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Neutrophils can release their chromatin to form neutrophil extracellular traps (NETs), a process known as
NETosis. Although NET formation can be induced by various stimuli, recent evidence suggests that these stimuli
do so via diﬀerent mechanisms. Here, we have analysed NET formation induced by lipopolysaccharide (LPS),
phorbol 12‑myristate 13‑acetate (PMA) and the calcium (Ca2+) ionophore A23187. Our results show distinct
peroxidase and neutrophil elastase activities in both culture supernatant and NETs. Especially stimulation with
A23187 led to pronounced peroxidase and elastase release and yielded high peroxidase activity on the resulting
NETs. In contrast to LPS and PMA, A23187 did not induce morphological changes of the nuclei. Histone H3
citrullination was more extensively observed upon induction by A23187 and particularly in LPS- and PMAinduced NETs the detection of citrullinated H3 was dependent on the inhibition of neutrophil proteases, which
suggests that NET-associated citrullinated histones are readily cleaved by these proteases. With live cell imaging
techniques, diﬀerences in the rate of plasma membrane permeabilization were observed, not only for the different inducers, but also among individual neutrophils. LPS and PMA, but not A23187, induced early calcium
oscillations and the cytosolic calcium concentrations gradually increased upon LPS and PMA stimulation until
the plasma membrane ruptured. The levels of reactive oxygen species rose rapidly after PMA stimulation and
much later in neutrophils exposed to LPS and A23187. Taken together, the observed molecular and dynamic
diﬀerences indicate that NET formation induced by LPS, PMA and A23187 proceeds via diﬀerent pathways.

1. Introduction
In 2004, NETosis was described for the ﬁrst time as a new strategy
of neutrophils to capture and kill bacteria [1]. During NETosis, which is
diﬀerent from apoptosis or necrosis, neutrophils expel their chromatin
to form neutrophil extracellular traps (NETs) in which bacteria and
other microbial pathogens become entrapped [2]. The long DNA
threads of NETs are decorated with antimicrobial proteins such as
myeloperoxidase (MPO), neutrophil elastase (NE) and histones, which
enable the NETs to kill captured microbes and protect the host against
infections [3].
The mechanism by which the neutrophils form these NETs is not
completely clear and seems to depend on the nature of the stimulus.
Phorbol 12‑myristate 13‑acetate (PMA) is a chemical agent which is
most widely used as inducer of NETosis. Although regarded as an artiﬁcial stimulant, PMA is often used in NETosis experiments because of
the robust response of neutrophils upon stimulation with this agent [4].
PMA activates protein kinase C (PKC), which in turn stimulates the
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production of reaction oxygen species (ROS) by activating the NADPH
oxidase complex. This complex catalyses the formation of superoxide
anion [2], which can be converted into hydrogen peroxide (H2O2) by
superoxide dismutase. The hydrogen peroxide is used by myeloperoxidase (MPO) to generate potent bactericidal compounds, such as hypochlorous acid. MPO is present in neutrophil granules together with
other antimicrobial proteins such as the protease neutrophil elastase
(NE). When MPO is activated, NE is released from granules by unknown
mechanisms and travels to the nucleus to degrade histones and to aid in
chromatin decondensation [5]. When the nuclear membrane ruptures,
the chromatin is able to mix with cytosolic and granular proteins which
will attach to the chromatin. The ﬁnal step in the formation of NETs is
the rupture of the cell membrane, after which the NET is expelled into
the extracellular space.
The requirement for calcium in this process still remains poorly
understood. It is hypothesized that the intracellular calcium concentration increases during early stages of NET formation, which in
turn activates the enzyme peptidylarginine deiminase 4 (PAD4). This
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2.2. Neutrophil culturing and NET harvests

enzyme then migrates from the cytoplasm to the nucleus to citrullinate
histones. Citrullination converts positively charged arginine residues in
non-charged citrulline residues, making the overall charge of the histones less positive. This results in a lower aﬃnity for the negatively
charged DNA, thereby stimulating chromatin decondensation and
eventually NET formation. The critical involvement of PAD4 in this
process has been shown for the calcium ionophore A23187-induced
NETosis [6–8], but is still controversial for other stimuli such as PMA
[9,10].
Lipopolysaccharide (LPS) is a more biologically relevant stimulus of
NETosis than PMA and A23187. However, the reported ability of LPS to
induce NETosis can vary dramatically and ranges between no, intermediate and robust NET formation comparable to PMA. These diﬀerences might be attributed to the use of LPS variants in diﬀerent studies
[4,11]. The type and source of LPS is often ill-deﬁned in publications,
although it has been shown that diﬀerent types of LPS induce NETosis
to a diﬀerent degree [11]. Furthermore, platelets were shown to enhance NET formation in response to all types of LPS tested [11,12] and
if not taken into account, may add to the observed variations.
Besides PMA, A23187 and LPS, also other stimuli induce NET formation such as immune complexes, monosodium urate crystals and
diﬀerent types of bacteria and fungi (systematically reviewed in [4]). In
a comparative study on a number of these NET stimuli it was shown
that there are diﬀerences in the requirements of PKC, ROS production
and activity of MPO, NE and PAD4 [13]. Also the protein content of
NETs may vary depending on the stimulus that is used [14,15]. These
studies clearly indicate that the type of stimulus may aﬀect NET formation.
In this study we further explored stimulus-dependent diﬀerences in
NET formation upon human neutrophil stimulation by PMA, A23187
and an LPS variant that is known to induce NET formation without costimulation [11]. We observed diﬀerences in the amount of DNA excretion, NE and MPO activity and the level of citrullination. Furthermore, by using live cell imaging on the single cell level we also observed diﬀerences in chromatin decondensation that precedes NET
formation, changes in intracellular calcium levels and ROS production.
Together, these data enhance our insight in the sequence of events that
occur after human neutrophils are exposed to diﬀerent stimuli.

Neutrophils were seeded in a 96-well plate (0.1 × 106 cells in 100 μl
of culture medium per well) and treated with the various compounds
(n = 7 for each stimulus). A sample of the culture medium was taken
3 h after stimulation without resuspension and without touching the
bottom of the well (culture supernatant). The rest of the medium was
discarded and the cells were then carefully washed twice with PBS and
subsequently incubated for 10 min at 37 °C in medium supplemented
with 5 U/ml micrococcal nuclease (Boehringer Mannheim, cat.no.
85446620) to release the NETs. The NETs were harvested by collecting
the medium and the contaminating cell debris was removed by centrifugation for 5 min at 1500g.
2.3. DNA quantiﬁcation, peroxidase and neutrophil elastase (NE) activity
measurements
The amount of DNA in culture supernatant and NET harvests was
quantiﬁed by adding 5 mM Sytox Green (Thermo Fisher, cat. No.
S7020) and measuring the ﬂuorescence using a Clariostar device at
480/520 nm excitation/emission. Herring sperm DNA (0.1 mg/ml) was
used as a positive control in these assays.
The MPO-activity in the NET harvests and supernatants was measured by mixing 50 μl sample with 50 μl detection solution (1:1 peroxide buﬀer (UP)/Tetramethylbenzidine (TMB), BioMérieux, Boxtel,
The Netherlands) in a microplate. After 3 min incubation at room
temperature the staining reaction was stopped by adding 50 μl H2SO4.
The absorbance of the reaction product was measured at 450 nm using
a microplate reader (Tecan Sunrise).
The NE-activity in the NET harvests and supernatants was measured
by mixing 50 μl sample with 50 μl NE-substrate solution (2 mM
N‑Methoxysuccinyl‑Ala‑Ala‑Pro‑Val p‑nitroanilide, Sigma M4765 in
PBS) in a microplate. After 2 h incubation at 37 °C, the absorbance of
the reaction product was measured at 405 nm using a microplate reader
(Tecan Sunrise).
2.4. Immunoﬂuorescence microscopy
Neutrophils were seeded in a 6-well plate (3 × 106 cells in 3 ml of
culture medium per well containing an uncoated glass coverslip) and
treated with the various compounds. In some cases, 0.5 mM of PMSF
was added 60 min (for PMA treated cells) or 30 min (LPS and A23187
treated cells) before ﬁxation (time of addition was based on data in
Supplementary Fig. 2A). After 4 h of stimulation, coverslips were
carefully transferred to 3.7% (v/v) paraformaldehyde in PBS (Sigma)
and incubated for 15 min at room temperature to ﬁx the cells. After two
washings in PBS, the cells were permeabilized in 0.1% (v/v) Triton X100/PBS for 15 min and then washed twice in PBS before blocking for
30 min in 5% (v/v) non-fat dry milk in PBS. After blocking, the cells
were incubated overnight at 4 °C with 30 μl 5% (v/v) non-fat dry milk
in PBS containing 500-fold diluted rabbit anti-citrullinated histone H3
(citrulline residue at positions 2, 8 and 17) antibody (Abcam, ab5103),
200-fold diluted mouse anti-human MPO antibody (Biorad, cat.no
0400-0002). After three washings in PBS, the cells were incubated with
5% (v/v) non-fat dry milk in PBS containing 400-fold diluted ALEXA
Fluor® 568 conjugated goat anti-mouse IgG antibody (Life
Technologies, cat.no. A11004) or 400-fold diluted ALEXA Fluor® 488
conjugated goat anti-rabbit IgG antibody (Life Technologies, cat.no.
A11004) for 30 min at room temperature. The coverslips were washed
thrice with PBS before counterstaining with 1 μg/ml 4′,6‑diamidino‑2‑phenylindole (DAPI, Sigma Aldrich) in PBS for 5 min. After ﬁnal
washings in PBS and milli-Q water, the coverslips were mounted on
glass slides using Mowiol (Sigma Aldrich). Cell staining was analysed
on a Leica DMRA Fluorescence microscope with a Leica DFC340 FX
CCD camera or on an EVOS FL Auto 2 Imaging System (Thermo Fisher
Scientiﬁc). The percentage of cells positive for citrullinated H3 was

2. Materials and methods
2.1. Neutrophil isolation and stimulation
Neutrophils were isolated from fresh human blood samples from
approximately 30 anonymised healthy donors. EDTA anticoagulated
blood was 1:1 diluted with phosphate buﬀered saline (PBS) and layered
on top op of lymphoprep (Stemcell Technologies, cat.no. #07851) according to the manufacturer's protocol. After centrifugation for 20 min
at 800g, the polymorphonuclear cells laying on the upper part of the red
blood cell layer were collected. The co-puriﬁed red blood cells were
lysed by washing the cells twice with milli-Q for 20 s after which 10×
PBS was added to re-establish physiological conditions. The polymorphonuclear cells were then resuspended at 2 million cells per ml in
serum-free DMEM/F12 medium without phenol red (Gibco, cat.no
11039-021). After seeding in appropriate amounts as described for each
experiment below, the neutrophils were allowed to adhere to the plates
for 30 min at 37 °C before addition of the diﬀerent stimuli: 10 μg/ml
LPS extracted from Escherichia coli (O128:B12, Sigma Aldrich, cat.no.
L2887) [11], 5 nM PMA (Sigma Aldrich, cat.no P1585) [1] or 4 μM
A23187 (Sigma Aldrich, cat.no C7522) [16]. Neutrophils were subsequently cultured for 3–4 h at 37 °C to allow formation of NETs. Neutrophils of each donor were subjected to all stimuli in all of the experiments. All experiments were performed in accordance with relevant
guidelines and regulations approved by the Medical Ethical Committee
of the RadboudUMC Nijmegen. All donors gave informed consent.
1622
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calculating a linear ﬁt to the steepest part of the curve (using at least 10
data points). The start of this linear HEt increase was used as the time
point at which ROS levels started to increase.

counted manually in > 100 cells per condition.
2.5. Single-cell DNA decondensation monitoring by live cell imaging
Neutrophils (1 × 105) were seeded in a 24-well plate in 0.5 ml
culture medium supplemented with 20 μl NucGreen and 20 μl NucBlue
(Life technologies, cat.no R37609) and incubated at 37 °C, 5% CO2, for
30 min in the EVOS FL Auto 2 Imaging System (Life Technologies).
Stimuli were added in 0.5 ml culture medium and imaging was started
while cells remained at 37 °C, 5% CO2. Imaging occurred every 10 min
across identical ﬁelds for a period of 4 h with a 40× objective using
DAPI and GFP ﬁlters. From these data movies were constructed using
FIJI software [17].

2.9. Statistical analysis
All data are presented as mean plus standard deviation, and the
signiﬁcance of diﬀerences between the data was determined by oneway ANOVA followed by Dunnett's test using the GraphPad Prism 7
software (version 7.04, GraphPad Software, Inc.).

3. Results

2.6. Single-cell calcium analysis by live cell imaging

3.1. DNA release upon induction of NET formation

Neutrophils (2 × 105) were seeded on a 35 mm2 glass dish (WillCo,
cat.no HBSt-3522) in 1 ml Krebs solution (5.5 mM KCl, 147 mM, NaCl,
1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES/
NaOH, pH 7.4) supplemented with 0.01% (v/v) Pluronic F127® (Sigma
Aldrich, cat.no P2443) and 3 μM fura-2-AM (Sigma Aldrich, cat. No
F0888) and left to adhere for 40 min at 37 °C. This medium was replaced by 1 ml fresh culture medium supplemented with 20 μl
NucGreen (Life Technologies, cat.no R37609(B)) and incubated for
10 min at 37 °C before imaging using an inverted microscope (Axiovert
200 M; Carl Zeiss, Jena, Germany) and kept at 37 °C using an environmental control system. For combined fura-2/NucGreen imaging
alternating excitation wavelengths of 340 nm, 380 nm and 488 nm were
applied using a monochromator (Polychrome IV, TILL Photonics).
Fluorescence was detected using a 525DRLP dichroic mirror (Omega
Optical Inc.) and a 565ALP emission ﬁlter (Omega Optical Inc.). Images
were acquired at a rate of 1 image per 30 s during 3 h using an illumination time of 100 ms. Neutrophil stimulating compounds were
added after 5 min (i.e. 10 images). All neutrophils within an image
(~15 cells) were used for analysis (see below).

NET formation was induced by the addition of PMA, LPS or A23187
to cultured neutrophils, freshly isolated from human blood. To quantify
the degree of NET formation, we measured the amount of DNA in the
NET harvests with the ﬂuorescent DNA probe Sytox Green. We also
analysed the amount of DNA in culture supernatants of stimulated
neutrophils before the NETs were harvested, to determine how much
NETs spontaneously detach from cells. The culture supernatants contained hardly any DNA, (< 6 a.u., Fig. 1A), indicating that most of the
NETs are stuck to the neutrophils, as expected. The amount of DNA in
the culture supernatants was highest for the LPS treated cells
(3.9 ± 0.8), suggesting that the LPS-induced NETs might be less stable
than the NETs induced by other stimuli. In contrast, in the NET harvests
substantial amounts of DNA were detected (> 10 a.u., Fig. 1B). The
highest amounts were detected for PMA treated cells (77.0 ± 40.6),
followed by NET harvests from A23187 (34.6 ± 24.8) and LPS
(31.6 ± 32.9) treated cells. The ‘mock treated’ cells gave the lowest
amounts (18.3 ± 12.4).

3.2. Peroxidase and neutrophil elastase activity upon induction of NET
formation

2.7. Single-cell ROS measurements by live cell imaging
Neutrophils (2 × 105) were seeded on a 35 mm2 glass dish (WillCo,
cat.no HBSt-3522) in 1 ml Krebs solution (5.5 mM KCl, 147 mM, NaCl,
1.2 mM MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 10 mM HEPES/
NaOH, pH 7.4) and left to adhere for 30 min at 37 °C. Next, cells were
incubated with 10 μM dihydroethidium (HEt, Life Technologies cat.no
D11347) for 10 min at 37 °C in the dark. Then cells were placed on the
stage of an inverted microscope (Carl Zeiss Axiovert 200 M with a Zeiss
×40/1.3 NA ﬂuor lens objective) and kept at 37 °C using an environmental control system. Excitation at 490 nm was achieved using a
monochromator (Polychrome IV; TILL Photonics) and ﬂuorescence
emission was detected using a 525DRLP dichroic mirror (Omega
Optical), a 565ALP emission ﬁlter (Omega Optical) and a CoolSNAP HQ
monochrome charge-coupled device camera (Roper Scientiﬁc). Cells
were imaged at a rate of 1 image per 10 s during 30 min using an illumination time of 50 ms per image. Neutrophil stimulating compounds
were added after 2 min (i.e. 12 images). All neutrophils within an image
(~15 cells) were used for analysis (see below).

MPO and NE are two of the most abundant proteins of neutrophils
and NETs and their activity can be measured by relatively simple colorimetric assays. MPO activity was measured by the oxidation of
3,3′,5,5′‑tetramethylbenzidine and NE activity by the cleavage of a NEspeciﬁc substrate. In both assays, the reaction product absorbs light in
the visual spectrum which can be measured at 450 nm and 405 nm,
respectively. We measured the activity of these enzymes in both culture
supernatants and NET harvests. Only low amounts of peroxidase and
NE activity were present in the culture supernatants, except for the
supernatant of cells treated with A23187, in which both enzymes were
readily detectable (signal intensities of 0.39 ± 0.22 and 0.97 ± 0.42
for MPO and NE respectively, compared to MPO activities of
0.09 ± 0.07 and 0.09 ± 0.05 for mock treatment and LPS respectively
and NE activities of 0.11 ± 0.02 and 0.15 ± 0.02 upon mock and LPS
treatment, respectively; Fig. 1C,E). The NE activity in the supernatant
was also slightly elevated after PMA treatment (0.27 ± 0.10), whereas
this was not the case for the peroxidase activity (0.08 ± 0.04).
The observed NE activity in the NET harvests correlated rather well
with the DNA content of these harvests (Pearson r = 0.84,
Supplementary Fig. 1), except for the PMA stimulated cells, which are
lower than what could be expected from their high DNA content
(compare Fig. 1D and E), but still have the highest NE activity of all
stimuli (0.72 ± 0.32 versus 0.31 ± 0.15, 0.43 ± 0.16 and
0.40 ± 0.24 for mock, LPS and A23187 treatments respectively,
Fig. 1E). The peroxidase activity correlated less well with the DNA
content (Pearson r = 0.57, Supplementary Fig. 1), since especially
A23187-induced NETs (0.39 ± 0.10) displayed a relatively high MPO
activity (Fig. 1F).

2.8. Data analysis of live cell imaging
Image quantiﬁcation was performed using FIJI software [17]. For
both fura-2 and HEt analysis, cells were masked and their ﬂuorescence
intensity (expressed in grey values) was quantiﬁed within each mask.
An additional mask of equal size was used to determine background
ﬂuorescence. The grey values of the cells and the background were
exported to Excel for background correction and subsequent calculation
of the 340/380 ratio for the fura-2 experiments. In addition, the maximal rate of increase of the HEt ﬂuorescence signal was determined by
1623
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Fig. 1. DNA, neutrophil elastase activity and peroxidase activity in supernatants and NETs. Human neutrophils were cultured for 3 h in the presence of stimuli. The
graphs show the DNA content as measured by Sytox ﬂuorescence in neutrophil supernatants (A) and NET harvests (D), the NE activity as measured by the conversion
of a NE-speciﬁc substrate (B and E, respectively) and the peroxidase activity as measured by TMB substrate conversion (C and F, respectively), in the same samples
after mock treatment or the exposure to LPS, PMA or A23187. The average and standard deviation of eight biological replicates are shown for panels C, D and F. a.u.:
arbitrary units. Panel A shows the results of 6 biological replicates and panels B and E the results of three biological replicates. *p < 0.05, **p < 0.01,
****p < 0.0001 as compared to mock treated cells, one-way ANOVA followed by Dunnett's post hoc test.

PMA

A23187

With PMSF

Without PMSF

LPS

Fig. 2. Localization citrullinated histone 3 upon induction of NET formation. Overlay images of neutrophils stained with DAPI (blue) and anti-citrullinated H3
(green) after LPS stimulation (left panels), PMA stimulation (central panels) and A23187 stimulation (right panels). Arrows indicate citrullinated H3 positive NET
structures. All images are taken with 40× magniﬁcation, scale bars represent 20 μm. Representative pictures are shown of 3 independent experiments.

antibody speciﬁc for citrullinated H3 and analysed by ﬂuorescence
microscopy with the DNA dye DAPI used as a counterstain.
Citrullinated H3 was mainly detected in the cell bodies (Fig. 2, upper
panels), especially in cells treated with A23187, which was already
detectable during the ﬁrst hour after stimulation (Supplementary

3.3. Localization of citrullinated histone 3 upon induction of NET formation
To further explore NET formation upon treatment of neutrophils
with diﬀerent stimuli, we studied an established molecular marker for
NETs, citrullinated histone 3 (H3). The cells were stained with an
1624
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Fig. 3. Time lapse imaging of nuclear changes induced by the diﬀerent stimuli. The cell permeable DNA dye NucBlue (blue) and the non-cell permeable DNA dye
NucGreen (green) were used to visualize nuclear decondensation and membrane rupture upon induction of NETosis with the diﬀerent stimuli in neutrophils. Each
panel in this ﬁgure is 10 μm wide. Images were taken every 20 min (top to bottom) with 40× magniﬁcation. These images represent typical examples of 6
independent experiments.

3.4. Live cell imaging of intra- and extracellular DNA during NETosis

Fig. 2B). LPS and PMA treatment resulted only in a few cells with detectable levels of citrullinated H3. The absence of detectable levels of
citrullinated H3 associated with NETs prompted us to investigate
whether neutrophil proteases might disrupt or remove the citrullinated
H3 epitope(s). Indeed, inducing NETs in the presence of PMSF, a serine
protease inhibitor, allowed the detection of citrullinated H3 on NETs,
both by immunoblotting (Supplementary Fig. 2) and by immunoﬂuorescence microscopy (Fig. 2). Staining of the cells after treatment
with A23187 was very similar to that observed in the absence of PMSF,
showing mainly staining of the cell bodies. In contrast, in LPS- and
PMA-treated cultures a subset of neutrophils displayed bright staining
of cell bodies, which were morphologically diﬀerent from those observed after ionophore treatment, and in addition citrullinated H3 was
found in association with NETs (Fig. 2, lower panels).

During NETosis the chromatin decondenses which leads to an increased area occupied by nuclear DNA. As can be seen in Fig. 2, the
DAPI stained nuclear areas of most PMA treated cells are almost doubled relative to the negative control cells. In LPS-treated neutrophils
this chromatin decondensation was observed in only a subset of the
cells, whereas decondensation and loss of the lobulated nuclear structure was virtually absent in A23187-treated cells. To determine the
kinetics of these nuclear changes, we used time lapse imaging in the
presence of two DNA-staining dyes, a membrane permeable (blue) and
a membrane impermeable (green) dye. This combination allowed the
visualization of DNA decondensation and cell membrane rupture simultaneously. Although all stimuli induced membrane rupture, as
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Fig. 4. Combined live cell imaging of free cytosolic calcium dynamics and NET formation. Each trace in the graph represents a single neutrophil for which the
variation in the intracellular calcium concentration was measured using the 340/380 ratio of fura-2. These ratios are shown for mock treatment (A), LPS stimulation
(B), PMA stimulation (C) and A23187 stimulation (D) in the upper graphs. The corresponding NucGreen signal (depicted in grey values) of each cell is shown in the
lower panels using the same colour coding for individual cells. In all cases, the stimulus was given at t = 5 min (arrows). The insets of panels B and C show an
enlargement of the ﬁrst minutes after stimulation. Representative data of two independent experiments.

demonstrated by the appearance of green ﬂuorescence (Fig. 3; Suppl.
Videos 1–4), the timing and nuclear morphology changes were diﬀerent
for the diﬀerent stimuli. Upon LPS treatment about half of the neutrophils showed morphological changes of the nucleus as well as DNA
decondensation, followed by plasma membrane permeabilization
(Fig. 3; Suppl. Video 2). Plasma membrane permeabilization tended to
be faster in the remaining cells, as demonstrated by the appearance of
green staining within 1 to 2 h (see e.g. the left LPS-treated cell in Fig. 3).
After PMA stimulation, membrane rupture was generally not seen
within 2 h, although nuclear decondensation was already detectable
about 1 h after stimulation in virtually all cells (Fig. 3; Suppl. Video 3).
Neutrophils treated with A23187 did not show loss of the lobulated
nuclear structure, but these cells showed plasma membrane rupture
already within the 90 min of stimulation (Fig. 3; Suppl. Video 4).

sharp drop in the fura-2 ratio signal. We observed considerable heterogeneity among cells with respect to the time point at which the
gradual [Ca2+]c increase started (i.e. between 10 and 90 min after
stimulation) and the time point at which cell rupture was detected (i.e.
between 90 and 180 min after stimulation). The occurrence of membrane rupture was further supported by the observation that NucGreen
entered the cells immediately after fura-2 leakage (lower graphs in
Fig. 4A–D). In the absence of stimuli, plasma membrane integrity was
maintained for > 150 min, as indicated by the lack of NucGreen signals.
However, beyond this time point we observed a gradual [Ca2+]c increase in unstimulated neutrophils (Fig. 4A), suggests that plasma
membrane integrity is compromised after 150 min. This might be due to
the repeated UV irradiation at 340 and 380 nm required for fura-2 excitation. In contrast to LPS and PMA, Ca2+ ionophore A23187 did not
induce early [Ca2+]c oscillations, but evoked a single transient [Ca2+]c
increase (Fig. 4D). Furthermore, the plasma membrane integrity of
A23187-treated cells was lost after approximately 60 min, evidenced by
the sharp drop in fura-2 ratio and increase in NucGreen signal.

3.5. Live cell imaging of free cytosolic calcium dynamics during NET
formation
Calcium (Ca2+) is an important signalling molecule in human
neutrophils. Therefore we also analysed the changes in free cytosolic
Ca2+ concentration ([Ca2+]c) during NET formation. For this we used
the dual-excitation single-emission ratiometric Ca2+ sensor fura-2,
which binds Ca2+ with high speciﬁcity and displays distinct ﬂuorescence excitation wavelengths for the Ca2+-free (380 nm) and Ca2+bound (340 nm) forms [18]. For both excitation wavelengths the
emission is recorded at 565 nm. The ratio of the fura-2 340/380 signals
can be used as a measure of [Ca2+]c [18]. Fura-2 measurements were
performed in the presence of NucGreen, to allow simultaneous monitoring of NET formation (Suppl. Videos 5–8).
Stimulation with LPS or PMA induced small transient [Ca2+]c
changes (insets Fig. 4B,C), followed by a gradual increase in [Ca2+]c.
The gradual increase continued until the plasma membrane ruptures, as
demonstrated by abrupt fura-2 leakage out of the cell, resulting in a

3.6. Live cell imaging of ROS levels during NET formation
The production of ROS plays an important role in the formation of
NETs. We analysed the levels of ROS during NETosis by the oxidation of
dihydroethidium (HEt). Non-ﬂuorescent HEt is internalized by the
neutrophils and can be converted by HEt-oxidizing ROS into ﬂuorescent
oxidation products [19]. Three typical examples of HEt traces of unstimulated and LPS, PMA or A23187 stimulated neutrophils are shown
in Fig. 5A. The rate of the initial linear increase of ﬂuorescence reﬂects
the level of HEt-oxidizing ROS [20]. This was determined by ﬁtting a
straight line to the steepest linear part of the curve, e.g. for PMA between 5 and 15 min after the start and for LPS around 25 min after the
start (Fig. 5A). We observed that the rate of ﬂuorescence increase, as
well as the time point at which the HEt ﬂuorescence increase started
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A

induced an early and robust increase in HEt-oxidizing ROS, which
started between 5 and 12 min after stimulation of the cells. LPS treated
cells showed a more heterogeneous response; some cells responded
relatively fast but not strongly, others responded later and exhibited
higher levels of HEt-oxidizing ROS. The slopes of A23187 stimulated
cells were not signiﬁcantly diﬀerent from the slopes of non-stimulated
control cells, although they appear to respond later than PMA and LPS
treated neutrophils.

HEt traces

HEt oxidation (a.u.)

30
25
20
15

4. Discussion

10

To our knowledge, this is the ﬁrst time that time-lapse single cell
imaging techniques were applied to monitor calcium dynamics and ROS
levels in activated neutrophils during NET formation. In parallel, several established NETosis-associated molecular features, chromatin decondensation, DNA release, histone citrullination and the peroxidase
and NE association with NETs were monitored. Moreover, the release of
soluble peroxidase and NE during NETosis were determined (in culture
supernatants). Together, the results demonstrate that upon exposure of
human neutrophils to three diﬀerent stimuli, LPS, PMA and A23187,
distinct modes of NET formation are induced. The most pronounced
diﬀerences observed are (i) the absence of chromatin decondensation in
neutrophils exposed to A23187, (ii) the release of soluble MPO and NE
upon A23187 stimulation, but not upon stimulation by LPS and PMA,
(iii) the high degree of proteolytic cleavage of citrullinated H3 in LPSand PMA-treated, but not in A23187-treated cells, (iv) the absence of
early calcium oscillations upon A23187 treatment, and (v) the rate of
ROS production, which was fastest after PMA exposure. An overview of
our ﬁndings can be found in Table 1.
In contrast to the Ca2+ ionophore A23187, PMA and LPS induced
pronounced morphological changes of the nuclei, consistent with
chromatin decondensation and loss of lobular structure. The maintenance of the lobular structure of the nucleus of A23187-treated
neutrophils is in agreement with recently published data of other investigators, who showed that A23187 and ionomycin do not induce
nuclear swelling [4]. During the loss of the lobulated structure of the
nucleus upon PMA treatment, the azurophilic granules (containing
MPO and NE) appeared to accumulate in the perinuclear region, which
may be consistent with a role for MPO and/or NE in chromatin decondensation, as has been previously suggested [21]. Further support
for such a role is provided by the observation that ABAH, an inhibitor
for MPO, was able to inhibit chromatin decondensation and subsequent
NET formation by PMA (Supplementary Fig. 3).
To our knowledge, this is the ﬁrst report in which NE and MPO
activities associated with NETs are compared. Our results demonstrate
a relatively high variation in the NET-associated NE and peroxidase
activities formed upon stimulation with diﬀerent activators. The NE
activity in the harvested NETs correlated well with the DNA content, in
contrast to the peroxidase activity (Supplementary Fig. 1). Especially
the NET fractions of A23187-treated cells had a high peroxidase activity. These results suggest that the eﬃciency by which neutrophil
proteins associate with NETs is at least partially dependent on the mode
of NETosis induction. The release of soluble NE and MPO suggests that
this stimulus induces speciﬁc traﬃcking of azurophilic granules which
does not occur in LPS and PMA treated cells. This may be due to calcium-induced fusion of azurophilic granules with the plasma membrane
[22].
Since for PMA-induced NETosis, the early calcium oscillations coincided with the early ROS production, the calcium oscillations might
act as a second messenger to trigger ROS production. However, stimulation with LPS did not result in robust ROS production at early time
points, indicating that the calcium oscillations are not suﬃcient.
A23187 treatment, as expected for a calcium ionophore, resulted in a
rapid increase in cytosolic calcium, which subsequently decreased to
relatively stable intermediate levels until the plasma membrane was
disrupted and the calcium sensor leaked from the cell body. As expected
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Fig. 5. ROS production in stimulated human neutrophils. (A) Typical HEt traces
obtained from unstimulated (mock treated) neutrophils and cells stimulated
with LPS, PMA or A23187. Arrow indicates the time point at which the stimulus
was given (t = 2 min). Dotted lines are examples of trendlines that are used to
calculate the maximal rate of increase (slope) of the HEt signals. (B) Plot of the
maximal slope of the HEt traces against the time at which this increase started.
Each dot represents an individual cell. The two dotted circles indicate the cells
in panel A for which the trendline was drawn. Representative data of three
independent experiments (n = 3). Colour coding is identical for both panels.
Table 1
Overview of cellular and molecular features associated with NET formation
induced by the exposure of human neutrophils to diﬀerent activators.

Chromatin decondensation
MPO release
NE release
NET association MPO
NET association NE
H3 citrullination
Protease sensitivity H3 citrullination
Calcium oscillations
Gradual calcium increase
ROS production
Time until plasma membrane rupture

LPS

PMA

A23187

++ (subset)
−
−
+
+
++
++
+
+
Slow
90 to
> 180 min

+++
−
+
+
+
++
++
+
+
Fast
100 to
> 180 min

−
+++
+++
+++
+
+++
+/−
−
−
Slow
40 to
140 min

(determined by the start of the linear part of the curve) diﬀered for the
diﬀerent stimuli (Fig. 5B). The unstimulated cells showed a small gradual increase in HEt signals from the beginning, which likely is due to
low levels of ROS production during normal cell metabolism. PMA
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LPS-treated neutrophils might have a paracrine eﬀect on neighbouring
neutrophils, further enhancing diﬀerences in the amount of TLRs on the
neutrophil surface. In addition, a human polymorphism in carbohydrate-recognizing Siglec receptors on neutrophils might inﬂuence the
response of individual neutrophils to LPS [34]. Finally, the possible
contamination with platelets may enhance neutrophil responses to LPS
[12]. Because of diﬀerent responses among donors the pathway of NET
formation induced by diﬀerent stimuli is hard to deduce. Nevertheless,
a better understanding of the pathways that drive NET formation in
vivo is crucial for designing therapeutic strategies for diseases that are
associated with aberrant NET formation such as SLE, rheumatoid arthritis and cardiovascular diseases.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2018.08.014.

the rapid increase in cytosolic calcium concentration upon A23187
exposure resulted in PAD activation, reﬂected by the most prominent
citrullinated H3 staining.
Citrullinated histones were initially not detected in the NET structures for any of the stimuli, although histone citrullination during NET
formation has been demonstrated in several studies [6,23–25]. Using
the same antibody, the association of citrullinated H3 with NETs was
investigated in several previous studies and the results varied from clear
associations [26,27], to the lack of detectable association [10,28], similar to our initial observations. The antibody used recognizes citrullinated epitopes in the N-terminal tail of H3, and the results we
subsequently obtained in the presence of the serine protease inhibitor
PMSF indicated that the citrullinated H3 epitope(s) is/are cleaved oﬀ
during NET formation, most likely by neutrophil proteases, such as NE.
Variation in the cleavage of the N-terminal tail of H3 by neutrophil
proteases might explain the contradictory results on NET-association of
citrullinated H3 reported in the literature.
Interestingly, even in the presence of PMSF not all NETs seem to
display citrullinated H3 (Fig. 2). A critical role of PAD4 and citrullination of histones during NET formation has been questioned recently [10] and our data support the theory that not all pathways
leading to NET formation are dependent on citrullination. Citrullination
might be an epiphenomenon resulting from elevated calcium levels that
are associated with NET formation [13]. Especially in A23187-treated
cells PAD4 is most likely activated by the immediate rise in cytosolic
calcium concentration (Fig. 4D). Indeed, citrullination of H3 could already be detected in the ﬁrst few minutes after stimulation with
A23187 (Supplementary Fig. 2), thus coinciding with the rise in cytosolic calcium levels (Fig. 4D). The relatively low H3 citrullination levels
after stimulation with LPS and PMA may be due to initial suboptimal
calcium concentrations for PAD4 activation or PAD4 inhibition during
early stages of NET formation caused by ROS. A reducing environment
has been demonstrated to be crucial for PAD activity [29].
After A23187 stimulation, the 380 nm signal of the Ca2+-free fura-2
became more intense in cytosolic foci, which may represent vesicles
(see Suppl. Video 8). These structures are likely intracellular calcium
stores, such as the ER or granules [30], which are emptied by the actions of A23187, thereby causing increased Ca2+-free fura-2 signals
[31]. This suggests that the major increase in intracellular calcium levels seen in A23187-treated cells at least in part comes from intracellular calcium stores. This suggestion was conﬁrmed by the observation that the A23187-induced calcium increase was also observed
when medium without calcium was used (data not shown). However,
other studies have shown that calcium chelation of the extracellular
medium with EGTA inhibits A23187-induced NET formation [16,32],
indicating that the extracellular calcium, which might enter neutrophils
in a later stage after induction, also plays an important role in NET
formation [16,32].
PMA and A23187 are chemical stimulants and may, therefore, be
less biologically relevant, although they are useful to study diﬀerent
pathways of NET formation. Based on a comparison with PMA, A23187
and nigericin, Kenny and coworkers were able to conclude that the
biologically relevant stimuli C. albicans and S. agalactiae induce a
pathway related to that of PMA [13]. This conclusion could be made
despite the heterogeneity among donors, and even between neutrophils
of the same donor, which is similar to what we observed for the biologically relevant stimulus LPS. The heterogeneous response of neutrophils to LPS and bacteria shows that NET formation is a complex
process, which is not only dependent on the stimulus, but also on other
factors such as pre-stimulation, cytokines and maybe even gender or
genetic predisposition. A possible explanation for the variation among
biological stimuli is the amount of TLRs on the neutrophil membrane,
which makes one cell more responsive to LPS or bacteria than another.
Priming of neutrophils due to the isolation procedure might enhance
expression of these receptors, similar to the eﬀect of priming with for
example complement factor C5a [33]. Even cytokine production by
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