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Neutrophils cast neutrophil extracellular traps (NETs) to defend the
host against invading pathogens. Although effective against micro-
bial pathogens, a growing body of literature now suggests that NETs
have negative impacts on many inflammatory and autoimmune
diseases. Identifying mechanisms that regulate the process termed
“NETosis” is important for treating these diseases. Although two ma-
jor types of NETosis have been described to date, mechanisms regu-
lating these forms of cell death are not clearly established. NADPH
oxidase 2 (NOX2) generates large amounts of reactive oxygen species
(ROS), which is essential for NOX-dependent NETosis. However, major
regulators of NOX-independent NETosis are largely unknown. Here
we show that calcium activated NOX-independent NETosis is fast and
mediated by a calcium-activated small conductance potassium (SK)
channel member SK3 andmitochondrial ROS. Althoughmitochondrial
ROS is needed for NOX-independent NETosis, it is not important for
NOX-dependent NETosis. We further demonstrate that the activation
of the calcium-activated potassium channel is sufficient to induce
NOX-independent NETosis. Unlike NOX-dependent NETosis, NOX-
independent NETosis is accompanied by a substantially lower level of
activation of ERK and moderate level of activation of Akt, whereas
the activation of p38 is similar in both pathways. ERK activation is
essential for the NOX-dependent pathway, whereas its activation is
not essential for the NOX-independent pathway. Despite the differ-
ential activation, both NOX-dependent and -independent NETosis re-
quire Akt activity. Collectively, this study highlights key differences in
these two major NETosis pathways and provides an insight into pre-
viously unknown mechanisms for NOX-independent NETosis.
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Neutrophils are the first responders to invading pathogens
and play a pivotal role in innate immune defense. They are

present in large numbers in circulation and transmigrate to the
sites of infection in response to chemotactic signals. Once at the
site of infection, the activated neutrophils fight pathogens by
various means, including oxidative burst, phagocytosis, and the
formation and release of neutrophil extracellular traps (NETs) in
a process termed “NETosis” (1). NETs are made of DNA and
are decorated with antimicrobial proteins and peptides (2, 3).
To date, two distinct forms of NETosis have been described

based on their requirement for NADPH oxidases 2 (NOX2). In
the NOX-dependent pathway, pharmacological inhibition of
NOX2 results in a inhibition of reactive oxygen species (ROS)
and subsequent NET formation (1, 4). Furthermore, neutrophils
isolated from patients with chronic granulomatous disease
(CGD) fail to form NETs for certain stimuli because these cells
have deficiencies in NOX-mediated ROS production (5). There-
fore, the generation of ROS by NOX enzyme complex is con-
sidered to be crucial for NETosis. In contrast, several reports have
shown the existence of NOX-independent NETosis that can
be induced by certain other stimuli including calcium ionophore
(6, 7). Although we are beginning to understand the molecular
pathways governing NOX-dependent NETosis, the mechanisms
for the NOX-independent pathway of NETosis are not well
understood.

It has been shown that the calcium-activated potassium channel
of small conductance (SK channel), which is the major calcium-
activated potassium channel known to be present on neutrophils
(8–11), mediates NOX-independent neutrophil “apoptosis” (11).
In this pathway, SK channels activate mitochondrial ROS pro-
duction. Interestingly, neutrophils exhibit potassium current acti-
vated by calcium influx, and potassium has been shown to be
important for neutrophil-mediated killing of several microbial
pathogens (8, 9, 12, 13). However, the involvement of potassium
channels and bacterial killing in the context of NETs has not
been examined.
In this study, we set out to investigate the role of mitochondrial

ROS in the calcium ionophore-mediated NETosis. We show that
calcium ionophore-activated NETosis is fast, NOX-independent,
and shows greatly reduced activation of ERK and a moderate
level of activation of Akt, whereas the activation of p38 is similar
to that of the NOX-dependent pathway. The investigation of the
mechanism of the NOX-independent pathway revealed that this
pathway requires mitochondrial ROS production. Furthermore,
we also show that activation of the SK channel is both necessary
and sufficient to induce NETosis. Therefore, we reveal a previously
unidentified calcium-induced mitochondrial ROS-dependent but
NOX-independent NETosis pathway.

Significance

Formation of neutrophil extracellular traps (NETs) is a recently
described process by which neutrophils combat microbial patho-
gens. Recent studies demonstrate causative relationships between
NETs and debilitating disorders such as rheumatoid arthritis, vas-
culitis, thrombosis, cystic fibrosis, and acute respiratory distress
syndrome. However, the understanding of signaling pathways
governing the process termed “NETosis” remains elusive. Two
major types of NETosis have been reported; however, the mech-
anistic differences between these two types are not clearly
established. Here we describe that NETosis induced by calcium
ionophores is fast, NADPH-oxidase independent, and is mediated
by mitochondrial reactive oxygen species (ROS) and a calcium-
activated small conductance potassium channel. Thus, drugs that
target mitochondrial ROS production or the potassium channels
may provide previously unidentified therapeutic approaches for
combating disorders with unregulated NETosis.
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Results
The Calcium Ionophore-Induced NOX-Independent NETosis Is Distinct
from NOX-Dependent NETosis. Much of our current understanding
of the molecular mechanisms that govern the NOX-dependent
pathway results from studies using phorbol 12-myristate 13-acetate
(PMA) (14–16). The use of pharmacological agonists such as PMA
as the NOX-dependent NET inducer is attractive due to its ability
to uniformly activate the cells in culture. To elucidate mechanisms
of NOX-independent NETosis, we used a calcium ionophore,
A23187. Furthermore, we used PMA to make a side-by-side com-
parison of the two pathways. To observe the kinetics of NET release
induced by the two agonists, a plate reader assay was used. The
plate reader assay is routinely used for monitoring NET DNA
release (4, 6, 17), and it detects extracellular NETs with a cell im-
permeable, extracellular DNA dye Sytox Green. The assays show that
A23187 activates human neutrophils to release NETs (Fig. 1A). The
time course analysis of NET release also confirms that the NETosis
induced by PMA and A23187 follows distinct kinetics (Fig. 1A).
NETosis induced by certain strains of Staphylococcus aureus has

been shown to be both NOX dependent and independent (6, 7).
Nevertheless, NETosis induced by the RN4220 strain of S. aureus
was inhibited by diphenyleneiodonium (DPI), and thus, NOX de-
pendent (Fig. S1). Therefore, we have tested another NETosis-
inducing agonist, ionomycin, a natural calcium ionophore produced

by a different Gram-positive bacteria Streptomyces conglobatus. The
rapid NETosis induced by A23187 was also observed in NETosis
induced by ionomycin (Fig. S2A). Therefore, we used ionomycin as
the natural agonist of NOX-independent NETosis for the re-
mainder of the study.
Next, the requirement for the presence of extracellular calcium

was assessed inNETosis induced by PMA,A23187, and ionomycin.
The plate reader assays show that the activation of neutrophils with
A23187 or ionomycin in the absence of extracellular calcium results
in a significant reduction of NETosis (P< 0.001; Fig. 1 B andC and
Fig. S2B). In contrast, the activation of cells with PMA in the ab-
sence of extracellular calcium does not result in a significant re-
duction in NETosis (Fig. S2B). To verify that NETs are being
formed by A23187- and ionomycin-activated cells, an immunoflu-
orescence assay was performed. The immunofluorescence images
confirm that the cells activated with the calcium ionophores release
NETs as evidenced by the colocalization of extracellular DNAwith
myeloperoxidase (MPO) (Fig. 1D and Fig. S2C). Taken together,
these data show that NETosis induced by the calcium ionophores
A23187 and ionomycin is distinct from that induced by PMA.
We next asked whether NETosis induced by the calcium ion-

ophores required ROS production by the NOX2 enzyme. To assess
the importance of ROS, we first determined whether ROS is pro-
duced during PMA- and A23187-induced NETosis. To detect cyto-
solic ROS produced by NOX2, we used dihydrorhodamine (DHR)
123, a fluorescent indicator of cytosolic ROS. Confocal imaging of
the cells loaded with DHR123 and activated with PMA or A23187
shows that the activation of cells with PMA leads to an abundant
production of cytosolic ROS, whereas A23187-activated neutrophils
produce very little cytosolic ROS (Fig. 2 A–C). Quantitative analysis
using flow cytometry confirms the above observation (Fig. 2D).
Similar results were obtained with a plate reader assay using
DHR123 (Fig. 2 E and F). As expected, ROS production in PMA-
activated neutrophils is abolished when these cells were pre-
incubated with DPI, a NOX inhibitor, and then activated with
PMA (Fig. 2 D and E).
To directly assess the requirement for NOX2 in PMA- or

calcium ionophore-induced NETosis, plate reader assays were
performed in the presence or absence of DPI. These assays show
that NETosis induced by PMA is NOX dependent, as previously
suggested (1, 4), and that the inhibition of ROS production by
DPI results in a significant suppression of NETosis induced by
PMA (P < 0.001; Fig. 2G). In contrast, A23187- or ionomycin-
induced NETosis is less sensitive to suppression by DPI and does
not result in a significant reduction in NET release (Fig. 2 H
and I, respectively). Therefore, calcium ionophore-induced NOX-
independent NETosis is distinct from PMA-mediated NOX-
dependent NETosis in terms of its lack of sensitivity to DPI.

Differential Activation of Kinases in NOX-Dependent and -Independent
NETosis. We next sought to determine differences in the signaling
pathways that are activated in NOX-dependent and -independent
NETosis. Number of key kinases such as ERK (14), Akt (15), and
p38 (16) have been shown to be activated in PMA-induced
NETosis. Thus, we next assessed differences in the activation of
these kinases during PMA- and A23187-induced NETosis over
a 120-min period following the activation of neutrophils (Fig. 3).
Because the presence of citrullinated histone has previously been
shown to be specific to A23187-induced NETosis (18, 19), we first
assessed the citrullination of histone H3 in both conditions as
a quality control (Fig. 3A and Fig. S3 A and B). Consistent with
previous reports (18, 19), hypercitrullination of histone H3 was
only observed in the calcium ionophore-mediated NETosis.
Immunoblot analyses of thekinases involved in thePMA-induced

NETosis show that ERK (Fig. 3B and Fig. S3C) and Akt (Fig. 3C
and Fig. S3D) are strongly activated during the NOX-dependent
pathway as expected. In contrast, A23187-induced NETosis is
accompanied by drastically low activation of ERK (Fig. 3B and
Fig. S3C) and moderate reduction in activation of Akt (Fig. 3C
and Fig. S3D) compared with the NOX-dependent NETosis. The
activation of p38, however, was similar in both pathways (Fig. 3D
and Fig. S3E). Together, these results highlight that, while similar

Fig. 1. Calcium ionophores induce rapid NETosis. (A) NET release in response
to A23187 or PMA was measured using a plate reader assay (n = 5). A23187-
and PMA-mediated NETosis in human neutrophils follow different kinetics of
NET release. Ionophore-induced NETosis is faster than that of PMA-induced
NETosis. (B and C) Neutrophils were activated with A23187 (B) or ionomycin
(C) in the presence or absence of calcium. NETosis was measured using a plate
reader assay. NET release is expressed as percentage of total DNA (n = 3).
Calcium ionophore-induced NETosis requires extracellular calcium. (D) Neu-
trophils were incubated in the presence or absence of A23187 (4 μM) or ion-
omycin (5 μM) for 300 min. Cells were stained for DNA (green) and MPO (red).
Immunofluorescence imaging shows that the calcium ionophore A23187 and
ionomycin induce NETosis. (Scale bar, 10 μm.) Images are representative of
three independent experiments. A23, A23187; Ca2+, calcium chloride; Io, ion-
omycin. *P < 0.05; **P < 0.01; ***P < 0.001 (A–C, two-way ANOVA).
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kinases are activated in both of these pathways, differences do exist
in the extent of activation of the signaling kinases involved inNOX-
dependent and NOX-independent pathways of NETosis.

Pathway-Dependent Requirement for Kinases During NETosis. We
next asked whether ERK, Akt, and p38 are required for the

NOX-independent NETosis. To do so, we used ERK inhibitor
FR180204, Akt inhibitor XI, or p38 inhibitor SB202190, and
performed plate reader assays using differentiated HL-60 human
neutrophil-like (dHL-60) cells. The results show that PMA-
induced NETosis is significantly reduced in the presence of 10 or
20 μM ERK inhibitor FR180204 (IC50 = 300–510 nM; P < 0.01;
Fig. S3F) and 5 or 10 μM Akt inhibitor XI (IC50 = 140–310 nM;
P < 0.001; Fig. S3H), whereas no change in the NET release is
observed in the presence of 1 or 2 μM p38 inhibitor SB202190
(IC50 = 50 and 100 nM; Fig. S3J). On the other hand, A23187-
induced NETosis is significantly reduced only in the presence of
Akt inhibitor XI (P < 0.01; Fig. S3I), but not ERK or p38 in-
hibitor (Fig. S3 G and K, respectively). These results suggest that
both NOX-dependent and NOX-independent pathways of NETosis
are mediated by the activation of Akt, and the NOX-dependent
pathway also requires the activation of ERK.

Mitochondrial ROS Is Required for NOX-Independent NETosis. DPI is
an inhibitor of NOX, and the above results show that A23187-
induced NETosis is NOX independent. It is also known that DPI
can partially inhibit mitochondrial ROS production (20, 21).
Furthermore, the inhibition of NOX by DPI does not rule out
the involvement of ROS from other sources. It is well established
that mitochondrial respiration produces ROS (22). Thus, we next
asked whether the mitochondrial ROS was produced when cells
were activated with PMA or A23187. We used MitoSOX, a mi-
tochondrial ROS-specific fluorescent dye to determine the mi-
tochondrial ROS production. The plate reader assays show that
although there is no substantial mitochondrial ROS production
in PMA-activated neutrophils, a significantly higher mitochondrial
ROS production occurred in A23187-activated cells (Fig. 4 A and
B). The involvement of mitochondria in ROS production was
confirmed using dinitrophenol (DNP), a mitochondrial uncoupler;
the preincubation of cells with DNP completely abolished mito-
chondrial ROS production (Fig. 4A). In addition to DNP, we
also tested another mitochondrial uncoupler, carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), and monitored
A23187-induced NETosis in dHL-60 cells (Fig. S4). The in-
hibition of mitochondrial ROS production by DNP leads to
a significant (P < 0.001; Fig. S4A) and dose-dependent (P < 0.05;
Fig. S4B) reduction in A23187-induced NET release. Pre-
incubation of dHL-60 cells with FCCP also yields a significant
(P < 0.001; Fig. S4C) and dose-dependent (P < 0.01; Fig. S4D)
reduction in A23187-induced NETosis. Together, these results

Fig. 2. Calcium ionophore-mediated NETosis is NOX2 independent. (A–D) Hu-
man neutrophils were loaded with cytosolic ROS indicator DHR123 and activated
with PMA or A23187. Live cell fluorescence image analysis of DHR123 loaded cells
treated with control buffer (A), PMA (B), or A23187 (C). The presence of cytosolic
ROS is indicated by the green fluorescence, and the cells were counterstained
with Hoechst 33342 live cell DNA stain (blue) (n = 4). (Scale bar, 20 μm.) (D) Re-
presentative flow cytometric analysis of cytosolic ROS production in neutrophils
loaded with DHR123 and activated with either PMA or A23187, in the presence
or absence of DPI (n = 3). (E and F) DHR123-based ROS detection plate reader
assays show that PMA induces a significantly greater cytosolic ROS production
compared with A23187. (G–I) Neutrophils were activated by PMA, A23187,
or ionomycin in the presence or absence of DPI (20 μM) and NET release was
measured using a plate reader assay. The results are expressed as percentage of
reduction in the presence of DPI compared with the activating agonist alone. DPI
significantly reduces PMA-mediated NETosis (G), whereas it fails to inhibit A23187
(H)- and ionomycin (I)-mediated NETosis (n = 3). DPI → PMA, preincubation with
DPI and activated with PMA; A23, A23187; DPI → A23, preincubation with DPI
and activated with A23187; Io, ionomycin; DPI → Io, preincubation with DPI and
activated with ionomycin. *P < 0.05 (E, two-way ANOVA; F–I, Student’s t test).

Fig. 3. Immunoblot analysis. (A–D) Human neutrophils were harvested after
an activation with PMA, A23187, or negative control (-ve) for the indicated
times. The negative (-ve) control samples were incubated at 120 min in the
absence of any activator. (A) Immunoblots show that A23187, but not PMA,
induces citrullination of histone H3 (citH3) (n = 4). (B–D) The activation of
kinases was assessed by immunoblotting for phospho (p)-ERK (B, n = 3), p-Akt
(C, n = 3), and p-p38 (D, n = 2). Total kinases t-Akt, t-ERK, and t-p38 were used
as loading controls. ERK is highly activated during PMA-induced NETosis. Akt is
activated in both forms of NETosis, albeit a moderate level of activation in
A23187-induced NETosis. p38 is equally activated in both forms of NETosis.
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suggest that mitochondrial ROS generation is required for
calcium ionophore-induced NOX-independent NETosis, but not
for PMA-induced NOX-dependent NETosis. Therefore, we next
asked whether mitochondrial ROS production was required for
NETosis in human neutrophils. The plate reader assays show that
A23187-induced NETosis is significantly attenuated by the pres-
ence of DNP in a dose-dependent manner (P < 0.05; Fig. 4C and
Fig. S4E). In contrast, PMA-induced NETosis in the presence
of DNP is not reduced significantly even at the highest dose
tested (Fig. 4D and Fig. S4F). Collectively, these data show that
mitochondrial ROS is important for NOX-independent, but not for
NOX-dependent NETosis.

Activation of the SK Channel Is Required for NOX-Independent NETosis.
One report has shown that the activation of neutrophils with
ionomycin induces cell death mediated by the SK channel activity
(11). We therefore asked whether NETosis accounted for the SK
channel-mediated cell death reported by Fay et al. (11). We first
tested whether the inhibition of SK channels would inhibit
NETosis induced by the calcium ionophores. The plate reader
assays show that NET release in the NOX-independent pathway is
significantly reduced in the presence of a SK channel inhibitor
NS8593 in a time- and concentration-dependent manner (P < 0.001;
Fig. 5A and Fig. S5A). In contrast, inhibition of the SK channel by
NS8593 had no inhibitory effect on the PMA-induced, NOX-
dependent NETosis; if any, NS8593 increased the NETosis (Fig. 5B
and Fig. S5B). We next tested the requirement of the SK channel in
the NOX-independent pathway using another SK channel inhibitor,
apamin. The results show that the NETosis induced by both A23187
(P < 0.01; Fig. 5C and Fig. S5C) and ionomycin (P < 0.001; Fig. 5D
and Fig. S5D) is significantly inhibited by apamin.
We next sought to identify the specific family member respon-

sible for mediating the NOX-independent NETosis. Of the apamin-
sensitive SK channels (SK1–SK3), the expression of SK1 is limited
to the neuronal tissue (23). The use of scorpion toxin, scyllatoxin,

which has the strongest affinity to SK2, suggests that SK2 is not
involved (Fig. S5 E and F). To further test whether the transient
receptor potential melastatin (TRPM)7 channel could be in-
volved in NETosis, we used a TRPM7 inhibitor, MK886, which
did not inhibit NETosis (Fig. S5 G and H). Therefore, we consid-
ered SK3 channel as effectors of NOX-independent NETosis.
Furthermore, previous studies show that neutrophils predominantly
express SK3 (11). Hence, we sought to directly assess whether
SK3 is required for NOX-independent NETosis. To do so, we
used siRNA against KCNN3 (gene encoding SK3 channel) tran-
script in dHL-60 cells. After optimizing and confirming a high
transfection efficiency of siRNA in our system (Fig. S6A), we
validated the successful knockdown of the SK3 channel protein
expression with immunoblot assays (Fig. 6A). We then performed
plate reader assays, and the results show that the knockdown of
SK3 channels significantly reduces NET release in both A23187-
and ionomycin-activated cells (Fig. 6A and Fig. S6 B and C).
Together, these results show that NOX-independent NETosis
requires the activation of the SK3 channel.
We next asked whether the activation of the SK channel could

drive NETosis. To do so, we used a SK channel-specific activator,
1-Ethyl-2-benzimidazolinone (EBIO). The plate reader assays
show that the potassium channel activator 1-EBIO induces NETosis
in human neutrophils (Fig. 6B). In 1-EBIO–mediated NETosis, the
release of NETs occurs immediately after the addition of this SK
channel agonist (1-EBIO), and increases over time (P < 0.05; Fig.
6B). The formation of NETs was then validated with immunofluo-
rescence assay showing colocalization of extracellular DNA
and MPO (Fig. 6C). Together, these results demonstrate that the
activation of potassium channels is necessary and sufficient for
the induction of NETosis.

Discussion
NETosis can occur via NOX-dependent and NOX-independent
pathways (6, 7, 24). However, the mechanism by which the

Fig. 4. A23187-mediated NETosis requires mitochondrial respiration. (A and B)
Human neutrophils were loaded with a mitochondrial ROS indicator, MitoSox,
and activated with PMA or A23187. A time-course fluorescence plate reader
assay for MitoSOX fluorescence shows a larger mitochondrial ROS production
in cells activated by A23187 as opposed to PMA-activated cells. A mitochondrial
uncoupler, DNP, abolishes mitochondrial ROS production induced by A23187
(n = 3). (B) MitoSOX assays show that A23187-activated cells produce a sig-
nificantly higher levels of mitochondrial ROS at the peak production at the
25-min time point, compared with the cells activated by PMA (n = 3).
(C ) A23187-mediated NETosis is reduced in the presence of DNP (750 μM)
as shown by time course analysis (n = 7). (D) PMA-mediated NETosis is not
significantly reduced in the presence of DNP (750 μM) as shown by time
course analysis (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 compared with
the agonist alone (A, C, and D, two-way ANOVA; B, Student’s t test).

Fig. 5. SK channel is required for ionophore-mediated NETosis. (A) Human
neutrophils were activated with A23187 in the presence of SK channel inhibitor
NS8593 (100 μM). The plate reader assay shows that NETosis is significantly re-
duced in the presence of NS8593 (n = 3), suggesting that A23187-induced NET
DNA release in human neutrophils requires the activation of the SK channel.
(B) Neutrophils were activated with PMA in the presence of NS8593. The plate
reader assays show that NETosis is not inhibited in the presence of NS8593 (100 μM;
n = 3), indicating that PMA-mediated NETosis does not require the acti-
vation of the SK channel. (C and D) Human neutrophils were activated with
A23187 (C) or ionomycin (D) in the presence of SK channel inhibitor apamin
(200 nM; n = 3). The plate reader assays show that NETosis is reduced significantly
in the presence of apamin; hence, A23187- and ionomycin-induced NETosis
requires the activation of the SK channel. A23, A23187; Io, ionomycin. *P < 0.05;
**P < 0.01; ***P < 0.001 compared with the agonist alone (two-way ANOVA).
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NOX-independent NETosis occurs is not well understood. In
this study, we show that the calcium ionophore-induced NOX-
independent NETosis occurs more rapidly compared with the
NOX-dependent pathway induced by PMA. Activation of ERK
and Akt was low in NOX-independent NETosis compared with
NOX-dependent NETosis; however, the activation of p38 was
similar in both pathways. ERK activation is required for NOX-
dependent NETosis, whereas Akt activation is essential for
both types of NETosis. We also show that the NOX-independent
NETosis requires mitochondrial ROS. Furthermore, the NOX-
independent NETosis requires activation of SK3 channel, and di-
rect activation of the SK channel is sufficient to induce NETosis.
The induction of NETosis by the calcium ionophores was first

suggested by Neeli and Radic in a study that investigated the role of
various agonists in activating peptidyl arginine deiminase 4 (PAD4)
(19). Because PAD4 is necessary for the induction of NETosis
(25, 26), citrullinated histone has been used as a marker for NET-
associated histones in vivo (17, 18, 27). However, the requirement
for PAD4 is not universal to all NETotic pathways, as evidenced
by the fact that there is a lack of PAD4 activity and histone hyper-
citrullination in PMA-mediated NETosis (18). Our work shows that
the kinetics of calcium ionophore-mediated NETosis is in stark
contrast to thePMA-inducedNETosis (Fig. 1), which is completely
dependent on NOX-mediated ROS production (Fig. 2). We also
provide proof that the calcium ionophore does not require NOX-
activity to induce NETosis (Fig. 2).
It has recently been shown that BK channel activity is absent in

neutrophils and is not required for antimicrobial defense (10,
28). 1-EBIO is an activator of both calcium-activated potassium
channel of intermediate conductance (IK) and SK channels (29);
however, 1-EBIO does not activate IK channels in human neu-
trophils (11). Our data show that activation of neutrophils by
1-EBIO induces NETosis (Fig. 6). The use of specific SK channel
inhibitors such as NS8593 and apamin confirms that NETosis is

mediated through the SK channels (Fig. 5 and Fig. S5). Knock-
down experiments using siRNA further show that SK3 channel
mediates NOX-independent NETosis (Fig. 6). Thus, it is possible
that the SK channel-dependent NOX-independent NETosis
is a contributor to the previously described potassium channel-
mediated antimicrobial activity of neutrophils (8, 12).
Previous studies suggest the existence of NOX-independent

NETosis, as demonstrated by the inability of DPI to suppress NET
release (30, 31). Our current work shows that the NOX-independent
pathway uses mitochondrial ROS (Fig. 4). Large amount of mi-
tochondrial ROS is being produced during NOX-independent
NETosis, but not during NOX-dependent NETosis (Figs. 2 and 4).
DuringNOX-dependentNETosis, production ofNOX-dependent
ROS is required for the activation of ERK, Akt, and p38 (15, 16).
ERK has been implicated as the major kinase involved in NOX-
dependent NETosis (14, 16). Our data are consistent with this no-
tion (Fig. 3 and Fig. S3). In contrast, ERK is not substantially acti-
vated in NOX-independent NETosis, and its inhibition does not
inhibit this form of NETosis. Although p38 was activated in both
types of NETosis, p38 inhibitor SB202190 did not inhibit NETosis.
Consistent with our previous report (15), we show that Akt is re-
quired for NOX-dependent NETosis (Fig. 3 and Fig. S3). In this
report, we show that Akt is also required for the NOX-independent
pathway. The exact roles of kinases and ROS in NETosis, how-
ever, are not clearly understood. Previous studies show that pro-
tein tyrosine phosphatases are regulatory targets of ROS (32),
which is a second messenger necessary to inactivate protein tyro-
sine phosphatase or MAP kinase phosphatase to induce the acti-
vation of ERK in ML-1 cells (33). Thus, it is possible that a simi-
lar mechanism is at play for the induction of ROS-mediated
NETosis, whether it is NOX dependent or independent.
There have been numerous reports describing the cross-talk be-

tween mitochondrial superoxide and NOX activity (34–36). In en-
dothelial cells, mitochondrial superoxide can stimulate cytoplasmic
NOX (36). Our results show that although mitochondrial su-
peroxide is generated by the calcium ionophore A23187, it does
not lead to the generation of cytoplasmic ROS by NOX, as
suggested by the DHR123 staining (Fig. 2). Conversely, there is
very little, if any, mitochondrial ROS being generated in the
PMA-induced NOX-dependent pathway (Fig. 4). These data
suggest very little interplay between mitochondrial superoxide
and NOX activity during NETosis.
Overall, mitochondrial respiration and potassium current at

the mitochondrial level are tightly linked (37). Recent reports
demonstrate the presence of the mitochondrial SK channel in
neuronal cell types and show that potassium influx into mito-
chondria causes changes in the membrane potential (38, 39).
Although such mitochondrial potassium channels have not been
identified in neutrophils, our results suggest that activation of SK
channels leads to the production of mitochondrial ROS in neu-
trophils (Fig. 4). Moreover, although apamin is a cell-impermeable
inhibitor peptide, it exerts an inhibitory effect on NETosis that
suggests the engagement of cell surface SK3 in this process. It
has been shown that changes in cytosolic potassium levels can
change potassium flux and mitochondrial respiration (39). Fur-
thermore, a unique feature of the SK channel complex is that it
contains a calmodulin-binding domain. This calcium sensor is
responsible for the conformational change and the channel gate
opening (40, 41). The entire protein complex of the SK channel
includes two other regulators—protein kinase CK2 and protein
phosphatase 2A (42). These two proteins regulate the calcium
sensitivity of the calmodulin subunit, whereby the phosphoryla-
tion of calmodulin at tyrosine 80 enhances its sensitivity to calcium
(42). Therefore, NETosis regulated by calcium-induced potassium
channels could occur via different regulatory events.
In this study, the depletion of extracellular calcium led to a sig-

nificant, but partial decrease in the A23187- and ionomycin-
induced NOX-independent NETosis (Fig. 1 and Fig. S2). How-
ever, the calcium ionophores also induce the release of stored
calcium (43, 44). Thus, it is likely that release of stored calcium
leads to a partial activation of the NOX-independent pathway.
Similarly, the effect of the mitochondrial uncoupler, DNP, also

Fig. 6. SK3 is required for the NOX-independent NETosis. (A) The plate reader
assay shows thatA23187- or ionomycin-mediatedNETosis is significantly reduced in
siRNA (si)-transfected dHL-60 cells, compared with scrambled RNA (sc)-transfected
control cells at240minpostactivation (n=3). Shownabove thegraph is the resultof
an immunoblot analysis illustrating a successful knockdown of SK3 protein expres-
sion after siRNA transfection (n = 3). Therefore, knockdown of the SK3 channel by
siRNA significantly reduces calcium ionophore-induced NETosis. (B and C) SK chan-
nel activator 1-EBIO inducesNETosis. (B) The plate reader assayswere performed to
monitor NET release over time in response to the activation with 1-EBIO (n = 5).
(C) Immunofluorescence staining confirms that compared with DMSO control, the
activation of potassium channels by 1-EBIO induces NET release as shown by the
colocalization of DNA (green) and MPO (red) after 300 min. sc, scrambled RNA-
transfected cells; si, SK3 siRNA-transfected cells. *P < 0.05; **P < 0.01; ***P < 0.001
compared with the agonist alone (A, one-way ANOVA; B, two-way ANOVA).
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resulted in partial effects and 1-EBIO had a modest effect on the
activation of the NOX-independent NETosis compared with the
calcium ionophore (Fig. 6). The robust effect of the calcium
ionophore on the induction of NOX-independent NETosis also
suggests that the calcium signaling is an upstream initiator of this
pathway. The partial effects of the chemical inhibitors and in-
ducers likely arise from the fact that the inhibitors and activators
used were chemical compounds that did not achieve full in-
hibition. Furthermore, it is also possible that other redundant
parallel pathways exist. Collectively, our study demonstrates that
the calcium ionophore-induced NETosis does not require NOX2
activity and is distinct from PMA-induced, NOX-dependent
NETosis. We further show that this NOX-independent path-
way requires the activation of the calcium-activated SK3 channel,
providing insight into mechanisms by which NOX-independent
NETosis occurs.

Materials and Methods
Human Peripheral Neutrophils. The protocol was approved by the Hospital for
Sick Children ethics committee and signed informed consent was obtained
from each subject enrolled. Peripheral blood from healthy donors was col-
lected in K2 EDTA blood collection tubes (Becton, Dickinson and Co.),
and neutrophils were isolated from the whole blood using PolymorphPrep
(Axis-Shield) according to the manufacturer’s instructions with minor mod-
ifications (SI Materials and Methods). Some assays were conducted in dHL-60

neutrophil-like cells [e.g., kinase inhibitor assays and siRNA SK3 channel
knockdown studies (SI Materials and Methods has additional details)].

NETosis Analysis. NETosis was monitored by a plate reader assay in the pres-
ence of Sytox Green cell-impermeable nucleic acid stain (5 μM). NETosis was
confirmed by imaging the colocalization of myeloperoxidase, and DNA was
stained with Sytox Green after the fixation and permeablization. For some
studies, Western blots were used for determining citH3, the activation states
of kinases (ERK, Akt, and p38), and the protein levels of the SK3 channel.
Inhibitors such as DPI, NS8593, scyllatoxin, apamin, MK886, FCCP, and/or DNP
were preincubated with cells for 1 h before the activation of cells for NETosis.

Statistical Analysis. All data are presented as mean ± SEM. Statistical analysis
was performed using GraphPad Prism statistical analysis software (Version
5.0a for Mac OS X). Student’s t test was used for comparing two groups.
When comparing more than two groups, ANOVA with Bonferroni post test
or Dunnett’s test was used where appropriate. A P value of 0.05 or less was
considered to be statistically significant.
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