~

ﬁ International Journal of
Molecular Sciences

Article

Stages of NETosis Development upon Stimulation of
Neutrophils with Activators of Different Types

1,2,%
1

Vladimir Inozemtsev
Ekaterina Sherstyukova

check for
updates

Citation: Inozemtsev, V.; Sergunova,
V.; Vorobjeva, N.; Kozlova, E.;
Sherstyukova, E.; Lyapunova, S.;
Chernysh, A. Stages of NETosis
Development upon Stimulation of
Neutrophils with Activators of
Different Types. Int. J. Mol. Sci. 2023,
24,12355. https://doi.org/10.3390/
ijms241512355

Academic Editor: Akiyoshi Takami

Received: 14 July 2023
Revised: 28 July 2023
Accepted: 31 July 2023
Published: 2 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Viktoria Sergunova
, Snezhanna Lyapunova ! and Aleksandr Chernysh -5

1 3 4

, Nina Vorobjeva ', Elena Kozlova 14Q,

Laboratory of Biophysics of Cell Membranes under Critical State, Federal Research and Clinical Center of
Intensive Care Medicine and Rehabilitology, V.A. Negovsky Scientific Research Institute of General
Reanimatology, Petrovka Street 25¢2, 107031 Moscow, Russia; vika_23s82@mail.ru (V.S.);
waterlake@mail.ru (E.K.); kmanchenko@yandex.ru (E.S.); snezhanna.lyapunova@yandex.ru (S.L.);
amchernysh@mail.ru (A.C.)

Koltsov Institute of Developmental Biology, Russian Academy of Sciences, 26 Vavilov Street,

119334 Moscow, Russia

Department of Immunology, Faculty of Biology, Lomonosov Moscow State University, Lenin Hills 1/12,
119234 Moscow, Russia; nvvorobjeva@mail.ru

Department of Medical and Biological Physics, Sechenov First Moscow State Medical University,

119991 Moscow, Russia

General Pathology Department, Federal Research and Clinical Center of Intensive Care Medicine and
Rehabilitology, V.A. Negovsky Scientific Research Institute of General Reanimatology, Petrovka Street 25¢2,
107031 Moscow, Russia

*  Correspondence: va.inozemcev@physics.msu.ru; Tel.: +7-903-625-8195

Abstract: Before NETs are released, the neutrophil undergoes structural changes. First, it flattens,
accompanied by a change in cell shape and rearrangement of the cytoskeleton. Then, nuclear swelling
begins, which ends with the ejection of NETs into the extracellular space. We used widefield and
confocal fluorescence microscopy to register morphological and structural changes in neutrophils
during activation and NETosis. Different types of activators were used, such as NOX-dependent PMA
and calcium ionophore A23187. The measurements were performed in a series of sequential stages. In
the first stage (30 s after addition of activators and immediately after stimulation of neutrophils), the
response of neutrophils to A23187 and PMA exposure was studied. Subsequently, the characteristics
of neutrophils in different phases of activation were examined over a longer period of time (30, 60,
120, 180, and 240 min). The specific features of NETosis development were analyzed separately.
During the first 30 s, neutrophils appeared to be heterogeneous in shape and structure of the actin
cytoskeleton. Characteristic cell shapes included 30" type 1 cells, similar in shape to the control,
with F-actin concentrated in the center of the cytoplasm, and 30" type 2 cells, which had flattened
(spread) shapes with increased frontal dimensions and F-actin distributed throughout the cell. Later,
the development of nuclear swelling, the corresponding changes in neutrophil membranes, and
NET release into the extracellular space were evaluated. The conditions determining the initiation of
chromatin ejection and two characteristic types of decondensed chromatin ejection were revealed.
The results obtained contribute to a better understanding of the biophysical mechanisms of neutrophil
activation and NETosis development.

Keywords: neutrophil; neutrophil extracellular trap; NETosis; chromatin; CLSM; A23187; PMA

1. Introduction

Neutrophils are key components of the innate immune system and have the ability to
generate Neutrophil Extracellular Traps (NETs), which play an important role in fighting
infection and inflammation [1-3]. The antimicrobial effect of NETs is due to the restriction
of the pathogen distribution, which plays an important role in innate immunity. NETs
play an essential role in the pathogenesis of autoimmune and inflammatory disorders,
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such as systemic lupus erythematosus, rheumatoid arthritis, small vessel vasculitis, and
psoriasis [2-4]. NETs are also involved in thrombosis, a variety of pulmonary pathologies,
chronic rhinosinusitis, sepsis, and malignancies [5-9]. Inadequate NET formation can lead
to adverse effects in patients with chronic obstructive pulmonary disease [10] or blood
vessel occlusion [5].

NETs are web-like structures composed of antimicrobial proteins contained in neu-
trophil granules and the neutrophil’s own DNA [1]. NET release leads to neutrophil death
as the membrane is eventually disrupted, the nucleus loses its normal structure, and cell
integrity is compromised [11].

To date, two distinct mechanisms of NET formation have been identified: NOX-
dependent and NOX-independent formation [12]. The classical activator of NOX-dependent
NETosis is PMA (phorbol-12-myristate-13-acetate). After PMA enters the cytosol, protein
kinase C activity increases, leading to NOX-dependent NET formation [13]. The gener-
ated reactive oxygen species (ROS) subsequently destroy the nucleus envelope [14,15].
NOX-independent NET formation has been described in [16,17], which suggested that
calcium ionophores, such as ionomycin, can induce NET formation in an NOX-independent
manner [18-20].

NET formation is accompanied by numerous rearrangements in the cytoskeleton,
membranes, organelles, and nuclear chromatin. The successive stages of NETosis have been
described in many papers [14,21,22]. As recently shown [23,24], NETosis consists of three
consecutive phases driven by entropic chromatin swelling and culminating in membrane
rupture and release of NETs. Despite continuous advances in the understanding of the
molecular events that accompany NETosis, little is known about the cellular mechanisms of
this process [14], especially in the early phase of activation. According to the literature, actin
filaments [23,25-27], microtubules (MTs) [23,28], and the vimentin intermediate filament
(VIF) are disassembled during NETosis at the beginning of the activation process [29]. The
special role of actin filaments and their influence on the process of neutrophil activation
was also noted both in vitro [29] and in diseases [30].

Therefore, an in-depth understanding of the cellular events controlling NETosis re-
quires a detailed study of the transformation of neutrophil morphology throughout the
process [29].

In our study, a comprehensive analysis of the sequential stages of NETosis stimulated
by PMA and the calcium ionophore A23187 was performed using fluorescence widefield
and confocal microscopy. An investigation of changes in neutrophil morphology was
performed at two time points. The first was 30 s after addition of the activators (immediately
after stimulation of neutrophils) and the second was from 30 to 240 min after addition of
the activators (development of NETosis).

2. Results
2.1. Activation of Neutrophils by A23187 and PMA (The Question Is, What Are the Statistical
Data on Cell Morphology and the Evolution of Cell Activation?)

A brief scheme of the experiment, including isolation of neutrophils from peripheral
blood, activation by A23187 and PMA, and fixation and further analysis of the cells with
confocal and widefield microscopy, is presented in Figure 1. NETosis was confirmed by
colocalization of chromatin with MPO in NET fibrils (Figure 1C).

To assess the primary response of neutrophils to activator exposure, cells were fixed
30 s after incubation with A23187 and PMA (Figures 1A,B and 2B). This process was not
associated with entropic swelling of the nucleus and occurred significantly faster than
chromatin decondensation and will be discussed separately in Section 2.
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Figure 1. Experimental design. (A) Scheme of neutrophil isolation on dextran followed by cell

seeding in a 24-well plate and incubation. (B) Schematic representation of the sample for fluorescence
microscopy and imaging by different fluorescence microscopes followed by software processing.
(C) Colocalization of decondensed chromatin with myeloperoxidase after neutrophil stimulation
with PMA. Blue, staining of chr with DAPI; green, staining of MPO with FITC-conjugated anti-MPO
monoclonal antibodies. Scale bar: 25 um.
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Figure 2. Time periods of neutrophil activation. (A) Characteristic groups of neutrophils observed
from 0 to 240 min. Control—control neutrophil with a rounded shape, cortical actin and a segmented
nucleus. Spread—neutrophil with a membrane spread over the surface, marginal distribution of
actin, and a segmented nucleus. Disintegrated nucleus—the nucleus has lost its segmentation and
merged into one that fills the cell volume. NETosis—membrane and actin are unchanged, the
nucleus extends beyond the edges, and a characteristic ejection appears. (B) Characteristic cell
types 30 s after cell activation. Red, cell membrane glycoproteins stained with WGA (wheat germ
agglutinin) + AlexaFluor 594; green, actin filaments stained with phalloidin + AlexaFluor 488; blue,
cell nucleus stained with Hoechst 33342. Images taken with 63 x /1.4 oil immersion objective. Scale
bar: 5 um.
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Further cell activation was stopped at time intervals of 30 to 60 min by the addition of
a fixative, after which fluorescence imaging of the cells was performed and their size and
nuclear changes were assessed over several hours (Figures 1A,B and 2A).

Five groups of neutrophils were examined. Cell membrane glycoproteins were stained
with wheat germ agglutinin conjugate to evaluate the cell membrane characteristics, actin
filaments were stained with phalloidin conjugate to evaluate the actin cytoskeleton and
DNA dye was used for nucleus evaluation. Group 1 (control) neutrophils were character-
ized by a small size, a rounded shape, and a segmented nucleus (Figure 2A, control). Group
2 consisted of spread polymorphonuclear cells (Figure 2A, spread). Group 3 consisted
of spread cells with a disintegrated nucleus (Figure 2A, disintegrated nucleus), group 4
included destroyed cells with NET release (Figure 2A, NETosis), while group 5 cells could
not be assigned to any of the groups.

After addition of the activator, the number of control cells decreased. Regardless of
the activator, control cells were almost completely transformed in 30 min, representing less
than 20% of the total number (Figure 3A,B). After 30 min, vesicles also appeared when
exposed to A23817 and PMA (Figure 3C,D, orange arrows). The process of neutrophil
spreading is described in more detail in Section 2.
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=== Disintegrated nucleus
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804 Other
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(8) RMA =l
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s NET0SiS
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Figure 3. (A,B) Statistical data on changes in cell morphology during activation. Data are presented
as means £ SD. Green line indicates intact and segmented neutrophils. Orange line indicates spread
polymorphonuclear cells. Red line indicates neutrophils with disintegrated nucleus. Purple line
indicates neutrophils that released NETs. N = 150 cells. (C,D) Widefield fluorescence images after
A23187 (C) (time points 30" and 240’) and PMA (D) (time points 30" and 180) activation. Orange
arrow indicates spread polymorphonuclear cells. Red arrow indicates neutrophils with disintegrated
nucleus. Purple arrow indicates neutrophils that released NETs. Red, WGA + AlexaFluor 594; green,
phalloidin + AlexaFluor 488; and blue, Hoechst 33342. Images were taken with a 60x oil immersion
objective. Orange arrows indicate spread cells, red arrows indicate disintegrated nucleus, and purple
arrows indicate cells with NETosis. Scale bar: 20 um.

After spreading, nuclear swelling began (Figure 3C,D, purple arrows, disintegrated
nuclei), which is described in detail in Section 3. NETosis was observed earlier with A23187
activation rather than with PMA activation. For example, at 60 min in A23187, NETosis
had already started in some cells (2%), while there were no such cells in PMA-activated
cells. At 120 min, A23187 already had 14% NETotic cells versus 8% for PMA (Figure 3A,B).
However, NETosis developed more rapidly with PMA activation, with 66% NETotic cells
at 180 min versus 48% at 240 min with A23187 activation.
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2.2. Control Neutrophil Response to Exposure to Activators (The Question Is, How Does a
Neutrophil Change from Intact to Activated?)

After establishing time frames for neutrophil changes (as shown in Figure 3), the
specific steps were further analyzed and changes identified with confocal images were
quantified.

The control neutrophil was a neutrophil isolated by the described procedure prior to
the addition of activators. The membrane was spherical, with a characteristic cell diameter
of 8.84 = 0.55 pm and a height of 7.81 4 0.80 um. Actin was distributed along the perimeter
of the membrane. The nucleus maintained its segmented structure (Figure 4A,B,E,F).

The first step was exposure to activators. To capture the response of neutrophils after
exposure to activators, they were fixed 30" after the addition of A23187 and PMA. There
was a reorganization of the actin cytoskeleton and a change in the shape of half of the cells
(48% for the activator A23187 and 54% for PMA).

Two types of responses were observed: 30" type 1 (24% for A23187 and 30% for PMA)
and 30" type 2 (24% for both activators).

The 30" type 1 was characterized by preserved spherical shape of neutrophils even
when activated by A23187 and PMA. The cell diameter and height either remained at the
level of control cells or changed insignificantly by no more than + 15% of control values
(Figure 4C,D,G,H).

F-actin changed its configuration compared to controls, moving from the cell periphery
to the center of the cytoplasm. This change in f-actin was observed upon both A23187
and PMA activation. The new actin structure consisted of a cluster of small “grains”
(Figure 4A,B, pink arrows). The size of individual grains was 0.55 £ 0.12 pm for A23187 and
0.48 £ 0.16 um for PMA. The grains were distinguishable on both the frontal (Figure 4A,B)
and lateral projections (Figure 4E,F).

The 30" type 2 cells differed from both the control and the 30” type 1 cells. Neutrophils
lost their spherical shape and spread randomly on the surface. Pseudopodia appeared at
the edges of the membrane (Figure 4A,B, green arrows). The cell diameter increased signifi-
cantly compared to 30" type 1, by approximately 1.55-fold (15.08 + 3.07 pm) for A23187
and approximately 1.75-fold (14.62 & 4.36 um) for PMA. At the same time, the cells approx-
imately halved in size (48%) for both activators compared to 30" type 1 (Figure 4C,D,G,H).
Actin retained its granular structure but was distributed throughout the cell volume, unlike
30" type 1 cells (Figure 4A,B,E,F).
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(E) A23187. Lateral view (F) PMA. Lateral view
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Figure 4. Early stage of neutrophil activation. (A,B) Images obtained 30" after activation. Frontal
view, A23187 and PMA activation, respectively. Scale bar: 5 um. Ctrl, intact cells before addition
of activator. 30" type 1 response with actin cytoskeleton rearrangement in neutrophils. 30" type 2
response with neutrophils spreading on the glass and their size increasing significantly. (C,D) Box
plots of cell diameters. (E,F) Lateral view, A23187 and PMA activation, respectively. Scale bar: 3 um.
(G,H) Box plots of cell heights during A23187 and PMA activation, respectively. (IJ) Images taken
30 min after activation. Frontal view, A23187 and PMA activation, respectively. Scale bar: 20 pum.
Red, WGA + AlexaFluor 594; green, phalloidin + AlexaFluor 488; blue, Hoechst 33342. Images taken
with a 63 x /1.4 oil immersion objective. Pink arrows indicate globular actin structures. Green arrows
indicate pseudopodia.

The main difference between 30" type 1 cells and 30" type 2 cells was that the former
retained their control shape, while the latter spread out on the glass. However, the volume
of the cells remained almost unchanged; an increase in the area of 30" type 2 cells was
compensated by a decrease in their height. It was characteristic for both type 1 and type 2
cells that nuclear segmentation was preserved upon exposure to both activator A23187 and
activator PMA. Type 2 cells were still observed after 30 min (Figure 41 ]) together with the
spread segmented cells. Therefore, the transition of type 2 cells to spread cells may occur
over a long time interval or not at all. The granular structure of actin was observed in both
cell types. The rearrangement of f-actin plays a key role in neutrophil spreading, and the
likely mechanisms of the actin effect are discussed in detail in the Section 3.

The fundamental difference between the initial response of neutrophils and further
activation processes was that the response to activator exposure occurred in a very short
time, about 10-60 s. This time is 300-500 times shorter than the studied period of neutrophil
activation and NETosis (150-250 min). In fact, the described reaction had an explosive
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character and led to deformation of neutrophils. Similar effects have been described
previously [31,32].

2.3. Decondensation of Chromatin and Release of NETS (The Questions Are, What Causes Changes
in the Membrane and How Does the Cell and Nuclear Volume Change?)

Further processes of cell activation such as spreading, decondensation of chromatin,
swelling of nuclei, rupture of membranes, and release of NET traps were recorded at fixed
time intervals. Activation was stopped by addition of fixative at 30, 60, 120, 180, and
240 min. Neutrophils were assessed by fluorescence confocal microscopy, and their size
and changes in parameters were evaluated over several hours (Figure 5).

2.3.1. 30 min after Activation

Thirty min after activation, neutrophils were predominantly in the spreading state
(Figure 5A,B), with 83% for A23817 and 64% for PMA. The diameter of such spread cells
decreased by 25 to 30% (to 10.51 &£ 1.15 pm for A23187 and to 10.77 £+ 1.18 um for PMA)
compared to 30" type 2. Correspondingly, their height increased to 5.56 + 1.04 pm (46%)
for A23187 and to 4.72 £ 0.85 um (40%) for PMA (Figure 5C,D,G,H).

Actin was distributed along the periphery of the membrane. Vesicles formed by
membrane structures (violet arrows) were released from the cell, which was a component
of the activation process. The vesicles formed a kind of “halo” around the cell that persisted
until the end of the observation. At 30/, the nucleus still retained its segmented structure.

Further changes in the morphological parameters of the cell were associated with
chromatin decondensation and nuclear swelling.

(A) A23187. Frontal view (B) PMA. Frontal view
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Figure 5. Cont.
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Figure 5. Phases of neutrophil changes associated with nuclear swelling visualized by CLSM.
(A,B) Frontal view of A23187 and PMA activation, respectively. Scale bar: 5 pm. (C,D) Box plots
of cell diameters. (E,F) Lateral view of A23187 and PMA activation, respectively. Scale bar: 3 um.
(G,H) Box plots of cell heights. (I-L) Characteristic cells at late stage of NETosis 120’. A23187
and PMA cell activation, respectively. Scale bar: 20 pm. (M,N) NETosis in a group of cells (180’
and 240" after addition of activator). Scale bar: 20 pm. Violet arrows, vesicles; green arrows,
spread polymorphonuclear cells; red arrows, disintegrated nuclei; white and yellow dotted arrows,
NETosis. Red, WGA + AlexaFluor 594; green, phalloidin + AlexaFluor 488; blue, Hoechst 33342.
(A,B,E F) Images obtained with a 63x /1.4 oil lens. (I-N) Images taken with a 60x /1.4 oil lens.
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2.3.2. 60 min after Activation

With the onset of neutrophil entropic swelling, the nucleus lost its segmented shape
and individual parts of the nucleus fused into a single structure (Figure 5A,B). The cell di-
ameter increased by 6 to 12% for both activators (Figure 5C,D) and a gradual increase in cell
height began (Figure 5E-H). This trend continued until the end of the observation period.

2.3.3. 120 min after Activation

There were more neutrophils whose nucleus continued to swell to the size of the cell
membrane, occupying almost all of the available cytoplasmic volume (up to 70% of the
total number of cells for A23187 and 54% for PMA) (Figure 5I-L, red arrows). NETosis
began to occur in individual neutrophils (Figure 5I-L, white arrows and yellow dashed
arrows). In addition, neutrophils with enlarged but segmented nuclei still remained in the
solution (up to 6% of the total number of cells for A23187 and 23% for PMA) (Figure 5I-L,
green arrows).

Neutrophils increased in size compared to 60’. The increase in diameter reached
11.86 &+ 1.31 pm for A23187 and 12.85 £ 2.39 um for PMA and the increase in height
reached 7% for A23187 and 35% for PMA (Figure 5C,D,G,H).

2.3.4. 120-180/240 min after Activation

During this interval after activation, intense chromatin decondensation and NET
trap release occurred. Some neutrophils were greatly swollen, while others released
extracellular material and shrank. This explains the large variation in neutrophil size in
these time intervals. NETosis in most cells for the PMA activator occurred at 180 min,
but for A23187, it began only after 240 min (Figure 5M,N). The membrane was severely
disrupted and nuclear material was released into the extracellular space. The cell size was
virtually unchanged.

To describe the processes occurring in neutrophils after spreading on glass, we intro-
duced two parameters to describe the volume occupied by chromatin (further abbreviated
as chr) and the cell volume: V,, and V. Venr was estimated by Hoechst 33342 and V¢
by membrane contour measurement (Alexa Fluor 594-conjugated WGA). These parameters
were evaluated using z-stacks observed via a confocal microscope.

In the control, Vg, and Ve were 104.77 4 14.04 um? and 282.56 =+ 48.03 um?, respec-
tively. That is, the chromatin volume was approximately 0.3-0.4 of the cell volume. At
60 min after A23817 activation, Vy, increased approximately 2-fold (to 204.74 £ 135.55 um?3)
and Vg increased 1.3-fold (to 371.28 4 117.32 um?). The Vg, / Ve ratio was as high
as ~0.6. After PMA activation, the V,,/ Ve ratio was ~0.5 (191.46 + 59.40 um?® and
414.73 + 93.33 um?).

Chromatin began to decondense in the cells, but had not yet left the membrane edges.

Venr and Vg in the late stages of activation (>120') were difficult to assess due to
severe cell damage. The evolution of chromatin swelling was similar for both A23187 and
PMA. The increase in volume occupied by chromatin continued throughout the activation
period. In the case of A23187, the increase in V) slowed down or decreased (PMA) as
activation progressed, indicating severe membrane degradation.

2.3.5. Patterns of Neutrophil NETosis Imaging

Approximation of the experimental data helps to estimate the time of NET release, i.e.,
the time when the following is fulfilled:

Vchr = Vcell (1)

When this condition is met, chromatin completely fills the entire available volume of
the cell, after which chromatin leaks out into the extracellular space and NETosis begins.

It was not possible to accurately track the time interval when condition (1) was met
for all neutrophils at the same time. There are approximately 2 x 10° cells in the sample
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at any one time, and activation evolves differently in each cell. Therefore, the timing of
NETosis is subject to statistical laws. This is shown in the cell group image (Figure 5),
where M is for the activator A23187 at 240 min of activation and N is for PMA at 180 min
of activation. Simultaneously, two types of NETotic cells were detected in the sample:
(1) cells with a cone-shaped “shoot” (Figure 5M,N, white arrows) and (2) cells in which the
NETosis was not a cone-shaped shoot, but the chromatin spread around the cell forming a
“cloud” (Figure 5M,N, yellow dotted arrows). Such cells were detected for both A23187 and
PMA. The number of such NETosis images is significantly lower than that of cone-shaped
shoot cells (~10-20% of the total number of NETotic cells). To describe these simultaneous
processes, we selected those with the highest probability of occurrence in a given time
interval (the highest number of cells). Under the conditions of our experiments, the most
probable interval of NETosis for the PMA activator was 240 min, while for A23187 it was
180 min. After NET release, the increase in chromatin volume V., was such that:

Vchr > Vcell (2)

This condition was met in the group image of neutrophils (Figure 5M,N) and in the
images of individual neutrophils (Figure 6).

«Shoot» «Cloud»

A23187

&=

Figure 6. Upper part of the image: characteristic images of NETotic “shoot” and “cloud” cells. Scale
bar: 5 um. (A,B) 240’ after activation by A23187 and 180’ after activation by PMA. Scale bar: 20 um.
Blue arrows indicate “shoot” chromatin ejection, orange arrows indicate “cloud” chromatin ejection.
(C,D) 240’ after activation by A23187. (C) “shoot” cells, (D) “cloud” cells. (E,F) 180’ after activation
by PMA. (E) “shoot” cells, (F) “cloud” cells. Scale bar: 5 ym. Red indicates WGA + AlexaFluor 594,
blue indicates Hoechst 33342.
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NET trap ejection is a complex explosive process that can follow several pathways.
A variety of forms of ejected NET structures have been reported in the literature using
electron, confocal, and fluorescence microscopy [1,33,34]. In our study, we distinguish the
two most characteristic types of NET traces in the extracellular environment.

The “shoot” mechanism results from the fact that, as a result of an increased chromatin
pressure, a certain region of the plasma membrane is destroyed, ruptures, and shoots a
DNA network through the resulting pore into the extracellular environment. The size of the
pore and the configuration of the ejection track recorded in the image vary greatly from cell
to cell and depend on the state of the cell structures at the moment of membrane rupture
(high chromatin overpressure, membrane integrity, F-actin structure, and others).

This mechanism produces a characteristic shoot-like trail of released material (Figure 5M,N
white arrows, Figure 6A,B blue arrows, and Figure 6A,C,E).

Another type of NETosis presentation is the “cloud” pattern seen in Figure 5M,N
(yellow dotted arrows), Figure 6A,B (orange arrows), and Figure 6D,F. In this case, the
intracellular material is not “shot out”, but flows around the cell, forming a characteristic
cloud (blue) around the cell. The cell membranes are already destroyed at this point, and
the network material is released into the external environment at low intracellular pressures.
Condition (2) is fulfilled in all shown fragments.

The differences in the images of network ejection are primarily caused by the extent
of cell membrane degradation, the rate of chromatin swelling, excessive pressure in the
cytoplasm, and other cell parameters.

The processes of activation by A23187 and PMA are illustrated by box plots of chro-
matin volume and cell volume as a function of activation time according to confocal
microscopy data, taking into account the scatter of empirical values (Figure 7).

A23187 PMA
(A)2000- (B) 2000
ceII volume cell volume
WE 1500 1 .chromatm volume “”E 1500 Echromatin volume
3 3.
U 1000 9 1000+
S S
= =
@] (@]
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Figure 7. Graph of changes in chr volume and cell volume versus time of neutrophil activation. The
data are presented as a box plot. Shades of red are cell volume and shades of blue are chromatin

volume.

For A23187, both V4, and V.1 grow slowly with little scatter up to 60 min, and the
cell volume is always larger than the chromatin volume (Figure 7A). At around 120 min,
NETosis begins in some cells and the scatter of V,, values increases, but the average
Venr values are still significantly lower than those of V. At 240 min, the scatter of V
values increases sharply with the increase in volume, and condition (2) is already met. This
occurs as a result of the release of chromatin and cytoplasmic material into the extracellular
medium and their outward spread.

Similar trends were observed for the PMA activator (Figure 7B).

The V. parameter showed different trends depending on the activator; upon expo-
sure to A23187, the cell expanded to its maximum volume, whereupon its deformation
stopped (Figure 7A). In PMA-induced NETosis, the cell volume reached its maximum
value, after which the membrane collapsed and the cell volume decreased (Figure 7B).
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The chromatin volume increased approximately 6-8-fold compared to the con-
trol after 240 min for A23187 (Vg = 1018.51 £ 491.93 um?) and 180 min for PMA
(Vanr = 970.96 + 333.59 um3).

The cell volume barely increased with A23187 activation at 240’ compared to 120
(Veell = 706.01 £ 219.99 um?). The trend was different with PMA activation. There was a
28% decrease in volume (down to Vg = 459.50 + 194.23 um?) compared to 180’ versus
120/, as determined by cell membrane disruption.

3. Discussion

In our study, we identified the most characteristic stages in the development of neu-
trophil activation and subsequent NETosis. These stages are in agreement with similar
stages described in the literature [21,23]. However, in contrast to the literature, we recorded
the early stage of activation, which is the response of neutrophils to exposure to activator
during the first 30 s of the process.

The initial response of neutrophils to the addition of activators was fundamentally
different from the process of chromatin decondensation, cell swelling, and NET trap release.
Several studies have shown that the first minutes of neutrophil activation are accompanied
by morphological changes [29,31].

We recorded two characteristic neutrophil responses to activator exposure. Type 1
includes cells that retain their spherical shape with almost no changes in the parameters
and morphology. In these cells, F-actin changed its configuration from cortical to granular
and was concentrated in the center of the cytoplasm. Type 2 includes cells that spread
along the substrate, whose frontal dimensions increased, height decreased, volume was pre-
served, and membranes were intact. Actin acquired a granular pattern and was distributed
throughout the cell volume.

It is likely that the type 1 and type 2 cells are “precursors” to the spreading cell
(Figure 8). After addition of the activator, actin rearranges into a granular structure that
allows the cell to spread on the surface (type 2) (Figure 8, upper branch). Considering that
type 2 cells were also observed 30 min after the addition of activators (Figure 4L]), type 1
and type 2 cells may represent a common stage of activation, after which the cell can either
progress towards NETosis or arrest in the type 2 stage (Figure 8, upper branch).

\:-act'm
gement

rearran

Figure 8. Putative pathways of neutrophil transformation after addition of activator. Scale bar: 5 um.
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Another possible pathway of NETosis development is shown in the lower branch in
Figure 8. After the rearrangement of actin into a granular structure, the cell can evolve into
two different types of spreading: “spread” and type 2. Meanwhile, “spread” cells continue
to undergo NETosis, while type 2 cells do not change.

There may be several reasons for F-actin rearrangement in type 1 and type 2 cells.
Microtubules and vimentin intermediate filaments may be involved in this process [26].
F-actin rearrangement may also be associated with various events that occur during cell
adhesion, such as the expression of vinculin protein, which is involved in the regulation of
adhesion [35], or the involvement of focal adhesion kinase (FAK) [36].

Similar structures of F-actin have been previously observed in neutrophils [23,29] and
other cells at the adhesion stage [37], and a similar membrane transformation has been
shown in [23]. Type 2-like cells were also observed when neutrophils were activated by
fMLP [31]. That is, after type 2 transformation, the activation of a fraction of the cells slows
down, there are no changes in cell morphology, and there is no chromatin ejection.

It is statistically difficult to follow the subsequent behavior of neutrophils of either
response type and assess their involvement in further activation and subsequent NETosis.
However, such a short and intense process requires further rigorous study.

An ATP-dependent recovery of cortical actin is likely to occur after spreading (the
“spread” group). Thirty minutes after the addition of activators, actin no longer rearranges
and ultimately degenerates. Further cell deformation is associated with the swelling of the
nucleus, which begins its entropic expansion [24] due to the disruption of histone bonds
by neutrophil elastase [15,38]. The loss of tight nuclear packing leads to a decrease in
nuclear density, filling all the available cell volume and stretching the cell, which ends with
membrane destruction and ejection of the networks.

Meanwhile, activated cells have different dynamics of membrane volume changes.
The cell membrane can both stretch to its maximum size, after which chromatin extrusion
begins, and “burst” into fragments after reaching its maximum size. This can lead to
different types of chromatin ejection, i.e., “shoot” and “cloud”.

4. Materials and Methods
4.1. Reagents

PMA, A23187, Triton X-100, and fetal calf serum (FCS) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Wheat germ agglutinin (WGA)-AlexaFluor 594 conjugate,
Phalloidin-AlexaFlour 488 conjugate, and DAPI were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). Dextran T-500 was obtained from Pharmacosmos (Holbak,
Denmark). RPMI1640, Hoechst 33342, Ficoll-Hypaque, L-glutamine, and HEPES were
obtained from PanEco (Moscow, Russia). Coverslips and 24-well plates were from SPL Co.,
Ltd. (Pyeongtaek, Republic of Korea). FITC-labeled monoclonal mouse anti-human MPO
priming antibodies were purchased from Invitrogen (Waltham, MA, USA).

4.2. Isolation of Primary Human Neutrophils

Neutrophils were isolated from heparinized blood as previously described [20]. All
experiments were performed in accordance with the guidelines and regulations of the
Federal Research and Clinical Center of Intensive Care Medicine and Rehabilitation, V.A.
Negovsky Scientific Research Institute of General Reanimatology, Moscow, Russia. All
experimental protocols were approved by the institute (protocol no. 2/20 of 10 June 2020).
Neutrophil isolation was conducted under aseptic conditions. In brief, blood was gently
layered on top of Ficoll-Hypaque (d = 1.077 g/cm?) and centrifuged at 400x g for 25 min
at room temperature (RT). Thereafter, the bulk of the erythrocytes was removed from the
suspension by sedimentation with Dextran T-500. The contaminating erythrocytes were
lysed in a cold hypotonic sodium chloride solution (0.2%) for 30 s followed by reduction
to physiological saline with hypertonic sodium chloride (1.6%). Isolated neutrophils
were washed in phosphate-buffered saline (PBS) and suspended in complete medium
consisting of RPMI 1640 supplemented with 10 mM HEPES, 2 mM L-glutamine, and 1% heat
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inactivated fetal calf serum (FCS). Microscopic evaluation of isolated cells revealed that
>97% were neutrophils. Cell viability was not <98%, as judged by Trypan blue exclusion.
After isolation, neutrophils were resuspended in complete medium at 2 x 10° cells/mL
and stored at 4 °C (<1 h) before use in experiments.

4.3. Induction and Detection of Neutrophil Extracellular Traps

Freshly isolated neutrophils (2 x 10° cells/mL) were seeded on sterile uncoated round
coverslips placed into wells of a 24-well plate in 500 uL complete medium for 30 min at
37 °C. NET formation was induced with 35 nM PMA or 2.5 uM A23187, and coverslips were
incubated in the medium for indicated time points at 37 °C and 5% CO,. After incubation,
coverslips were removed from the first plate and transferred to a second 24-well plate,
where the samples were fixed with 4% paraformaldehyde (PFA) for 15 min at RT and
washed in PBS 3 times.

4.4. Staining Procedure

For immunofluorescence staining, fixed neutrophils were washed with PBS and perme-
abilized with 0.1% Triton X-100 in PBS for 2 min and RT. Nonspecific binding was reduced
by pre-incubation of cells with blocking buffer (including human immunoglobulins) for
20 min. Immunofluorescence staining was performed with FITC-labeled monoclonal mouse
anti-human MPO priming antibodies and neutrophil DNA was stained with DAPI (10 pM)
for 10 min.

For widefield fluorescence and confocal microscopy, neutrophils were permeabilized
with 0.05% Triton X-100 in PBS for 15 min at 4 °C, then washed in PBS and blocked with
3% BSA. For DNA staining, the samples were incubated with Hoechst 33342 dye and
diluted in a ratio of 1 to 1000 in PBS for 20 min. For plasma membrane staining, samples
were incubated with Alexa Fluor 594-conjugated WGA and diluted in a ratio of 1 to 500 in
PBS for 30 min. Alexa Fluor 488-conjugated Phalloidin, diluted in a ratio of 1 to 600 in PBS,
was used to stain F-actin. Staining at all stages was carried out in the dark. After staining,
coverslips were washed 3 times in PBS and then mounted in Abberior mount solid antifade
(Abberior, Gottingen, Germany) on glass slides prior to imaging.

4.5. Widefield Fluorescence Microscopy

Widefield fluorescence microscopy was performed on a Thunder microscope (Leica
Microsystems, Wetzlar, Germany) equipped with an LED excitation and using 63 % oil
immersion objective. Tile scans were performed on 8 basic fields for every coverslip. Image
processing was performed in LAS X software version 3.0.0.15697 (Leica Microsystems,
Wetzlar, Germany).

4.6. Confocal Laser-Scanning Microscope (CLSM)

For excitement of Hoechst 33342, a 405 nm laser was used; to excite Alexa Fluor 488
phalloidin, a 488 nm laser was used; and to excite Alexa Fluor 594 WGA, a 543 nm laser
was used. Images were acquired with a Zeiss LSM880 confocal laser scanning microscope
(Carl Zeiss, Jena, Germany) with Airyscan module using a 63x immersion lens. Image
processing, including conversion of imaged z-stacks into maximum intensity projections
(MIP), was performed in Image] [39]. Z-stacks of 10 single cells were acquired for every
time point.

4.7. Statistical Analysis

Using a confocal microscope, z-stacks of 10 cells were obtained at each time point.
These images were used to estimate the volume of the nucleus, the volume of the cell
membrane, and also the cell diameter and height. All measurements were taken using
Image] software version 1.53q. Volume was evaluated using a 3D object counter. Data on
the volume of the nucleus are presented as means + SD.
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Using a widefield microscope, z-stacks of 8 fields were obtained at each time point.
These images were used to evaluate cell sizes and cell counts by group. Images were
evaluated using LAS X software version 3.0.0.15697. N = 300 cells. The data are presented
as means & SD.

A one-way ANOVA with Bonferroni correction was applied to assess differences
between multiple groups. The data are expressed as means &= SEM. All statistical analy-
ses and approximations were performed using Origin Pro 2019 (OriginLab Corporation,
Northampton, MA, USA).

5. Conclusions

Our findings add to the understanding of conformational changes in NETosis-activated
neutrophils, which will allow future studies to develop these processes, especially when
documenting cellular events that occur shortly after the addition of activators.
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