC-3 cell, cross-section of undamaged mitochondria (highlighted by red arrow); Transmission Electron
Microscope (TEM) visualization. (F) plumbagin-treated PC-3 cell, mitochondria coated by ER membrane with ribosomes (highlighted by red arrow); TEM
visualization. (G) Plumbagin-treated PC-3 cell, gradual degradation of mitochondria in autophagosomes visualised by TEM (red arrows); Swollen
mitochondria as a marker of damage (yellow arrow).

doi:10.1371/journal.pone.0145016.g002

observed. Internalized cells played an active role in their engulfment (see Fig 4), which resulted
in complete internalization. Cells which have undergone entosis (both engulfing and even
engulfed cells) lived about five hours longer than the other observed tumour cells (frequency of
this phenomenon was 2.5%). After 48 h of treatment, all PC-3 cells observed by holographic-
microscopy were dead.

Time-lapse flow-cytometry

To evaluate the amount of cells positive or negative for typical markers, such as phosphatidyl
serine exposure, presence of autophagosomes, or intact cellular membrane and nuclear DNA
content, we used flow-cytometry at 12 time points (Oh, 40min, 1.5h, 4h, 6h, 8h, 10h, 16h, 20h,
24h, 36h, and 48h). Phosphatidyl serine exposure was detected by Annexin V staining, cell via-
bility by propidium iodide (PI) and SYTO 16 staining, and CYTO-ID Green was used as a
marker of autophagosome formation. To determine the proportion of large cells with intact
DNA, we used SYTO 16 and FSC. At the beginning of the experiment, about 30% of all cells
were large with an intensive SYTO 16++ signal (Fig 1E). A decrease in the amount of SYTO 16
++ large cells was shown during the first 8 hours of plumbagin treatment (ca. 15% SYTO 16+
+ large cells) and an increase in the amount of SYTO 16++ large cells were shown after 10h of
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Fig 3. Time-lapse of cell interactions. For detailed time-lapse Videos see S1-54 Videos. (A) Time-lapse imaging of entosis; internalized cell (red arrow)
played an active role in its engulfment, which resulted in complete internalization. Both types of cells (engulfing and engulfed) were viable for a long time and
lived by about five hours longer than the other observed plumbagin-treated tumour cells. (B) Time-lapse imaging of cell fusion with cannibalism {digestion of
engulfed cell); during fusion-cannibalism of living cells, the cannibalic cell (red arrow) came in contact with the target cell (blue arrow). The next step was
gradual engulfment of the target cell. The nucleus of the target cell appeared initially unaltered whereas the engulfing cell’s nucleus began to change into a
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semilunar shape. Bird eye structure was observed as a consequence of target cell vacualisation (see green arrow). (C) Time-lapse imaging of cannibalism
without fusion; the dying cell (blue arrow) was attacked and exploited by the cannibalic cell {red arrow). The target cell was dead after the attack. (D) Time-
lapse imaging of oncosis; oncotic cells formed typical cytoplasmic blebs that usually lead to necrosis (see red arrow). (E) Time-lapse imaging of reverse
oncosis; initial forming of oncotic blebs (see red arrow) did not lead to necrosis; the bleb was absorbed and the cell remained viable. (A-E) Multimodal
holographic microscopy, 10x magnification. (F) Communication between PC-3 cells; visualised by TEM (see red arrows). (G) Vesicular transfer between PC-
3 cells; visualised by TEM (see red arrows). (H) Speed of the migration of untreated PC-3 cell population; assessed from holographic microscopy data by
CellProfiller software by measurement of “distance travelled’parameter. (1) Speed of the migration of PC-3 cell population after 2 uM plumbagin treatment.

doi:10.1371/journal pone.0145016.g003

treatment (about 20%). As we observed no dividing cells during the treatment (see S1 Video),
emergence of giant cancer cells (PGCCs) larger than the average population could be assumed
namely because no increase in the percentage of annexin V-/PI- cells (healthy cells that would
result from dividing) was observed around the 10h time-point of treatment (Fig 1E).
Furthermore, we used the CYTO-ID Green autophagy dye for autophagy detection. Previ-
ously, CYTO-ID was validated by observing co-localization of the dye and RFP-LC3 in HeLa
cells using fluorescence microscopy. An increase in CYTO-ID signal indicates the accumula-
tion of autophagosomes [31]. Nevertheless, we detected two cell populations according to the
intensity of CYTO-ID signal (CYTO-ID+, CYTO-ID++) (Fig 5A and 5E). The CYTO-ID
+ population correlated with the LC3-I form assessed by western-blotting (Fig 5F and 5G)
(r=0.66; p = 0.001) and the CYTO-ID++ population correlated with the LC3-II/LC3-I ratio
(r=0.49;p = 0.016). A correlation between total CYTO-ID staining and the LC3-1I/LC3-I ratio
was found, too (r = 0.70; p = 0.0001). According to our observation, plumbagin functions as an
inductor of autophagy in the context of PC-3 cells. We also performed the flow-cytometric
CYTO-ID analysis of non-treated PC-3 (Fig 5D), and plumbagin (Fig 5E) and bafilomycin (Fig
5C) (inhibitor of autophagy) treatments. During the plumbagin treatment, a high positive peak
of CYTO-ID++ was shown at the time point of 8h. After the 8h peak, signal diminution was
observed (probably LC3-II deconjugation and partial degradation of acid autophagic vacuoles);
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Fig 4. Mechanistic characterization of engulfed and engulfing cells in entosis. (A) Trajectory travelled of
both engulfing and engulfed cell until cell fusion. See differences in the travelled distance and in directionality
of individual cells. Directionality describes "purposefulness” of the movement where 0% indicate random
movement and 100% indicate straight line trajectory between starting and ending position. Position (0.0, 0.0)
indicate place of cell fusion. (B) Changes in cell mass and (C) cell area of engulfed and engulfing cell.

doi:10.1371/journal.pone.0145016.g004
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Fig 5. Autophagy and self-renewal after plumbagin treatment. (A) Time dependent dynamics of CYTO-ID Green (CYTO-ID+, CYTO-ID++) after 2 pM

plumbagin treatment. See autophagy peak at 8h-time point. (B) Time dependent dynamics of cell deaths after 2 pM plumbagin treatment; total CytolD

staining (CYTO-ID+ and CYTO-ID++) depicts autophagy, AnnexinV+/PI- depicts apoptosis or early oncosis, and AnnexinV+/Pl+ depicts necrosis (raw data
and gating strategy in 52 Appendix). (C) Amount of autophagic cells after bafilomycin treatment; red cluster depicts CYTO-ID++ population, blue cluster
Cyto-ID+ population. {D) Amount of autophagic cells in control (not-treated population); red cluster depicts CYTO-ID++ population, blue cluster CYTO-ID

+ population. (E) Amount of autophagic cells after plumbagin treatment; red cluster depicts CYTO-ID++ population, blue cluster CYTO-ID+ population. (F)
Western blot for LC3-1 and LC3-Il isoforms at 12 time-points after 2 uM plumbagin treatment (raw data in S3 Appendix). (G) Graphic representation of western
blot results for LC3-1 and LC3-I! isoforms at 12 time-points after 2 uM plumbagin treatment. (H) Time dependent dynamics of POU5F, SOX2, NANOG, and
BECN1 gene expression after 2 pM plumbagin treatment. (I) Time dependent dynamics of BIRC5, HIF1A, CCL2, and MAP1LC3 gene expression after 2 pM
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plumbagin treatments. (J) Principal component analysis—projection of variables on the two-factor plane. See distinct clustering of genes with flow-cytometric
measurements based on metabolic stress and reprogramming (for details see results). (K) Principal component analysis—projection of time-points on the
two-factor plane. The first and the second factor are designated as “metabolic stress high-low” and “non-reprogrammed-reprogrammed”, respectively (for
details see results). (L) Cluster analysis of gene expression. The “reprogramming cluster’involved POUSF, SOX2, NANOG, and CCL2; the “autophagic and
hypoxia cluster’involved HIF1A, MAP1LC3, and BECNT1; the third cluster involved BIRC5 gene. (M) Cluster analysis of gene expression of 12 time-points
after 2 pM plumbagin treatment and PGCCs selected by hypoxia and starvation; based on correlations of gene expression patterns, similarity between
PGCCs and PC-3 cells after 20h plumbagin treatment was found. {N) Morphology of cells after 20h plumbagin treatment; cells with polyploid giant cancer cell
{PGCCs)-like morphology are highlighted by arrows. (0) Morphology of PC-3 cells after 1 month of hypoxia and starvation; cells with PGCCs-like morphology
are highlighted by arrows.

doi:10.1371/journal pone.0145016.g005

see Fig 5A. A decrease in the CYTO-ID++ signal after the time-point of 8h indicates that there
is not only the simple accumulation of autophagosomes, but also the degradation of their con-
tent. During the whole experiment (48 h), the level of CYTO-ID++ signal was higher than at
the zero time-point.

The highest percentage of autophagic cells (according to the accumulation of autophago-
somes) was observed 8 hours after the treatment; see Fig 5B. Due to the triggering of autopha-
gic mechanisms, almost no increase of necrotic (AnnexinV+/PI+) and early oncotic or
apoptotic (AnnexinV+/PI-) cells was induced (Fig 5B). Almost 40% of cells were autophagic
during the 48 h experiment. The quantity of AnnexinV+/PI+ and AnnexinV+/PI- did not
exceed 20% at any observed time-point.

Time-lapse gene expression profiling

We isolated RNA (in duplicates) from the PC-3 cells at 12 time-points (Oh, 40min, 1.5h, 4h, 6h,
8h, 10h, 16h, 20h, 24h, 36h, and 48h) of plumbagin treatment and performed qRT-PCR.
Expression was assessed of BECNI, MAPILC3A, HIF1A, BIRC, CCL2, POU5F1, SOX2, and
NANOG. During the experiment, we observed a gradual increase in the expression of autop-
hagy-related genes MAP1LC3A and BECN1 and a gradual decrease of BIRC. The expression of
autophagy-related genes was in a good correlation (r = 0.92, p<0.001) and correlated also with
HIFIA (r=0.87, p<0.001 and r = 0.79, p<0.001); see Fig 5L. We also found an extensive
induction of pluripotency-associated genes expression (NANOG, SOX2, and POU5F1) at the
time-point of 20 h; see Fig 5H. No dramatic changes in HIFIA expression were observed dur-
ing the 12 time-points measurements (Fig 51). Among the analyzed genes, three different
expression clusters were found (see Fig 5L). The most expressed gene cluster was autophagic
promoting cluster of genes (BECN1, MAPILC3A, and HIF1A). Of all the observed genes, the
least expressed one was CCL2 (Fig 51).

Principal component analysis

In addition to the correlation analysis, the component analysis made it possible for us to detect
the structure of relationships between the observed time-points, thus helping us to assess main
variables in the particular time-points. Moreover, this analysis allowed us to classify variables
based on the flow-cytometric and expression profiles. To illustrate the model of metabolic
stress and self-renewal, two-factor analysis was chosen with a total cumulative variance of
65.3% and eigenvalues 42.54% and 22.76% for factor 1 and factor 2, respectively (Fig 5]). This
two-axis model represents both metabolic stress (factor 1) and “self-renewal and reprogram-
ming capacity” (factor 2). These conclusions are based on the following findings: (a) NANOG,
SOX2, and POU5FI are genes, which strongly correlate with the pluripotency and self-renewal,
(b) annexinV+/PI+ status refers to cell death; (c) PI positivity, Annexin V positivity, CYTO-ID
positivity, BECN1, MAPILC3A, and HIF1A expression are directed to the negative values of
factor 1 (high metabolic stress). Taken together, positive values of factor 1 are associated with
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the healthy cells rather than with the cell damage, and negative values of factor 2 are associated
with cell reprogramming processes, rather than with the naive PC-3 cells. When we accept this
model, large cells with the intensive SYTO 16++ signal seem to be further in reprogramming
processes than the average SYTO 16++ population of PC-3 cells and naive PC-3 harvested at
the zero time-point, and BIRC expression is very important for preventing metabolic stress in
the naive PC-3, but could also prevent reprogramming mechanisms.

When these factors are used to project cases (time-points), another apparent trend is evi-
dent: At the time-point of 20h, PC-3 cells seem to break free from the bondage of metabolic
stress by triggering the reprogramming processes. This “reprogrammed” PC-3, are associated
with the lower metabolic stress (as represented by positive values of factor 1). However, when
the stress continues, the cells are being pushed to higher metabolic stress again, staying partially
reprogrammed though; see Fig 5K time-point 48 h. We could assume some cyclic characteristic
of stress resistance processes and reprogramming, During these cycles of adaptation, the cells
are pushed to a state that is increasingly dedifferentiated.

Polyploid giant cancer cells (PGCCs) expression profiling

When the PC-3 cancer cell line was cultured under normal conditions, some large cells with
enlarged nuclei (PGCCs) were sporadically observed. However, the exposure of PC-3 cancer
cells to long-term starvation and hypoxia (for at least one month) induced the formation of
cells with larger cell and nuclear size, while cells of normal morphology were almost eliminated.
PGCCs were highly resistant to oxygen deprivation and could generate regular-sized cancer
cells through budding or bursting. The PGCCs induced by starvation and hypoxia were 2-10
times larger than normal cells, and had a distinctive morphology (see Fig 50).

Next, qRT-PCR gene expression profiling was performed to analyze the specific molecular
pattern expressed in PGCCs. Expression profiles of eight genes (BECNI, MAP1LC3A, HIFIA,
BIRC, CCL2, POU5F1, SOX2, and NANOG) were assessed and compared with the normal PC-
3 cell expression patterns obtained at the particular time points during the plumbagin treat-
ment by cluster analysis (see Fig 5M). After 20h of plumbagin treatment, the expression pattern
of PC-3 cells matched with the PGCCs characteristics as well as the cell morphology (see Fig
5N and 50).

Discussion

Panov et al. found out, that the PC-3 prostate cancer cell line contained 2 to 4 times more mito-
chondria with enhanced respiratory activity [15], which may cause high sensitivity of PC-3
cells to ROS—produced massively during the plumbagin treatment. However, in cytotoxicity
tests we have noticed differences in sensitivity to plumbagin measured by metabolic-based
MTT and impedance-based RTCA. The output of RTCA method is a cell index value (CI; see
Fig 1A) that reflects the number of cells as well as morphological parameters such as size,
shape, and degree of cell attachment to the substrate. This means that an increase in the aver-
age size of surviving cells affects CI and could correlate with higher IC50 values (1.4 uM

resp. 10 uM IC50 after 6h resp. 24h treatment) As we observed no dividing cells during the

2 uM plumbagin treatment (S1 Video), we assumed that the cells increased their volume
between the time-points of 6h and 24h. Accordingly, an increase in the amount of SYTO 16+
+ large cells was shown at the 20h time-point as compared with the 6h time-point (see Fig 1F
and 11). This might indicate the emergence of giant polyploid cancer cells. SYTO 16 is effective
at staining the DNA of cells, because it binds preferentially to DNA over RNA at a ratio of
approximately 20:1 [32] and shows specific information about the cell nuclei, such as size and
distribution. Furthermore, Manusco et al. used SYTO16 staining to enumerate circulating
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endothelial cells with a high DNA content [33] and Ibrahim et al. identified multinucleate cells
during the growth cycle of Mycobacterium avium by SYTO 16 staining [34]. Importantly,
Wlodkowic ef al. have recently showed that SYTO dyes do not adversely affect normal cellular
physiology. The cytometric detection of SYTO 16 fluorescence loss is even a sensitive marker
of early apoptotic events [35].

Unlike the RTCA IC50 values, these values measured by MTT were relatively stable
(2.66 uM resp. 2.42 uM IC50 after 6h resp. 24h treatment). The main mechanism of MTT
assay is a reduction of tetrazolium salts to formazan by mitochondrial succinate dehydrogenase
(SDH). SDH loses its activity by damage of the respiratory chain [36]. According to our results,
main reduction of SDH activity takes place during the first 6 hours. As mitochondria are the
main producer of ROS, they are an easy target of ROS-mediated damage, too. Thus, the ROS-
mediated damage plays a key role in the induction of cellular senescence [37]. In this study we
disclosed that the major ROS producing mitochondria in the PC-3 cells are coated by ER mem-
branes. Since the ER mitochondria encounter structure (ERMES) plays a key role in mitophagy
in yeast and Boeckler et al. showed that successful mitophagy depends on mitochondrial ER
tethering, [38], we assume that the major ROS producers in PC-3 are destined for degradation
by mitophagy. Mitophagy helps to eliminate damaged mitochondria and maintains their
healthy pool [39]. Mitophagy also presents a possible way to gain enough energy for survival
[19] and simultaneously removes the ROS producing mitochondria [40]. Accordingly, PC-3
cells express a high amount of pro-mitophagic genes PINK1, FUNDCI, and SMURF1I in com-
parison with the other cell lines of NCI60 panel. On the other hand, PARL (responsible for
PINK1 cleavage) was underexpressed. The PINK1 protein is connected with the mitochondrial
quality control by targeting damaged mitochondria for degradation [41]. The loss of PINK1
also impairs stress-induced autophagy and cell survival [42]. Furthermore, the mitochondrial
outer-membrane protein FUNDCI could mediate hypoxia-induced mitophagy [43]. Accord-
ing to these data, it seems possible that PC-3 cells have a high level of mitochondrial quality
control and are able to identify and then degrade the damaged mitochondria. It could seem
that getting rid of mitochondria is not much favourable for the tumour cell in the long run,
because tumour cells without mitochondrial DNA (mtDNA) show retarded tumour growth
[44]. Nevertheless, the tumour formation could be associated with the acquisition of mtDNA
from host cells [44] and this temporary handicap could be thus compensated.

Severely damaged cells often exhibit accumulation of autophagosomes and hence seem to
be subject to autophagic cell death. Nevertheless, in many cases, this “autophagic cell death” is
the cell death during autophagy rather than the cell death by autophagy [45]. In our study, the
highest percentage of autophagic cells was observed 8 hours after the treatment (see Fig 5B).
Due to the triggering of autophagic mechanisms, almost no increase of necrotic (AnnexinV’
+/PI+) and early oncotic or apoptotic (AnnexinV+/PI-) cells was induced. It follows that
induction of autophagy does not seem to be directly related to cell death. Conversely, our
results suggest that autophagy can promote the survival of cells under oxidative stress, which is
in accordance with the results of other studies [24, 46]. According to our results, autophagy
precedes several mechanisms such as self-renewal and entosis. Sun et al. found out that tumour
cells with high deformability preferentially engulf neighbouring cells with low deformability in
heterogeneous populations. They also found out that downregulation of contractile myosin
allows the internalization of neighbouring cells and that a mechanical differential between the
engulfing and engulfed cells is required for entosis to progress [47]. Therefore, we would like to
present a hypothesis, that reduction in membrane and cell stiffness due to protein catabolism
by autophagy could reflect increased entotic activity. Moreover, the entotic vacuole membrane
encircling the internalized cells recruits the autophagy protein LC-3 [48]. The initiation of
entosis, instead of apoptosis or necrosis, might give the cell additional time to survive the
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transient deleterious conditions. The cell in cell structure results in the decreased surface-to-
volume ratio, thereby minimizing cell membrane requirements (one membrane for two nuclei)
(Fig 4). Furthermore, a live cell internalized by entosis could disrupt host cell division. Subse-
quently, cytokinesis often fails, which causes the formation of binucleate cells that are able to
generate aneuploid cell lineages [49]. It was also shown that the frequency of entotic structures
correlates well with the tumour grade [49]. According to this observation, we speculate, that
entosis and competition between cells by cannibalism is rather late-stage process in cancer cells
and requires activation of mechanisms leading to higher developmental plasticity, changes in
cytoskeletal proteins [47] and some kind of de-differentiation of cells accompanied with
changes in transcription regulators. All of these could be supported by ROS. For example, tran-
scription factor C/EBPbeta (LIP), is elevated by endoplasmic reticulum stress and oncogenic
signalling [50, 51]. Recently, expression of LIP was connected with enhanced autophagy and
engulfment of neighbouring cells in the human breast cancer cell line (MDA-MB-468 cell line
with mutant p53 [52]) [53]. In our experiment, entotic cells lived by about five hours longer
than the other observed tumour cells. Although the all observed PC-3 cells were dead after 48h
treatment, it could probably be only the consequence of relatively low numbers of cells (ca. 50
cells) which can be seen in the holographic-microscope field of view. Nevertheless, according
to the flow-cytometry results, more than 60% of cells were annexinV-/PI- after 48 h of 2 yM
plumbagin treatment. About 18% of these cells were large and SYTO 16++.

Similar to mitophagy, digestion of the cytoplasm of neighbouring cells can provide a source
of amino acids, indicating that cannibalism could be a survival mechanism for tumour cells
during starvation and other adverse conditions [54]. Significant reduction of cell motility and
cannibalism were found after the plumbagin treatment. Furthermore, plumbagin is able to sup-
press activation of nuclear factor-xB (NF-xB) [13], and therefore could repress anoikis resis-
tance [55], which may be an explanation why plumbagin is probably more toxic for the PC-3
cell line than cisplatin (2.42 uM vs. 75 uM IC50 value after 24h treatment) [8].

We have also found out that specific processes leading to induction of reprogramming to
pluripotency (depicted by significant overexpression of NANOG, SOX2, and POU5FI [17, 26,
56]) were triggered 20h after the treatment in the tumour cell population exposed to ROS.
These three pluripotency-related transcription factors, Oct 3/4, Nanog, and Sox-2, form a core
regulatory network that coordinates the self-renewal and differentiation of stem cells. Transfec-
tion of NANOG, SOX2, OCT4, and LIN28 in human fibroblasts induced pluripotency, indicat-
ing a key position of these factors in the reprogramming of somatic cells [57]. These self-
renewal molecules highly contribute to tumourigenesis [17, 58]. Takahashi ef al. also showed
that the introduction of transcription factors Oct3/4, Sox2, c-Myc, and Klf4 into mouse adult
fibroblasts was able to reprogramme differentiated cells to an embryonic-like, pluripotent state
[59, 60]. Nanog overexpression was found to be one of the distinctive features of the population
of fibroblasts that escaped from Ras-induced senescence [61]. Furthermore, Nanog was found
to be promoting the transfer of pluripotency after the cell fusion of reprogrammed and non-
reprogrammed cell [62]. Nanog seems to be required during the final stages of somatic cell
reprogramming. Once the pluripotent state is established, Nanog is no longer needed [63],
which is in accordance with the peak-character of NANOG expression observed by us (see Fig
5H). Bambrik ef al. postulated that the activation of endogenous Oct4 or Nanog may be a
marker for fully reprogrammed induced pluripotent stem cells (iPSCs) [64]. We rather sup-
pose, that overexpression of NANOG, SOX2, and POUSF in the prostate tumour cell popula-
tion (especially in PGCCs; [65]) exposed to ROS leads to higher developmental plasticity and
capability to faster respond to changes in the extracellular environment that could ultimately
lead to alteration of cell fate (epithelial features vs. mesenchymal character etc.). Similar process
was observed in Mitchell et al. study [66]. Expression of pluripotency genes results in
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functional reprogramming that could provide to tumour cells higher developmental potency
[67] as well as higher stemness [25]. For example, it was observed that differentiated cancer
cells and tumor stroma can be originated directly from polyploid giant cancer cells induced by
paclitaxel [67].

Here, we hypothesize that autophagy and cell-in-cell structures accompanied with polyploi-
dization could also play an important role in the survival, remodelling and dedifferentiation of
cells to a pluripotent state (for summary see Fig 6). Autophagy could cause the degradation of
proteins important for the status of differentiation, which could restrain the process of repro-
gramming, and simultaneously could eliminate proteins that should not be expressed in the
pluripotent cells. According to our model arisen from the principal component analysis, BIRC
expression is very important for preventing metabolic stress in naive PC-3, but could prevent
reprogramming mechanisms, too. Protein product of BIRC gene (survivin) is able to prevent
apoptotic cell death, but also inhibits autophagy [68, 69], which could contribute to the effi-
ciency of puripotent stem cells generation [26]. Furthermore, relatively little expressed in PC-3
cells is another autophagy inhibitor CCL2 [69].

In our experiment, the expression pattern of PC-3 cells as well as their morphology after
20h of plumbagin treatment matched with the PGCCs characteristics. This observation is in
accordance with the idea that entering polyploidy is part of a strictly regulated process that
could provide a survival advantage to cells with DNA damage [17]. Notably, the polyploid state
can affect the resistance of cancer cells and could also contribute to the generation of cancer
stem cells in response to stress [17, 25]. According to our model, large cells with an intensive
SYTO 16++ signal (probably PGCCs) seem to be further in reprogramming to pluripotency
processes than naive PC-3 cells. Erenpreisa et al. discussed, that senescence, polyploidy and
self-renewal are three steps to immortality of cancer cells [17]. We predict that autophagy
could play an important role in all these three processes, particularly because PC-3 are p53
deficient and hence could be resistant to senescence, which is a natural barrier for reprogram-
ming [26]. PC-3 seem to be predisposed to reprogramming [70-72].
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