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A B S T R A C T

Neutrophils produce a cocktail of oxidative species during the so-called oxidative burst to attack phagocytized bacteria. However, little is known about the neu-
trophils' redox homeostasis during the oxidative burst and there is currently no consensus about the interplay between oxidative species and cellular signaling, e.g.
during the initiation of the production of neutrophil extracellular traps (NETs). Using the genetically encoded redox sensor roGFP2, expressed in the cytoplasm of the
neutrophil-like cell line PLB-985, we saw that stimulation by both PMA and E. coli resulted in oxidation of the thiol residues in this probe. In contrast to the redox
state of phagocytized bacteria, which completely breaks down, the neutrophils' cytoplasmic redox state switched from its intital -318 ± 6mV to a new, albeit higher
oxidized, steady state of -264 ± 5mV in the presence of bacteria. This highly significant oxidation of the cytosol (p value= 7×10-5) is dependent on NOX2 activity,
but independent of the most effective thiol oxidant produced in neutrophils, MPO-derived HOCl. While the shift in the intracellular redox potential is correlated with
effective NETosis, it is, by itself not sufficient: Inhibition of MPO, while not affecting the cytosolic oxidation, significantly decreased NETosis. Furthermore, inhibition
of PI3K, which abrogates cytosolic oxidation, did not fully prevent NETosis induced by phagocytosis of bacteria. Thus, we conclude that NET-formation is regulated
in a multifactorial way, in part by changes of the cytosolic thiol redox homeostasis in neutrophils, depending on the circumstance under which the generation of NETs
was initiated.

1. Introduction

Neutrophils are the most abundant circulating granulocytes in the
human body. As the first defenders of our immune system, neutrophils
attack pathogens by several means. Upon encounter, pathogens such as
bacteria are engulfed and internalized into compartments in neu-
trophils, a process called phagocytosis. As the phagosome matures into
the phagolysosome by fusion with different intracellular granules, en-
capsulated bacteria are attacked by a mixture of toxic molecules in-
cluding antimicrobial proteins and potent oxidants [1]. The production
of reactive oxidants within the phagolysosome is initiated by assembly
and activation of the membrane complex NADPH oxidase 2 (NOX2)
[2,3]. Activated NOX2 transfers electrons from NADPH to phagosomal
oxygen, which generates superoxide anion (O2•-). Oxidants derived
from this radical include hydrogen peroxide (H2O2) and the hydroxyl
radical (•OH). H2O2 reacts further with chloride to form HOCl, a highly
reactive oxidant, in a reaction catalyzed by myeloperoxidase (MPO)
[4,5]. The activity of NOX2 is known to be essential for killing of mi-
crobes. Individuals suffering from chronic granulomatous disease
(CGD), a hereditary disease in which NOX2 is inactive, are highly

susceptible to microbial infections [6]. Oxidants produced downstream
of NOX2 can directly react and thus oxidatively damage cellular com-
ponents of trapped microbes [7–9].

A growing body of evidence highlights NOX2-related oxidants also
as important signaling molecules to regulate cellular functions [10–13].
As such, NOX2 as well as MPO activity was shown to be involved in the
activation of the formation of neutrophil extracellular traps (NETs),
another crucial antimicrobial mechanism in neutrophils [14–17].

Due to the transient nature of the phagosomal environment, quan-
titative redox measurements have proven to be difficult [18]. Conven-
tional methods include HPLC quantification of redox pairs after cell
disruption and the use of redox-active fluorogenic dyes such as the
widely used 2′,7′-dihydrodichlorofluorescein (H2DCF) [19–22]. How-
ever, those approaches often lack specificity, are prone to photo-
bleaching or can simply not be used for subcellular dynamic measure-
ment in living cells [23–25]. Many of those limitations were overcome
by genetically encoded redox sensors. roGFP2, a variant of the en-
hanced green fluorescent protein (EGFP) has been widely used to study
redox dynamics in various cell compartments across different organ-
isms [26–30]. Like in EGFP, the chromophore of roGFP2 is formed by
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the cyclization of the residues 65–67 (Thr-Tyr-Gly). In close proximity
to the chromophore are two engineered cysteine residues (C147 and
C204). When they form a disulfide bond, a reversible conformational
change in roGFP2 promotes the protonation of Tyr66. roGFP2 emits
light at 510 nm and has two excitation maxima at 488 nm and 405 nm
respectively [28,31]. Oxidation of C147 and C204 increases the ex-
citation peak at 405 nm at the expense of the excitation peak at 488 nm.
The redox states of roGFP2 can thus be measured by a ratiometric de-
termination of its emission intensity at 510 nm at the excitation wave-
lengths 405 and 488 nm [28,32].

In our study, we developed a neutrophil-like cell line (based on PLB-
985) that expresses the genetically-encoded redox sensor roGFP2 in the
cytoplasm. This gave us a tool to analyze the redox dynamics in neu-
trophil-like cells upon activation by external stimuli such as PMA and
during physiological events, such as phagocytosis of bacteria. Both PMA
and phagocytosis of bacteria led to substantial roGFP2 oxidation,
showing that, upon stimulation, the cytoplasmic redox homeostasis of
neutrophils shifts to a more oxidizing environment. It also allowed us to
study the involvement of oxidation events in the induction of NET-
formation through both PMA exposure and bacterial phagocytosis. Our
data suggests that the observed cytoplasmic redox-shift by itself is not
sufficient to induce NET-formation, but additional components depen-
dent on MPO activity and PKC signaling are required.

2. Experimental procedures

2.1. PLB-985 cell culture and differentiation

The human myeloid leukemia cell line PLB-985 (DSMZ, German
collection of microorganisms and cell culture) was cultured and dif-
ferentiated as described before [33,34]. In short, cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1% GlutaMAX (Life Technologies, Darmstadt, DE)
at 37 °C and 5% CO2, passaged twice a week. For granulocytic differ-
entiation of cells, exponentially growing cells at a density of 2×105/
ml were cultured in RPMI 1640 medium supplemented with 10% FCS,
1% GlutaMAX and 1.25% DMSO for five days. On day four, cells were
stimulated with 2000 U/ml interferon-γ (IFN-γ, Immunotools, Frie-
soythe, DE).

2.2. Generation of genetically encoded roGFP2 for expression in PLB-985

For the construction of PLJM1-roGFP2 that was used for the ex-
pression of roGFP2 in PLB-985, the gene region encoding roGFP2 was
amplified using the primers listed in Supplementary Table 1 from
pCC_roGFP2, which served as template (Supplementary Table 1). The
PCR products were cloned into PLJM1-EGFP using the restriction en-
zymes BamHl and Nsil. E. coli stbl3 served as a cloning host and was
subsequently used to amplify plasmid DNA. Endotoxin-free plasmids
were obtained using the plasmid isolation kit NucleoBond Xtra Midi
Plus EF according to the manufacturer's instruction (Macherey-Nagel,
Düren, DE). The genomic integrity of roGFP2 was confirmed by re-
striction analysis and Sanger sequencing (Microsynth Seqlab, Göt-
tingen, DE).

2.3. Transduction of PLB-985

The roGFP2 expressing PLB-985 cell line was established using a
lentiviral transduction system of the 2nd generation with a single
packaging plasmid encoding the gag, pol, rev, and tat genes [35]. Viral
particle was produced by transfecting the roGFP2 containing plasmid
PJLM1-roGFP2 along with the packaging plasmids pCMV-VSV-G and
pCMVR8.2 into HEK-293T cells (Supplementary Table 1).
2.5× 106 cells were seeded on a 10 cm2 cell culture dish and cultured
in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies,
Darmstadt, DE) supplemented with 10% FBS (Life Technologies,

Darmstadt, DE) and 1% Penicillin/Streptomycin (PenStrep, Life Tech-
nologies, Darmstadt, DE) at 37 °C and 5% CO2. After 24 h, for each
10 cm2 culture dish, 6 μg of pCMV-VSV-G, 12 μg of pCMVR8.2 and
12 μg of PJLM1-roGFP2 were mixed with H2O to a final volume of
438 μl and supplemented with 62 μl of 2M CaCl2. 500 μl of 2xHBS
phosphate buffer was added to the mixture dropwise. Afterwards, the
solution was incubated for 10min at RT and added to the HEK-293T
cells. After 16 h of incubation at 37 °C and 5% CO2, DMEM was ex-
changed by RPMI supplemented with 10% FCS and 1% GlutaMAX.
Those cells were incubated at 37 °C and 5% CO2 to allow production of
lentiviral particles for 16 h. Viral particles were collected by harvesting
the supernatant and pressing it through a 0.45 μm syringe filter (Fil-
tropur s0.45, Sarstedt, Nürnbrecht, DE). To increase the virus titer, viral
particles were concentrated to ¼ of the initial volume using an ultra-
filtration unit (VIVASPIN 20, 100,000 MWCO PES, Sartorius, Göt-
tingen, DE) at 3000 g and 4 °C. For transduction of PLB-985 cells, 5 ml
of concentrated viral particles containing 4 μg/ml Polybrene (Sigma,
Darmstadt, DE) was used to resuspend 2× 106 of PLB-985 cells, which
were seeded 24 h prior to transduction. Cells were incubated for 16 h at
37 °C and 5% CO2 to allow transduction. Then, the culture media was
exchanged with RPMI and the cells were incubated for another 72 h to
allow protein expression. roGFP2 expression was analyzed by fluores-
cence microscopy (IX50, Olympus, DE). Pictures were taken with a SLR
camera (Olympus, DE) and the CellP software (Olympus, DE). Those
cells were further used for the generation of monoclonal cultures.

2.4. Generation of monoclonal culture by FACS

Monoclonal cultures of roGFP2 expressing PLB-985 cells were gen-
erated using a fluorescence-activated cell sorter (FACS, BD FACSAria
III, BD, Franklin lakes, USA) and the respective software BD FACSDiva
(version 8.0.1, BD, Franklin lakes, USA). For this purpose, cells were
washed once with PBS (pH 7.4) and resuspended in PBS (pH 7.4) at
approximately 106 cells/ml. Then the cells were analyzed to determine
the gating parameters for positive clones. In total, 96 GFP-positive
clones were sorted into a 96-well plate (Sarstedt, Nürnbrecht, DE) in a
single cell mode using the excitation wavelength at 488 nm with a 530/
30 emission filter. Single cells generated this way were kept at 37 °C and
5% CO2 in RPMI supplemented with 1% GlutaMAX (Life Technologies,
Darmstadt, DE) and 30% FBS. The development of single viable cells to
single colonies was monitored microscopically and subcultured in RPMI
supplemented with 1% GlutaMAX and 10% FBS.

2.5. Coomassie staining and Western Blot

Protein samples were separated on precast 4–12% Bis-Tris gels
(NuPAGE™, invitrogen, USA) under reducing conditions (200 V,
40min). Proteins were stained using Coomassie R-250 as described by
Wong et al. [36]. In short, gels were boiled in “Fairbanks A″ solution
(25% isopropanol, 10% glacial acetic acid, 0.05% Coomassie R-250)
followed by “Fairbanks B” (10% isopropanol, 10% glacial acetic acid,
0.0005% Coomasie R-250) and “Fairbanks C” (10% glacial acetic acid,
0.002% Coomassie R-250). For removal of Coomassie, gels were de-
stained in “Fairbanks D” (10% glacial acetic acid). For immunodetec-
tion, the iBlot™ 2 Dry Blotting System (Invitrogen, USA) was used to
first transfer proteins onto nitrocellulose membranes. Then, those
membranes were blocked with 5% milk powder (Sigma, Darmstadt, DE)
and incubated with antibodies against GFP (rabbit, 1:4000, Thermo
Fisher Scientific, Waltham, USA). Binding of primary antibody was
detected with a fluorescent secondary anti-rabbit antibody (goat,
1:10000, IRDye 680RD, LICOR, NE). Blots were visualized using an
infrared imaging system (Odyssey Classic, LICOR, NE) with 3min ex-
posure time.
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2.6. Real-time analysis of roGFP2 oxidation state in PLB-985 cells

The redox state of roGFP2 in PLB-985 was measured in a 96-well
format as described by Degrossoli et al. with minor modifications [37].
In short, 50 μl of roGFP2 expressing PLB-985 cells at a concentration of
107 cells/ml were incubated with respective inhibitors as described
(100 nM Wortmannin; 10 μM Diphenyleneiodonium chloride (DPI);
500 μM 4-aminobenzoic acid hydrazide (ABAH); 1 μMGö 6983 (Gö))
(Sigma, Darmstadt, DE) or in case of control, with PBS for 1 h at 37 °C in
a 96-well plate (Nunc black, clear-bottom, Rochester, NY). Afterwards,
50 μl of E. coli at an OD600 of 1.0 as well as the respective stimulants
were added. The fluorescence intensity was recorded every minute for
2 h at the excitation wavelength 405 nm and 488 nm, unless described
otherwise. The emission wavelength was set to 510 nm. The Calculation
of the 405/488 nm ratio was done using Microsoft Excel 2016 (Micro-
soft, USA). Visualization of respective graphs were done using
GraphPad Prism (version 5.00, USA). All plate reader assays were
performed in at least three independent experiments. The end point
ratio, as depicted in the bar graphs, was calculated based on the final
point of a linear regression over the last 10min of the measurement.

2.7. Determination of the redox potential of roGFP2 in PLB-985

The redox potential of roGFP2 expressed in the cytoplasm of PLB-
985 neutrophil-like cells was calculated as described in previous studies
[29,38,39]. Fluorescence intensities were measured in PBS, pH 7.4.
Oxidized roGFP2 was generated using 2mM Aldrithiol-2 (AT-2) and
reduced via 50mM Dithiothreitol (DTT) respectively. The degree of
roGFP2 oxidation (OxDroGFP2) was calculated using the following for-
mula:
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In this equation, Rox is the 405/488 ratio of oxidized roGFP2 and Rred of
reduced roGFP2 respectively. Imax and Imin are the absolute fluorescence
intensities of roGFP2 at 488 nm under reduced and oxidized conditions.
R is the 405/488 nm ratio of roGFP2 in PBS (7.4) (Rmedium) or upon
stimulation of PLB-985 cells by PMA (RPMA) and E. coli (RE.coli). For the
calculation of Rmedium, the measured 405/488 values over a time course
of 120min were fitted using linear regressions. Rmedium was calculated
from the respective fitted equation at the first measured time point
(T= 1). Accordingly, the 405/488 values of the last 40min of mea-
surement upon stimulation by E. coli and PMA were used to generate
equations of linear regressions, from which the last measurement point
(T= 40) was used to calculate RE.coli and RPMA. OxDroGFP2 is used to
calculate the intracellular redox potential of roGFP2 EroGFP2 as follows:
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Eo'roGFP2 is -280 mV [28], R is the gas constant (8.314 J K-1mol-1), T is the
temperature (310.15 K), n is the number of transferred electrons (2) and
F is the Faraday's constant (96,485 Cmol-1).

2.8. Phagocytosis of bacteria by PLB-985 cells

Cultures of E. coli harbouring pASK-IBA3 containing mCherry or
alternatively pCC LV (Supplementary Table 1) was grown to an OD600
of 0.5 at 37 °C with 100 μg/ml ampicillin. For mCherry expression
overnight at 20 °C, 100 μM Isopropyl-β-D-thiogalactopyranosid (IPTG)
were added. Bacteria were washed twice in PBS (pH 7.4) and opsonized
with 5mg/ml human immunoglobulin G (hIgG, Sigma, Darmstadt, DE)
for 30min at 37 °C. Then, bacteria were washed twice with PBS and
resuspended in PBS supplemented with 0.5% FBS to an OD600 of 1
(~109 cells/ml), unless described differently. Differentiated PLB-
985 cells, which stably expressed roGFP2 in the cytoplasm, were

washed once with PBS, resuspended in PBS supplemented with 0.5%
FBS to a concentration of 107 cells/ml and mixed with opsonized E. coli
in the same volume (multiplicity of infection, MOI=100) to start
phagocytosis.

2.9. Fluorescence live-cell imaging with subsequent ratiometric image
analysis

The fluorescence live-cell imaging of roGFP2 oxidation in PLB-
985 cells was performed as described previously [37]. Differentiated
PLB-985 cells with roGFP2 stably expressed in the cytoplasm were
washed once with PBS and diluted in PBS with 0.5% FBS to a final
concentration of 107 cells/mL. 1mL of the PLB-985 cell suspension was
mixed with opsonized E. coli cells with a ratio of one PLB-985 cell to
100 E. coli in an imaging dish (μ-Dish 35mm, high, Ibidi, DE). Fluor-
escence images were acquired using the LSM 880 ELYRA PS.1 micro-
scope (Carl Zeiss Microscopy GmbH, Jena, DE). Images were acquired
in different channels according to the fluorophore, Ex405nm/Em513nm

and Ex488nm/Em513nm to detect roGFP2; Ex561nm/Em610nm to detect
mCherry; Ex633nm/Em645nm to detect Alexa Fluor 647 and Ex405nm/
Em442nm to detect Hoechst 33342. Individual single channel images
were exported using ZEN 2.1 (Zeiss, DE). Individual cells were detected
using the function “MeanROI view” in the ZEN software and calculation
of the 405/488 nm ratio was done based on the “mean intensity mea-
surement” over the surface of the respective cell. For the assembly of
ratiometric time series, images were smoothed and subtracted from
background. The normalized 405/488 nm ratio image series were ex-
ported directly as pictures or assembled to a movie using a software
kindly provided by Mark Fricker [40].

2.10. Visualization and quantification of NET formation

Microscopic visualization of NET formation was performed as de-
scribed by Brinkmann et al. with minor modifications [41]. Briefly,
250 μl of differentiated PLB-985 in PBS (pH 7.4) with 0.5% FCS were
seeded on 12mm non-coated coverslips (High precision, thickness
170 μm, Paul Marienfeld, Lauda-Königshofen, DE) that were laid into a
24 well cell culture plate (Sarstedt, Nürnbrecht, DE). These cells were
incubated with or without inhibitors for 1 h at 37 °C prior to stimulation
with 250 μl of 250 nM PMA or E. coli (MOI= 100). After 4 h of in-
cubation at 37 °C, cells were fixed with 4% paraformaldehyde for
15min at RT, permeabilized with 0.25% Triton X-100 (Sigma, Darm-
stadt, DE) for 10min, washed 2x with PBS and blocked with 5% bovine
serum albumin (Sigma, Darmstadt, DE) overnight at 4 °C. Im-
munostaining was performed with mouse anti-DNA/Histone1 antibody
(1:1000, MAB 3864, Merck, Darmstadt, DE) for 1 h at RT followed by
an Alexa Fluor 647–conjugated goat anti-mouse antibody (1:1000, A-
21235, Thermo Fisher Scientific, Waltham, USA) for 1 h at RT. Cover-
slips were stained with Hoechst 33342 (0,6 μg/ml, Thermo Fisher Sci-
entific, Waltham, USA) for 10min under low-light conditions. Then,
coverslips were washed 2x with PBS (pH 7.4) and mounted in ProLong
Diamond antifade mountant (Thermo Fisher Scientific, Waltham, USA).
Samples were visualized in a Zeiss LSM880 ELYRA PS.1 microscope
(Carl Zeiss Microscopy GmbH, Jena, DE). Fluorescence images were
exported using ZEN 2.1 (Carl Zeiss Microscopy GmbH, Jena, DE).
Quantification of NETosis rate was performed as described by Brink-
mann et al. [42]. Briefly, using ImageJ 1.51e (National Institutes of
Health, USA), fluorescence images were transferred to an 8-bit format,
thresholded and converted to a binary mask. Cell numbers were
counted automatically using the function “analyze particles”. Subse-
quently, NETosis rate (%) was calculated as the ratio of number of
neutrophils heavily stained by anti-DNA/Histone1 antibody, and thus
underwent NETosis, divided by the total cell number, as visualized by
the merged channel of GFP and anti-DNA/Histone1 (see Figure sup-
plement 1). These experiments were performed in biological triplicates.
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3. Results

3.1. Expression of roGFP2 in PLB-985 cells

Professional phagocytic immune cells such as neutrophils activate
NOX2 when they encounter invading pathogens. Activation of NOX2 is
accompanied by a broad range of different cellular responses, chief
amongst them the production of different reactive oxidants. In previous
studies, we observed that this oxidant production, particularly the
production of HOCl, leads to a total breakdown of the thiol redox state
of bacteria phagocytized by a neutrophil-like cell line [37,43]. We were
interested if a similar disturbance in the thiol redox state can also be
observed in the host cell, after all, the only barrier between the oxidants
produced downstream of NOX2 is the membrane of the phagolysosome.

For our experiments, we used the myeloid PLB-985 cell line that can
undergo granulocytic differentiation, showing highly similar properties
to PMNs [34,44]. Using a lentiviral transduction system, we could
stably express the genetically-encoded redox-sensor roGFP2 in the cy-
toplasm of PLB-985. Since transduction results in variable numbers of
lentivirus integration [45], single clones expressing roGFP2 were sorted
into 96-well plates using fluorescence-assisted cell sorting (FACS). One

monoclonal cell population generated this way was used for our ex-
periments. The expression of roGFP2 was confirmed by fluorescence
microscopy and Western Blot analysis (Fig. 1A and B). Next, we de-
termined the ratiometric response range of roGFP2 towards the oxidant
AT-2, which should fully oxidize all roGFP2 present in the cell, and the
reductant DTT, which should fully reduce roGFP2. Using fluorescence
spectroscopy, emission intensities at 510 nm with excitation wave-
lengths at 405, and 488 nm respectively, were quantified. Upon addi-
tion of 1mM AT-2 to differentiated roGFP2-expressing PLB-985 cells,
roGFP2 showed a 405/488 nm ratio of approximately 0.8. In contrast,
cells treated with 50mM DTT showed a 405/488 nm ratio of approxi-
mately 0.25. This suggests that roGFP2 expressed in the cytoplasm of
neutrophil-like PLB-985 cells is indeed redox-sensitive. Untreated con-
trol cells showed a 405–488 nm ratio comparable to DTT-treated
roGFP2, demonstrating an overall reduced state of roGFP2 in resting
PLB-985 cells, in agreement with our expectations (Fig. 1C) [32,46].

Based on the ratio of 405–488 nm under control conditions and the
known standard redox potential E0roGFP2=−280 mV of roGFP2, we
were able to calculate an EroGFP2 of -318 ± 6mV. Assuming that
roGFP2 is in equilibrium with cytoplasmic glutathione [23], this should
reflect the steady state redox potential of a resting neutrophil-like cell.

Fig. 1. Expression of roGFP2 in the cytoplasm of the myeloid cell line PLB-985. Redox-sensing activity of roGFP2 was assessed fluorometrically. (A)
Expression of genetically encoded roGFP2 in PLB-985 cells using a lentiviral transduction system as visualized by fluorescence microscopy. Monoclones of transfected
cells show homogenous expression of roGFP2. (B) PLB-985 cells that expressed roGFP2 (PLB-985 roGFP2) were lysed and the extract containing 10 μg protein was
separated by SDS-PAGE. Proteins were stained by Coomassie (CS) and detected by Western Blot with an anti-GFP antibody (α-GFP). PLB-985 wild type cell served as
the control (PLB-985 WT). (C) The response of roGFP2 to the thiol oxidant aldrithiol-2 (AT-2) and the reductant dithiothreitol (DTT) was measured using a
fluorescence plate reader. The redox state of roGFP2 was monitored based on the ratio of 405/488 for 120min. The arrow points to the time point of the addition of
AT-2, DTT or medium. (D) Bar graph depicting the ratio at 405 nm/488 nm at the end of the experiment. Based on these values, a steady-state redox potential of
roGFP2 in the cytoplasm of PLB-985 of -318 ± 6 mV was established. C: representative results, D: mean values ± SD of at least 3 independent experiments.
Significance was calculated using Student's t-test ***: p < 0.001.
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3.2. NOX2 activation leads to roGFP2 oxidation

To test if intrinsic generation of oxidants leads to a change in the
cytosolic redox state of neutrophils, we used Phorbol 12-myristate 13-
acetate (PMA). PMA is a synthetic activator of protein kinase C (PKC).
Activated PKC then leads to phosphorylation of NOX2 and thus its ac-
tivation [47]. To measure roGFP2 response upon PMA stimulation, we
stimulated differentiated PLB-985 cells with 250 nM PMA and obtained
the 405/488 nm ratio using a fluorescence plate reader. An immediate
increase of 405/488 ratio indicated a substantial oxidation of roGFP2,
reaching a maximum at 20min. The changes in 405/488 nm ratio per
min was calculated for this time frame to be 2.26×10-2. This was
followed by a minor decrease in probe's oxidation between 20min and
30min and finally reached a plateau after 30min of incubation, which
stayed at the same level until the end of the measurement (Fig. 2A).
This suggests that the cytosol reached a new steady state redox equi-
librium. The redox potential of roGFP2 at that steady state was de-
termined to be -267 ± 7mV, substantially higher than resting cells (p-
value PMA vs Medium=1.6× 10-4).

3.3. Phagocytosis of bacteria leads to oxidation of the cytosolic probe

roGFP2, when expressed in E. coli, is oxidized within seconds upon
phagocytosis of the bacteria by neutrophil-like cells [37]. Here, we
monitored the redox state of roGFP2 in PLB-985 neutrophil-like cells
during phagocytosis of bacteria. For this, we co-incubated neutrophil-
like PLB-985 cells with E. coli. The 405/488 nm excitation was then
used to determine oxidation state of the roGFP2 expressed in PLB-985.
Upon co-incubation with E. coli, the 405/488 nm ratio of roGFP2 in the
cytosol of neutrophil-like cells increased gradually, reaching a plateau
at 70min that remained at the same level until the end of the mea-
surement. As compared to cells stimulated with PMA, the increase in
405/488 ratio per min was measurably slower in neutrophils co-in-
cubated with E. coli and showed a slope of 4.86× 10-3 during the first
70min. The redox potential of roGFP2 in this oxidized state was cal-
culated to be -264 ± 5mV (p-valueE.coli vs. Medium=7×10-5), com-
parable to the oxidation state of roGFP2 in neutrophil-like cells exposed
to PMA. When PLB-985 cells were incubated with medium, the 405/
488 nm ratio did not significantly change (Fig. 2B).

3.4. roGFP2 oxidation in individual neutrophil-like cells occurs within
minutes upon phagocytosis of bacteria

In order to verify the changes in 405/488 nm ratio during co-in-
cubation with E. coli and in order to gain further insight into the dy-
namic of the probe's oxidation, we monitored the change of roGFP2
oxidation during phagocytosis using quantitative fluorescence micro-
scopy. Our data showed that the probe was indeed in an overall reduced
state in cells that have not taken up E. coli. As PLB-985 cells started to
phagocytize E. coli cells, the redox state of roGFP2 changed gradually
into an overall oxidized state (Fig. 3, Video 1). Single cell analysis
showed a non-synchronized start of probe oxidation. Once individual
neutrophil-like PLB-985 cells phagocytized bacteria, the probe changed
its oxidation with up to 6.3 x faster oxidation kinetics (Fig. 4, Videos 2-
9). Thus, the gradual increase in probe oxidation measured in the
fluorescence plate reader reflects the accumulation of roGFP2 oxidation
from single PLB-985 cells that have phagocytized bacteria over time.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.redox.2019.101344

3.5. roGFP2 oxidation during neutrophil activation is dependent on NOX2,
but not on myeloperoxidase activity

When incubated with E. coli, the oxidation of roGFP2 in PLB-
985 cells was not as fast as the probe's response in cells that were sti-
mulated with PMA. This is probably due to the asynchronous phago-
cytosis of individual bacteria as compared to the instantaneous ex-
posure to the molecular stimulant PMA. It could also be caused by a
different underlying mechanism of roGFP2 oxidation.
Diphenyleneiodonium (DPI), a widely used inhibitor of NOX2 [48],
strongly abrogated roGFP2 oxidation during PMA activation. (Fig. 5A).
This suggests that PMA leads to roGFP2 oxidation indeed in a NOX2-
dependent way. Then, we examined the role of NOX2 in E. coli-induced
probe oxidation. When pre-treated with the NOX2-inhibitor DPI, the
oxidation of roGFP2 in PLB-985 cells during co-incubation with E. coli
was strongly diminished as well (Fig. 5C). This indicates that roGFP2
oxidation in PLB-985 cells during phagocytosis relies on NOX2 activity,
too.

The generation of non-mitochondrial superoxide anion in

Fig. 2. Fluorometric real-time measurement of roGFP2 expressing PLB-985 neutrophil-like cells upon PMA-stimulation and during E. coli phagocytosis.
PLB-985 neutrophil-like cells expressing roGFP2 were mixed with PBS, 250 nM PMA (A) or E. coli (Multiplicity of infection: one PLB-985 cell to one hundred E. coli)
(B) at the time indicated by the red arrow and the non-axial dotted vertical line. The probe's full oxidation (red dotted line) and reduction (green dotted line) in PLB-
985 cells was established by incubation with 1mM AT-2 and 50mM DTT respectively. The fluorescence intensity at both the excitation wavelengths 488 nm and
405 nm was monitored over 120min in a 96-well plate reader. Once PMA was added, the 405/488 nm ratio increased promptly from 0.3 to 0.6 and reached its
maximum after 20min, for which the change in 405/488 nm ratio value per min was calculated to be 2.26×10-2 (blue dotted line). When mixed with E. coli, the
405/488 nm ratio increased from 0.3 to 0.6 in a time-dependent manner and reached its maximum after 60min, for which the change in 405/488 nm ratio value per
min was calculated to be 4.86×10-3 (blue dotted line). (C) Bar graph depicting the ratio at 405 nm/488 nm at the end of the experiment under the respective
conditions. A and B: representative results, C: mean values ± SD of at least 3 independent experiments. Significance was calculated using Student's t-test ***:
p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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neutrophils is mainly initiated by NOX2. Superoxide anion is further
processed into other products such as the potent oxidant HOCl.
Recently, we showed that HOCl generated by myeloperoxidase is the
main factor in the oxidation of roGFP2 expressed in bacteria during
phagocytosis [37]. As HOCl is known to be a highly effective thiol-
oxidant [49], and has been shown to react promptly with roGFP2 in
vitro [50], we assessed the role of myeloperoxidase on roGFP2 oxida-
tion in PLB-985. Surprisingly, pre-incubation of neutrophils with the
myeloperoxidase inhibitor 4-aminobenzoic acid hydrazide (ABAH) had
almost no effect on probe oxidation by PMA stimulation (Fig. 5B) or E.
coli phagocytosis (Fig. 5D). This suggests that in contrast to phagocy-
tized bacteria, HOCl is not the reactive species that leads to roGFP2
oxidation in the cytoplasm of PLB-985 cells.

3.6. Different pathways lead to roGFP2 oxidation in neutrophil-like cells
treated with PMA and E. coli

Intruding bacteria are typically marked by opsonins such as IgG-
antibodies. Those opsonized bacteria are then recognized by neu-
trophils via Fcγ-receptors (Fcγ-Rs). Subsequent phosphorylation of Fcγ-
Rs leads to the activation of several down-stream signaling molecules.
Amongst the enzymes recruited are phosphoinositide 3-kinases (PI3K)
and protein kinase C (PKC). Both were shown to be involved during the
activation of NOX2 [47,51–57]. To evaluate whether PI3K is required
to induce oxidation of roGFP2, roGFP2-expressing PLB-985 cells were
incubated with 100 nM of the PI3K inhibitor Wortmannin for 1 h before
stimulation [58,59]. Inhibition of PI3K by Wortmannin resulted in a
visible attenuation of roGFP2 response upon stimulation with E. coli
(Fig. 6C). However, the probe's oxidation was not affected when PLB-
985 cells were activated by PMA (Fig. 6A). Conversely, pre-inhibition of
PKC by the inhibitor Gö 6983 prevented PMA-induced roGFP2 oxida-
tion, as expected, but did not affect probe oxidation during E. coli
phagocytosis (Fig. 6B, D) [60]. These observations are in line with the
fact that PMA leads to NOX2 activation via a PKC-dependent pathway,
whereas NOX2 activation caused by E. coli typically involves the acti-
vation of PI3K [61].

3.7. PLB-985 neutrophil-like cells, when activated by PMA or E. coli,
generate neutrophil-extracellular traps

Our data with roGFP2 demonstrated that E. coli phagocytosis lead to
NOX2 activation in PLB-985 neutrophil-like cells, which resulted in the
probe's oxidation. Generation of oxidants is used by neutrophils to at-
tack intruding bacteria. However, oxidants downstream of NOX2 are
also thought to serve as signaling molecules. As such, the formation of
neutrophil-extracellular traps (NETs) to facilitate phagocytosis and
killing of bacteria was shown to be dependent on NOX2-activity
[62,63]. To test if the activation of NOX2 indeed leads to NET-forma-
tion in PLB-985 cells, we seeded differentiated PLB-985 cells on cover-
slips and stimulated the cells with PMA or E. coli for 4 h. Production of
NETs was then visualized by immunofluorescence microscopy using an
anti-chromatin antibody. Both PMA and E. coli phagocytosis resulted in
release of fibers containing decondensed chromatin, which corresponds
to NETs (Fig. 7A and B). To quantify NET-formation, we calculated the
NETosis-rate based on the percentage of cells heavily stained by an anti-
chromatin antibody relative to the total cell number as described by
Brinkmann et al. [42]. Approximately 25% of the neutrophil-like cells
that were co-incubated with E. coli underwent NETosis. In contrast,
stimulation with PMA was more effective and resulted in a NETosis-rate
of nearly 90% (Fig. 7C).

3.8. NET-formation is dependent both on the activity of NOX2 and
myeloperoxidase (MPO)

As shown with roGFP2, the inhibition of NOX2 by DPI completely
abolished the probe's oxidation after stimulation by both PMA and E.
coli. However, the probe's oxidation was not affected by the MPO-in-
hibitor ABAH. To test the effect of NOX2-related oxidants on the ability
of PLB-985 cells to form NETs, we pre-treated the cells with both DPI
and ABAH for 1 h and determined the NETosis rate after 4 h incubation
with PMA and E. coli. Both NOX2 and MPO have been reported to be
essential for NET formation and we wanted to test if the same was the
case in our model setting. Upon activation by PMA, both DPI and ABAH

Fig. 3. roGFP2 is gradually oxidized within minutes in phagocytizing PLB-985 neutrophil-like cells. (A) Fluorescence microscopy shows the uptake of
mCherry-expressing E. coli cells by roGFP2-expressing PLB-985 neutrophil-like cells over a time course of 116min. (B) The 405/488 nm ratio of roGFP2 in pha-
gocytizing PLB-985 cells was determined using ratiometric quantitative fluorescence microscopy. As illustrated by the false color scale, the oxidation state of roGFP2
from individual cells phagocytizing E. coli changed within minutes. Upon stimulation with E. coli, the roGFP2 in the majority of the cells within the field of view
reached an overall oxidized state after approximately 70min. Afterwards, the probe's oxidation remained at the same level until the end of the measurement. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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prevented cells from forming NETs (Fig. 7D). When activated with E.
coli, inhibition of NOX2 and MPO reduced the NETosis rate by 20% and
30% respectively (Fig. 7E). This suggests that the presence of HOCl,
produced downstream of NOX2, is an important factor in the mediation
of NET-formation, although it has no direct influence on the redox state
of the cytosol, as measured by roGFP2.

3.9. Signaling pathways involved in NET formation

Having determined that the overall change in the cytosolic redox
potential is not the determining factor in NET formation, we took a
closer look at the signaling pathways upwards of NOX2. Using the
specific inhibitors Gö 6983 and Wortmannin, we again blocked PKC
and PI3K activity, respectively. NET formation induced by PMA was
unaffected by Wortmannin but was reduced by approximately 70%,
when PKC was blocked (Fig. 7D). This suggests that PMA leads to NET
formation that is dependent on the activity PKC, comparable to oxi-
dation of roGFP2. This would be still in line with a redox signal directly
downstream of NOX2. We then analyzed the ability of neutrophil-like
cells to form NETs after co-incubation with bacteria when pre-treated
with Gö 6983 or Wortmannin. Inhibition of PI3K reduced NET-

formation by 50%. Interestingly, preincubation with Gö 6983 also de-
creased NET-formation by 30% indicating that redox-independent PKC
signaling is involved in NET formation as well (Fig. 7E).

4. Discussion

In neutrophils, the enzyme NOX2 plays a key role in the clearance of
invading microbes. Oxidants produced downstream of NOX2 are used
to attack and kill bacteria either directly or, indirectly, as signaling
molecules, activating further immune functions. However, due to the
short life span of neutrophils and the transient and complex nature of
NOX2-derived oxidants, the acquisition of spatial, temporal and quan-
titative information about redox processes underlying immune re-
sponses have proven to be difficult [23,64,65]. Here, we generated a
stable PLB-985 neutrophil-like cell line expressing roGFP2 and used this
biosensor to study real-time redox dynamics in the host cell upon sti-
mulation by PMA and during phagocytosis of bacteria.

When expressed in neutrophil-like cells, roGFP2 showed a redox
potential of -318 mV. Using the response towards AT-2 and DTT as a
measure for the dynamic range of roGFP2 in this cell line, we could
show that roGFP2 was initially ~95% reduced in the cytosol of PLB-

Fig. 4. Quantitative fluorescence microscopy
for the ratiometric assessment of roGFP2
oxidation in PLB-985 neutrophil-like cells
during E. coli phagocytosis. (A)The 405/
488 nm ratio of roGFP2 in phagocytizing PLB-
985 cells was determined using quantitative
fluorescence microscopy. Excitation intensities
at 405 nm and 488 nm were acquired from all
PLB-985 cells in focus (black line) or from in-
dividual, single cells (dashed colored lines,
colors correspond to colors in panels B–I and J).
Overall, roGFP2 was gradually oxidized
reaching a plateau 70min after stimulation (cf.
Fig. 3 and Video 1). (B–I) However, the probe's
oxidation in individual cells is not synchronized
and the time course of oxidation ranges from 20
to 30min, resulting in often faster kinetics for
individual cells when compared to the average
of all cells. (cf. Videos 2-9). Plots in B–I corre-
spond to the identically colored dashed lines in
A. (J) Velocity of oxidation of all cells in focus
compared to selected individual cells. Colors
correspond to colors in panels A and B–I. (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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985 cells, corresponding to the above mentioned EroGFP2 of
-318 ± 6mV. This is in agreement with other reports, in which the
basal redox potential of roGFP2 expressing HeLa cells was reported to
be -325 mV [32]. Given that the main cellular redox buffer glutathione
is found in the millimolar range in cells, the oxidation state of roGFP2
has been suggested to reflect the redox state of glutathione (i.e. the ratio
and concentration of GSH and GSSG). As such, roGFP2 has been ex-
tensively used to measure EGSH in plants, yeast and mammalian cells,
which was determined to be between -300 and -320 mV
[23,38,46,66,67]. Overall, we can conclude that neutrophil-like cells,
when not activated, do have a cytosolic redox potential similar to other
cell types.

This, however, changes, once the neutrophil-like cell line is acti-
vated. When we measured the response of roGFP2 upon PMA activation
of the neutrophil-like cells, the probe was oxidized rapidly and peaked
after 20min at an EroGFP2 of about -267 ± 7mV. These kinetics were in
line with observations monitoring reactive oxygen species using lu-
minol in PMA-induced PMN [68]. The probe then showed a minor, but
reproducible reduction before it reached a plateau at 30min. In the
response to reactive oxygen species, both enzymatic and non-enzymatic
antioxidants are needed to maintain cellular redox homeostasis. As
such, oxidants can be directly reduced by GSH, during which it is oxi-
dized to GSSG [69]. However, oxidants, like peroxides, can be detox-
ified much more efficiently by enzymes, such as glutathione peroxidase,
which uses GSH as the reduction equivalent [70,71]. Generated GSSG is
then reduced NADPH-dependently by glutathione reductase [72,73].

Additionally, NADPH also contributes to the functional integrity of
other antioxidant enzymes such as catalase and thioredoxins (Trxs)
[74,75]. For instance, a CXXC motif in Thioredoxin (Trx) serves as an
electron donor to reduce thiol-oxidized substrate proteins. Oxidized
Trxs are subsequently reduced by TrxR in an NAPDH-dependent
manner [75–77]. Consumed NADPH is mainly replenished in the oxi-
dative branch of the pentose phosphate pathway (PPP), in which glu-
cose-6-phosphate dehydrogenase (G6PDH) and 6-phosphoglucono-
lactonase (6PGDH) are generating NADPH [78,79]. Reduction of
NADP+ is further potentiated under oxidative stress by inhibition of
GADPH that leads to the accumulation of glycolytic intermediates re-
sulting in an increased flux into the PPP [80,81]. Taken together, it is
conceivable that PMA induced generation of oxidants results initially in
an increased ratio of GSSG/GSH and NADP+/NADPH by activation of
NOX2, which also consumes NADPH, and an increase in the oxidation
of protein-thiols which are then resolved by glutaredoxin and thior-
edoxin in an GSH and/or NADPH-dependent manner.

PMA is a pharmacological analogue of the physiological secondary
messenger diacylglycerol. It was reported to activate NOX2 through a
PKC-dependent pathway [82]. We assessed the response of roGFP2 after
blocking NOX2 or PKC. As expected, the probe's oxidation in the cy-
toplasm of PLB-985 cells was abrogated. In comparison, inhibition of
the PI3Ks had no effect on the probe's response, congruent with pre-
viously published reports showing that PMA-induced release of O2•-

occurred independently of PI3K [58,83]. The activation of NOX2 leads
to the generation of superoxide anion, from which a mixture of different

Fig. 5. roGFP2 oxidation is dependent on NOX2-but not MPO-activity. PLB-985 neutrophil-like cells expressing roGFP2 were pre-treated with the NOX-inhibitor
diphenyleneiodonium (DPI) and the MPO-inhibitor 4-aminobenzoic acid hydrazide (ABAH) for 1 h at 37 °C. Then the cells were stimulated as indicated by the red
arrow and the non-axial dotted vertical line, with 250 nM PMA (A, B) or E. coli to a multiplicity of infection of 100 E. coli to one PLB-985 cell (C, D). The probe's full
oxidation (red dotted line) and reduction level (green dotted line) in PLB-985 cells was determined by incubation with 1mM AT-2 and 50mM DTT respectively. The
fluorescence intensity at both the excitation wavelengths 488 nm and 405 nm was monitored over 120min in a 96-well plate reader. Pre-treatment with the NOX2-
inhibitor DPI abrogated the probe's oxidation. However, Inhibition of MPO by ABAH did not have a significant effect on PMA-induced or E. coli-induced oxidation of
roGFP2. Scatter plots depict representative results, bar graphs the mean values ± SD of the ratio reached at the end of at least 3 independent experiments under the
respective treatments. Significance was calculated using Student's t-test ***: p < 0.001. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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oxidants is generated, including HOCl, a highly thiol-reactive oxidant
[9,49]. Inhibition of MPO, the enzyme responsible for HOCl production
in neutrophils, had no effect on PMA-induced oxidation of roGFP2 in
PLB-985 cells. This was somewhat unexpected, as we have shown that
HOCl is the major oxidative species responsible for the probe's oxida-
tion when expressed in phagocytized bacteria. However, PMA seems to
activate NOX2 predominantly at the cell surface and not in intracellular
vesicles such as the azurophil granules, in which MPO is mainly located
[49,84–86], which could explain the lack of involvement of HOCl.

We then tested the response of roGFP2 during the phagocytosis of E.
coli. The probe was gradually oxidized, reaching a plateau during the
first 70min at -264 ± 5mV, in the same range as the final oxidation
state achieved by PMA stimulation. A similar kinetic was observed in a
previous study performed in our lab, in which roGFP2 was expressed in
the cytosol of E. coli during phagocytosis [37]. In these phagocytized
bacteria, however, the probe was oxidized to its fullest extent, unlike in
the cytosol of the phagocytic cell. Quantitative thiol redox proteomics
demonstrated a parallel break-down of protein thiols in those phago-
cytized E. coli cells [43]. The lesser extent of oxidation of roGFP2 in the
neutrophil-like cells' cytosol suggests that these cells are able to main-
tain their thiol redox homeostasis. Nevertheless, stimulation by E. coli
effectively changed the cytosolic redox potential significantly to a more
oxidized state. Quantitative fluorescence microscopy revealed that
roGFP2 reaches its new, higher oxidized states with substantially faster
kinetics on the level of individual cells when compared to the average
of the overall population. This change in the redox state presumably

happens once the neutrophils phagocytized bacteria (Video 1 and Vi-
deos 2-9, Figs. 3 and 4). The apparent slower overall change in fluor-
escence as observed in the plate reader reflects the individual cells'
contribution over time to the overall more oxidized pool of roGFP2 in
the sample. Phagocytosis is thus most likely the rate-limiting step for
probe oxidation in PLB-985 cells, similar to roGFP2 oxidation observed
in phagocytized E. coli [37].

Interestingly, inhibition of MPO activity by ABAH did not influence
the probe's oxidation behavior in PLB-985 cells when co-incubated with
bacteria. As with our observation in PMA-induced neutrophil-like cells,
this is unexpected, as HOCl was the major oxidant responsible for probe
oxidation in phagocytized bacteria. Especially and even more so, as
HOCl-derived oxidants such as chloramines are membrane permeable
[87], thiols in the cytoplasm of neutrophils should be readily oxidized,
once such chlorine-containing oxidants are produced in the phagoly-
sosome. This is in contrast to proteins and other harmful molecules that
cannot permeate the membrane and, when directly released into the
cytosol, would cause severe damage to the host cell [1,18,88]. Thus,
neutrophils must have a highly effective defense that prevents HOCl
and other reactive chlorine species from permeating the phagolyso-
somal membrane during phagocytosis of microbes.

We then determined the signaling pathways involved in changes of
the cytoplasmic redox potential. Here, we focused on Fcγ-Rs mediated
NOX2-activation via the tyrosine kinase Syk [89] and phospholipase C
(PLC) [90] pathways. The former leads to recruitment of class I PI3Ks.
Phosphoinositides produced by PI3K were shown to regulate several

Fig. 6. PMA induces roGFP2 oxidation that is mechanistically distinct from E. coli. PLB-985 neutrophil-like cells expressing roGFP2 were pre-treated with the
PI3K-inhibitor Wortmannin and the PKC-inhibitor Gö 6983 (Gö) for 1 h at 37 °C. Then the cells were stimulated as indicated by the red arrow and the non-axial dotted
vertical line, with 250 nM PMA (A, B) or E. coli to a multiplicity of infection of 100 E. coli to one PLB-985 cell (C, D). The probe's full oxidation (red dotted line) and
reduction (green dotted line) in PLB-985 cells was determined by incubation with 1mM AT-2 and 50mM DTT, respectively. The fluorescence intensity at both the
excitation wavelengths 488 nm and 405 nm was monitored over 120min in a 96-well plate reader. PMA-induced oxidation of roGFP2 is unaffected by the PKC-
inhibitor Gö 6983, however, significantly decreased when PI3K-inhibitor Wortmannin was used. E. coli-induced probe's oxidation is dependent on activity of PI3Ks
but less on PKCs. Scatter plots depict representative results, bar graphs the mean values ± SD of the ratio reached at the end of at least 3 independent experiments
under the respective treatments. Significance was calculated using Student's t-test ***: p < 0.001. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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very distinct steps of NOX2 activation [52,91]. We found that inhibition
of PI3K by the specific inhibitor Wortmannin abrogated roGFP2 oxi-
dation in neutrophil-like cells co-incubated with opsonized bacteria.
This is expected, as Wortmannin effectively inhibited ROS production
in response to opsonized E. coli in both human and mouse neutrophils
[61]. Conversely, PMA-induced oxidation of roGFP2 was abrogated by
inhibition of PKC but not PI3K. PLC generates diacylglycerol (DAG) and
inositol triphosphate (IP3) [92], which leads to the activation of protein
kinase C (PKC) [54,93]. As such, PKC-δ was shown to induce oxidant
production via activation of NOX2, when stimulated with IgG particles
[94]. Also, when stimulated with IgG-opsonized Aspergillus, Gö 6983
treated human PMNs were impaired in oxidant production [95]. Simi-
larly, opsonized Candida albicans induces NOX2 activation in human
PMN in a PKC-dependent way [96]. Strikingly, inhibition of PKC by Gö
6983 had almost no effect on roGFP2 oxidation in neutrophil-like cells
co-incubated with E. coli in our model, while it had a major effect in
PMA treated cells. This suggests responses in neutrophils are highly

tailored to the type of pathogens and the circumstances of interaction.
Our results also highlight that oxidant production induced using PMA
as a model for neutrophil activation, is mechanistically very distinct
from activation by microbes, although the outcomes are similar. This
needs to be taken into account in the interpretation of PMA-derived
data.

The formation of NETs is thought to immobilize extracellular pa-
thogens and expose them to a high dose of lethal compounds, con-
tributing to the antimicrobial capacity of neutrophils [97]. However, a
growing body of evidence suggests that different mechanisms result in
NET formation depending on the stimuli [68,98]. Several studies have
shown that PMA-induced NETosis depends on oxidants produced
downstream of NOX2. As such, no NETs were released in CGD neu-
trophils upon PMA stimulation [15,99]. We showed that PLB-985
neutrophil like cells form NETs, when activated with PMA. Similar to
previous studies, we could show that PMA-induced NET formation is
mainly dependent on the activity of PKC, NOX2 and MPO but not PI3K

Fig. 7. Formation of NET-formation upon PMA and E. coli stimulation and the effect of diphenyleneiodonium chloride (DPI, NOX-inhibitor), 4-amino-
benzoic acid hydrazide (ABAH, MPO-inhibitor), Wortmannin (PI3K-inhibitor) and Gö 6983 (Gö, PKC-inhibitor) on the generation of NETs. roGFP2-ex-
pressing PLB-985 neutrophil-like cells were incubated with 250 nM PMA (A) or mCherry-expressing E. coli cells in a ratio of one hundred PLB-985 cells to one E. coli
(B) at 37 °C for 4 h. Extracellular NET-formation is visualized by an antibody directed against chromatin (orange). The formation of NET is expressed by the NETosis-
rate, which is calculated based on the ratio of cells heavily stained by the chromatin antibody and the total cell number as described in section 2.1 (C). The effect of
different inhibitors on formation of NET was assessed by pre-treating PLB-985 cells with the respective inhibitors for 1 h before stimulation. Afterwards, those cells
were stimulated with 250 nM PMA (D) or E. coli (E) in a ratio of one hundred E. coli to one PLB-985 cell for 4 h. NET-producing cells were visualized using an
antibody directed against chromatin. The calculation of the NETosis rate was done as described in the materials and methods section. The relative NETosis rate
represents the normalized values relative to PMA- and E. coli-induced NET formation respectively. NET-formation induced by PMA is abrogated upon inhibition of
NOX2, MPO and PKC. The formation of NETs generated upon E. coli phagocytosis is significantly inhibited by DPI, ABAH, Wortmannin and Gö 6983. The quantitative
results represent mean values ± SD of at least 3 independent experiments. Significance was calculated using Student's t-test (*: p < 0.05, **: p < 0.01, ***:
p < 0.001). For raw image data associated with C – E please see linked dataset: figure supplement 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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[62,68,100–103]. However, in our model, NET-formation induced by
phagocytosis of bacteria was not exclusively dependent on the gen-
eration of NOX2-derived oxidants. Currently, there are a lot of dis-
crepancies concerning the correlation of oxidant production and NET
formation induced by physiological stimuli. CGD neutrophils with
compromised NOX2, or neutrophils treated with DPI were shown to
attenuate NET formation upon stimulation with S. aureus [15,104].
Nevertheless, others observed opposite effects [101,105,106]. Our re-
sults showed that DPI treatment of neutrophils inhibited the formation
of bacteria-induced NET-formation only partially, despite the complete
inhibition of roGFP2 oxidation. Similar to studies conducted with PMN,
inhibition of MPO by ABAH significantly decreased NETosis
[16,68,107] although roGFP2 oxidation in PLB-985 cells was not de-
pendent on MPO. The most potent inhibition of phagocytosis-induced
NET formation was the PI3K inhibitor Wortmannin, which is consistent
with previous studies [101,108,109]. Taken together, this suggests that
the observed significant change in the redox homeostasis in the cytosol
of activated neutrophils is not sufficient to induce NET formation. Other
(presumably also oxidative) events that do not manifest themselves in a
change of the overall redox homeostasis seem to play a crucial role as
well, as demonstrated by the inhibition of myeloperoxidase, which does
not affect the shift in redox-homeostasis but significantly inhibits NET
formation.

Our observations were made using an in vitro system, using a well-
established myeloid cell line in a co-incubation assay. While we cannot
say for certain if our findings can be directly applied clinically or under
physiological conditions, our data suggests that oxidative signaling in
immune cells has multiple layers, which lead to a shift in the cytosolic
redox homeostasis, but also include highly specific signaling events
required for effective microbial killing.

Declaration of competing interest

None.

Acknowledgements

We thank Dr. Jan Lackmann for the generous donation of the
plasmid pASK-IBA3-mCherry. We thank Dr. Michael Schulz for assis-
tance with the FACS analysis. Principal funding was provided by the
German Research Foundation (DFG) through grant LE2905/1-2 to LIL
as part of the priority program 1710 “Dynamics of Thiol-based Redox
Switches in Cellular Physiology”. SR-SIM microscopy was funded by the
German Research Foundation and the State Government of North
Rhine-Westphalia (INST 213/840-1 FUGG). Additional funding was
provided through Germany's Excellence Strategy – EXC-2033 – Project
number 390677874 to K.F.W.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2019.101344.

Author contributions

KX and LIL designed the study. KX and MV performed the experi-
ments. AM and SH assisted with lentiviral transduction of PLB-985 cells.
VB and KFW assisted with quantitative fluorescence microscopy. KX
and LIL wrote the manuscript and assembled the videos. All authors
consulted on the manuscript.

References

[1] J.M. Kinchen, K.S. Ravichandran, Phagosome maturation: going through the acid
test, Nat. Rev. Mol. Cell Biol. 9 (2008) 781–795.

[2] M.T. Quinn, K.A. Gauss, Structure and regulation of the neutrophil respiratory

burst oxidase: comparison with nonphagocyte oxidases, J. Leukoc. Biol. 76 (2004)
760–781.

[3] A.W. Segal, A. Abo, The biochemical basis of the NADPH oxidase of phagocytes,
Trends Biochem. Sci. 18 (1993) 43–47.

[4] R. Minakami, H. Sumimotoa, Phagocytosis-coupled activation of the superoxide-
producing phagocyte oxidase, a member of the NADPH oxidase (nox) family, Int.
J. Hematol. 84 (2006) 193–198.

[5] V.L. Shepherd, The role of the respiratory burst of phagocytes in host defense,
Semin. Respir. Infect. 1 (1986) 99–106.

[6] R.M. Smith, J.T. Curnutte, Molecular basis of chronic granulomatous disease,
Blood 77 (1991) 673–686.

[7] J.A. Imlay, Cellular defenses against superoxide and hydrogen peroxide, Annu.
Rev. Biochem. 77 (2008) 755–776.

[8] C.C. Winterbourn, The biological chemistry of hydrogen peroxide, Methods
Enzymol. 528 (2013) 3–25.

[9] C.C. Winterbourn, A.J. Kettle, Redox reactions and microbial killing in the neu-
trophil phagosome, Antioxidants Redox Signal. 18 (2013) 642–660.

[10] A. Daiber, Redox signaling (cross-talk) from and to mitochondria involves mi-
tochondrial pores and reactive oxygen species, Biochim. Biophys. Acta Bioenerg.
1797 (2010) 897–906.

[11] B.C. Dickinson, C.J. Chang, Chemistry and biology of reactive oxygen species in
signaling or stress responses, Nat. Chem. Biol. 7 (2011) 504–511.

[12] F. Jiang, Y. Zhang, G.J. Dusting, NADPH oxidase-mediated redox signaling: roles
in cellular stress response, stress tolerance, and tissue repair, Pharmacol. Rev. 63
(2011) 218–242.

[13] M. Ushio-Fukai, Redox signaling in angiogenesis: role of NADPH oxidase,
Cardiovasc. Res. 71 (2006) 226–235.

[14] M. Bianchi, A. Hakkim, V. Brinkmann, U. Siler, R.A. Seger, A. Zychlinsky,
J. Reichenbach, Restoration of NET formation by gene therapy in CGD controls
aspergillosis, Blood 114 (2009) 2619–2622.

[15] T.A. Fuchs, U. Abed, C. Goosmann, R. Hurwitz, I. Schulze, V. Wahn, Y. Weinrauch,
V. Brinkmann, A. Zychlinsky, Novel cell death program leads to neutrophil ex-
tracellular traps, J. Cell Biol. 176 (2007) 231–241.

[16] K.D. Metzler, T.A. Fuchs, W.M. Nauseef, D. Reumaux, J. Roesler, I. Schulze,
V. Wahn, V. Papayannopoulos, A. Zychlinsky, Myeloperoxidase is required for
neutrophil extracellular trap formation: implications for innate immunity, Blood
117 (2011) 953–959.

[17] H. Parker, C.C. Winterbourn, Reactive oxidants and myeloperoxidase and their
involvement in neutrophil extracellular traps, Front. Immunol. 3 (2012) 424.

[18] O. Nüsse, Biochemistry of the phagosome: the challenge to study a transient or-
ganelle, Sci. World J. 11 (2011) 2364–2381.

[19] X. Chen, Z. Zhong, Z. Xu, L. Chen, Y. Wang, 2’,7’-Dichlorodihydrofluorescein as a
fluorescent probe for reactive oxygen species measurement: forty years of appli-
cation and controversy, Free Radic. Res. 44 (2010) 587–604.

[20] G.J. Maghzal, K.-H. Krause, R. Stocker, V. Jaquet, Detection of reactive oxygen
species derived from the family of NOX NADPH oxidases, Free Radic. Biol. Med. 53
(2012) 1903–1918.

[21] M. Steffen, T.M. Sarkela, A.A. Gybina, T.W. Steele, N.J. Trasseth, D. Kuehl,
C. Giulivi, Metabolism of S-nitrosoglutathione in intact mitochondria, Biochem. J.
356 (2001) 395–402.

[22] L.-P. Yap, H. Sancheti, M.D. Ybanez, J. Garcia, E. Cadenas, D. Han, Determination
of GSH, GSSG, and GSNO using HPLC with electrochemical detection, Methods
Enzymol. 473 (2010) 137–147.

[23] A.J. Meyer, T.P. Dick, Fluorescent protein-based redox probes, Antioxidants Redox
Signal. 13 (2010) 621–650.

[24] C. Rota, C.F. Chignell, R.P. Mason, Evidence for free radical formation during the
oxidation of 2’-7’-dichlorofluorescin to the fluorescent dye 2’-7’-dichloro-
fluorescein by horseradish peroxidase: possible implications for oxidative stress
measurements, Free Radic. Biol. Med. 27 (1999) 873–881.

[25] M.M. Tarpey, D.A. Wink, M.B. Grisham, Methods for detection of reactive meta-
bolites of oxygen and nitrogen: in vitro and in vivo considerations, Am. J. Physiol.
Regul. Integr. Comp. Physiol. 286 (2004) R431–R444.

[26] B.P. Braeckman, A. Smolders, P. Back, S. De Henau, In vivo detection of reactive
oxygen species and redox status in Caenorhabditis elegans, Antioxidants Redox
Signal. 25 (2016) 577–592.

[27] M. Gutscher, M.C. Sobotta, G.H. Wabnitz, S. Ballikaya, A.J. Meyer, Y. Samstag,
T.P. Dick, Proximity-based protein thiol oxidation by H2O2-scavenging perox-
idases, J. Biol. Chem. 284 (2009) 31532–31540.

[28] G.T. Hanson, R. Aggeler, D. Oglesbee, M. Cannon, R.A. Capaldi, R.Y. Tsien,
S.J. Remington, Investigating mitochondrial redox potential with redox-sensitive
green fluorescent protein indicators, J. Biol. Chem. 279 (2004) 13044–13053.

[29] J. van der Heijden, E.S. Bosman, L.A. Reynolds, B.B. Finlay, Direct measurement of
oxidative and nitrosative stress dynamics in Salmonella inside macrophages, Proc.
Natl. Acad. Sci. 112 (2015) 560–565.

[30] B. Morgan, M.C. Sobotta, T.P. Dick, Measuring EGSH and H2O2 with roGFP2-based
redox probes, Free Radic. Biol. Med. 51 (2011) 1943–1951.

[31] K. Brejc, T.K. Sixma, P.A. Kitts, S.R. Kain, R.Y. Tsien, M. Ormö, S.J. Remington,
Structural basis for dual excitation and photoisomerization of the Aequorea victoria
green fluorescent protein, Proc. Natl. Acad. Sci. U.S.A. 94 (1997) 2306–2311.

[32] C.T. Dooley, T.M. Dore, G.T. Hanson, W.C. Jackson, S.J. Remington, R.Y. Tsien,
Imaging dynamic redox changes in mammalian cells with green fluorescent pro-
tein indicators, J. Biol. Chem. 279 (2004) 22284–22293.

[33] M. Ellison, G. Thurman, D.R. Ambruso, Myeloid cells differentiated in the presence
of interferon-γ (INF-γ) compared to mature cells exposed to this cytokine exhibit
different phox protein expression and Nox2 activity, Blood 124 (2014)
4103–4103.

K. Xie, et al. Redox Biology 28 (2020) 101344

11

https://doi.org/10.1016/j.redox.2019.101344
https://doi.org/10.1016/j.redox.2019.101344
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref1
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref1
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref2
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref2
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref2
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref3
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref3
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref4
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref4
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref4
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref5
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref5
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref6
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref6
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref7
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref7
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref8
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref8
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref9
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref9
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref10
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref10
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref10
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref11
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref11
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref12
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref12
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref12
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref13
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref13
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref14
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref14
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref14
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref15
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref15
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref15
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref16
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref16
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref16
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref16
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref17
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref17
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref18
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref18
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref19
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref19
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref19
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref20
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref20
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref20
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref21
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref21
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref21
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref22
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref22
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref22
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref23
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref23
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref24
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref24
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref24
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref24
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref25
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref25
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref25
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref26
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref26
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref26
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref27
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref27
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref27
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref28
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref28
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref28
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref29
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref29
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref29
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref30
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref30
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref31
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref31
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref31
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref32
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref32
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref32
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref33
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref33
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref33
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref33


[34] C. Pivot-Pajot, F.C. Chouinard, M.A. El Azreq, D. Harbour, S.G. Bourgoin,
Characterisation of degranulation and phagocytic capacity of a human neu-
trophilic cellular model, PLB-985 cells, Immunobiology 215 (2010) 38–52.

[35] R. Zufferey, D. Nagy, R.J. Mandel, L. Naldini, D. Trono, Multiply attenuated len-
tiviral vector achieves efficient gene delivery in vivo, Nat. Biotechnol. 15 (1997)
871–875.

[36] C. Wong, S. Sridhara, J.C. Bardwell, U. Jakob, Heating greatly speeds Coomassie
blue staining and destaining, Biotechniques 28 (2000) 426–428 430, 432.

[37] A. Degrossoli, A. Müller, K. Xie, J.F. Schneider, V. Bader, K.F. Winklhofer,
A.J. Meyer, L.I. Leichert, Neutrophil-generated HOCl leads to non-specific thiol
oxidation in phagocytized bacteria, ELife 7 (2018) e32288.

[38] I. Aller, N. Rouhier, A.J. Meyer, Development of roGFP2-derived redox probes for
measurement of the glutathione redox potential in the cytosol of severely glu-
tathione-deficient rml1 seedlings, Front. Plant Sci. 4 (2013).

[39] M. Gutscher, A.-L. Pauleau, L. Marty, T. Brach, G.H. Wabnitz, Y. Samstag,
A.J. Meyer, T.P. Dick, Real-time imaging of the intracellular glutathione redox
potential, Nat. Methods 5 (2008) 553–559.

[40] M.D. Fricker, Quantitative redox imaging software, Antioxidants Redox Signal. 24
(2016) 752–762.

[41] V. Brinkmann, B. Laube, U. Abu Abed, C. Goosmann, A. Zychlinsky, Neutrophil
extracellular traps: how to generate and visualize them, J. Vis. Exp. (2010).

[42] V. Brinkmann, C. Goosmann, L.I. Kühn, A. Zychlinsky, Automatic quantification of
in vitro NET formation, Front. Immunol. 3 (2012) 413.

[43] K. Xie, C. Bunse, K. Marcus, L.I. Leichert, Quantifying changes in the bacterial thiol
redox proteome during host-pathogen interaction, Redox Biol 21 (2019) 101087.

[44] K.A. Tucker, M.B. Lilly, L. Heck, T.A. Rado, Characterization of a new human
diploid myeloid leukemia cell line (PLB-985) with granulocytic and monocytic
differentiating capacity, Blood 70 (1987) 372–378.

[45] S. Charrier, M. Ferrand, M. Zerbato, G. Précigout, A. Viornery, S. Bucher-Laurent,
S. Benkhelifa-Ziyyat, O.W. Merten, J. Perea, A. Galy, Quantification of lentiviral
vector copy numbers in individual hematopoietic colony-forming cells shows
vector dose-dependent effects on the frequency and level of transduction, Gene
Ther. 18 (2011) 479–487.

[46] X. Xu, K. von Löhneysen, K. Soldau, D. Noack, A. Vu, J.S. Friedman, A novel ap-
proach for in vivo measurement of mouse red cell redox status, Blood 118 (2011)
3694–3697.

[47] R. Rastogi, X. Geng, F. Li, Y. Ding, NOX activation by subunit interaction and
underlying mechanisms in disease, Front. Cell. Neurosci. 10 (2017).

[48] A.R. Cross, O.T. Jones, The effect of the inhibitor diphenylene iodonium on the
superoxide-generating system of neutrophils. Specific labelling of a component
polypeptide of the oxidase, Biochem. J. 237 (1986) 111–116.

[49] C.C. Winterbourn, A.J. Kettle, M.B. Hampton, Reactive oxygen species and neu-
trophil function, Annu. Rev. Biochem. 85 (2016) 765–792.

[50] A. Müller, J.F. Schneider, A. Degrossoli, N. Lupilova, T.P. Dick, L.I. Leichert,
Systematic in vitro assessment of responses of roGFP2-based probes to physiolo-
gically relevant oxidant species, Free Radic. Biol. Med. 106 (2017) 329–338.

[51] J.A. Deane, D.A. Fruman, Phosphoinositide 3-kinase: diverse roles in immune cell
activation, Annu. Rev. Immunol. 22 (2004) 563–598.

[52] P.T. Hawkins, K. Davidson, L.R. Stephens, The role of PI3Ks in the regulation of
the neutrophil NADPH oxidase, Biochem. Soc. Symp. (2007) 59–67.

[53] P.T. Hawkins, L.R. Stephens, S. Suire, M. Wilson, PI3K signaling in neutrophils,
Curr. Top. Microbiol. Immunol. 346 (2010) 183–202.

[54] H. Raad, M.-H. Paclet, T. Boussetta, Y. Kroviarski, F. Morel, M.T. Quinn, M.-
A. Gougerot-Pocidalo, P.M.-C. Dang, J. El-Benna, Regulation of the phagocyte
NADPH oxidase activity: phosphorylation of gp91phox/NOX2 by protein kinase C
enhances its diaphorase activity and binding to Rac2, p67phox, and p47phox, FASEB
J. 23 (2009) 1011–1022.

[55] C. Rosales, Molecular Mechanisms of Phagocytosis, Springer Science & Business
Media, 2008.

[56] C. Sadhu, B. Masinovsky, K. Dick, C.G. Sowell, D.E. Staunton, Essential role of
phosphoinositide 3-kinase delta in neutrophil directional movement, J. Immunol.
Baltim. Md 1950 170 (2003) 2647–2654.

[57] E.P. Thi, N.E. Reiner, Phosphatidylinositol 3-kinases and their roles in phagosome
maturation, J. Leukoc. Biol. 92 (2012) 553–566.

[58] A. Arcaro, M.P. Wymann, Wortmannin is a potent phosphatidylinositol 3-kinase
inhibitor: the role of phosphatidylinositol 3,4,5-trisphosphate in neutrophil re-
sponses, Biochem. J. 296 (Pt 2) (1993) 297–301.

[59] M.P. Wymann, G. Bulgarelli-Leva, M.J. Zvelebil, L. Pirola, B. Vanhaesebroeck,
M.D. Waterfield, G. Panayotou, Wortmannin inactivates phosphoinositide 3-kinase
by covalent modification of Lys-802, a residue involved in the phosphate transfer
reaction, Mol. Cell. Biol. 16 (1996) 1722–1733.

[60] M. Gschwendt, S. Dieterich, J. Rennecke, W. Kittstein, H.J. Mueller, F.J. Johannes,
Inhibition of protein kinase C mu by various inhibitors. Differentiation from
protein kinase c isoenzymes, FEBS Lett. 392 (1996) 77–80.

[61] K.E. Anderson, K.B. Boyle, K. Davidson, T.A.M. Chessa, S. Kulkarni, G.E. Jarvis,
A. Sindrilaru, K. Scharffetter-Kochanek, O. Rausch, L.R. Stephens, et al., CD18-
dependent activation of the neutrophil NADPH oxidase during phagocytosis of
Escherichia coli or Staphylococcus aureus is regulated by class III but not class I or II
PI3Ks, Blood 112 (2008) 5202–5211.

[62] M.B.H. Lim, J.W.P. Kuiper, A. Katchky, H. Goldberg, M. Glogauer, Rac2 is required
for the formation of neutrophil extracellular traps, J. Leukoc. Biol. 90 (2011)
771–776.

[63] B.G. Yipp, P. Kubes, NETosis: how vital is it? Blood 122 (2013) 2784–2794.
[64] S. Dupré-Crochet, M. Erard, O. Nüβe, ROS production in phagocytes: why, when,

and where? J. Leukoc. Biol. 94 (2013) 657–670.
[65] B. Kalyanaraman, V. Darley-Usmar, K.J.A. Davies, P.A. Dennery, H.J. Forman,

M.B. Grisham, G.E. Mann, K. Moore, L.J. Roberts, H. Ischiropoulos, Measuring
reactive oxygen and nitrogen species with fluorescent probes: challenges and
limitations, Free Radic. Biol. Med. 52 (2012) 1–6.

[66] N.A. Braun, B. Morgan, T.P. Dick, B. Schwappach, The yeast CLC protein coun-
teracts vesicular acidification during iron starvation, J. Cell Sci. 123 (2010)
2342–2350.

[67] A.J. Meyer, T. Brach, L. Marty, S. Kreye, N. Rouhier, J.-P. Jacquot, R. Hell, Redox-
sensitive GFP in Arabidopsis thaliana is a quantitative biosensor for the redox po-
tential of the cellular glutathione redox buffer, Plant J. Cell Mol. Biol. 52 (2007)
973–986.

[68] E.F. Kenny, A. Herzig, R. Krüger, A. Muth, S. Mondal, P.R. Thompson,
V. Brinkmann, H. von Bernuth, A. Zychlinsky, Diverse stimuli engage different
neutrophil extracellular trap pathways, ELife 6 (2017).

[69] Y.-Z. Fang, S. Yang, G. Wu, Free radicals, antioxidants, and nutrition, Nutrition 18
(2002) 872–879.

[70] L. Chen, J.Y. Hu, S.Q. Wang, The role of antioxidants in photoprotection: a critical
review, J. Am. Acad. Dermatol. 67 (2012) 1013–1024.

[71] A. Kuehne, H. Emmert, J. Soehle, M. Winnefeld, F. Fischer, H. Wenck, S. Gallinat,
L. Terstegen, R. Lucius, J. Hildebrand, et al., Acute activation of oxidative pentose
phosphate pathway as first-line response to oxidative stress in human skin cells,
Mol. Cell 59 (2015) 359–371.

[72] E.F. Pai, G.E. Schulz, The catalytic mechanism of glutathione reductase as derived
from x-ray diffraction analyses of reaction intermediates, J. Biol. Chem. 258
(1983) 1752–1757.

[73] M. Rescigno, R.N. Perham, Structure of the NADPH-binding motif of glutathione
reductase: efficiency determined by evolution, Biochemistry 33 (1994)
5721–5727.

[74] H.N. Kirkman, S. Galiano, G.F. Gaetani, The function of catalase-bound NADPH, J.
Biol. Chem. 262 (1987) 660–666.

[75] G. Krause, J. Lundström, J.L. Barea, C. Pueyo de la Cuesta, A. Holmgren,
Mimicking the active site of protein disulfide-isomerase by substitution of proline
34 in Escherichia coli thioredoxin, J. Biol. Chem. 266 (1991) 9494–9500.

[76] G. Waksman, T.S. Krishna, C.H. Williams, J. Kuriyan, Crystal structure of
Escherichia coli thioredoxin reductase refined at 2 A resolution. Implications for a
large conformational change during catalysis, J. Mol. Biol. 236 (1994) 800–816.

[77] C.H. Williams, Mechanism and structure of thioredoxin reductase from Escherichia
coli, FASEB J. 9 (1995) 1267–1276.

[78] J. Fan, J. Ye, J.J. Kamphorst, T. Shlomi, C.B. Thompson, J.D. Rabinowitz,
Quantitative flux analysis reveals folate-dependent NADPH production, Nature
510 (2014) 298–302.

[79] W. Ying, NAD+/NADH and NADP+/NADPH in cellular functions and cell death:
regulation and biological consequences, Antioxidants Redox Signal. 10 (2007)
179–206.

[80] D. Anastasiou, G. Poulogiannis, J.M. Asara, M.B. Boxer, J. Jiang, M. Shen,
G. Bellinger, A.T. Sasaki, J.W. Locasale, D.S. Auld, et al., Inhibition of pyruvate
kinase M2 by reactive oxygen species contributes to cellular antioxidant responses,
Science 334 (2011) 1278–1283.

[81] M. Ralser, M.M.C. Wamelink, S. Latkolik, E.E.W. Jansen, H. Lehrach, C. Jakobs,
Metabolic reconfiguration precedes transcriptional regulation in the antioxidant
response, Nat. Biotechnol. 27 (2009) 604–605.

[82] J.A. Cox, A.Y. Jeng, N.A. Sharkey, P.M. Blumberg, A.I. Tauber, Activation of the
human neutrophil nicotinamide adenine dinucleotide phosphate (NADPH)-oxi-
dase by protein kinase C, J. Clin. Investig. 76 (1985) 1932–1938.

[83] A.K. Sue-A-Quan, L. Fialkow, C.J. Vlahos, J.A. Schelm, S. Grinstein, J. Butler,
G.P. Downey, Inhibition of neutrophil oxidative burst and granule secretion by
wortmannin: potential role of MAP kinase and renaturable kinases, J. Cell.
Physiol. 172 (1997) 94–108.

[84] J. Bylund, K.L. Brown, C. Movitz, C. Dahlgren, A. Karlsson, Intracellular genera-
tion of superoxide by the phagocyte NADPH oxidase: how, where, and what for?
Free Radic. Biol. Med. 49 (2010) 1834–1845.

[85] E. Cramer, K.B. Pryzwansky, J.L. Villeval, U. Testa, J. Breton-Gorius,
Ultrastructural localization of lactoferrin and myeloperoxidase in human neu-
trophils by immunogold, Blood 65 (1985) 423–432.

[86] H. Lundqvist, P. Follin, L. Khalfan, C. Dahlgren, Phorbol myristate acetate-induced
NADPH oxidase activity in human neutrophils: only half the story has been told, J.
Leukoc. Biol. 59 (1996) 270–279.

[87] R.G. Midwinter, F.-C. Cheah, J. Moskovitz, M.C. Vissers, C.C. Winterbourn, IκB is a
sensitive target for oxidation by cell-permeable chloramines: inhibition of NF-κB
activity by glycine chloramine through methionine oxidation, Biochem. J. 396
(2006) 71–78.

[88] O.V. Vieira, R.J. Botelho, S. Grinstein, Phagosome maturation: aging gracefully,
Biochem. J. 366 (2002) 689–704.

[89] K. Futosi, S. Fodor, A. Mócsai, Neutrophil cell surface receptors and their in-
tracellular signal transduction pathways, Int. Immunopharmacol. 17 (2013)
638–650.

[90] Z. Jakus, E. Simon, D. Frommhold, M. Sperandio, A. Mócsai, Critical role of
phospholipase Cγ2 in integrin and Fc receptor-mediated neutrophil functions and
the effector phase of autoimmune arthritis, J. Exp. Med. 206 (2009) 577–593.

[91] P.T. Hawkins, L.R. Stephens, PI3K signalling in inflammation, Biochim. Biophys.
Acta 1851 (2015) 882–897.

[92] A.V. Cybulsky, M.D. Cyr, Phosphatidylcholine-directed phospholipase C: activa-
tion by complement C5b-9, Am. J. Physiol. 265 (1993) F551–F560.

[93] K.-P. Huang, The mechanism of protein kinase C activation, Trends Neurosci. 12
(1989) 425–432.

[94] T.A.M. Chessa, K.E. Anderson, Y. Hu, Q. Xu, O. Rausch, L.R. Stephens,
P.T. Hawkins, Phosphorylation of threonine 154 in p40phox is an important

K. Xie, et al. Redox Biology 28 (2020) 101344

12

http://refhub.elsevier.com/S2213-2317(19)30721-9/sref34
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref34
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref34
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref35
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref35
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref35
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref36
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref36
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref37
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref37
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref37
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref38
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref38
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref38
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref39
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref39
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref39
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref40
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref40
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref41
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref41
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref42
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref42
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref43
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref43
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref44
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref44
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref44
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref45
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref45
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref45
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref45
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref45
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref46
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref46
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref46
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref47
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref47
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref48
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref48
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref48
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref49
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref49
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref50
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref50
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref50
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref51
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref51
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref52
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref52
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref53
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref53
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref54
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref54
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref54
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref54
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref54
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref55
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref55
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref56
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref56
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref56
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref57
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref57
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref58
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref58
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref58
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref59
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref59
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref59
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref59
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref60
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref60
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref60
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref61
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref61
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref61
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref61
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref61
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref62
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref62
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref62
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref63
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref64
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref64
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref65
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref65
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref65
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref65
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref66
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref66
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref66
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref67
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref67
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref67
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref67
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref68
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref68
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref68
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref69
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref69
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref70
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref70
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref71
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref71
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref71
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref71
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref72
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref72
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref72
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref73
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref73
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref73
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref74
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref74
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref75
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref75
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref75
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref76
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref76
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref76
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref77
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref77
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref78
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref78
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref78
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref79
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref79
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref79
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref80
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref80
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref80
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref80
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref81
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref81
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref81
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref82
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref82
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref82
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref83
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref83
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref83
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref83
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref84
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref84
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref84
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref85
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref85
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref85
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref86
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref86
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref86
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref87
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref87
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref87
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref87
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref88
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref88
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref89
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref89
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref89
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref90
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref90
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref90
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref91
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref91
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref92
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref92
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref93
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref93
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref94
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref94


physiological signal for activation of the neutrophil NADPH oxidase, Blood 116
(2010) 6027–6036.

[95] R.P. Gazendam, J.L. van Hamme, A.T.J. Tool, M. Hoogenboezem, J.M. van den
Berg, J.M. Prins, L. Vitkov, F.L. van de Veerdonk, T.K. van den Berg, D. Roos, et al.,
Human neutrophils use different mechanisms to kill Aspergillus fumigatus Conidia
and Hyphae: Evidence from phagocyte defects, J. Immunol. Baltim. Md 1950 196
(2016) 1272–1283.

[96] R.P. Gazendam, J.L. van Hamme, A.T.J. Tool, M. van Houdt, P.J.J.H. Verkuijlen,
M. Herbst, J.G. Liese, F.L. van de Veerdonk, D. Roos, T.K. van den Berg, et al., Two
independent killing mechanisms of Candida albicans by human neutrophils: evi-
dence from innate immunity defects, Blood 124 (2014) 590–597.

[97] V. Brinkmann, U. Reichard, C. Goosmann, B. Fauler, Y. Uhlemann, D.S. Weiss,
Y. Weinrauch, A. Zychlinsky, Neutrophil extracellular traps kill bacteria, Science
303 (2004) 1532–1535.

[98] H. Parker, M. Dragunow, M.B. Hampton, A.J. Kettle, C.C. Winterbourn,
Requirements for NADPH oxidase and myeloperoxidase in neutrophil extracellular
trap formation differ depending on the stimulus, J. Leukoc. Biol. 92 (2012)
841–849.

[99] Q. Remijsen, T.V. Berghe, E. Wirawan, B. Asselbergh, E. Parthoens, R. De Rycke,
S. Noppen, M. Delforge, J. Willems, P. Vandenabeele, Neutrophil extracellular trap
cell death requires both autophagy and superoxide generation, Cell Res. 21 (2011)
290–304.

[100] R.D. Gray, C.D. Lucas, A. MacKellar, F. Li, K. Hiersemenzel, C. Haslett,
D.J. Davidson, A.G. Rossi, Activation of conventional protein kinase C (PKC) is
critical in the generation of human neutrophil extracellular traps, J. Inflamm.
Lond. Engl. 10 (2013) 12.

[101] M. van der Linden, G.H.A. Westerlaken, M. van der Vlist, J. van Montfrans,
L. Meyaard, Differential signalling and kinetics of neutrophil extracellular trap
release revealed by quantitative live imaging, Sci. Rep. 7 (2017) 6529.

[102] I. Neeli, M. Radic, Opposition between PKC isoforms regulates histone deimination
and neutrophil extracellular chromatin release, Front. Immunol. 4 (2013) 38.

[103] V. Papayannopoulos, K.D. Metzler, A. Hakkim, A. Zychlinsky, Neutrophil elastase
and myeloperoxidase regulate the formation of neutrophil extracellular traps, J.
Cell Biol. 191 (2010) 677–691.

[104] A.-K. Dreyer, D. Hoffmann, N. Lachmann, M. Ackermann, D. Steinemann,
B. Timm, U. Siler, J. Reichenbach, M. Grez, T. Moritz, et al., TALEN-mediated
functional correction of X-linked chronic granulomatous disease in patient-derived
induced pluripotent stem cells, Biomaterials 69 (2015) 191–200.

[105] F.H. Pilsczek, D. Salina, K.K.H. Poon, C. Fahey, B.G. Yipp, C.D. Sibley,
S.M. Robbins, F.H.Y. Green, M.G. Surette, M. Sugai, et al., A novel mechanism of
rapid nuclear neutrophil extracellular trap formation in response to Staphylococcus
aureus, J. Immunol. Baltim. Md 1950 185 (2010) 7413–7425.

[106] N.C. Rochael, A.B. Guimarães-Costa, M.T.C. Nascimento, T.S. DeSouza-Vieira,
M.P. Oliveira, L.F. Garcia e Souza, M.F. Oliveira, E.M. Saraiva, Classical ROS-de-
pendent and early/rapid ROS-independent release of Neutrophil Extracellular
Traps triggered by Leishmania parasites, Sci. Rep. 5 (2015) 18302.

[107] K. Akong-Moore, O.A. Chow, M. von Köckritz-Blickwede, V. Nizet, Influences of
chloride and hypochlorite on neutrophil extracellular trap formation, PLoS One 7
(2012) e42984.

[108] M. Behnen, C. Leschczyk, S. Möller, T. Batel, M. Klinger, W. Solbach, T. Laskay,
Immobilized immune complexes induce neutrophil extracellular trap release by
human neutrophil granulocytes via FcγRIIIB and Mac-1, J. Immunol. Baltim. Md
1950 193 (2014) 1954–1965.

[109] T. DeSouza-Vieira, A. Guimarães-Costa, N.C. Rochael, M.N. Lira, M.T. Nascimento,
P. de S. Lima-Gomez, R.M. Mariante, P.M. Persechini, E.M. Saraiva, Neutrophil
extracellular traps release induced by Leishmania: role of PI3Kγ, ERK, PI3Kσ, PKC,
and [Ca2+], J. Leukoc. Biol. 100 (2016) 801–810.

K. Xie, et al. Redox Biology 28 (2020) 101344

13

http://refhub.elsevier.com/S2213-2317(19)30721-9/sref94
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref94
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref95
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref95
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref95
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref95
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref95
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref96
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref96
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref96
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref96
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref97
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref97
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref97
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref98
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref98
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref98
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref98
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref99
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref99
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref99
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref99
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref100
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref100
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref100
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref100
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref101
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref101
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref101
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref102
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref102
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref103
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref103
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref103
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref104
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref104
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref104
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref104
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref105
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref105
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref105
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref105
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref106
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref106
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref106
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref106
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref107
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref107
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref107
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref108
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref108
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref108
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref108
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref109
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref109
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref109
http://refhub.elsevier.com/S2213-2317(19)30721-9/sref109

	Activation leads to a significant shift in the intracellular redox homeostasis of neutrophil-like cells
	Introduction
	Experimental procedures
	PLB-985 cell culture and differentiation
	Generation of genetically encoded roGFP2 for expression in PLB-985
	Transduction of PLB-985
	Generation of monoclonal culture by FACS
	Coomassie staining and Western Blot
	Real-time analysis of roGFP2 oxidation state in PLB-985 cells
	Determination of the redox potential of roGFP2 in PLB-985
	Phagocytosis of bacteria by PLB-985 cells
	Fluorescence live-cell imaging with subsequent ratiometric image analysis
	Visualization and quantification of NET formation

	Results
	Expression of roGFP2 in PLB-985 cells
	NOX2 activation leads to roGFP2 oxidation
	Phagocytosis of bacteria leads to oxidation of the cytosolic probe
	roGFP2 oxidation in individual neutrophil-like cells occurs within minutes upon phagocytosis of bacteria
	roGFP2 oxidation during neutrophil activation is dependent on NOX2, but not on myeloperoxidase activity
	Different pathways lead to roGFP2 oxidation in neutrophil-like cells treated with PMA and E. coli
	PLB-985 neutrophil-like cells, when activated by PMA or E. coli, generate neutrophil-extracellular traps
	NET-formation is dependent both on the activity of NOX2 and myeloperoxidase (MPO)
	Signaling pathways involved in NET formation

	Discussion
	mk:H1_24
	Acknowledgements
	Supplementary data
	Author contributions
	References




