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ROS and glutathionylation balance cytoskeletal
dynamics in neutrophil extracellular trap formation
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The antimicrobial defense activity of neutrophils partly depends on their ability to form neutrophil extracellular traps
(NETs), but the underlying mechanism controlling NET formation remains unclear. We demonstrate that inhibiting cyto-
skeletal dynamics with pharmacological agents or by genetic manipulation prevents the degranulation of neutrophils and
mitochondrial DNA release required for NET formation. Wiskott-Aldrich syndrome protein—deficient neutrophils are un-
able to polymerize actin and exhibit a block in both degranulation and DNA release. Similarly, neutrophils with a genetic
defect in NADPH oxidase fail to induce either actin and tubulin polymerization or NET formation on activation. Moreover,
neutrophils deficient in glutaredoxin 1 (Grx1), an enzyme required for deglutathionylation of actin and tubulin, are un-
able to polymerize either cytoskeletal network and fail to degranulate or release DNA. Collectively, cytoskeletal dynamics
are achieved as a balance between reactive oxygen species—regulated effects on polymerization and glutathionylation on

the one hand and the Grx1-mediated deglutathionylation that is required for NET formation on the other.

Introduction

Degranulation is defined as the secretion of granule-derived
substances after granulocyte activation (Borregaard et al., 2007;
Lacy and Eitzen, 2008). Granule proteins can be found in the
extracellular space, often in association with a DNA scaffold.
Together they form net-like structures, the so-called neutrophil
extracellular traps (NETs), which are capable of trapping and
killing bacteria (Brinkmann et al., 2004; Yousefi et al., 2009).
Inflammatory mediators, such as interleukin 8, complement fac-
tor 5a (C5a), N-formyl-methionyl-leucyl-phenylalanin (fMLP),
lipopolysaccharide (LPS), and TNF, can trigger NET formation
(Brinkmann et al., 2004; Yousefi et al., 2009; Lim et al., 2011;
Stoiber et al., 2015), causing the release of DNA and an ac-
companying neutrophil degranulation (Abdel-Latif et al., 2004;
Lacy, 2005, 2006; Uriarte et al., 2011; Amini et al., 2016).

Degranulation of neutrophils has been shown to be de-
pendent on actin microfilament (MF) remodeling (Mitchell et
al., 2008) mediated by the small GTPase, Rac2; hence, Rac2
knockout neutrophils are unable to generate polymerized F-
actin (Gu et al., 2003; Filippi et al., 2004) or to form NETs
(Lim et al., 2011). However, whether actin polymerization
plays a role also in the release of DNA required for NET forma-
tion has remained unclear.

Like almost all cells, neutrophils continuously cycle actin
protein subunits between monomeric (G-actin) and polymeric
(F-actin) pools, reversibly cross-linking polymeric actin into
three-dimensional networks of actin MFs, and assemble and
disassemble microtubules (MTs) needed for the transport of
proteins and organelles. For instance, it has been suggested that
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F-actin depolymerization at the cell cortex, coupled with a Rac-
dependent F-actin polymerization in the cytoplasm, elicits the
degranulation of neutrophils (Mitchell et al., 2008). The assem-
bly of MT and MF networks provides the mechanical propul-
sion that drives a range of dynamic cellular processes, including
cell motility (Kindzelskii et al., 2004; Xu et al., 2005).

In recent years, several proteins that activate the filament
nucleation activity of actin-related proteins 2 and 3 have been
identified, most notably the Wiskott-Aldrich syndrome pro-
tein (WASP) family. WASp is involved in the control of actin
dynamics. Products of the WAS gene family thus regulate a
variety of actin-dependent processes that range from cell mi-
gration to phagocytosis, endocytosis, and membrane trafficking
(Millard et al., 2004).

Actin polymerization plays an important role in the initia-
tion of reactive oxygen species (ROS) production in neutrophils
by potentiating NADPH oxidase assembly and activity (Suzuki
et al., 2003; Lacy, 2005; Shao et al., 2010). On the other hand,
ROS levels are in large part responsible for regulating the dy-
namics of F-actin formation, for example, in neuronal growth
cones (Munnamalai and Suter, 2009).

H,0, is one of the few ROS molecules that can diffuse
freely through cellular membranes, oxidizing the -SH group of
exposed cysteines to sulfenic acid on target proteins, which can
then be reduced back to cysteine by various cellular reducing
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agents, such as glutathione (GSH). In a process known as S-glu-
tathionylation, under oxidizing conditions, free thiol groups of
proteins can be modified to form protein-GSH mixed disulfides
(Giustarini et al., 2004). The fact that only a few intracellu-
lar proteins carry an oxidizable cysteine at a critical position
is the reason why a small molecule such as H,O, can act as
specific second messenger (Reth, 2002). Actin and tubulin are
both among the few proteins that can be glutathionylated; the
oxidation of a cysteinyl residue in these proteins to a sulfenic
acid is followed by glutathionylation, thereby inhibiting their
polymerization (Johansson and Lundberg, 2007), and conse-
quently overall cytoskeletal dynamics (Landino et al., 2004).
However, glutathionylation is a reversible posttranslational
modification, because a reverse reaction, deglutathionylation, is
catalyzed specifically and efficiently by glutaredoxin 1 (Grx1).
Easy reversibility is critical for the physiological potential of
glutathionylation as a means of functional regulation (Shelton
and Mieyal, 2008; Wilson and Gonzalez-Billault, 2015).

Emerging evidence suggests that ROS affects cytoskele-
tal proteins in multiple ways. For instance, the cellular redox
status seems to be tightly coupled with MT formation because
ROS signals regulate the organization of the tubulin cytoskele-
ton and induce tubulin modifications, including glutathionyla-
tion (Livanos et al., 2014). Recently, it has been shown that
ROS generated in neutrophils by the NADPH oxidase regulates
actin polymerization through reversible actin glutathionyla-
tion. Grx1 enzyme activity is required to recycle the modified
glutathionylated G-actin to free G-actin for F-actin formation.
GrxI-deficient mouse neutrophils showed impaired in vivo re-
cruitment to sites of inflammation and reduced bactericidal ca-
pability (Oliver et al., 1978; Sakai et al., 2012).

In this article, we confirm that ROS is required for mito-
chondrial DNA (mtDNA) release in a process of NET formation
and newly report that ROS production by the NADPH oxidase is
essential for the degranulation of neutrophils. Patients who have
chronic granulomatous disease (CGD) have a defect in NADPH
oxidase, lack sufficient ROS production, and exhibit defects in
both actin and tubulin polymerization, hence also in degranula-
tion, DNA release, and NET formation. We further demonstrate
that ROS, in tandem with Grx1, regulates actin and tubulin po-
lymerization through glutathionylation. Moreover, we provide
data indicating that actin and tubulin are glutathionylated pro-
teins in neutrophils undergoing physiological activation leading
to NET formation. We demonstrate that the cysteine located at
the C terminus of actin (Cys*’#) is required for ROS-induced
actin glutathionylation, actin polymerization, and NET forma-
tion. Similarly, a lack of Grxl1, the key enzyme required for
deglutathionylation of actin and tubulin, leads to impaired cy-
toskeletal dynamics, resulting in defective degranulation and
failure of DNA release, the two important requirements for NET
formation. Finally, we provide evidence that MT formation is
also regulated by a GSH modification, which is essential for neu-
trophil degranulation, DNA release, and NET formation.

Because primary granule exocytosis in human neutrophils is reg-
ulated by Rac2-dependent actin remodeling (Abdel-Latif et al.,

2004; Lacy, 2006; Mitchell et al., 2008) and granule proteins bind
to the DNA scaffold of NETs (Brinkmann et al., 2004; Yousefi
et al., 2009), we studied the role of actin dynamics for mtDNA
release and NET formation by activated neutrophils. We first
examined actin polymerization in resting and stimulated human
neutrophils during NET formation using confocal microscopy.
As expected, resting neutrophils exhibited no NET formation
(Fig. 1 A), and only cortical F-actin was seen in a ring-like man-
ner close to the cell membrane (Fig. 1 B), confirming previously
published work (Mitchell et al., 2008). Granulocyte/macrophage
colony-stimulating factor (GM-CSF)—primed and C5a-activated
neutrophils demonstrated the release of mtDNA (Fig. 1 A) and
F-actin accumulation at one cell pole (Fig. 1 B). To confirm these
data, we used mouse neutrophils isolated from Lifeact-EGFP
transgenic mice, which we analyzed by live confocal microscopy
under resting and activated conditions (Fig. S1 A and Video 1).
These mice express 17-amino-acid EGFP-Lifeact peptide, in all
cell types including hematopoietic cells, without interference
with any cellular processes (Riedl et al., 2010). Ring-like actin
was easily detectable in resting neutrophils by live imaging and
on activation; rapid actin remodeling was apparent, similar to that
seen in images obtained with FITC-phalloidin staining (Fig. 1 B,
designated F-actin). In addition, actin polymerization was also
evaluated and quantified by using a flow cytometric assay in
which the F-actin had been stained with FITC-phalloidin (Fig. S1
B, upper panel). A shift in phalloidin staining was observed only
when human blood neutrophils were primed with GM-CSF and
activated with C5a, confirming the microscopic data shown in
Fig. 1 B. It should be noted that other inflammatory triggers, such
as 107" M fMLP, 25 nM PMA, as well as the combined 25 ng/ml
GM-CSF and 100 ng/ml LPS stimulation, can also lead to NET
formation in mouse neutrophils (Fig. S1 C). We also analyzed the
F-actin morphology using Lifeact-EGF P mouse neutrophils and
consistently observed an accumulation of F-actin at one cell pole
with each of these stimuli, but being most prominent in GM-CSF
primed and C5a activated and in fMLP-treated cells (Fig. S1 D).

The process of NET formation is dependent on the en-
zymatic activity of the NADPH oxidase (Yousefi et al., 2009;
Parker et al., 2012). Diphenylene iodonium chloride (DPI), an
inhibitor of NADPH oxidase, completely blocked the release
of DNA as previously reported (Yousefi et al., 2008, 2009;
Parker et al., 2012; Fig. 1 A). Moreover, blocking ROS pro-
duction with DPI also greatly reduced the accumulation of
F-actin at one cell pole (Fig. 1 B). To demonstrate that the
block in DNA release elicited by inhibiting ROS production
is mediated by an impaired F-actin polarization, neutrophils
were briefly pretreated with latrunculin B (Lat B) that se-
questers G-actin monomers and prevents F-actin assembly
(Cingolani and Goda, 2008). Lat B blocked the accumulation
of F-actin at one cell pole as expected (Fig. 1 B). Interest-
ingly, Lat B also completely prevented DNA release after
neutrophil activation (Fig. 1 A), although ROS production
was unaffected (Fig. 1 C).

As previously reported (Mitchell et al., 2008), DPI and
Lat B also prevented degranulation of azurophilic granules
(surrogate marker CD63), specific granules (surrogate marker
CD66b), and secretory vesicles (surrogate marker CD35) of
GM-CSF-primed and C5a-activated neutrophils, as assessed
by flow cytometer (Fig. 1 D). Preliminary experiments were
performed to determine the optimal antibody concentra-
tions (Fig. S2 A). Release of N-acetyl-f-glucosaminidase
(Sato et al., 2013) was also inhibited under these conditions,
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Figure 1. Actin polymerization requires ROS production and is essential for DNA release. (A) Confocal microscopy. DNA release was analyzed after
pretreatment and shortterm stimulation (total 35 min) of human neutrophils with the indicated triggers in the presence or absence of 1 yM DPI and 1.25 pM
Lat B. Right: Quantification of released dsDNA in supernatants of activated neutrophils. n = 5. (B) Confocal microscopy. F-actin distribution and morpho-
logical changes were analyzed after pretreatment and shortterm stimulation (total 35 min) of human neutrophils with the indicated inhibitors and triggers.
Right: Quantification of F-actin was performed by automated analysis of microscopic images by using Imaris software. n = 4. (C) Flow cytometry. Total ROS
activity of human neutrophils after pretreatment and shortterm stimulation (total 35 min) with the indicated inhibitors and triggers was assessed by DHR123
fluorescence. n = 5. (D) Flow cytometry. Expression of CD63, CDé6b and CD35 was assessed after prefreatment and shortterm stimulation (total 35 min)
of human neutrophils with the indicated inhibitors, DPI (5 pM), and Lat B (10 pM), and triggers. Representative histograms are presented. n = 5. Data are

means + SEM. *** P < 0.001. Bars, 10 pm.

confirming that azurophilic granules had not released their
contents (Fig. S2 B). In addition, both DPI and Lat B inhibited
the release of matrix metalloprotease-9 (MMP-9; Uriarte et
al., 2011), suggesting that degranulation of tertiary granules
was also blocked (Fig. S2 C).

WAS is a severe X-linked immunodeficiency disorder
caused by mutations in the WAS gene encoding the WASP,
which is implicated in the regulation of the actin cytoskel-
eton (Snapper et al., 1998). WAS patients exhibit an altered
cytoskeleton and develop a variety of bacterial, viral, and
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fungal respiratory infections (Zhang et al., 2006). To fur-
ther examine the requirement for cytoskeletal rearrangement
in NET formation, we used mouse neutrophils derived from
WASP-deficient mice (Was™~ mice). Equal neutrophil differ-
entiation levels and maturity in WT and Was~~ neutrophils
were assessed by Ly6G cell surface expression, a myeloid
differentiation marker expressed by mature neutrophils (Fig.
S3 A) and nuclear morphology (Fig. S3 B). As expected, no
actin polarization on physiological activation was seen in
Was~~ neutrophils as compared with WT mouse neutrophils
(Fig. 2 A). Similar to the pharmacological approach used with
human neutrophils, we observed that neutrophils unable to ac-
cumulate F-actin exhibited neither DNA release (Fig. 2 B) nor
degranulation (Fig. 2 C and Fig. S4, A and B), despite high
levels of ROS production (Fig. 2 D). Collectively, these data
suggest that F-actin polarization in a ROS-dependent manner
is required for the release of both DNA and granule proteins,
and, therefore, for NET formation.

CGD is caused by mutations in genes encoding NADPH
oxidase subunits, resulting in poor antimicrobial activity
by neutrophils, at least partially because of their inability
to generate NETs (Bianchi et al., 2009). Indeed, CGD neu-
trophils produce very low levels of ROS (Fig. S5 A) and are
unable to release DNA (Fig. 3 A), confirming previously
published work (Bianchi et al., 2009; Yousefi et al., 2009).
Interestingly, we could not also demonstrate degranulation
in CGD neutrophils after GM-CSF priming and subsequent
C5a activation (Fig. 3 B), despite their normal expression
of primary granule proteins (elastase and myeloperoxidase
[MPOJ; Fig. 3 A). Moreover, CGD neutrophils are unable to
polymerize F-actin (Fig. 3 C), confirming a ROS dependency
for this event (Fig. 1 B; Bianchi et al., 2009; Yousefi et al.,
2009). Addition of H,0, to CGD neutrophils 30 min before
in vitro activation with GM-CSF and C5a was able to correct
F-actin polymerization (Fig. 3 C), DNA release (Fig. 3 D),
and degranulation (Fig. 3 B). The concentration of 50 uM
H,0, used caused no toxicity to human or mouse neutrophils
within a period of 24 h (Fig. S6, A and B).

We also used conditional mouse Hoxb8-immortalized
progenitor cells to generate large numbers of mouse neu-
trophils from WT and NADPH oxidase 2 (Nox2; gp91phox)—
deficient mice, the latter showing no respiratory burst activity
on activation (Fig. S5 B). Equal neutrophil differentiation levels
and maturity in WT and Nox2~~ neutrophils were assessed by
Ly6G cell surface expression (Fig. S3 A) and nuclear morphol-
ogy (Fig. S3 B). As expected, Nox2~~ mouse neutrophils were
unable to release DNA on activation (Fig. 4 A), accompanied
by the absence of degranulation as demonstrated by reduced
expression of the surrogate marker CD63 after GM-CSF prim-
ing and C5a stimulation, or f-glucosaminidase activity and re-
duced MMP-9 release (Fig. 4 C as well as Fig. S4, C and D).
Exogenous H,0, not only restored DNA release (Fig. 4 A), it
also corrected defective F-actin polymerization (Fig. 4 B) and
degranulation (Fig. 4 C). Addition of exogenous H,0, also re-
stored the bacterial killing capacity of Nox2~~ mouse neutro-
phils (Fig. 4 D). Collectively, these results indicate that ROS is
required for F-actin polymerization, which then is a prerequisite
for functional NET formation.

It has been previously reported that H,O, regulates F-actin po-
lymerization in stimulated neutrophils through reversible actin
glutathionylation (Sakai et al., 2012). We asked whether NET
formation, which depends on ROS production and F-actin po-
lymerization, is also regulated by actin glutathionylation. We
first examined protein glutathionylation with a GSH-specific
antibody. A major band corresponding to the size of actin (42
kD) was detected in lysates of activated mouse neutrophils
(Fig. 5 A, top). Glutathionylation was time-dependent and
reached maximal levels within 10 min after C5a activation in
GM-CSF-primed WT mouse neutrophils. In contrast, we could
not detect any glutathionylated 42-kD protein in activated
Nox2~~ mouse neutrophils. We then examined the expression
of glutathionylated actin in human neutrophils in the presence
or absence of DPI. GM-CSF-primed human neutrophils dis-
played maximal glutathionylation levels at 5 min after C5a acti-
vation. In contrast, DPI-treated human neutrophils showed only
background actin glutathionylation (Fig. 5 A, lbottom). These
results confirm that NADPH oxidase—dependent ROS produc-
tion determines actin glutathionylation in stimulated mouse
and human neutrophils.

A previous study suggested that actin glutathionylation
occurs via a sulfenic acid intermediary (Johansson and Lund-
berg, 2007). Accordingly, we tested whether sodium arsenite,
a reducing agent that specifically converts sulfenic acids to
thiols, would block actin glutathionylation and impair DNA
release from neutrophils. As with DPI treatment, a 30-min pre-
incubation of human neutrophils with sodium arsenite before
activation significantly decreased actin glutathionylation in
neutrophils (not depicted) and completely blocked DNA release
(Fig. 5 B). Similarly, cadmium chloride, a nonspecific inhibitor
of Grx1 (Liao et al., 2010; Choong et al., 2013), also blocked
DNA release in human neutrophils (Fig. 5 B), despite high lev-
els of ROS production (Fig. S5 C). The concentration used for
both 50 uM sodium arsenite and 2 pM cadmium chloride was as
recommended (Sakai et al., 2012) and was not toxic to human
neutrophils within a period of 24 h (Fig. S6 C).

To confirm that one of the glutathionylated proteins was actin,
lysates of unactivated and activated human neutrophils were
subjected to pulled-down assays by using anti-GSH antibody
immobilized on agarose by covalently coupling the antibody
to an amine-reactive resin. The materials pulled-down were
probed with antibody against pan-actin. The results clearly
demonstrated that actin was indeed glutathionylated in a
time-dependent manner and that levels of glutathionylation in-
creased within 15 min after C5a treatment of GM-CSF-primed
human neutrophils. The total lysates showed equal amounts of
actin in the different cell lysates, indicated as “input” (Fig. 6 A).

Actin monomers contain five cysteine (Cys) residues
prone to glutathionylation. Previous studies revealed that
only Cys** located at the C terminus of the protein is fully
exposed to the cytoplasm and elicits ROS-induced actin glu-
tathionylation (Dalle-Donne et al., 2003; Sakai et al., 2012).
To further explore the role of actin glutathionylation in NET
formation, we prepared point mutants of EGFP-p-actin and
transfected Hoxb8-immortalized myeloid progenitor cells
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with constructs expressing either WT EGFP-f-actin or the
mutant forms that cannot be glutathionylated (Fig. 6 B). On
induction of differentiation to mature mouse neutrophils, only
WT EGFP-B-actin (Cys*7*) displayed increased glutathionyla-
tion after stimulation. Consistent with previously published
work (Sakai et al., 2012), point mutations of the Cys3’* to ei-
ther alanine (Ala’’) or glutamic acid (Glu*#) abolished actin

Figure 2. Was~/- mouse neutrophils exhibit defects in actin
polymerization, degranulation, and DNA release. (A) Con-
focal microscopy. F-actin distribution and morphological
changes were analyzed after shortterm stimulation (total 35
min) of WT and Was~/~ mouse neutrophils with the indicated
triggers. Right: Quantification of F-actin was performed by

ns automated analysis of microscopic images by using Imaris
software. (B) Confocal microscopy. DNA release was ana-
lyzed after shortterm stimulation (total 35 min) of WT and
Was7~ mouse neutrophils, with the indicated triggers.
E® Right: Quantification of released dsDNA in supernatants of
3 8 activated neutrophils. (C) Flow cytometry. Expression of CD63
S+ was assessed and shortterm stimulation (total 35 min) of WT
S W and Was~/~ mouse neutrophils with the indicated triggers.
8 Representative histograms are presented. (D) Flow cytometry.
= Total ROS activity of WT and Was~/~ mouse neutrophils after
o shortterm stimulation (total 35 min) with the indicated triggers
was assessed by DHR123 fluorescence. Data are means +
Was™  SEM. *** P < 0.001. n = 5. Bars, 10 pm.
ns
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glutathionylation after neutrophil activation (Fig. 6 B). More-
over, in contrast to control neutrophils expressing normal
or increased levels of WT EGFP-p-actin, mouse neutrophils
overexpressing mutant forms of actin (Ala®™* or Glu’"#) dis-
played impaired actin polymerization (Fig. 6 C) and reduced
NET formation (Fig. 6 D). It should be noted that neutro-
phils expressing the actin mutant forms exhibited a normal
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Figure 3. Human CGD neutrophils demonstrate defects in actin polymerization, degranulation, and NET formation: restoration by H,0, (A) Confocal
microscopy. NET formation was analyzed after shortterm stimulation (fotal 35 min) of control and CGD human neutrophils with the indicated triggers.
Colocalization of elastase (green) or MPO (green) with released DNA (P, red) is indicated by the yellow color depicting NET formation. (B) Flow cytometry.
Expression of CD63, CD66b, and CD35 was assessed after pretreatment and shortterm stimulation (total 35 min) of control and CGD human neutrophils
with the indicated triggers in the presence and absence of 50 pM H,O,. Representative histograms are presented. (C) Confocal microscopy. F-actin dis-
tribution and morphological changes were analyzed after shortterm stimulation (total 35 min) of control and CGD human neutrophils with the indicated
triggers in the presence and absence of 50 pM H,O,. Right: Quantification of F-actin was performed by automatic analysis of microscopy images by using
Imaris software. (D) Confocal microscopy. DNA release was analyzed after shortterm stimulation (total 35 min) of control and CGD human neutrophils with
the indicated triggers in the presence and absence of 50 pM H,O,. Right: Quantification of DNA-releasing neutrophils in ten high power fields. Data are

means + SEM. *** P <0.001; **, P <0.01. n= 3. Bars, 10 pm.

ability to produce ROS on activation, which was similar to
WT mouse neutrophils (Fig. S5 D), suggesting that defective
NET formation was most likely a consequence of impaired
ROS-induced actin glutathionylation. Collectively, these re-
sults strongly suggest that actin glutathionylation plays a criti-
cal role in neutrophil NET formation.

Grx1, a cytosolic thiol disulfide oxidoreductase (thioltrans-
ferase) that mediates protein deglutathionylation, is a positive
regulator of actin polymerization (Ho et al., 2007). Disruption

of GrxI resulted in elevated actin glutathionylation and attenu-
ated actin polymerization, leading to impaired neutrophil polar-
ization, chemotaxis, adhesion, and phagocytosis (Sakai et al.,
2012). We tested the ability of Grx/~~ mouse neutrophils to
release DNA and to produce ROS. Once again, equal neutrophil
differentiation levels and maturity in WT and GrxI~~ neutro-
phils were controlled by Ly6G cell surface expression (Fig. S3
A) and nuclear morphology (Fig. S3 B). We set up experiments
to quantify DNA release and ROS production in a time-depen-
dent manner and compared the response of Grx/~/~ neutrophils
with those of WT and Nox2~~ neutrophils. Neutrophils from
both knockout mouse lines were completely devoid of any
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DNA release after GM-CSF and C5a (Fig. 7, A and B; and Fig.
S6 D) or PMA stimulation (Fig. S6 D). In contrast to Nox2~/~
neutrophils, however, Grx/~~ neutrophils produced the same
amounts of ROS in response to combined GM-CSF and C5a
stimulation as WT neutrophils (Fig. 7 C). Moreover, GM-CSF-
primed GrxI~~ neutrophils showed significantly lower actin
polymerization after a 15-min C5a stimulation than WT, similar
to Nox2~~ neutrophils (Fig. 7 D). The inability of Grx/~~ neu-
trophils to release DNA was also accompanied by an absence
of degranulation as indicated by the reduced expression of the
surrogate marker CD63 after GM-CSF priming and C5a stim-
ulation or reduced p-glucosaminidase activity and reduced
MMP-9 release (Fig. 7 E; and Fig. S4, E and F). Collectively,
these data further support the notion that actin polymerization is
indispensable for NET formation and that it is regulated by the
balance between ROS and the Grx1 enzyme.

Released dsDNA (RFU)

Actin fluorescence (AU)

Bacterial killing (% cfu)

Figure 4. Exogenous addition of H,0, re-
stored the ability of Nox2/- mouse neu-
trophils to perform actin polymerization, to
degranulate, and to release DNA. (A) Confo-
cal microscopy. DNA release was analyzed
after shortterm stimulation (total 35 min) of
WT and Nox2-/~ mouse neutrophils with the
indicated triggers in the presence and absence
of 50 pM H,O,. Right: Quantification of re-
leased dsDNA in supernatants of activated
neutrophils. RFU, relative fluorescence units.
(B) Confocal microscopy. F-actin distribution
and morphological changes were analyzed
after shortterm stimulation (total 35 min) of
WT and Nox2-/~ mouse neutrophils with the
indicated triggers in the presence and absence
of 50 pM H,O,. Right: Quantification of F-ac-
-/- tin was performed by automated analysis of
microscopic images by using Imaris software.
AU, arbitrary units. (C) Flow cytometry. Expres-
sion of CD63 was assessed after prefreatment
and shortterm stimulation (total 35 min) of WT
and Nox2-/~ mouse neutrophils with the indi-
cated triggers in the presence and absence of
50 pM H,O,. Representative histograms are
presented. (D) Bacterial killing by colony for-
mation unit (cfu) assay. E. coli killing was ano-
lyzed after shortterm stimulation (total 35 min)
of WT and Nox2-/~ mouse neutrophils with the
indicated triggers in the presence and absence
of 50 pM H,0O,. Data are means + SEM.
*** P <0.001; **, P<0.01; *, P<0.05.
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The MT network is important for neutrophil polarization and
migration (Eddy et al., 2002). MTs are considered to be of
pivotal importance in stabilizing cellular shape and for con-
trolling cellular motility and the intracellular flow of granules,
including the process of neutrophil degranulation (Mollinedo
et al., 1989). Resting neutrophils exhibit an MT organization
center. After priming with GM-CSF and a subsequent 15-min
C5a activation, an MT network is established (Fig. S1 A and
Video 1). To visualize the MT rearrangement in live cells on
activation, we stained neutrophils with SiR-tubulin fluorescent
dye before activation (Lukinavicius et al., 2014). To investigate
the role of the MT network in NET formation, we used noco-
dazole and taxol, both known as highly efficient inhibitors of
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Figure 5. Pharmacological inhibition of actin glutathionylation prevents DNA release. (A) Immunoblotting. Actin glutathionylation in activated mouse
and human neutrophils is dependent on NADPH oxidase activation. Human and mouse neutrophils were analyzed after shortterm stimulation (total 35
min) with the indicated triggers. C5a activation was performed in a time-dependent manner. No glutathionylated actin at the expected size (42 kD) was
defected in Nox2-~/~ mouse neutrophils or in 50-uM-DPI|-pretreated human neutrophils. The ratio of glutathionylated actin to total actin is shown as actin
glutathionylation in the bar graph (right). Data are representative of three independent experiments. (B) Confocal microscopy. DNA release was analyzed
after shortterm stimulation (total 35 min) of control human neutrophils with the indicated triggers in the presence and absence of the inhibitors as desig-
nated: 50 pM Na-arsenite and 2 pM CdCl,. Right: Quantification of released dsDNA in supernatants of activated neutrophils. Data are means + SEM.

*, P <0.0242; **, P < 0.0074; ***,P <0.001. n= 3. Bars, 10 pm.

MT formation (Xu et al., 2005). Both cytoskeleton-poisoning
drugs completely prevented the formation of the MT network
(Fig. 8 A) and blocked DNA release (Fig. 8 B) and degranu-
lation (Fig. 8 C; and Fig. S2, D and E). In contrast, actin po-
lymerization (Fig. S6 E) and ROS production (Fig. S5 E) were
unaffected by either nocodazole or taxol.

Moreover, CGD neutrophils exhibited an impaired
MT network (Fig. 8 D), confirming the importance of

ROS (Oliver et al., 1976; Landino et al., 2004; Wilson and
Gonzdlez-Billault, 2015). Addition of H,0, to CGD neutro-
phils, 30 min before in vitro activation, was able to correct
MT network formation (Fig. 8 D). The ROS deficiency in
CGD patients’ neutrophils with concentrations well below
the physiological range was reported to alter the dynamic
properties of the MTs in vitro and in vivo (Wilson and
Gonzdlez-Billault, 2015).
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Figure 6. Cys374 is required for actin glutathionylation, actin polymerization, and NET formation. (A) Glutathionylated proteins in activated human
neutrophil lysates were immunoprecipitated with anti-GSH antibody (time-dependent after C5a stimulation) and immunoblotted by using anti-pan-actin
antibody. A total cell lysates (Input) was loaded as control. Data are representative of five independent experiments. (B) Immunoblotting. Actin glutathio-
nylation in activated Hoxb8 mouse neutrophils overexpressing EGFP--actin-Cys®74 (WT), point-mutated Cys374 to Ala®74, or Cys374 to Glu374 was detected
by anti-GSH antibody. The overexpression of WT and mutant forms of EGFP-B-actin was confirmed by immunoblotting with anti—-GFP antibody. The ratio of
glutathionylated EGFP-B-actin to total EGFP-p-actin was calculated as actin-glutathionylation in the bar graph (right panel). (C) Confocal microscopy. F-actin
distribution and morphological changes were analyzed after shortterm stimulation (total 35 min) of WT and overexpressed EGFP-f-actin-Cys374 (WT),
point-mutated Cys34 to Ala374, and Cys®4 to Glu374 mouse neutrophils with the indicated triggers. Right: Quantification of F-actin polymerization. (D) Con-
focal microscopy. DNA release was analyzed after shortterm stimulation (total 35 min) of WT and overexpressed EGFP--actin-Cys®4 (WT), point-mutated
Cys¥74 to Ala¥4, and Cys¥4 to Glu374 mouse neutrophils with the indicated triggers. Right: Quantification of released dsDNA in supernatants of activated

neutrophils. Data are means + SEM. *** P < 0.001. n = 3. Bars, 10 pm.
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Figure 7. Grx1 is a master regulator of actin cytoskeleton rearrangement and DNA release. (A) Confocal microscopy. DNA release was analyzed after
shortterm stimulation of WT, Nox2-/~, and Grx1-/- mouse neutrophils with the indicated triggers in a time-dependent manner. n = 5. (B) Confocal micros-
copy. DNA-releasing neutrophils were quantified in ten high-power fields in a time-dependent manner (numbers indicated C5a stimulation time in minutes).
In contrast to WT mouse neutrophils, both Nox2-/~ and Grx1-/~ neutrophils were completely devoid of any extracellular DNA. n = 5. (C) Flow cytometry.
Total ROS activity of WT, Nox2-/~, and Grx1-/- mouse neutrophils after shortterm stimulation with the indicated triggers was assessed in a time-depen-
dent manner (numbers indicated C5a stimulation time in minutes) by using DHR123 fluorescence. n = 5. (D) Confocal microscopy. F-actin distribution and
morphological changes were analyzed after shortterm stimulation (total 35 min) of WT and Grx1-/~ mouse neutrophils with the indicated triggers. Right:
Quantification of F-actin was performed by automated analysis of microscopic images by using Imaris software. n = 3. (E) Flow cytometry. Expression of
CDé3 was assessed after pretreatment and short-term stimulation (total 35 min) of WT and Grx1-~/- mouse neutrophils with the indicated triggers. Repre-
sentative histograms are presented. n = 5. Data are means + SEM. ***, P < 0.001. Bars, 10 pm.
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Figure 8. Disruption of MT network formation inhibits degranulation and DNA release and is regulated by ROS-dependent glutathionylation. Human
CGD neutrophils demonstrate defects in tubulin network formation that can be restored by addition of exogenous H202. (A) Confocal microscopy. MT
assembly was analyzed affer prefreatment and shortterm stimulation (total 35 min) of human neutrophils with the indicated inhibitors: 1 pM DPI, 1.25 pM
Lat B, 1 pM taxol, 5 pM nocodazole, and triggers. Right: Quantification of MT network formation was performed by automated analysis of microscopic
images by using Imaris software. n = 5. (B) Confocal microscopy. DNA release was analyzed affer pretreatment and shortterm stimulation (total 35 min)
of human neutrophils with the indicated inhibitors: 1 pM taxol, 5 pM nocodazole, and triggers. Right: Quantification of released dsDNA in supernatants
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ROS signals have already been described to regulate the
organization of MT cytoskeleton (Livanos et al., 2014), and a
lack of Grx1 enzyme activity leads to the accumulation of high
levels of glutathionylated tubulin; consequently, GSH levels
cannot be maintained, and MT assembly is inhibited (Oliver
et al., 1976). We examined MT network formation after stim-
ulation in the presence of DPI. Blocking ROS production re-
duced MT network formation in human neutrophils (Fig. 8 A).
Similarly, Nox2~~ and GrxI~~, but not Was~~, mouse neu-
trophils also demonstrated defects in MT network formation
(Fig. 8 E), indicating the crucial role of redox balance in con-
trolling MT network formation.

The protein tubulin is composed of multiple individual
a- and B-tubulin forms, and the af-tubulin dimer contains mul-
tiple cysteines for which cysteine oxidation of tubulin could be
shown to be associated with loss of MT polymerization activity
(Landino et al., 2011). To test whether tubulin is also glutathio-
nylated in activated neutrophils, lysates of unactivated and acti-
vated human neutrophils were subjected to pulled-down assays
by using anti—-GSH antibody and probed with anti—tubulin anti-
body. The results clearly demonstrate that tubulin is a glutathio-
nylated protein in GM-CSF-primed and C5a-stimulated human
neutrophils (Fig. 8 F). Collectively, one can conclude that the
MT network is required for DNA release and degranulation and
is at least partially regulated by ROS. The functional role of
tubulin glutathionylation will require further experimentation.

In this article, we demonstrate that ROS acts as a key signaling
molecule to orchestrate essential functions of neutrophils, such
as degranulation and NET formation. Mutations resulting in a
nonfunctional NADPH oxidase in mouse or human neutrophils
result in attenuated actin and tubulin polymerization, degranu-
lation, and NET formation. The same functional consequences
were observed when we inactivated the NADPH oxidase phar-
macologically (Fig. 9).

Interestingly, the literature is controversial regarding the
ability of CGD neutrophils to degranulate (Gold et al., 1974,
Voetman et al., 1981; Tintinger et al., 2001). Degranulation of
neutrophils from CGD patients was variably reported to be nor-
mal, decreased, or increased (Baehner et al., 1969). So far, these
conclusions have been largely based on older publications that
analyzed degranulation by measuring granule enzyme activity
during serum-opsonized, zymosan-induced phagocytosis (Voet-
man et al., 1981). We have analyzed the degranulation ability
of mouse and human neutrophils by measuring released gran-
ule proteins in the supernatants of activated cells using ELISA
and enzymatic p-glucosaminidase activity. Alternatively, we
measured surrogate markers of degranulation using the flow
cytometer. Our findings clearly demonstrate that both human

CGD neutrophils and mouse Nox2-deficient neutrophils exhibit
a defect in degranulation.

We newly report that the addition of exogenous H,O, re-
stored the formation of the MF and MT networks, as well as the
ability of CGD neutrophils to degranulate. WASP colocalizes
with polymerized actin in hematopoietic cells (Westerberg et
al., 2001). Was~~ mouse neutrophils exhibited defects in MF
cytoskeletal function, resulting in impaired clustering of 2 in-
tegrin after adhesion, leading to reduced outside-in signaling of
effector functions, including degranulation (Zhang et al., 2006).
Granule movement is mediated by active transport on actin fil-
aments (Burgoyne and Morgan, 2003). The MF cytoskeleton
regulates degranulation of all neutrophil granule subsets and
controls the access of neutrophil granules to the plasma mem-
brane (Jog et al., 2007). In this study, we confirm that Was~~
mouse neutrophils exhibit a defect in actin polymerization and
degranulation. The failure to release DNA and to form NETs by
Was~~ mouse neutrophils is a new finding.

Notably, two previous studies suggested a role for the cy-
toskeleton in the process of NET formation. It was reported that
extracellular chromatin release requires functional tubulin and
actin filaments. Pretreatment with nocodazole or cytochalasin D
blocked NET formation, and cells appeared to have an increased
diameter; its interior was filled with homogeneously dispersed
chromatin (Neeli et al., 2009). Moreover, neutrophil elastase
has been reported to promote F-actin degradation, liberating the
protease to enter the nucleus (Metzler et al., 2014). However, it
should be noted that this possible role of elastase was observed
in long-term (2—4 h), 100 nM PMA-stimulated neutrophils. In
contrast to these earlier studies, we show here that the MF net-
work is not just acting as a passive cell structural component to
maintain the shape and integrity of the neutrophils but rather
directly participates in degranulation and NET formation.

NADPH oxidase-mediated ROS production occurs after
the initial actin polymerization (~0.5-1 min after stimulation)
and induces a dysfunctional glutathionylated actin (Sakai et al.,
2012). Grx1 is believed to play a pivotal role in the repair of
oxidized protein thiols during oxidative stress and in the redox
regulation within cells (Shelton and Mieyal, 2008). Targeted
disruption of the Grx/ gene did not cause any obvious behav-
ioral phenotype in mice (Ho et al., 2007), but GrxI-deficient
mice exhibit defects in chemotaxis and bacterial killing both
in vitro and in vivo (Sakai et al., 2012). Our results confirm
that physiological levels of ROS drive reversible actin and tu-
bulin glutathionylation. As a new finding, we demonstrate that
this mechanism is physiologically involved in cellular pro-
cesses mediated by MT and MF, such as degranulation and
NET formation (Fig. 9).

Collectively, we provide new information regarding the
mechanisms of NET formation distal to ROS production in
viable neutrophils. ROS stimulates WASp-dependent actin po-
lymerization, which is additionally controlled by the activity of

of activated neutrophils. n = 5. (C) Flow cytometry. Expression of CD63, CD66b, and CD35 was assessed after pretreatment and shortterm stimulation
(total 35 min) of human neutrophils with the indicated inhibitors: 1 yM taxol, 5 pM nocodazole, and triggers. Representative histograms are presented.
n = 5. (D) Confocal microscopy. MT assembly was analyzed after shortterm stimulation (total 35 min) of control and CGD human neutrophils in the pres-
ence or absence of 50 pM H,O, with the indicated triggers. Quantification of MT network formation was performed by automated analysis of microscopic
images by using Imaris software. n = 3. (E) Confocal microscopy. MT assembly was analyzed after shortterm stimulation (total 35 min) of WT, Nox2-/~,
Grx1-/-, and Was~/~ mouse neutrophils with the indicated triggers. Right: Quantification of MT network formation was performed by automated analysis
of microscopic images by using Imaris software. n = 5. (F) Glutathionylated proteins in activated human neutrophil lysates were immunoprecipitated with
anti-GSH antibody (time-dependent after C5a stimulation) and immunoblotted for tubulin. A total cell lysate (Input) was used as control. Representative data
of three independent experiments are shown. Data are means = SEM. *, P < 0.0231; ***, P < 0.001. Bars, 10 pm.
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Grx1 enzyme. Both WASP and Grx1 are absolutely required
for both degranulation and NET formation. Directly interven-
ing to activate actin polymerization might be a new strategy for
improving neutrophil function in cases of NADPH deficiency.

Reagents

GM-CSF was supplied by Novartis Pharma. Human and mouse C5a
were purchased from Hycult Biotech. PMA, DPI, H,0,, and Triton
X-100 were purchased from Calbiochem. Nocodazole, paclitaxel (taxol),
NaAgO,, CdCl,, p-mercaptoethanol, 4-hydroxytamoxifen (4-OHT),
BSA, glutaraldehyde, monoclonal anti—a-tubulin (clone DM1A) for im-
munofluorescence staining, saponinNaBH,, LPS (055:B5), fMLP, and
dihydrorhodamine 123 (DHR 123) were purchased from Sigma-Aldrich.
Lat B was purchased from Enzo Life Sciences. MitoSOX Red, a deriva-
tive of ethidium bromide (a DNA-binding dye) is live-cell permeable and
is oxidized by superoxide, exhibiting red fluorescence only when bound
to DNA. Alexa Fluor 488 phalloidin (green) stains only polymerized
actin (F-actin). MitoTracker Orange CM-H, TMRos is taken up by mi-
tochondria and stains in proportion to their mass. Prolong Gold mount-
ing media, Hoechst 33342, the Quant-iT PicoGreen dsDNA assay Kkit,
propidium iodide (PI), HBSS, RPMI-1640/GlutaM AX medium, penicil-

‘ SiR-tubulin
MitoSOX
Lifeact-EGFP
Hoechst 33342

Figure 9. ROS-induced actin and tubulin glutathionylation
controls cell cytoskeleton dynamics and NET formation. Phys-
iological activation of neutrophils leads to moderate ROS
production and cell cytoskeleton glutathionylation. ROS-
induced actin and tubulin glutathionylation is tightly regulated
by Grx1. Disruption of Grx1 or deficient ROS production (in
CGD patients) unbalances cell cytoskelefon rearrangements
and leads to a dysfunctional innate immune response in neu-
trophils. Confocal microscopy images are back projections of
30 zstacks, and a visualization of the tubulin (purple) isosur-
face rendering was applied for better visualization by using
Imaris software. Bars, 10 pm.

lin/streptomycin, as well as Alexa Fluor 488—conjugated anti-mouse and
anti-rabbit secondary antibodies were all obtained from Thermo Fisher
Scientific (distributed by LuBioScience GmbH). X-VIVO 15 medium
without phenol red and antibiotics was purchased from Lonza. DNase
I was purchased from Worthington Biochemical Corporation. Mouse
anti-human neutrophil elastase monoclonal (clone NP57) and rabbit
anti-human neutrophil MPO polyclonal antibodies were obtained from
Dako. Polyvalent human IgG was a gift from CSL Behring. Normal goat
serum was obtained from Santa Cruz Biotechnology, Inc. ChromPure
human IgG was obtained from MILAN ANALYTICA AG. IgG2a mouse
anti—-GSH monoclonal antibody (clone D8) obtained was from Virogen.
Rabbit polyclonal anti—pan-actin and sheep anti-tubulin for immuno-
blotting were purchased from Cytoskeleton, Inc. The protease inhibitor
cocktail was purchased from Roche Diagnostics. Mouse stem cell factor
(SCF)—secreting Chinese hamster ovary cells (CHO/SCF) were pro-
vided by G. Hécker (University of Freiburg, Freiburg im Breisgau, Ger-
many). German glass coverslips (#1 thickness, 12-mm diameter) were
purchased from Hecht-Assistent. Black glass-bottom 96-well and white
96-well plates were purchased from Greiner Bio-One GmbH.

Neutrophils

Human blood neutrophils from healthy individuals and CGD patients
were isolated as described previously (Amini et al., 2016). In brief, cell
separation was performed by Ficoll-Hypaque centrifugation (Pancoll
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human from PAN BioTech). The granulocyte fraction was depleted
of erythrocytes by lysis with a buffer containing NH,Cl, KHCO;, and
EDTA. The resulting cell populations contained >95% neutrophils as
assessed by Diff-Quik staining and light microscopy. Written, informed
consent was obtained from all blood donors, and the Ethics Committee
of Canton Bern had previously approved the study.

Purification of mouse neutrophils

Primary mouse bone marrow neutrophils were isolated from WT,
Nox2~-, and Lifeact-EGFP mice with a negative selection technique. In
brief, bone marrow cells were collected by flushing the femur with 5 ml
isolation medium (PBS plus 2% FCS, no EDTA added) by using a 26-
gauge needle and filtering through a sterile 70-uM nylon cell strainer.
Primary bone marrow neutrophils were then isolated with a negative
selection technique by using the EasySep Mouse Neutrophil Enrich-
ment kit (StemCell Technologies, Inc). Mouse neutrophil purity was
>93% as assessed by staining with the Hematocolor Set (Merck Mil-
lipore) followed by light microscopic analysis (RoZman et al., 2015).

Hoxb8 neutrophils

Mouse neutrophils were generated from SCF-dependent, conditional
Hoxb8-immortalized myeloid progenitors derived from WT and
Nox2~~, Grxl~~, and Was™~ mice, as previously described (Mor-
shed et al., 2014). A total of 3 x 10° cells/ml were passaged in RPMI-
1640/GlutaMAX with 10% FCS, 100 U/ml penicillin per 100 pg/ml
streptomycin, 50 uM 2-B-mercaptoethanol, mouse SCF (5% of CHO/
SCF cell-conditioned medium), and 100 nM 4-hydroxytamoxifen for
3—4 d. To initiate differentiation into neutrophils, 2.5 x 10* cells/ml
was washed and then cultured in the same medium in the absence of
4-hydroxytamoxifen. On 3 d of differentiation, 5 pg/ml of granulocyte
colony-stimulating factor (G-CSF; PeproTech EC Ltd) was added to
cell cultures, and after further incubation for 2 d, cells were washed
twice with PBS and once with X-VIVO 15 medium before being used
for subsequent experiments. Immunophenotypic characterization of
Hoxb8 mouse neutrophils was performed by determining the cell sur-
face expression of Ly6G by using flow cytometry. Single-cell suspen-
sions of Hoxb8 neutrophils (0.5-1.0 x 10°) were blocked with blocking
solution (10% FCS, with 1% normal rat serum and 1% mouse serum
in PBS) and stained with FITC-conjugated rat monoclonal anti-mouse
(clone 1AS; BioLegend) or appropriate isotype-matched control anti-
bodies for 45 min on ice before flow cytometric measurements (BD
FACSCalibur). Data were subsequently analyzed by using FlowJo soft-
ware (Tree Star). Diff-Quik staining for nuclear morphology was per-
formed by staining the cells with hematoxylin eosin dyes followed by
light microscopy. Nox2-deficient mice were purchased from the Jack-
son Laboratory and provided by K.-H. Krause (University of Geneva,
Geneva, Switzerland). Was~~ and GrxI~~ mouse bone marrow sam-
ples were supplied by T. Stradal (Westfilische Wilhelms-Universitit
Miinster, Miinster, Germany) and K.R. Bracke (University of Ghent,
Ghent, Belgium), respectively.

Activation of neutrophils

Human and mouse neutrophils were seeded on 12-mm glass coverslips
in X-VIVO 15 medium (Lonza), primed with 25 ng/ml GM-CSF for
20 min, and subsequently stimulated with 10-* M C5a for 15 min. In
certain experiments, differentiated Hoxb8 neutrophils were used.

ROS measurements

ROS measurements of human and mouse neutrophils were performed
by using fluorescent detection of ROS activity by flow cytometer as
described previously (Amini et al., 2016). Neutrophils (2 x 10%ml)
were resuspended in X-VIVO 15 medium; 100 pl cell suspension was

preincubated in the presence and absence of different inhibitors for 30
min before priming with 25 ng/ml GM-CSF for 20 min. Cells were then
stimulated with 10-* M C5a. As a control, we stimulated neutrophils
with 25 nM PMA for 15 min without prior GM-CSF priming. DHR 123
was added to the cells at the final concentration of 1 uM. The reaction
was stopped by adding 200 pl ice-cold PBS, and the ROS activity of
the samples was immediately measured by flow cytometry (BD FAC
SCalibur) and quantified by using FlowJo software (Tree Star).

Determination of cell death

Neutrophils were cultured at 10 cells/ml for the indicated times in the
presence or absence of 50 uM H,0,, 25 nM PMA, 2 uM CdCl,, or
50 uM Na-arsenite. Cell viability was determined after 1, 8, and 24 h
by using 25-uM ethidium bromide fluorescent dye exclusion assay and
assessed by flow cytometry (BD FACSCalibur).

Confocal laser scanning microscopy and image analysis

Neutrophils (2.5 x 10¢/ml X-VIVO 15 medium) were fixed with 4% para-
formaldehyde for 5 min, washed with PBS, pH 7.4, and permeabilized
by using 0.05% saponin in PBS, pH 7.4, for 5 min at RT. Subsequently,
the staining was performed in the presence of 0.01% saponin. Nonspe-
cific binding was prevented by preincubation of the adherent cells with
a blocking buffer (containing human immunoglobulins, normal goat
serum, and 7.5% BSA) at RT for 1 h. Indirect immunofluorescence
staining was performed as previously described (Amini et al., 2016)
by using monoclonal mouse anti-human neutrophil elastase (1:1,000)
and polyclonal rabbit anti-human MPO (1:3,000) primary antibodies,
diluted in blocking solution, and incubated overnight at 4°C. Staining
controls were either mouse or rabbit control Abs at the corresponding
concentrations. Appropriate Alexa Fluor 488—conjugated secondary
antibody (1:400) was incubated at RT for 1 h. DNA was stained with
10 pg/ml PI. Staining with cell permeable fluorescent dyes, such as
5 uM MitoSox Red or 1 uM MitoTracker Orange, was performed in live
cells before fixation according to the corresponding manufacturer’s in-
structions. Samples were mounted in Prolong Gold mounting medium,
and image acquisition was performed by using confocal laser scanning
microscopy LSM 700 (Carl Zeiss). Images were sampled at a resolu-
tion of 512 x 512 by using a Plan-Apochromat 63x/1.40 Oil DIC M27
objective. Some images were obtained with software zoom (2.5x) and
a z-step size of 0.1 um (30x), and 3D reconstruction was visualized by
isosurface rendering by using Imaris software (Bitplane AG).

For live cell imaging and analysis, Lifeact-EGFP mouse neutro-
phils were incubated with SiR-tubulin dye (100 ng/ml; SC002; Spiro-
chrome AG) for 30 min, washed, and subsequently incubated with 25
ng/ml GM-CSF together with 0.1 pg/ml Hoechst 33342 and 0.5 uM
MitoSOX for 20 min in a glass-bottom chamber. 10~# M C5a was
added and further incubated for 15 min. Live images were acquired
by using a confocal microscope (inverted) equipped with a motorized
stage, an autofocus device (LSM 700; Carl Zeiss) in a full stage-top
incubator with humidifier, 5% CO,, and 37°C temperature-control de-
vices. Samples were focused with a 63x/1.4 oil DIC objective, and live
acquisition of at least 5 different locations was obtained for a duration
of 1 h. Low laser power and fast acquisition were applied to avoid
photo toxicity during live cell imaging. Data were analyzed by Imaris
software (Bitplane AG).

Quantification of released dsDNA in culture supernatants

Released dsDNA was quantified as previously described (Amini et al.,
2016). In brief, neutrophils (2 x 10° neutrophils/500 ul X-VIVO 15
medium) were stimulated as described in the Activation of neutrophils
section. At the end of the incubation time, a low concentration of 2.5
U/ml DNase I (Worthington Biochemical Corporation) was added for
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an additional 10 min. Reactions were stopped by addition of 2.5 mM
EDTA, pH 8.0. Cells were centrifuged at 200 g for 5 min. One hun-
dred microliters of supernatant were transferred to black, glass-bottom,
96-well plates (Greiner Bio-One GmbH), and the fluorescent activity
of PicoGreen dye bound to dsDNA was excited at 502 nm and the
fluorescence emission intensity measured at 523 nm by using a spec-
trofluorimeter (SpectraMax M2; Molecular Devices), according to the
instructions described in the Quant-iT PicoGreen assay kit.

F-actin staining and quantification

Neutrophils (2.5 x 109/ml X-VIVO 15 medium) were seeded on 12-mm
glass coverslips and treated as mentioned in the Activation of neutro-
phils section. Cells were fixed with 4% paraformaldehyde for 5 min,
subsequently washed three times in PBS, pH 7.4, and permeabilized
with 0.5% saponin in buffer A (1% BSA in PBS) for 5 min at RT.
F-Actin was stained using a 1.25% solution of Alexa Fluor 488 phal-
loidin (green), in PBS, pH 7.4, plus 0.05% BSA and 0.5% of saponin
for 15 min at RT protected from light. Cells were washed two times
in PBS, pH 7.4, and counterstained with 1 pg/ml Hoechst 33342 to
visualize the nuclei. After washing three times in PBS, pH 7.4, sam-
ples were mounted in Prolong Gold mounting media. Slides were ex-
amined and images acquired by confocal laser scanning microscopy
(LSM 700). 10 representative pictures of single-plane images from
each condition, each containing more than 20 cells, were subjected to
automated analysis to measure fluorescence mean intensity of F-actin
before and after the activation period by using automated isosurface
module of Imaris software.

Quantification of F-actin by flow cytometer

Neutrophils were cultured at 10 x 10%ml in X-VIVO 15 medium and
stimulated as indicated. Cells were fixed 10 min with 4% paraformal-
dehyde at RT. After centrifugation at 400 g, cells were stained with a
1.25% solution of Alexa Fluor 488 phalloidin (green) in PBS, pH 7.4,
with 0.05% BSA (HSA) and 0.5% of saponin for 15 min at RT, pro-
tected from light. After two washings with PBS plus 0.05% BSA, F-ac-
tin levels were determined by flow cytometer analysis (FACSCalibur)
and quantified by using FlowJo software (Tree Star).

Tubulin reorganization and immunofluorescence

Neutrophils were seeded on glass coverslips and stimulated as de-
scribed in the Activation of neutrophils section. Tubulin staining was
performed as previously described (Feltrin and Pertz, 2012). Samples
were fixed in mixture of 4% formaldehyde and 0.1% glutaraldehyde
in PBS, pH 7.4, and permeabilized first with 0.5% Triton X-100 for
15 min, followed by a 15-min incubation with 0.5% SDS at RT. Aut-
ofluorescence was then quenched with 0.5 mg/ml NaBH, in PBS, pH
7.4, for 10 min on ice. Nonspecific binding to the Fc-receptor was
blocked in blocking buffer (7.5% BSA, 30% human IgG polyvalent
[IVIG], 30% normal goat sera, and 1% ChromPure human IgG in
PBS) for 1 h at RT. Anti—a-tubulin mAb (clone DM1A) was diluted
1:100,000 in blocking buffer and incubated overnight at 4°C and
subsequently washed three times in PBS, pH 7.4, with 0.025% Tri-
ton X-100 and then further incubated with the secondary antibody
Alexa-555 goat anti-mouse IgG (1:1,000 in 7.5% BSA plus 0.025%
Triton X-100; Life Technologies Ltd) for 1 h at RT. Samples were
extensively washed with PBS, pH 7.4, plus 0.025% Triton X-100 and
counterstained with 1 ug/ml Hoechst 33342 for 5 min at RT in the
dark. After several washes, the samples were mounted on glass slides
by using Prolong Gold mounting medium. Images were acquired by
using LSM 700. Ten representative pictures from each condition,
each containing more than 20 cells, were subjected to automated
analysis to measure fluorescence mean intensity of anti—a-tubulin

before and after the activation period by using automated isosurface
module of Imaris software.

Glutathionylation immunoblotting

Human neutrophils were incubated in the presence or absence of 50 pM
DPI for 30 min at 37°C or mouse neutrophils (WT and Nox2~-) at a
density of 7 x 10%ml in 1x HBSS (with Ca** and Mg?*; Invitrogen) and
subsequently primed with 25 ng/ml GM-CSF for 20 min. Cells were
then stimulated with 10-* M C5a at the indicated time points. The actin
glutathionylation immunoblot was performed as previously described
(Sakai et al., 2012). Ice-cold HBSS containing 5 mM N-ethyl maleim-
ide (NEM) was added to samples for 1 min to stop the reaction and to
protect the free thiols. Samples were centrifuged and cell pellets lysed
in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 10% glycerol, 1%
Triton X-100, 2 mM EDTA, 10 mM sodium pyrophosphate, 50 mM
sodium fluoride, 200 uM Na;VO,, and 1 mM PMSF in H,0) plus pro-
tease inhibitor cocktail for 25 min on ice with frequent vortexing, and
supernatants were collected after high-speed centrifugation (10 min,
13,000 rpm, 4°C). Fifty micrograms of protein was loaded on NuPAGE
12% Bis-Tris Gel (NW00122; Thermo Fisher Scientific) in the absence
of denaturing reagents. The lysates were separated by electrophore-
sis under nonreducing conditions and transferred onto nitrocellulose
membranes (RPN2020D; GE Healthcare Life Sciences) by using the
NuPAGE blotting system (Thermo Fisher Scientific). Membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline solution con-
taining 0.1% Tween 20 (TBST) for 1 h and incubated with primary
antibodies a-GSH antibody (clone 8D, 1:1,000) in TBST at 4°C over-
night. Membranes were washed by using TBST and further incubated
with the corresponding HRP-conjugated secondary antibodies and vi-
sualized by chemiluminescence (ECL PLUS Western Blotting Analysis
System; GE Healthcare). Total protein loading was evaluated by using
rabbit polyclonal anti-actin (Cytoskeleton Inc., 1:1,000) in TBST.

Immunoprecipitation (IP) and immunoblotting of glutathionylated
actin and tubulin

Human neutrophils were isolated as described in the Neutrophils sec-
tion and washed twice with PBS plus 2% FCS and once with X-VIVO
15 medium after which the cell number was adjusted to 15 x 107 cells/
ml in X-VIVO 15 medium with 0.1 mM diisopropylfluorophosphate.
Cells were primed with 25 ng/ml GM-CSF for 20 min in Eppendorf
tubes and stimulated with 10~ M C5a in a time-dependent manner. On
termination of the activation period, 500 ml ice-cold medium (X-VIVO
15) containing 5 mM NEM (04259-5G; Sigma-Aldrich) was added, and
samples were placed on ice to stop the activation. Samples were centri-
fuged at 2,000 g for 3 min at4°C, and cell pellets were lysed in lysis solu-
tion (0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40, and 5%
glycerol, pH 7.4) provided by the Pierce IP kit (26149; Thermo Fisher
Scientific), with addition of the following inhibitors: 5 mM NEM, 1 mM
PMSEF, and the protease inhibitor cocktail. Cells were lysed for 15 min
on ice with frequent vortexing and centrifuged at 13,000 g for 10 min at
4°C. Cell lysates were subjected to preclearing by using Pierce control
agarose resin provided by the IP kit for 1 h at 4°C, as described by the IP
kit instruction, and the precleared cell lysate protein concentration was
measured. Specifically, 1 pg protein from each sample was used to isolate
glutathionylated proteins. 50 ug of protein from each sample was stored
to be used as “Input.” The IP procedure was performed exactly according
to the IP kit instructions, and 5 pg anti-GSH antibody (101-A-100, clone
D8&; ViroGen Corporation) was cross-linked to aminolink plus coupling
resin provided by the IP kit by using sodium cyanoborohydride for 2 h at
RT, as recommended by the IP kit instructions. Immobilized antibody on
the resin was washed with coupling buffer (0.01 M sodium phosphate and
0.15 M NaCl, pH 7.2) and quenched in quenching buffer (1 M Tris-HCI).

Glutathionylation of cytoskeleton proteins regulates NETs
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After one further treatment with sodium cyanoborohydride, the antibody
resin complex was thoroughly washed six times with lysis solution plus
5 mM NEM. After removal of all residual wash solution, immobilized
antibody-resin was added to 500 pl (1 pg) precleared cell lysates and
incubated overnight at 4°C by rotating end-over-end. On the next day,
the immune complexes were washed with lysis solution plus 5 mM NEM
and protease cocktail five times, and the captured antigens were eluted
using a total of 60 pl elution buffer, and 5x loading buffer in the absence
of any reducing agent was added (both provided by the IP kit). Samples
were heated at 85°C for 7 min, briefly vortexed, and immediately loaded
on NuPAGE 12% Bis-Tris Gel (NW00122; Thermo Fisher Scientific) at
80V for first 30 min and 140 V for 3.5 h. Blotting was performed on a
Hybond nitrocellulose membrane (RPN2020D; GE Healthcare Life Sci-
ences) by using the NuPAGE blotting system (Thermo Fisher Scientific)
and transferred at 4°C for 1 h at 30 V. The membrane was washed once
with Tris-buffered saline solution containing 0.1% TBST, incubated at
RT in blocking buffer (TBST plus 5% nonfat milk, containing 2.5 mM
NEM) for 1 h, and further incubated with primary antibodies: rabbit
anti-actin (1:1,000; AANO1; Cytoskeleton, Inc) or sheep anti-tubulin
(1:1,000; ATNO2; Cytoskeleton, Inc) in TBST plus 1% nonfat milk ON
at 4°C. Membranes were washed four times, each time for 8 min, with
TBST and incubated with secondary antibodies: Amersham ECL donkey
anti-rabbit IgG, HRP-linked whole antibody (1:15,000; NA934V; GE
Healthcare Life Sciences), or donkey anti—sheep IgG, HRP-linked whole
antibody (1:30,000; #A130-100; Bethyl laboratories, Inc). Bands were
visualized by chemiluminescence with the ECL PLUS Western blotting
system (GE Healthcare Life Sciences).

Overexpression of WT and mutant forms of p-actin in Hoxb8 cells
Human f-actin, ACTB ¢cDNA (NM_001101; encoding identical amino
acid sequence to mouse f3-actin), was cloned in pcDNA3 expression vec-
tor, and the cytomegalovirus promoter was replaced with a long f-actin
promoter. N-terminal EGFP was separated from f-actin by a flexible,
hydrophilic 5 amino acid spacer (provided by B. Wehrle-Haller, Uni-
versity of Geneva, Geneva, Switzerland; Ballestrem et al., 1998).

To generate point mutations in EGFP-B-actin (Cys*"™* to Ala’’4 or
Glu™), site-directed mutagenesis, the QuikChange IT XL Site-Directed
Mutagenesis kit (200521; Agilent Technologies) was used. Mutation
primers were as follows: EGFP-B-actin_Ala*"* forward primer: 5'-
CGTCCACCGCAAAGCCTTCTAGGAATTCTGCAGATATCCA-3’;
EGFP-B-actin_Ala¥* reverse primer: 5'-TGGATATCTGCAGAATTC
CTAGAAGGCTTTGCGGTGGACG-3'; EGFP-p-actin_Glu¥*  for-
ward: 5'-CGTCCACCGCAAAGAGTTCTAGGAATTCTGCAGATAT
CCATCA-3’; and EGFP-B-actin_Glu*" reverse: 5'-TGATGGATATCT
GCAGAATTCCTAGAACTCTTTGCGGTGGACG-3', where bold
letters indicate the mutated codons. All mutations were introduced by
PCR and verified by DNA sequencing. WT and mutant EGFP--actin
constructs were overexpressed in undifferentiated Hoxb8 cells by using
the Neon Transfection System (Thermo Fisher Scientific) according to
the manufacturer’s instructions, following specific conditions—volt-
age: 1,350 V, 10 ms, 4 pulses, Tip, 10 pl (5 pg) plasmid DNA, with
a total cell density of 5 x 10°. G418-resistant cells (25 ug/ml) were
expanded, and cell lysates were tested for expression of EGFP-f-actin
and their ability to differentiate to mature mouse neutrophils and then
tested for actin polymerization and NET formation.

Degranulation assay

Neutrophils (4 x 10° cells/ml) were resuspended in X-VIVO 15 me-
dium and pretreated for 30 min at 37°C with various inhibitors if
needed. Neutrophils were primed with 25 ng/ml GM-CSF and acti-
vated by 10~® M C5a for 15 min. Degranulation of gelatinase gran-
ules was determined by ELISA for human MMP-9 (R&D Systems)

and mouse MMP-9 (USCN life Science Inc) as previously described
(Uriarte et al., 2011). For pB-glucosaminidase activity determinations,
the reaction was stopped by adding ice-cold HBSS-0.1% BSA, and the
supernatants were collected after a centrifugation step (20 min, 2,000
rpm, 4°C). Cell pellets were lysed with 0.12% Triton X-100 for 10 min
at RT. The substrate solution (5 mM p-nitrophenyl-2-acetamido-2-de-
oxy-a-D-glucopyranoside in 25 mM sodium citrate, pH 4.5) was added
to both cell lysate and supernatant, and then incubated at 37°C for
1 h. The reaction was stopped by adding 52 mM glycine-NaOH, pH
10.5, and absorbance was measured at 410 nm by using a SpectraMax
M2 plate reader (Bucher Biotech). The amount of B-glucosaminidase
released in supernatants of neutrophils was expressed as the percentage
of the total B-glucosaminidase (Sato et al., 2013).

Degranulation analysis was also performed by flow cytometry
after neutrophils had been stimulated as described in the Activation of
neutrophils section. For azurophil granule protein, in the final 5 min of
GM-CSF priming, 5 uM cytochalasin B was added to the cell suspen-
sion as previously described (Mitchell et al., 2008; Uriarte et al., 2011).
Degranulation of secretory vesicles, specific granules, and azurophil
granules was determined by measuring the increase in plasma mem-
brane expression of surrogate markers by using the following mAbs:
APC-conjugated anti-human CD63 (clone H5C6; BioLegend),
FITC-conjugated anti-human CD66b (clone G10F5; BioLegend), phy-
coerythrin-conjugated anti-human CD35 (clone E11; BioLegend), and
phycoerythrin-conjugated rat anti-mouse CD63 (clone NVG-2; BD
Biosciences). Cells were analyzed by flow cytometry (FACSCalibur)
and quantified by using FlowJo software (Tree Star) as previously de-
scribed (Uriarte et al., 2011).

Bacterial killing assay

The bacterial killing assay was performed as previously described (Amini
etal., 2016). A single colony of Escherichia coli GFP M655 was cultured
in Luria broth base (LB) medium (Sigma-Aldrich) at 37°C, shaken at 220
rpm, overnight. The bacterial culture was diluted 1:100 in LB medium,
grown to midlogarithmic growth phase (ODgy, = 0.7), and centrifuged
at 1,000 g for 5 min. The bacterial pellets were washed twice with 1x
HBSS (LuBioScience GmbH) and gently centrifuged at 100 g for 5 min to
remove any clumped bacteria. Bacteria were opsonized with 10% mouse
sera (heat-inactivated) in 1x HBSS, rotated end-over-end (6 rpm) for 20
min at 37°C, and then used immediately. Activated neutrophils (107/ml in
RPMI-1640 plus 2% FCS in the absence of antibiotics) were mixed with
an equal volume of opsonized bacteria (5 x 107/ml) at 1:5 ratios, in the
presence and absence of 100 U/ml DNase I (Worthington Biochemical
Corporation). The co-cultures of cells and bacteria were rotated end-over-
end (6 rpm) for 30 min at 37°C. At the end of the incubation period, an
equal volume of ice-cold 1x HBSS was added to each tube to stop the
reaction, and cells were pelleted by gentle centrifugation (5 min, 100 g,
4°C) by using a swing-out rotor. Supernatants containing bacteria were
collected, diluted 1:300, plated on agar, and grown overnight before the
colonies were counted. The tubes containing bacteria alone were treated
the same way and used as controls.

Ethics statement

Written, informed consent was obtained from all patients before
blood collection. The study was approved by the ethics committee of
the Canton of Bern, Switzerland. Animal experiments were reviewed
and approved by the animal experimentation review board of the
Canton Bern, Switzerland.

Statistical analysis
Analysis of all data was performed by the Prism software (GraphPad
Software Inc). All data were expressed as means + SEM. To compare
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groups, one-way ANOVA followed by Tukey’s multiple comparisons
test or the Kruskal-Wallis test was applied. P-values of <0.05 were con-
sidered statistically significant.

Online supplemental material

Fig. S1 shows snapshots of live mouse neutrophils exhibiting actin and
tubulin rearrangements on activation and the effects of different stimuli
on actin polymerization and NET formation. Fig. S2 shows the inhibition
of degranulation by pharmacological inhibitors of the NADPH oxidase,
actin polymerization, and MT formation. Fig. S3 confirms the maturation
of Hoxb8 neutrophils. Fig. S4 shows defects in degranulation of Was~'-,
Nox27'-, and GrxI~~ neutrophils. Fig. S5 shows that actin glutathionyla-
tion and MT formation do not regulate NADPH oxidase activity and that
mouse neutrophils overexpressing p-actin with Ala’”* or Glu*’* mutations
are capable of ROS production. Fig. S6 shows that 50 pM H,0,, 50 pM
sodium arsenite, and 2 pM cadmium chloride are not toxic for neutro-
phils. Fig. S6 D shows that Grx/~"~ neutrophils are unable to release
extracellular DNA. Fig. S6 E shows that pharmacological inhibition of
MT formation does not affect actin polymerization.
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