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Abstract

This bachelor thesis examines reactive oxygen species (ROS) generation and their effect
on the differentiation of the promyelocytic human cell line HL-60 into neutrophils,
neutrophil activation and neutrophil extracellular traps (NETs) formation. Neutrophil
extracellular traps are web-like structures made of chromatin and proteins that allow
neutrophils to trap and kill extracellular pathogens.

ROS generation is a phenomenon associated with the differentiation of the HL-60 cell
line into neutrophils and neutrophil extracellular traps formation, but the details remain
unclear due to the difficulties connected with the detection of ROS in living systems.

For our research, all-trans retinoic acid (ATRA) is used as a differentiating agent and
phorbol-12-myristate-13-acetate (PMA) or lipopolysaccharides (LPS) as a stimulus. The
concentrations of these agents, as well as the incubation times, appear to be crucial factors
that influence the results.

Superoxide anion radical formation is detected by electron paramagnetic resonance
spin  trapping using 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide
(EMPO) as a spin trap. Confocal laser scanning microscopy is utilized to observe the
integrity of differentiated cells.

The last part of our research focuses on protein analysis. Free radical modified protein
adducts are identified by western blotting using anti-MDA (malondialdehyde) antibodies.

Our findings may provide useful information on the involvement of free radicals and
their adducts in NETs formation using HL-60 cell line as an in vitro model system.
Exploring the regulatory role of protein adducts in NETs formation may support the

development of new therapeutic methods in future.
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AIMS OF THE THESIS

Theoretical part

1.

Writing up an overview of the publications about human myeloid leukaemia
cell lines (HL-60, THP-1, U-937), and their differentiation into neutrophils and
macrophages, respectively. Generation of reactive oxygen species and its

protein adducts characterization with immuno-spin trapping.

Experimental part

1.

Learning techniques related to cell culture, its maintenance and cytotoxicity
assays using a monocytic cell line model HL-60.

Learning protocols related to differentiation of the human myeloid leukaemia
cell line HL-60 into neutrophils using chemical (ATRA, PMA) and bacterial
(LPS) stimuli.

Performing spectroscopic techniques (electron paramagnetic resonance) and
confocal laser scanning microscopy.

Learning techniques like total protein extraction from cultured cell lines,
protein quantification and detection of the free radicals modified protein
adducts by western blotting analysis.

Evaluation of the measured results and discussion of the results with the

literature.



1 INTRODUCTION

Neutrophils are reported to be the most common and abundant leukocytes. They are the
primary cells recruited to the site of infection and play a vital role in innate immunity
(Rosales et al., 2016). One of the strategies that neutrophils use to neutralize pathogens
is neutrophil extracellular traps (NETs) formation. NETs are extracellular web-like
structures made of chromatin and proteins (Thiam et al., 2020). DNA in the fibres is
mainly from the nucleus but it can also have a mitochondrial origin (Lood ef al., 2016).

In this study, the HL-60 cell line was used as an in vitro neutrophil model to study the
involvement of reactive oxygen species along its differentiation and extracellular traps
formation. HL-60 is a promyelocytic cell line derived from a 36-year-old female patient
with acute promyelocytic leukaemia (Koyama et al., 2015).

HL-60 cells can be differentiated into neutrophils using chemical stimulants, e.g.
all-trans-retinoic acid (ATRA) (Tasseff et al.,2017). These cells can also be differentiated
into macrophages using phorbol-12-myristate-13-acetate (PMA) (Mandic ef al., 2022).
Differentiation into monocytes using dimethyl sulfoxide (DMSO) has also been
documented (Zamani ef al., 2013). Differentiated neutrophils are induced by a chemical
stimulant, e.g. PMA (Manda-Handzlik et al., 2018), or by a bacterial stimulant, e.g.
lipopolysaccharides (LPS). Different concentrations of these agents highly affect the
differentiation and activation processes. The effect of incubation times should also not be
overlooked.

Activated neutrophils produce pro-inflammatory cytokines that are important for
immune responses (Tecchio et al., 2014). The most important cytokines include
interleukin-1 beta (IL-1p), tumour necrosis factor alpha (TNF-a) or interleukin-8 (IL-8).
These pro-inflammatory cytokines are produced at higher levels by neutrophils and
monocytes, e.g. during type 2 diabetes (Carestia et al., 2016).

Differentiation of HL-60 into neutrophils leads to reactive oxygen species (ROS)
production. Superoxide anion radical is produced by NADPH oxidase (NADPH oxidase,
NOX, EC 1.6.3.1) complex, mainly by NADPH oxidase 2 (NOX2). In this scenario,
phagocytized organisms are killed by an oxidative burst (El-Benna et al., 2016). Reactive
oxygen species are involved in NETs formation (NETosis) (Keshari et al., 2013). The
mechanism of ROS-mediated NETosis induction has not been understood, yet. However,
it is likely that NETosis is induced due to DNA damage caused by ROS formation during

neutrophil activation (Azzouz et al., 2021). ROS generation can be monitored by electron



paramagnetic resonance (EPR) using spin trapping (Nawab et al., 2017) and also by
confocal laser scanning microscopy (Ding et al., 2018).

Differentiation into neutrophils is connected with changes in gene expression and
protein composition (Rincon et al., 2018). The intracellular events associated with ROS
production during NETs formation remain elusive. Malondialdehyde (MDA), a lipid
peroxidation product, forms adducts with proteins and these changes can be monitored
by various methods (Mas-Bargues et al., 2021). In this work, SDS-PAGE and western
blotting were the mainly used techniques. The method involves the identification of
malondialdehyde protein adducts formed along the differentiated and stimulated

neutrophils.



2 CURRENT STATE OF THE TOPIC

2.1 Neutrophils

2.1.1Overview of neutrophils

Neutrophils are classified as a type of white blood cells prevalent in the human body and
can make up to 70% of all leukocytes. Neutrophils, together with basophils and
eosinophils, are members of the group of polymorphonuclear leukocytes (PMNs)
(Malech et al., 2014). Their characteristic multilobulated shape of the nucleus (Fig. 1)
distinguishes them from other leukocytes. Neutrophils role in the immune system lies in
the early response to acute infection by pathogens, mainly bacteria (Hidalgo et al., 2019).
However, the antimicrobial activity of neutrophils can lead to tissue damage in the host
organism (Soehnlein et al., 2017), such as toxic effects on neurons and the consequent
impairment of cognitive functions (Chen et al., 2022).

Neutrophils are formed from the hematopoietic stem cells in the bone marrow, where
they are also stored and form the bone marrow reserve. In case of need, e.g. inflammation
caused by an infection, neutrophils are quickly mobilised and released into the
bloodstream. During this mobilisation, neutrophils must cross a barrier of the sinusoidal
endothelium (Hyun & Hong, 2017). The half-life of neutrophils in circulation was usually
considered to be around 8 h. Nevertheless, some more recent sources indicate that it can

be as long as 5 d or even longer (Lahoz-Beneytez et al., 2016).

Figure 1. Transmission electron microscopy (TEM)
image of a human neutrophil with a multilobulated
nucleus. White arrow indicates an inactivated
chromosome X (female donor). Scale bar: 2 um.
Adapted from: Brinkmann & Zychlinsky (2012).



2.1.2 Neutrophil granules

In neutrophils, four types of granules (Fig. 2A) can be found: azurophilic (primary),
specific (secondary), gelatinase (tertiary), and secretory (quaternary). All of them are
formed in the process of differentiation. Azurophilic granules (Fig. 2B) serve as a storage
site for toxic mediators, e.g. elastase, myeloperoxidase or cathepsins. Substances stored
in the azurophilic granules are important for phagocytosis (DeLeo & Allen, 2020).
Specific granules (Fig. 2C) contain antibacterial proteins, such as lactoferrin, cathelicidin
or lysozyme. Gelatinase granules are associated with the presence of lysozyme and the
proteases gelatinase and leukolysin. Secretory granules abound with a large number of
transmembrane receptors, e.g. a TNF receptor. These receptors are incorporated into the
plasma membrane during exocytosis. These granules do not harbour many antibacterial
proteins (Ramadass & Catz, 2016). However, the cationic antimicrobial protein of 37 kDa

(CAP37) may be present (Kasus-Jacobi et al., 2020).

A Azurophilic Granules Specific Granules
Neutrophil elastase Collagenase
Myeloperoxidase Qo Gelatinase
Cathepsin G pragl) [ 1 Lactoferrin
Proteinase 3 Lysozyme
Azurocidin Lipocalin
Defensins
Gelatinase Granules RectetolyaNesicios
Plasma proteins
Collagenase Membrane receptors
Gelatinase ’
Acyl transferase ° o’
Cathepsin .
. Neutrophil

Figure 2. Neutrophil granules. (A) Schematic representation of four types of neutrophil granules:
primary (azurophilic), secondary (specific), tertiary (gelatinase), and quaternary (secretory).
(B) TEM image of primary granules (pg). (C) TEM image of secondary granules (sg). Modified
according to: (A) Rawat et al. (2021), (B, C) Witko-Sarsat et al. (2000).



2.1.3 Neutrophils and cytokines

During inflammation, neutrophils are attracted to the site of infection by chemical signals
(chemotaxis) produced by the damaged tissue as well as microorganisms (Hasan et al.,
2016). Cytokines play an essential signalling role in the neutrophil fight against infection
and fulfil two functions (Turner et al., 2014). Firstly, cytokines at the site of infection,
e.g. IL-8 or TNF-q, attract neutrophils to the affected area (Duque & Descoteaux, 2014).
Secondly, cytokines produced by the neutrophils themselves serve as attractants that draw
the attention of other immune cells (Rosales, 2018). Although the cytokines produced by
neutrophils can be classified according to several criteria, the division into
pro-inflammatory and anti-inflammatory has become the most widely used (Bordon et
al., 2013). Pro-inflammatory cytokines include, e.g. IL-1 B, IL-6 or TNF-o.
Anti-inflammatory cytokines are, e.g. IL-4, IL-10 or interferon-a. (Maspi et al., 2016).

2.1.4Pathogen neutralization

Neutrophils are considered the first line of defence in the innate immune system, wherein
they capture and destroy invading pathogens (bacterial, fungal, and viral) through
phagocytosis, intracellular degranulation or formation of NETs (Gazendam et al., 2016;
Storisteanu et al., 2017; Ma et al., 2021).

Phagocytosis is a process involved in the elimination of pathogens or particles that can
cause disease (Schumann, 2016). Prior to the beginning of phagocytosis, targeted
particles are opsonized — extracellular proteins opsonins are attached to the surface of the
particles (Garcia-Senosiain et al., 2021). The targeted particle is internalized (Fig. 3) and
a phagosome is subsequently formed. The internalization process is achieved either
through plasma membrane protrusions that non-specifically surround adjacent particles
or via sequential binding of surface receptors to the particle's ligands, leading to the
wrapping of the whole particle by the plasma membrane through the zipper mechanism

(Jaumouillé & Waterman, 2020).



Figure 3. Pseudocolor scanning electron microscopy (SEM) image
of a human neutrophil internalizing two zymosan particles (yeast cell
walls). Scale bar: 5 um. Modified according to: Heinrich & Lee
(2011).

The particle in the phagosome is destroyed by ROS and hydrolytic enzymes. During
the oxidative burst, a large amount of superoxide anion radical is produced by NADPH
oxidase (Kuwabara et al., 2015). The superoxide anion radical is subsequently
decomposed by superoxide dismutase (superoxide dismutase, SOD, EC 1.15.1.1) to
hydrogen peroxide, which is decomposed by myeloperoxidase (myeloperoxidase, MPO,
EC 1.11.2.2) to hypochlorous acid (Fig. 4) (Koyani et al., 2015). This acid is also involved
in the activation of proteases (Wang et al., 2022).

Superoxide
dismutase

Cl-

OZQ 0; [0 LT> HOCT

Molecular H+ Hydrogen

Hypochlorous
Oxygen peroxide

acid

NADPH-
oxidase

Figure 4. Schematic representation of neutrophil generation of hypochlorous
acid. Adapted from: Nizer et al. (2020).



The mechanism of degranulation involves the deposition of neutrophil granules (see
2.1.2 Neutrophil granules) by exocytosis. As mentioned above, these granules contain
antimicrobial substances that mediate pathogen elimination. Gelatinase (tertiary) granules
are released first, followed by specific (secondary) granules, and then by the deposition
of azurophilic (primary) granules (Yin & Heit, 2017). The sequential release of granules
enables neutrophil migration and release of antimicrobial proteins at the site of infection.
Granules with active substances are transported into phagosomes under normal
conditions, demonstrating a direct connection between degranulation and phagocytosis

(Klebanoff et al., 2013).

2.2 Neutrophil extracellular traps

An alternative mechanism employed by neutrophils to combat invading pathogens is
through the release of neutrophil extracellular traps (NETs). This process involves the
formation of extracellular web-like structures (Fig. 5) composed of DNA (chromatin
loosened from neutrophils) and proteins that are transported into the extracellular space.
It has been shown that the DNA in NETs is primarily nuclear but may also originate from
mitochondria. Since a large part of NETs is made of DNA, pathogens (mainly bacteria)
expressing DNases can escape these traps (Halverson et al., 2015). Proteins are delivered
either from neutrophil granules (see 2.1.2 Neutrophil granules) or from the cytosol. In the
case of cytosol proteins, this typically involves serine proteases (Majewski et al., 2016).
Histones may also participate in NETosis. Their acetylation has been shown to promote
NETs formation (Hamam et al., 2019).

Apart from eliminating pathogens, the NETs formation also serves as an effective
physical barrier. This restrictive functionality is related to limiting the spread of
pathogens, which is important for the treatment of diseases, such as sepsis (Castanheira
& Kubes, 2019). A negative effect of NETs on the immune response has also been
documented, wherein they prevented leukocytes from accessing tumour cells (Ireland
& Oliver, 2020). NETosis has also received considerable attention in the context of the
Coronavirus disease 2019 (COVID-19). A storm of pro-inflammatory cytokines has
contributed to the acceleration of respiratory failure in many patients. These facts
mentioned above demonstrate that NETs, besides their positive effects on the human

immune system, can also cause health complications in some cases.



In terms of its progression, NETosis can be categorized as suicidal and vital. Suicidal
NETosis is a type of cell death which involves the chromatin release and disruption of
neutrophil granules allowing the mixing of nucleic acids with proteins from neutrophil
granules (Vorobjeva & Pinegin, 2014). With perforation of the plasma membrane, NETs
leak out of the cell that subsequently undergoes lysis. The suicidal NETosis is typical for
PMA-stimulated neutrophils. The second option for neutrophils is to perform viable
NETosis without cell lysis (Pieterse et al., 2016). Vital NETosis of neutrophils can be
induced by LPS (Ding et al., 2021). A striking contrast between these two types of NETs
formation is the duration. In the case of suicidal NETosis, formed NETs remain active
for hours. Vital NETosis, however, can last for as little as 30 min (Byrd et al., 2013). As
the name suggests, vital NETosis is performed by intact neutrophils and does not limit
their further functionality.

Besides the above-mentioned positive effects on the human immune system, the
formation of NETs can lead to negative consequences. In 2010, Hakkim et al. reported
a mechanism connecting impaired NETs degradation and glomerulonephritis in systemic
lupus erythematosus (an autoimmune disease). The effect of NETs on thrombosis
development was also observed (Savchenko ef al., 2014). Excessive NETs formation has
also been linked with organ damage, e.g. during influenza pneumonitis (Porto & Stein,

2016).

00119683

Figure 5. Formation of NETs by a human neutrophil (SEM image).
Scale bar: 5 um. Modified according to: Giaglis et al. (2016).



2.3 Reactive oxygen species

The term reactive oxygen species (ROS) includes oxygen radicals and non-radical
molecules. Radicals are the following: superoxide ion radical (O2"), hydroxyl radical
(HO"), peroxyl radical (ROQO"), and hydroperoxyl radical (HO>"). Non-radical molecules
include hydrogen peroxide (H»0:), hypochlorous acid (HOCI), ozone (O3) or singlet
oxygen ('02). ROS are primarily formed from the diatomic oxygen molecule (O>) by its
reduction (Fig. 6) — commonly as byproducts in living systems. The properties of these
molecules (mainly radicals) make them highly reactive (Dumanovic et al., 2021).

ROS are commonly present in low concentrations in cells and play an essential role in
cell signalling and homeostasis (Redza-Dutordoir & Averill-Bates, 2016). However, high
concentrations of ROS cause problems for cells that are often incompatible with normal
functioning (Schieber & Chandel, 2014).

ROS formation can be classified into enzymatic and non-enzymatic. The enzymatic
pathway involves many metabolic processes — mainly the mitochondrial respiratory chain
(Stefanatos & Sanz, 2018), NADPH oxidase activity during phagocytosis (as mentioned
above) or cytochrome P450 (cytochrome P450, CYP, 1.14.14.1), which is essential for
the detoxification of xenobiotics (McDonnell & Dang, 2013). In the case of plant cells,

photosynthesis represents an important source of ROS (Pospisil, 2016).

hv e SOD Catalase
102 — 02 -_— 02.- -_— H202 -_— H20+02
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HOCI «~—— H,0, *OH

Figure 6. F ormation of radical and non-radical ROS — diatomic oxygen reduction. Adapted from:
Capek & Rousar (2021).



Since ROS cause oxidative damage to cells, it is necessary to maintain an acceptable
level of ROS in the cell. For this purpose, systems of antioxidants have been developed
in living systems. The most important enzymatic antioxidants are superoxide dismutase
(catalysing the conversion of the superoxide anion radical into hydrogen peroxide),
catalase (catalysing the conversion of hydrogen peroxide into water and oxygen) or
glutathione peroxidase (glutathione peroxidase, GPx, EC 1.11.1.9) which catalyses the
conversion of hydrogen peroxide into water. Important non-enzymatic antioxidants
include vitamins, such as ascorbic acid or tocopherol (Mironczuk-Chodakowska et al.,
2018).

It has been found that the overproduction of ROS in the human body can promote the
development of various diseases including cardiovascular disorders (Moris et al., 2017),
cognitive impairment (Hernandes et al., 2014) or cancer (Galadari et al., 2017). Oxidative
stress caused by excessive ROS damages biomacromolecules which includes oxidation
of nucleic acids (DNA, RNA), amino acids in proteins, cofactors (leading to enzyme
deactivation), and last but not least, lipid peroxidation — oxidation of polyunsaturated

fatty acids (Juan et al., 2021).

2.3.1Involvement of reactive oxygen species in NETosis
Numerous scientific articles published in recent years have demonstrated that ROS are
essential for NETosis activation. However, the specific mechanism is yet to be discovered
(Douda et al., 2015). One possible pathway of NETosis initiation is the ROS-mediated
activation of transcription factors. A clear interaction with ROS has been observed in the
case of transcription factors hypoxia-inducible factor-1 (HIF-1) and nuclear factor
kappa B (NF-kB). These transcription factors are reported to regulate the gene expression
of proteins that are crucial for NETosis (Zhong et al., 2022). Further research has revealed
that the transcription factor NF-xB regulates the level of ROS in cells, and vice versa,
ROS also affect the activity of this transcription factor (Hoesel & Schmid, 2013).

ROS may also regulate the activity of enzymes that are critical for the formation of
NETs (Stoiber et al., 2015). Cytokines like IL-8 are known to regulate ROS levels within
cells as well as to trigger NETosis (Gupta et al., 2014; Zha et al., 2020).
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2.3.2 Lipid peroxidation, reactive oxygen species and NETosis

As mentioned above, an increase in the level of ROS or free radicals can impose direct
damage on lipids. Free radicals can oxidise membrane phospholipids resulting in the
formation of lipid hydroperoxides and aldehydes as primary and secondary products,
respectively. Lipid peroxidation events can damage the structure and integrity of
membranes (van der Paal et al., 2015; Zhong et al.,2019). Among the secondary aldehyde
products, malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), propanal and hexanal
are widely studied (Ayala et al., 2014). MDA is the final product of arachidonic acid
degradation. MDA can be produced in the body by enzymatic and non-enzymatic
pathways. MDA molecules are also able to interact with biomacromolecules (proteins,
nucleic acids) and form adducts (Zarkovic ef al., 2013). MDA binds to amino groups of
amino acids (mainly lysine) in proteins (Fig. 7) to form MDA epitopes (Papac-Milicevic
et al., 2016). Measurement of total MDA by high-performance liquid chromatography
(HPLC) or detection of MDA-derived protein adducts using antibodies can aid in
deciphering its role in disease pathogenesis (Béziere et al., 2014; Manoharan et al., 2023).
Oxidised phospholipids are known to modulate the function of leukocytes and play

a critical role in the extracellular traps formation in neutrophils.
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Figure 7. Lipid peroxidation of fatty acids resulting in formation of MDA. Molecules of MDA

bind to amino groups of amino acids and form MDA epitopes. Adapted from: Papac-Milicevic
et al. (2016).
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2.4 HL-60 cell line

HL-60 is a human promyelocytic leukemia cell line originally isolated from the bone
marrow of a 36-year-old woman with acute promyelocytic leukemia in 1977. With
inducers, these cells can be differentiated into either neutrophils or
monocytes/macrophages-like cells in vitro (Ramachandran et al., 2014). This cell line,
which is growing in popularity, is often used in laboratory research due to its beneficial
characteristics. HL-60 cells continuously proliferate in cell suspensions, with a doubling
time of approximately 36—48 h. The presence of transferrin and insulin is essential for
cell division (McTague ef al., 2022). In culture, cells resemble an ovoid or a spherical
(Fig. 8A) shape, and the surface is smooth in the undifferentiated state (Shirai et al.,
2018). These cells are heterogenous in size with a diameter of approximately 10-20 um,
depending on the growth conditions (Chen et al., 2016). HL-60 cells are also
characterized by the presence of azurophilic granules (Razvina et al., 2015). The nucleus

of the cell is usually large and round (Fig. 8B).

HL-60 cell with a round nucleus, nucleolus and mitochondria (M). Scale bars: 1 um (both
images). Modified according to: (A) Zhong et al. (2011), (B) Salvioli et al. (2003).
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2.4.1 HL-60 cells differentiation and utilization

The HL-60 cell line has drawn the attention of researchers due to its ability to differentiate
into different cell types under in vitro conditions. Due to this advantageous property, the
HL-60 cell line, together with the U-937 and THP-1 cell lines, is used as an in vitro model
for the study of the cell differentiation (Nascimento et al., 2022).

The discoverer of the HL-60 cell line, Steven J. Collins, observed that these cells can
differentiate into four cell types (Fig. 9): granulocytes (neutrophils, eosinophils),
monocytes, and macrophage-like cells (Collins, 1987). The cell type that the HL-60 cell
will differentiate into depends on the inducing agent. Most commonly, HL-60 cells
differentiate into neutrophils, which may be induced by the use of agents dimethyl
sulfoxide (DMSO) or retinoic acid (Babatunde et al., 2021). The differentiation into
neutrophils is associated with a change in the cell shape. Cell extensions and the formation
of pseudopodia occur, as can be observed in the study of Wang et al. (2017). Eosinophil
formation was observed upon stimulation with granulocyte-macrophage
colony-stimulating factor (GM-CSF). However, this represented only a small percentage
(4—7%) of the total number of differentiated cells (Fu et al., 2016). Differentiation of
HL-60 cells into monocytes can be induced by several stimuli, e.g. vitamin D3 (Poplutz
et al, 2014). To differentiate HL-60 cells into macrophage-like cells,
phorbol-12-myristate-13-acetate (PMA) is standardly employed.

\\
Granulocytes /(O
\'/ \"} \ /

Macrophages  Monocytes

Figure 9. Differentiation of HL-60 cells into different cell types: granulocytes (neutrophils,
eosinophils), monocytes, and macrophage-like cells. Modified according to: Hou et al. (2020).
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However, the cellular responses of these cells differ from non-leukaemic cells, which
represents a relevant limitation of these in vitro models (Nascimento et al., 2022).

HL-60 was utilized as a promising in vitro model to study various cellular processes
like cell death processes (Huang et al., 2019), and analysis of macrophage functions — e.g.
phagocytosis (Mandic et al., 2022). It is also employed in the investigation of immune
responses following infection by a pathogen (Lee et al., 2017) or the development of new

drugs against various diseases, including leukaemia or cancer (Shaikh et al., 2014).

2.5 Exploring the biotechnological potential of NETosis

Many recent studies indicating that NETs are connected to several biological processes
which may hold potential for novel biotechnological applications have frequently been
focused on NETosis.

The first use of neutrophil extracellular traps in medical biotechnology is disease
diagnostics. NETs contain proteins that can be used as biomarkers to identify diseases.
Numerous studies have established a link between elevated NETs levels and the
development of COVID-19, which may be used for diagnostic purposes (Zuo et al., 2020;
Blanch-Ruiz et al., 2022).

Another field of medical biotechnology application of NETs is cancer therapy. Many
hypotheses support the anti-cancer effect of NETs through the direct killing of cancer
cells or stimulation of immune responses. However, this fact is yet to be confirmed and
remains shrouded in uncertainty. Besides, studies have also demonstrated the pro-cancer
effect of NETs wherein they provide a suitable environment for metastasis
(Cools-Lartigue et al., 2014; Garley et al., 2016).

While describing medical biotechnology applications, it is essential to mention the
treatment of autoimmune diseases. Particular attention is focused on the NETs
inactivation during rheumatoid arthritis (RA) which is characterized by joint
inflammation and bone damage. NETs displace autoantigens, such as citrullinated
histones, which enhance immune responses to RA (Fousert er al., 2020). Histone
citrullination (an epigenetic post-translational modification during which histone arginine
is converted to citrulline) occurs during NETs formation (Tsourouktsoglou et al., 2020).

Last but not least, an interesting application of nanomedical biotechnology is the
neutrophil-based drug delivery system (Fig. 10). This method can provide an innovative
and efficient approach in which therapeutic agents are packaged into nanoparticles that

are subsequently attached to activated neutrophils using specific ligands (Wang et al.,
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2021; Cruz et al., 2022). However, the approach demands further research and is still
under development (Chu et al., 2018).
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Figure 10. Scheme of the neutrophil-based drug delivery system. Drug loaded bovine serum
albumin (BSA) nanoparticles (NPs) are attached to activated neutrophils using specific ligands.
Activated neutrophils with NPs are transported via blood vessels and, if necessary, cross the
vessel wall to reach the site of inflammation. Modified according to: Chu et al. (2015).
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2.6 Characterization of methods for detecting superoxide anion radical and
malondialdehyde protein adducts

2.6.1 Electron paramagnetic resonance spin trapping: Superoxide anion radical
detection

The detection of superoxide anion radical (and other ROS) is accompanied by difficulties
arising from the instability of these molecules and their short lifetime. Identification of
ROS molecules can also be negatively affected by the limited amounts in which they are
generated. This places demands on the higher sensitivity of the methods applied.
However, these limitations can be successfully overcome by electron paramagnetic
resonance (EPR) spin trapping (Abbas et al., 2016).

EPR is an analytical method investigating the behaviour of molecules with unpaired
electrons in samples. Applying magnetic fields to the sample results in the transition of
unpaired electrons between two spin states. The change in energy (characteristic for each
radical) is subsequently detected (Roessler & Salvadori, 2018).

For the detection of radical ROS, it is preferable to use the spin-trapping technique.
This elegantly solves the complications of the instability and short lifetime of these
molecules. ROS molecules covalently react with the spin trap to form stable spin-labelled
adducts, which are subsequently identified by EPR spectroscopy (Davies, 2016).

2.6.2 Detecting malondialdehyde protein adducts using western blotting: A reliable
and sensitive approach

As mentioned above, the analysis of MDA-protein adducts is utilized as a marker of

oxidative protein damage. MDA-protein adducts can be efficiently detected by

SDS-PAGE followed by western blotting.

The technique involves electrophoretic separation of extracted proteins (including
MDA -protein adducts) by standard SDS-PAGE based on their molecular weight. The
separated proteins are then transferred onto the nitrocellulose membrane and specific
protein detection is achieved by the use of an anti-MDA primary antibody. Species-
specific HRP-labelled secondary antibodies recognize and bind to primary antibodies
allowing chemiluminescence detection of targeted proteins (Liao et al., 2018).

Similar to all analytical methods, this MDA-protein adduct detection has its pros and
cons. Advantages include sensitivity, specificity or the ability to analyse multiple samples
simultaneously. Disadvantages are, among others, false positive results, the cost of

specific antibodies or their poor quality (Gilda et al., 2015).
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3 MATERIALS AND METHODS

3.1 Reagents, media and antibodies

HL-60 cell lines were procured from American Type Culture Collection (ATCC;
Rockville, MD, USA) and cultured in RPMI 1640 media (LM-R1639) supplemented with
10% fetal bovine serum (FBS), 1% (v/v) antibiotic-antimycotic solution from Biosera
(Nuaille, France). All-trans retinoic acid (R2625-500MG) was obtained from
Merck — Sigma-Aldrich® (Burlington, MA, USA). Phorbol-12-myristate-13-acetate
(P1585) was procured from Merck — Sigma-Aldrich® (Burlington, MA, USA).
Lipopolysaccharides (L2630) were obtained from Merck — Sigma-Aldrich® (Burlington,
MA, USA). 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2 H-pyrrole-1-oxide (No. ALX-430-
098) was purchased from Enzo Life Science (Farmingdale, NY, USA). A Pierce’™ BCA
Protein Assay Kit (No. 23227) was procured from Thermo Fisher Scientific (Waltham,
MA, USA). A Pierce™ Bovine Serum Albumin Standard Pre-Diluted Set (No. 23208)
was also purchased from Thermo Fisher Scientific (Waltham, MA, USA). An MTT Assay
Kit (ab211091) was obtained from Abcam (Cambridge, CB2 0AX, UK). The Immobilon®
Western Chemiluminescent HRP Substrate (WBKLS0500) was procured from
Merck — Millipore® (Burlington, MA, USA). The primary rabbit IgG anti-MDA antibody
(ab27642) was obtained from Abcam (Cambridge, CB2 0AX, UK). The secondary goat
anti-rabbit IgG (H+L) HRP conjugate (No. 1721019) was purchased from Bio-Rad
(Hercules, CA, USA). Complete Protease inhibitors cocktail tablets (No. 4693159001)
were obtained from Roche (Mannheim, Germany). FM4-64 stain (T13320) was procured
from Merck — Sigma-Aldrich® (Burlington, MA, USA) and Hoechst 33342 stain
(No. 62249) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).

3.2 Cell viability assay

The cell viability of HL-60 cells was determined using an MTT Assay Kit. Cells were
treated with varying concentrations of stimulants (PMA, ATRA, LPS) and post-treatment
cell viability and proliferation abilities were established. HL-60 cells (1 x 10 cells-mL™")
were cultured in a 96-well plate at 37 °C and 5% COx. Cells were treated with different
concentrations of PMA (500-18.75 nmol-L™!), LPS (1,000-37.5 ng'mL"!) and ATRA
(3-0.09 umol-L™") for 24 h (PMA, LPS) and 72 h — ATRA, respectively (Fig. 11). Post
incubation, the treatment media was carefully removed from the wells and replaced with
50 uL of the serum-free RPMI 1640 media and 50 uL of the MTT Reagent in each well.
Followed by incubation for 3 h (37 °C, 5% CO3), 150 pL of the MTT Solvent was added
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into each well (Fig. 12) and incubated for 15 min. on an orbital shaker. The absorbances
were measured at 590 nm using a Synergy™ Mx Microplate Reader (BioTek
Instruments; Winooski, VT, USA). Measurements for each agent concentration were
performed in duplicates. Based on these results, optimal concentrations of PMA, ATRA
and LPS were selected and subsequently used in our following experiments. Sufficient
differentiation of HL-60 cells had to be considered, but at the same time, the chosen

concentrations of the agents must not be too cytotoxic for the cells.

HL-60 cells (in RPMI Incubation (3 h, Addition of the MTT
1640) 37 °C, 5% CO,) solvent (150 puL)

Addition of

Serum-free RPMI Incubation (15 min.,
(50 L) 37 °C, 5% CO,, on

+ MTT Reagent orbital shaker)
(50 pL)

Treatment with:
ATRA / PMA / LPS

Incubation (37 °C
and 5% CO,) — ATRA: Removal of the Absorbance reading
72 h, PMA and LPS: treatment media (590 nm)
24 h

Figure 11. Schematic illustration of the Cell viability assay workflow.
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3.3 Cell culture and differentiation

HL-60 cells were cultured in the RPMI 1640 cell culture medium. Fetal bovine serum
(10%), antibiotics (penicillin/streptomycin, 1% v/v) and L-glutamine (0.3 g-L™!) were
added to the medium. The cells were cultured in a MITRE 4000 Series culture incubator
(Contherm; Lower Hutt, New Zealand) under constant temperature (37 °C) and CO;
concentration in the atmosphere (5%).

The main aim of our research was the HL-60 cell differentiation into neutrophils using
ATRA and the following neutrophil activation using PMA and LPS (Fig. 13) to study the
free radical generation and protein adducts formation.

For our experiments, the HL-60 cells were differentiated into neutrophils using ATRA
(0.25 umol-L™L, incubation for 72 h) in the complete RPMI medium. The subsequent
neutrophil activation was achieved using PMA (50 nmol-L™!) or LPS (100 ng-mL™).
Concentrations used in our differentiation and activation studies were selected based on
the Cell viability assay (see 3.2. Cell viability assay). Differences in cellular morphology
along the differentiation process were monitored by confocal laser scanning microscopy
(see 3.5. Confocal laser scanning microscopy). The neutrophil activation (PMA, LPS)

was carried out for a period of 3 h in the serum-free RPMI medium.
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Figure 13. Scheme of the differentiation of HL-60 cells into neutrophils and the following
neutrophil activation. (A) SEM image of an HL-60 cell. Scale bar: 1 um. (B) SEM image of
a neutrophile. Scale bar: 2 pm. (C) SEM image of the activated neutrophile and NETosis. Scale
bar: 5 um. Modified according to: (A) Zhong et al. (2011), (B) Lazaro-Diez et al. (2020),
(C) Giaglis et al. (2016).

HL-60 cells

Washing of HL-60 cells was done with phosphate buffer saline (PBS; pH 7.4) to
remove residual culture media. Cell density was quantified using the TC20 Automated
Cell Counter (Bio-Rad; Hercules, CA, USA) by staining cells with trypan blue (T6146;
Merck — Sigma-Aldrich®; Burlington, MA, USA).

3.4 Superoxide anion radical detection using electron paramagnetic

resonance spin trapping spectroscopy

Production of superoxide anion radical (O2™) during the HL-60 differentiation was
monitored using an EPR spectrometer MiniScope MS400 (Magnettech GmbH; Berlin,
Germany). HL-60 cells were differentiated as mentioned in section 3.3. Control
undifferentiated samples and treated samples were collected by centrifugation
(Centrifuge 5425 R; Eppendorf; Hamburg, Germany) at ~ 394 x g for 10 min. at room
temperature (RT). The resulting cell pellets were washed in PBS buffer (0.1 mol-L™!)
through centrifugation (~ 394 x g, 10 min., RT) and the process was repeated twice to
remove residual media. Treated pellets were resuspended in PBS and incubated along
with 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2 H-pyrrole-1-oxide (EMPO;
25 mmol-L!) for 15 min. at 37 °C. (Fig. 14). The reaction mixture was transferred into
a glass capillary tube and subjected to the EPR analysis. The data were recorded using
the following parameters (Prasad ef al., 2021): modulation frequency (100 kHz),
microwave power (10 mW), sweep width (100 G), modulation amplitude (1 G), and scan

rate (1.62 G-s™!). Undifferentiated HL-60 cells in PBS were used as a control sample.
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HL-60 cells (in RPMI 1640)

Differentiation (0.25 pmol-L"1ATRA; 72 h, 37 °C and 5% CO,)

Neutrophil activation (50 nmol-L™t PMA or 100 ng-mL™ LPS)
PBS wash (2 x) and centrifugation (~ 394 x g, 10 min., RT)
Discard supernatant and resuspend cell pellets in 0.1 mol-L= PBS

Samples incubation with 25 mmol-L-* EMPO for 15 min at 37 °C

EPR spectrum analysis

Figure 14. Scheme of the EPR spectroscopy workflow.

3.5 Confocal laser scanning microscopy

Membrane integrity, morphological changes, and generation of reactive oxygen species
in differentiating HL-60 cells were observed using confocal laser scanning microscopy
(CLSM).

Undifferentiated cells were used as a control. As mentioned above, HL-60 cells were
differentiated and activated with respective stimuli. Post treatment, cells were collected
by centrifugation (~ 394 x g, 10 min., RT) and resulting pellets were resuspended in
100 uL. of fresh serum-free media. Cell suspensions were incubated with plasma
membrane-specific dye FM4-64 (15 umol-L™!) and nucleic acid-specific dye Hoechst
33342 (2 umol-L™!) for 5 min. to observe the integrity of membranes and nuclei.
Visualization was performed using a Fluorview 1000 confocal unit attached to an IX80
microscope (Olympus Czech Group; Prague, Czech Republic). Excitation was done using
a 543 nm He-Ne laser and a 655-755 nm emission filter. Morphologies of the cells with
lower contrasts were visualized in CLSM using a transmitted light detection module with
a 405 nm diode laser excitation and Nomarski — differential interference contrast (DIC)

filters (Fig. 15).

21



HL-60 cells (in RPMI 1640)

Differentiation (0.25 umol-L™t ATRA; 72 h, 37 °C and 5% CO,)

Neutrophil activation (50 nmol-L"* PMA or 100 ng-mL™! LPS)
Cell collection — centrifugation (~ 394 x g, 10 min., RT)
Resuspend cells (serum-free RPMI)

Staining with FM4-64 and Hoechst 33342 (5 min., RT)

CLSM and Nomarski (DIC) visualization

Figure 15. Scheme of the CLSM workflow.

3.6 Cell lysis and whole cell protein extraction

HL-60 cells were differentiated into neutrophils and the neutrophils were subsequently
activated (see 3.3. Cell culture and differentiation). After the centrifugation (~ 394 x g,
10 min., RT) and the media removal, the cells were washed twice with PBS buffer
(~394 x g, 10 min., RT). After the PBS removal, the cell pellets were resuspended in
100 pL of lysis buffer (radioimmunoprecipitation assay — RIPA — buffer). RIPA buffer:
150 mmol-L~! NaCl, 50 mmol-L™! Tris-(hydroxyethyl)-aminomethane — Tris (for 1 L:
200 mmol-L™! Tris salts, 1.5 mol-L™! NaCl, distilled water), 0.5% sodium deoxycholate,
1% nonyl phenoxypolyethoxylethanol — NP-40, 1% v/v protease inhibitor cocktail. All
samples (Tab. 1) went through sonication: 6 cycles, 20 s on and 10 s off (in the ice),
3 min. in total. The resulting mixture was centrifuged (~ 19,318 x g, 30 min., 4 °C). After
the centrifugation, the supernatant was collected into tubes (Fig. 16).
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Table 1. Samples used for the protein analysis.

Sample Protein concentration
number Sample used [pg-mL™]

1 Undifferentiated control 20

2 0.25 umol-L™" ATRA differentiated control 20

3 0.25 pmol-L™" ATRA + 50 nmol-L™! PMA (1.5 h) 20

4 0.25 umol-L™" ATRA + 50 nmol-L™' PMA (3 h) 20

5 0.25 umol-L™" ATRA + 100 ng-mL™"' LPS (1.5 h) 20

6 0.25 umol-L™" ATRA + 100 ng-mL™" LPS (3 h) 20

Sonication: 6 cycles:

20 s on and 10 s off

(in the ice), 3 min. in
total

HL-60 cells
differentiation and
neutrophil activation

Centrifugation
(~ 19,318 x g,
30 min., 4 °C)

Centrifugation o
o : Addition of 100 pL of
{7, A b, RIPA buffer to the supernatant

RT) and media collection
pellets
removal

PBS wash (2 x) and
centrifugation
(~ 394 x g, 10 min.,
RT)

PBS removal

Figure 16. Scheme of the protein extraction workflow.
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3.7 Protein quantification

Bovine serum albumin (BSA) pre-diluted set (Tab. 2; 10 uL) from Thermo Fisher
Scientific was used as reference standards for generating a standard curve and
a calibration control in this BCA protein assay. Seven different concentrations of BSA
standards, whole cell protein supernatants (Tab. 3; 2.5 uL), and two control blank samples
(RIPA buffer; 10 uL) were transferred onto a 96-well plate. Furthermore, 200 pL of the
working reagent was added to each used well (the working solution was prepared by
mixing Reagent A and Reagent B in a ratio of 50:1). The absorbance was measured at
562 nm using the Synergy™ Mx Microplate Reader, post incubation for 30 min at 37 °C.
The average absorbance value of the blank samples was subtracted from the average
absorbance values of all standards and samples. A standard BSA curve (Fig. 17) was
prepared by plotting the average absorbance value of each BSA standard vs. its
concentration [pg-mL™!] using Microsoft Excel. The standard curve was used for the
calculation of the protein concentrations of the samples (Fig. 18).

Table 2. BSA standard concentrations and volumes.

BSA standard concentration [pg-mL™'] Volume [pL]
125 10
250 10
500 10
750 10
1,000 10
1,500 10
2,000 10

1
0,9

=08
b y = 0,0004x + 0,1368
R? = 0,9896

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Protein concentration [pg-mL™!]

Figure 17. The standard BSA curve prepared from the BSA
standards average absorbance values.
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Table 3. Protein quantification samples and volumes.

No. Sample Volume [puL]
1 Undifferentiated control 2.5
2 0.25 umol-L™" ATRA differentiated control 2.5
3 0.25 umol-L™" ATRA + 50 nmol-L™' PMA (1.5 h) 2.5
4 0.25 umol-L™" ATRA + 50 nmol-L™' PMA (3 h) 2.5
5 0.25 pmol-L™" ATRA + 100 ng-mL ™" LPS (1.5 h) 2.5
6 0.25 pmol-L™" ATRA + 100 ng-mL ™" LPS (3 h) 2.5
7 Blank — RIPA buffer 10
8 Blank — RIPA buffer 10
9 BCA working reagent 10
10 BCA working reagent 10

Transfer of protein samples, BSA standards, and blanks to a 96-well plate

Addition of 200 uL of working reagent to each well

Incubation (30 min., 37 °C)

Absorbance reading (562 nm)

BSA standard curve plotting

Protein concentrations calculation

Figure 18. Scheme of the protein quantification workflow.
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3.8 SDS-PAGE gel electrophoresis

Separating gel components (for 15 mL: 5.7 mL of distilled water, 5.1 mL of
30% acrylamide — AA, 3.9 mL of 1.5 mol-L™! Tris — pH 8.8, 150 uL of 10% ammonium
persulphate — APS, 150 pL of 10% SDS, 15 uL of N, N, N, N'-tetramethylethane-1,2-
diamine — TEMED) were mixed in a beaker and transferred between a Spacer and short
glass plates to form a gel cassette (Mini-PROTEAN® Tetra System; Bio-Rad; Hercules,
CA, USA). Isopropanol was layered on top to protect the separating gel from drying and
to avoid air bubbles formation. The isopropanol was subsequently poured out of the
cassette followed by gel polymerisation. Stacking gel components (for 5 mL: 2.975 mL
of distilled water, 670 uL of 30% AA, 1.25 mL of 0.5 mol-L™! Tris — pH 6.8, 50 puL of
10% APS, 50 uL of 10% SDS, 5 uL of TEMED) were mixed in a beaker and transferred
onto the top of the cassette onto the separating gel layer. After that, the comb was inserted
immediately. The stacking gel was allowed to polymerise (15 min.).

HL-60 homogenate samples (see Tab. 1) were mixed with 5 pL of a loading dye
(5X loading dye: 100 mmol-L™! dithiothreitol - DTT— in a ratio 1:10, 0.1% bromophenol
blue, 40% glycerol, 8% SDS, 250 mmol-L™! Tris-Cl — pH 6.8). The samples (and the
loading dye) were heated at 75 °C for 10 min. using a Dry Block Thermostat Bio
TDB-100 (Biosan; Riga, Latvia). The samples were allowed to cool down at RT for
2 min. After that, the samples were centrifuged (~ 19,318 x g, 5 min., RT). Meanwhile,
the comb was removed from the electrophoretic cassette (in a frame) that was placed into
a tank with running buffer (for 1 L: 25 mmol-L™! Tris base, 170 mmol-L™! glycine,
0.1% SDS). The samples (protein supernatants; 20 uL), and the ladder PageRuler™ Plus
Prestained Protein Ladder (3 pL; No. 26619; Thermo Fisher Scientific; Waltham, MA,
USA) were loaded to the polyacrylamide gel (Fig. 19-20). Dye (20 pL) was loaded onto
empty lanes.

The electrophoretic system was connected to a power supply (PowerPac™ Universal;
Bio-Rad; Hercules, CA, USA) using the following setup: electric current (100 mA),
voltage (100 V), and electric power (10 W).
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Figure 19. Scheme of the electrophoresis samples preparation workflow.
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3.9 Detection of free radical modified protein adducts by western blotting
Proteins separated on the polyacrylamide gel (see 3.8. SDS-PAGE gel electrophoresis)
were transferred onto a nitrocellulose membrane by a Trans-Blot® Turbo™ Transfer
System (Bio-Rad; Hercules, CA, USA) using the following setup: electric current (1.3 A),
voltage (25 V), time (10 min.).

After 10 min., the membrane was removed from the western blotting transfer system
(Fig. 21) and rinsed with distilled water on a rocker for 5 min, RT. Consequently, the
membrane was stained with Ponceau S stain (0.5% (w/v) Ponceau S dissolved in 1% (v/v)
acetic acid) on the rocker for 5 min, RT. After washing with distilled water (orbital shaker,
5 min., RT), the membrane was scanned using an Amersham Imager 600 (GE Healthcare;
UK) with a CCD camera for the confirmation of the protein transfer (using colorimetric
imaging with an autoexposure). After the imaging, the membrane was blocked in 20 mL
of blocking solution (for 200 mL: 10 g of BSA, 200 mL of 1X Tris buffer saline
+ Tween-20 — TBST) on the orbital shaker for 2 h at RT. 1X TBST composition (for
500 mL): 50 mL of 10X TBST, 450 mL of distilled water, 0.5 mL of Tween-20. Post
blocking, the membrane was incubated with a primary anti-malondialdehyde (MDA)
antibody (rabbit anti-MDA IgG; dilution 1:5,000 — 10 pL of Ab, 50 mL of 5% BSA in
1X TBST) overnight at 4 °C (in a fridge). Post incubation, the membrane was left on RT
for 20 min. The primary antibody was collected and the membrane was washed with
1X TBST buffer twice (on the orbital shaker, 10 min., RT). After that, the membrane was
incubated with the secondary goat anti-rabbit IgG (H+L)-HRP (horseradish peroxidase)
conjugate (dilution 1:10,000 — 2 pL of Ab, 20 mL of 5% BSA in 1X TBST) on the orbital
shaker for 1 h at RT. Consequently, the membrane was washed with 1X TBST three times
(orbital shaker, 10 min., RT).

The formed complexes were developed using Immobilon® Western Chemiluminescent
HRP Substrate. The complexes were documented using the Amersham Imager 600 with
a CCD camera — chemiluminescent imaging with the autoexposure and the incremental
exposure.

The membrane images were further processed in Imagel software and densitograms

were created (Fig. 22).
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4 RESULTS

4.1 Cell viability assay

Cell viability and cytotoxicity were detected by the MTT Assay. The assay measures the
metabolic activity of cells as an indicator of cell proliferation, viability, and cytotoxicity.
Viable cells can reduce tetrazolium dye, MTT, to formazan. Solubilization of formazan
crystals, resulting in a coloured solution, is quantified by measuring absorbances at
590 nm. The absorbance values refer to the enzyme metabolic activity of living cells. As
mentioned above, HL-60 cells were incubated with PMA (500-18.75 nmol-L™!), LPS
(1,000-37.5 ng-mL") for 24 h and ATRA (3-0.09 umol-L™") for 72 h. Based on the MTT
and CLSM measurements, a concentration of 50 nmol-L™! PMA (Fig. 23A),
0.25 umol-L™! of ATRA (Fig. 23B) and 100 ng'mL™! of LPS (Fig. 23C) was chosen for
further experiments. Concentration-dependent cytotoxic effects were observed among
treatment conditions. At higher concentrations, a significant loss of viability (~ 40%) was

observed in all experimental conditions.
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Figure 23. Cell viabilities of HL-60 cells (percentages relative to control

undifferentiated HL-60

cells)

after the treatment

with:

(A) PMA

(500-18.75 nmol-L™"), (B) ATRA (3-0.09 umol-L™"), (C) LPS (1,000-37.5
ng-mL™"). (n = 2). The data are represented as mean + standard error (SE). p = 0.05.
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4.2 Cell culture and differentiation
To differentiate HL-60 cells into neutrophils, the cells were treated with 0.25 umol-L™!
ATRA in the complete RPMI medium for 72 h. CLSM analysis (Nomarski DIC
observations) revealed changes in the cell morphology of the differentiated HL-60 cells
in comparison with the untreated cells (Fig. 24A-B).

Differentiated neutrophils were stimulated with PMA (50 nmol-L!) or LPS
(100 ng'mL™") for 3 h at 37 °C and 5% CO». Throughout this process, samples were
collected at intervals of 1.5 and 3 h. Unstimulated cells and cells differentiated with

ATRA were used as controls. The microscopic observations showed differences in cell

morphology between control and differentiated cells (Fig. 24C-D).

Figure 24. Differentiation of HL-60 cells into neutrophils and subsequent neutrophil activation.
(A) Undifferentiated control. (B) ATRA differentiated control. (C) ATRA + PMA (3 h).
(D) ATRA + LPS (3 h). Visualization by Nomarski DIC microscopy. Scale bar: 10 um (for all
images).
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4.3 Superoxide anion radical detection using electron paramagnetic
resonance spin trapping spectroscopy

The formation of superoxide anion radical during HL-60 cells differentiation into
neutrophils and subsequent neutrophil stimulation was monitored using EPR
spectroscopy. Generated O>" interacts with EMPO forming EMPO-OOH adducts. No
signal was observed in control HL-60 cells. Differentiation of HL-60 into neutrophils
with ATRA resulted in the appearance of the EMPO-OOH spectra (Fig. 25). Four peaks
with hyperfine splitting corresponds to the EMPO-OOH adducts. Upon stimulation,
a moderately strong signal was detected with PMA-induced cells (Fig. 25). The strongest
signal was recorded in the case of LPS-activated cells (Fig. 25). The signal in
undifferentiated HL-60 cells was negligible (Fig. 25). In the case of ATRA differentiated
control HL-60 cells, the EMPO-OOH adduct EPR signal ranged from — 1,200 to + 1,690
(Fig. 26A). The EMPO-OOH adduct EPR signal range was between — 3,347 and + 4,085
with the PMA-induced HL-60 cells (Fig. 26B). In the case of LPS-activated HL-60 cells,
the EMPO-OOH adduct EPR signal ranged from — 9,287 to + 10,234 (Fig. 26C). The
effect of different activation stimuli (PMA and LPS) on the EMPO-OOH adduct EPR
signal level was noticeable. In the case of LPS, the intensity of the EMPO-OOH adduct
was more than twice as high as in the case of PMA, indicating higher O>™ production

(Fig. 25).
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Figure 25. EMPO-OOH adduct detection in: undifferentiated control
(black trace), ATRA differentiated control (red trace), ATRA + PMA
(blue trace) and ATRA + LPS (green trace) using EPR spin trapping.
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4.4 Confocal laser scanning microscopy

Cell membrane integrity and nuclear changes of differentiated and stimulated HL-60 cells
were observed by CLSM using fluorescent dyes FM4-64 and Hoechst 33342,
respectively. All the samples were observed in three channels: Nomarski DIC (Fig. 27,
29), Hoechst 33342 — blue (Fig. 27, 29), and FM4-64 — red (Fig. 27, 29). Subsequently,
merged images of the Hoechst 33342 and FM4-64 channels were taken (Fig. 27, 29).
Finally, merged images of all three channels: Nomarski DIC, Hoechst 33342, and
FM4-64 were taken (Fig. 28, 30).

HL-60 undifferentiated control was observed under a lower (Fig. 27A) and a higher
(Fig. 27B) microscope magnification using all three channels mentioned above. The cells
retained their typical spherical shape as well as their membrane integrity. Nuclei and
membrane localizations were observed during the merging of all three channels together
(Fig. 28).

HL-60 control differentiated with 0.25 umol-L™' ATRA and HL-60 cells subsequently
activated with 50 nmol-L™' PMA or 100 ng-mL ™' LPS (Fig. 29, 30) were also documented
using all three channels mentioned above. In the case of the differentiated control (Fig. 29,
30A), the shape of the cells was typically spherical, but oval cells were also observed.
Cell extension was observed in some cells. During observation of the PMA-activated cells
(Fig. 29, 30B), it appeared that the shape of the cells was also typically spherical, but cell
extensions were already more visible and more frequent than in the differentiated control.
During observation of LPS-activated cells (Fig. 29, 30C), a change in the cell shape from
spherical to oval was evident. Pseudopodia were also formed (Fig. 29, 30C). In this case,
single granules were visible (Fig. 29, 30C).

Cell differentiation and activation were associated with changes in cell morphology.
However, cell integrity was maintained using our chosen concentrations of differentiation

and activation agents (Fig. 27-30).
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Figure 27. Confocal laser scanning microscopy images of HL-60 undifterentiated control cells.
(A) Lower microscope magnification. (B) Higher microscope magnification. Imaging using
Nomarski DIC, fluorescent labelling Hoechst 33342 and FM4-64 (5 min., RT) for nuclear changes
and membrane integrity observations, respectively. Scale bar: (A) 10 pm (for all images),
(B) 5 um (for all images).

Figure 28. Confocal laser scanning microscopy images of HL-60 undifferentiated control cells
(merged images of Nomarski DIC, Hoechst 33342, and FM4-64 channels). (A) Lower
microscope magnification. (B) Higher microscope magnification. Imaging using Nomarski DIC,
fluorescent labelling Hoechst 33342 and FM4-64 (5 min., RT) for nuclear changes and membrane
integrity observations, respectively. Scale bar: (A) 10 pm, (B) 5 pm.

36



Nomarski DIC Hoechst 33342 FM4-64 Merge
AN Ay
1; L
Ao

Differentiated control

50 nmol-L"* PMA

200 ng-mL1LPS

Figure 29. Confocal laser scanning microscopy images of HL-60 cells differentiated with
0.25 umol-L™" ATRA and subsequently activated with 50 nmol-L™' PMA or 100 ng-mL™" LPS.
Imaging using Nomarski DIC, fluorescent labelling Hoechst 33342 and FM4-64 (5 min., RT) for
nuclear changes and membrane integrity observations, respectively. Scale bar: 5 pm (for all
images). White arrows indicate pseudopodia. Red arrows indicate neutrophil granules.

Figure 30. Confocal laser scanning microscopy images of HL-60 cells differentiated with
0.25 umol-L™" ATRA and subsequently activated with 50 nmol-L™' PMA or 100 ng-mL™" LPS
(merged images of Nomarski DIC, Hoechst 33342, and FM4-64 channels). Imaging using
Nomarski DIC, fluorescent labelling Hoechst 33342 and FM4-64 (5 min., RT) for nuclear
changes and membrane integrity observations, respectively. (A) ATRA differentiated control.
(B) ATRA + PMA. (C) ATRA + LPS. Scale bar: 5 um (for all images). White arrow indicates
the pseudopodium. Red arrows indicate neutrophil granules.
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4.5 Protein quantification

Prior to electrophoresis, protein concentration in control and differentiated samples was
determined by Pierce™ BCA Protein Assay Kit. The copper ions (reduction of Cu?* ions
to Cu'" react with bicinchoninic acid (BCA), resulting in a purple colour change of the
solution. The copper ions react mainly with four amino acid residues (cysteine, cystine,
tyrosine and tryptophan) and also with peptide bonds of proteins. The concentrations of
unknown samples are determined by comparing the absorbances of these samples with
the absorbances of standards of known concentrations (BSA in our case). The absorbance
is detected at a wavelength of 562 nm since at this wavelength the BCA complex has its
maximal absorbance (He, 2011). The protein concentrations in differentiated and

subsequently activated HL-60 cells ranged from 758 pg-mL™! to 563 pg-mL"".

4.6 Detection of free radical modified protein adducts by western blotting
Based on protein quantification data, a defined concentration of proteins (20 pg) was
loaded onto 10% SDS-PAGE gels to prevent loading variability among samples. Proteins
present in the whole cell lysate got separated based on their molecular weight and were
subjected to western blotting analysis. Free radical modified protein adduct formation
was detected using an anti-MDA primary rabbit IgG antibody. Malondialdehyde is
a byproduct of lipid peroxidation. It modifies proteins resulting in protein adducts
formation. The primary antibody used in this study binds to MDA and aids in the
visualization of MDA adducts formation along the differentiation process. Protein
transfer from gel to membrane was confirmed by Ponceau S staining (Fig. 31).

Two groups of proteins (around 35 kDa and 12 kDa) were selected because their band
intensities differed among the activated HL-60 cells, undifferentiated and ATRA
differentiated controls (Fig. 32). Subsequently, densitograms were created to graphically
illustrate the differences in protein band intensities between 35 kDa and 12 kDa proteins
(Fig. 33). Densitogram sections showing these selected protein groups were compared
among all the samples (Fig. 34-35). These data revealed that protein band intensity of the

35 kDa region was low in the undifferentiated control (Fig. 34A), whereas the peak was
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already more noticeable in the differentiated control (Fig. 34B), and this trend of stronger

intensity continued due to activation of HL-60 differentiated neutrophils (Fig. 34C-F).
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Figure 31. Ponceau S staining (for the confirmation of the protein
transfer). (1) Protein ladder. (2) Undifferentiated control. (3) ATRA
differentiated control. (4) ATRA + PMA (1.5 h). (5) ATRA + PMA (3 h).
(6) ATRA + LPS (1.5h). (7) ATRA +LPS (3 h).
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Figure 32. Detection of the free radical modified protein adducts using
western blotting. (1) Protein ladder. (2) Undifferentiated control. (3) ATRA
differentiated control. (4) ATRA + PMA (1.5 h). (5) ATRA + PMA (3 h).
(6) ATRA + LPS (1.5h). (7) ATRA + LPS (3 h). Red arrows indicate two
protein groups that were selected because of the differences in band intensities.
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Figure 33. Densitograms of the free radical modified protein adducts. (A) Undifferentiated
control. (B) ATRA differentiated control. (C) ATRA + PMA (1.5 h). (D) ATRA + PMA (3 h).
(E) ATRA + LPS (1.5 h). (F) ATRA + LPS (3 h). Red arrows indicate two protein bands that
were selected because of the differences in intensities. Densitograms were created using Imagel
(Abramoff et al., 2004).
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Figure 34. Bands (top) and densitograms (down) of the 35 kDa free radical modified protein
adducts. (A) Undifferentiated control. (B) ATRA differentiated control. (C) ATRA + PMA
(1.5 h). (D) ATRA + PMA (3 h). (E) ATRA + LPS (1.5 h). (F) ATRA + LPS (3 h).
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A similar pattern of difference in band intensity was observed with the 12 kDa

proteins. This time the band intensity was stronger in the undifferentiated control
(Fig. 35A) than in the differentiated control (Fig. 35B). In PMA-activated HL-60 cells
for 1.5 h and 3 h (Fig. 35C and 35D) or LPS-activated HL-60 cells for 1.5 h (Fig. 35E),

the intensity was approximately comparable to the control, whereas, in the case of

LPS-activation for 3 h (Fig. 35F), the band intensity was the strongest, documenting the

effect of the activation time on the protein composition.
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Figure 35. Bands (top) and densitograms (down) of the 12 kDa free radical modified protein
adducts. (A) Undifferentiated control. (B) ATRA differentiated control. (C) ATRA + PMA
(1.5 h). (D) ATRA + PMA (3 h). (E) ATRA + LPS (1.5 h). (F) ATRA + LPS (3 h).
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S DISCUSSION

The methods used to differentiate the HL-60 cell line into neutrophils using ATRA and
subsequent stimulation of neutrophils with PMA or LPS were proven to be sufficiently
effective. The viability of HL-60 cells under experimental conditions was confirmed by
the MTT assay. The functionality of the ATRA-based differentiation protocol and
PMA- and LPS-based activation protocols is well-known and validated, which can be
illustrated by the large number of studies that have employed these methods. It is
important to consider the possible side effects that each substance may induce. Some
studies suggest that a general feature of ATRA observed in other cell types may be the
disruption of the cell membrane by increasing its permeability (Prat et al., 2015).
Utilization of higher concentrations of ATRA, PMA and LPS was reported to enhance
ROS and cytokine production, subsequently leading to the cell death by oxidative stress
(Almzaiel et al., 2013; Mroczek et al., 2020; Ruiz-Alcaraz et al., 2022).

Considering these facts, morphological assessment of cells was carried out using
confocal microscopy. CLSM observations were particularly useful in terms of
investigating the integrity of cell membranes (using FM4-64). These observations
confirmed the maintenance of cell membrane integrity and the absence of membrane
disruption due to permeability. This phenomenon confirms the fact that our selected
concentrations of ATRA for differentiation and PMA with LPS for stimulation did not
induce an excessive cytotoxic effect on the cells.

As demonstrated by several studies, neutrophil PMA-activation leads to suicidal
NETosis, whereas LPS-stimulation results in the induction of vital NETosis. These
processes are distinguished from each other at the molecular level. PMA application
causes oxidative stress damaging cellular material, resulting in the suicidal NETosis. The
addition of LPS triggers neutrophils to produce cytokines. Although the superoxide anion
radical production is increased in the case of LPS-stimulation compared to
PMA-activation, NETosis remains vital, which is caused by the Toll-like receptor 4
(TLR-4) activation mechanism. This mechanism activates signalling pathways associated
with cell survival. Pseudopodia formation is typical for LPS-stimulated neutrophils, as
can be observed in the studies of Wang et al. (2017) and Arroyo et al. (2019). A similar
phenomenon was also observed in our present study. Neutrophils form pseudopodia to
modify their cell shape during phagocytosis (Dewitt & Hallett, 2020). Although the

formation of pseudopodia is also characteristic of PMA-induced neutrophils — PMA
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activates protein kinase C (PKC), which leads to actin polymerization and the formation
of pseudopodia — several studies suggest that their presence is not as frequent as in the
case of LPS-stimulation (Damascena et al., 2022). This finding is supported by our
results, as pseudopodia were observed only upon neutrophil LPS-activation.

We have optimized the neutrophil activation time (max. 3 h) based on data from recent
studies wherein the NETosis activity was reported to be active within 4 h and then the
activity decreases (Delgado-Rizo et al, 2017). To gain more insight into the
differentiation of HL-60 cells into neutrophils, analysis of neutrophil markers could be
performed, e.g. by flow cytometry, or RT-PCR analysis using other activating and
differentiating agents.

Differences in the size of natural human neutrophils and neutrophils differentiated
from HL-60 cells described in the literature were also noticed in our case. Natural
neutrophils in suspensions tend to be smaller, around 9 um in diameter (Niemiec et al.,
2015), whereas neutrophils differentiated from HL-60 cells can reach up to 10-12 um in
diameter (Babatunde et al., 2021), which was confirmed by our microscopic observations.
Other differences include, e.g. lower expression of surface markers (Rincén et al., 2018),
and they vary among differentiation protocols.

EPR measurements using the spin trap EMPO confirmed superoxide anion radical
generation along HL-60 differentiation into neutrophils and its consequent activation. The
differences in EPR signal intensity between LPS-stimulated neutrophils and
PMA-stimulated neutrophils were remarkable. This difference can be explained, e.g. by
the different mechanism of NADPH oxidase activation. LPS-stimulation of neutrophils
leads to activation via TLR-4, which causes an abundance of superoxide anion radicals
(Nadeem et al., 2017) compared to PMA-stimulation of neutrophils, upon which NADPH
oxidase is activated by PKC (Gray et al., 2013).

The character of both types of NETosis (PMA-induced suicidal vs. LPS-induced vital)
indicates the occurrence of neutrophil granules in the cells. While PMA-stimulation leads
to a decrease in the number of granules in neutrophils due to ROS production,
LPS-stimulation, on the other hand, promotes granule accumulation through increased
cytokine production, as can be noticed in the CLSM images of Azzouz et al. (2021).
These differences can be monitored both morphologically and biochemically. This
assumption was supported by our results, both by CLSM microscopic observations of
stimulated neutrophils and by SDS-PAGE and western blot analysis of MDA-protein
adducts.
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In the proteomic analysis section of our study, it was found that groups of
MDA -protein adducts around 35 kDa and 12 kDa were present in activated neutrophils.
Band intensities of these proteins in the western blot detection differed remarkably from
those of controls. Free radical-modified protein adducts with notable differences in band
intensities identified in our present study should be subjected to mass spectrometric
analysis to identify specific protein targets undergoing lipid peroxidation events.
Literature-based analysis reveals that azurocidin protein (also known as CAP37) is
detected in the region around 37 kDa in activated neutrophils (Nalmpantis et al., 2020).
Its presence would be indicated by the occurrence of azurophilic granules, possibly also
secretory vesicles (Ma et al., 2013), in the neutrophils obtained by us. The release of
azurocidin by neutrophils is a defence mechanism against microbial infections.
Azurocidin exhibits direct antimicrobial activity, but also indirect activity related to its
involvement in phagocytosis (Zhang et al., 2022). The presence of proteins with
molecular weight around 12 kDa could implicate calgranulins (S100AS8 calgranulin A,
S100A9 calgranulin B and S100A12 calgranulin C), which form calprotectin protein
complexes. These proteins are represented in neutrophils in large amounts. The link with
lipid peroxidation is two-sided. Some studies portray calgranulins A and B as potent
inducers of ROS (Boyum et al., 2010). However, other studies also mention the ability of
calgranulin A to inhibit ROS generation in cell membranes (Perera et al., 2010). The
intensity of protein bands in the region around 12 kDa was the highest in the case of
LPS-stimulated neutrophils, which corresponds with microscopic observations during
which the most granules were seen in LPS-stimulated neutrophils. Calgranulins, as well
as azurocidin, are proteins stored in neutrophil granules. It is also necessary to consider
the calgranulins role in NETosis. These proteins stimulate the release of nuclear DNA,
which subsequently binds to NETs (Sprenkeler et al., 2022).

Concerning the results obtained, it is worth mentioning their potential applications in
medical biotechnology. A thorough knowledge of the generation of reactive oxygen
species and their role in various diseases may lead to improved therapeutic options. EPR
detection (using spin trapping) can be utilized in the evaluation of the effectiveness of
drugs targeted to inhibition of ROS generation. Lipid peroxidation and the resulting
oxidative stress are associated with neurodegenerative and cardiovascular diseases, but
also with cancer. Therefore, molecules with antioxidant activity (including calgranulins)
have considerable potential in medical biotechnology. Potentially, the application in

disease diagnostics is also possible, as increased levels of these proteins could correlate
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with the course of disease-related pathological processes. A final application in medical
biotechnology could be a recombinant protein production for therapeutic purposes, which
could limit the disease progression associated with oxidative stress. It is worth mentioning
a recent study by Charkhizadeh et al. (2020) in which the anti-tumour effect of
recombinant calprotectin was induced by apoptosis in the leukemia cell line Nalm6. The
antimicrobial properties of azurocidin could also be exploited in the field of medical
biotechnology. Some studies suggest that azurocidine affects the course of ST segment
elevation myocardial infarction (STEMI). Since azurocidin production promotes heart
failure, it could become a promising target for the future treatment of STEMI (Ipek et al.,

2018).
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6 CONCLUSIONS

The main objective of this thesis was to analyse the role of reactive oxygen species during

the formation of neutrophil extracellular traps. An overview of the literature on neutrophil

extracellular traps, reactive oxygen species and their role in NETosis and lipid

peroxidation, the biotechnological potential of NETosis, the HL-60 cell line, and some of

the techniques used in the experimental part of our study was carried out in the theoretical

part of the study.

The findings from the experimental part of this thesis are summarized below.

1.

Using the MTT cell viability assay, the concentrations of the differentiation
agent ATRA (0.25 umol-L™") and the activation stimuli PMA (50 nmol-L™")
and LPS (100 ng'mL"!) were determined to be effective in inducing
differentiation of HL-60 cells into neutrophils and neutrophil activation,
respectively. Moreover, at these selected concentrations of the aforementioned
agents, high cell viability and membrane integrity were maintained.

The effect of PMA and LPS on the activation of HL-60 differentiated
neutrophils was confirmed to be different. LPS-stimulation leads to the
formation of pseudopodia and neutrophil granules during the vital NETosis.
These two phenomena occur to a much lesser extent during the PMA-induced
suicidal NETosis due to due to the activation mechanism of NADPH oxidase
by PKC and associated induction of cell death.

The presence of superoxide anion radical in differentiated and subsequently
activated neutrophils was monitored using electron paramagnetic resonance
spin trapping spectroscopy. The results indicate a strong association between
neutrophil stimulation and ROS production. LPS-stimulation resulted in
notably higher superoxide anion radical generation than PMA-stimulation,
which may be explained by different mechanisms of NADPH oxidase
activation (via TLR-4 in the case of LPS and PKC in the case of PMA).
Proteomic analysis of the MDA-protein adducts revealed considerable
differences in the protein band intensity around 35 kDa and 12 kDa among
control HL-60 cells and activated neutrophils using western blotting detection.
These bands may contain proteins, such as azurocidin or calgranulins, which,

due to their properties, may offer future potential for applications in medical
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biotechnology (protection of cells against ROS-mediated oxidation in the case
of calgranulins or azurocidin-targeted therapy of heart diseases).

. Research focusing on identification and charcaterization of the two selected
proteins around 35 kDa and 12 kDa and their potential biotechnological

applications was proposed.
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8 LIST OF ABBREVIATIONS

4-HNE 4-hydroxynonenal

AA acrylamide

APS ammonium persulfate

ATRA all-trans retinoic acid

a.u. arbitrary unit

BCA bicinchoninic acid

BSA bovine serum albumin

CAP37 cationic antimicrobial protein of 37 kDa
CLSM confocal laser scanning microscopy

CYP cytochrome P450

DIC differential interference contrast

DMPO 3,4-dihydro-2,3-dimethyl-2 H-pyrrole-1-oxide
DMSO dimethyl sulfoxide

DTT dithiothreitol

EMPO 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2 H-pyrrole-1-oxide
EPR electron paramagnetic resonance

FBS fetal bovine serum

GM-CSF granulocyte-macrophage colony-stimulating factor
HIF-1 hypoxia-inducible factor-1

HL (HL-60) human leukaemia

HPLC high-performance liquid chromatography
HRP horseradish peroxidase

IL interleukin

LPS lipopolysaccharides

MDA malondialdehyde

MPO myeloperoxidase

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NETs neutrophil extracellular traps

NETosis neutrophil extracellular traps formation
NF-kB nuclear factor kappa B

NOX NADPH oxidase

NP-40 nonyl phenoxypolyethoxylethanol
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PBS
PKC
PMA
PMNs

RIPA
ROS
RPMI
RT
RT-PCR
SE

SEM
SOD
STEMI
TEM
TEMED
TGS
TNF

Tris

phosphate buffer saline

protein kinase C
phorbol-12-myristate-13-acetate
polymorphonuclear leukocytes
rheumatoid arthritis
radioimmunoprecipitation assay

reactive oxygen species

Roswell Park Memorial Institute

room temperature

real-time polymerase chain reaction
standard error

scanning electron microscopy

superoxide dismutase

ST segment elevation myocardial infarction
transmission electron microscopy
N,N,N',N'-tetramethylethane-1,2-diamine
Tris + glycine + sodium dodecyl sulphate
tumour necrosis factor

Tris-(hydroxyethyl)-aminomethane
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