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Neutrophil extracellular traps (NETs) are web-like structures consisting of decondensed
chromatin DNA and contents of granules, such as myeloperoxidase (MPO) and
neutrophil elastase (NE). NETs are usually released from neutrophils undergoing NETosis,
a neutrophil-specific cell death mode characterized by the collapse and disappearance
of cell membranes and nuclear envelopes. It is well known that production of reactive
oxygen species (ROS) triggers NETosis and NET formation. However, details of
intracellular signaling downstream of ROS production during NETosis and NET formation
remains uncertain. Here, we demonstrated that the peroxidation of phospholipids plays
a critical role in NETosis and NET formation induced by phorbol 12-myristate13-
acetate (PMA) or immune complex in vitro and by lipopolysaccharide (LPS) in vivo.
This phospholipid peroxidation is mediated by the enzymatic activity of MPO. On
the other hand, NE, which was previously reported to be released from granules to
cytosol by MPO during NET formation, is not required for either the peroxidation of
phospholipids or the execution of NETosis, but contributes to chromatin decondensation
and nuclear swelling independently of MPO-mediated oxidized phospholipids. Analysis
of isolated nuclei clearly demonstrated that oxidized phospholipids and NE differently
yet synergistically execute chromatin decondensation and nuclear swelling, and the
subsequent release of nuclear contents. These findings indicate the dual roles of MPO
in NETosis and NET formation, and provide new insight into the molecular mechanism
of these phenomena.

Keywords: neutrophil extra cellular traps, myeloperoxidase (MPO), neutrophil elastase (NE), oxidized
phospholipid, neutrophil (PMN)
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INTRODUCTION

Neutrophils are immune cells that have such morphological
features as lobulated nuclei and azurophilic granules. In the event
of bacterial or viral infection, neutrophils contribute to biological
defense by phagocytosing or killing these pathogens. On the
other hand, neutrophils are also reported to be associated with
tumor formation and the deterioration of autoimmune disease
(Jorch and Kubes, 2017).

Neutrophil extracellular traps (NETs) have been attracting
attention in recent years. NETs are web-like structures released
from neutrophils and consist of decondensed chromatin DNA
and contents of granules such as myeloperoxidase (MPO)
and neutrophil elastase (NE) (Papayannopoulos et al., 2010;
Metzler et al., 2011, 2014). NETs are known to be released
by stimulation, such as phorbol 12-myristatel3-acetate (PMA)
or ionomycin stimulation, or physiological substances, such as
bacteria, viruses, or immune complexes (ICs) (Papayannopoulos,
2018). Although NETs are released from living neutrophils under
certain circumstances (Clark et al., 2007; Pilsczek et al., 2010;
Yipp et al,, 2012), their formation is usually accompanied by cell
death called NETosis, which is characterized by the collapse and
disappearance of cell membranes and nuclear envelopes (Fuchs
et al,, 2007). NET components are able to sterilize pathogens
trapped by the physical force of NETs (Papayannopoulos,
2018). However, in sharp contrast to their benefits against
infectious diseases, it is reported that NETs are involved in the
exacerbation of various diseases and medical condition, such as
autoimmune diseases, thrombosis, and cancer metastasis (Jorch
and Kubes, 2017). Therefore, the control of NET formation is
expected to produce therapeutic effects on these diseases and
medical conditions.

Several molecules are involved in the molecular mechanisms
underlying NET formation. Two molecules are involved in
chromatin decondensation, which is a prerequisite for effective
NET formation. During NET formation, peptidyl arginine
deiminase 4 (PAD4) is activated by calcium signaling and
the activated PAD4 decondenses chromatin DNA by the
citrullination of histone H3 (Wang et al., 2009). Mice lacking
PAD4 are susceptible to bacterial infection (Li et al, 2010),
whereas another work showed that PAD4 deficiency promotes
anti-fungal immune response (Alflen et al., 2020). In addition
to PAD4, NE is reported to be involved in chromatin
decondensation as well. This decondensation mechanism by NE
is derived from the degradative action of histones. The release
of NE from azurophilic granules to cytoplasm is reported to be
regulated by MPO in an enzymatic activity-independent manner
(Metzler et al., 2014).

The molecular events related to the initial signaling pathway
for NETosis and NET formation have been extensively studied.
Some inducers of NETosis and NET formation, including PMA,
stimulate reactive oxygen species (ROS) production through the
activation of NADPH oxidase. The genetic deficiency of NADPH
oxidase in mouse and human results in failure of NET formation
(Fuchs et al., 2007; Rohm et al., 2014). Although a few studies
have demonstrated that ROS production is required for PAD4
activation (Neeli et al.,, 2008; Rohrbach et al., 2012), details

regarding the consequences of ROS production during NETosis
and NET formation remain uncertain.

We have previously reported that several chemical compounds
promote NETosis and NET formation by accelerating
phospholipid peroxidation, suggesting the involvement of
oxidized phospholipids in these events (Yotsumoto et al., 2017).
In this study, we demonstrated that phospholipid peroxidation is
involved in NETosis and NET formation induced by some stimuli
widely used as NET inducers. This lipid peroxidation is catalyzed
by MPO and its enzymatic activity. Lipid peroxidation is required
for the execution of NETosis, and oxidized phospholipids and
NE coordinately execute nuclear swelling and chromatin
decondensation, which are required for NET formation. These
findings provide new insight into the molecular mechanisms of
NETosis and NET formation.

RESULTS

Lipid Peroxidation Is Involved in NET

Formation

We have previously reported that sulfapyridine moiety-
containing sulfa drugs, such as sulfasalazine (SSZ) and
4,4'-diaminodiphenyl sulfone (DDS), promote NETosis and
subsequent NET formation in mouse and human neutrophils by
accelerating the peroxidation of phospholipids (Yotsumoto et al.,
2017). These findings suggest that phospholipid peroxidation
may be involved in NETosis and NET formation promoted
by inducers frequently used for these events. To characterize
NETosis and NET formation, and to clarify in particular the
relationship between lipid peroxidation and these events, we first
tried to profile NETosis by using a series of inhibitors of various
kinds of cell death. Human peripheral blood neutrophils were
pretreated with each kind of cell death inhibitor or antioxidant,
followed by stimulation with PMA, ionomycin or ICs for the
induction of NETosis. The effects of these compounds on
NETosis were evaluated using SYTOX Green, a membrane-
permeable dye. As shown in Figure 1A, NETosis induced
by either PMA or IC showed similar profiles, that is, trolox
efficiently suppressed NETosis induced by both stimuli, whereas
2-mercaptoethanol had no effects on this cell death, indicating
that lipid peroxidation is involved in NETosis induced by these
stimuli (Figures 1A-C). Trolox is known to suppress ferroptosis
by inhibiting lipid peroxidation (Dixon et al., 2012). However,
in contrast to the effects of trolox, ferrostatin-1 (Fer-1) and
deferoxamine (DFO), which are other inhibitors of ferroptosis
showed weak suppressive activity on NETosis induced by PMA
or ICs. Furthermore, we examined whether GPx4, a lipid ROS
detoxifying enzyme, is involved in lipid peroxidation-dependent
NETosis. This enzyme is reported to be responsible for the
suppression of ferroptosis, and GPx4 deficiency results in the
promotion of lipid peroxidation and ferroptosis (Yang et al.,
2014). We isolated neutrophils from GPx41°%/f9X mice (Yoo
et al., 2012) crossed with LysM-Cre mice, and stimulated these
cells with PMA and DDS, an inducer for lipid peroxidation-
dependent NETosis in mouse neutrophils (see below). As
shown in (Supplementary Figure 1), levels of NETosis in
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FIGURE 1 | Lipid peroxidation is involved in NET formation in vitro and in vivo. (A) NETosis profiling of human neutrophils treated with cell death inhibitors. Peripheral
blood neutrophils obtained from two healthy volunteers were stimulated with 50 nM PMA, 5 uM ionomycin, or 3 pg/mL ICs for 4 h in the presence or absence of
various cell death inhibitors. Cells were stained with SYTOX Green and Hoechst 33342. The proportion of NETosis was determined by counting the number of
SYTOX Green™ cells using a high-content analysis system. The degree of inhibition of each inhibitor is shown by a heatmap. Representative data of two independent
experiments are shown. (B-D) Inhibitory effects of trolox on NETosis induction and NET formation induced by PMA or ICs. (B,C) Human neutrophils were stimulated
with either 50 nM PMA or 3 pg/mL ICs for 4 h in the presence or absence of 1.6 mM trolox. The proportion of NETosis was determined using the same method as
that in panel (A). Average values and s.d. of triplicated samples in a single experiment are shown (B). ***P < 0.005, one-way ANOVA. Representative images are
shown (C). Data are representative of two independent experiments. (D) Human neutrophils were stimulated with PMA or ICs in the presence or absence of 1.6 mM
trolox. Cells were stained using DAPI and visualized by fluorescence microscopy. (E,F) Lipid peroxidation levels in neutrophils undergoing NETosis. Human
neutrophils were stimulated with PMA or ICs for 1 h in the presence or absence of 1.6 mM trolox, and then incubated with BODIPY 581/591 C11. The accumulation
of oxidized phospholipids was analyzed by flow cytometry. The higher peak is indicated by arrow. A representative flow cytometry plot is shown (E). Average values
of median fluorescent intensity with s.d. of twelve samples in four experiment are shown (F, left). Average values of mean fluorescent intensity with s.d. of triplicate
samples in a single experiment are shown (F, right). *P < 0.05, **P < 0.01, one-way ANOVA. (G,H) C57BL/6 mice were administrated PBS (control) or 10 png of LPS
intranasally. Lungs were resected 24 h after injection. (G) Lung sections were analyzed by immunofluorescence analysis with anti-MPO antibody (MPO, green),
anti-citH3 antibody (CitH3, red), and DAPI (blue). Data are representative of two independent experiments. (H) Western blot analysis of citH3 protein levels in lungs of
mice treated as indicated. (l,J) Inhibitory effects of trolox on citH3 expression in lungs. Mice were injected intraperitoneally with 40 mg/kg trolox at O and 24 h prior to
intranasal instillation of LPS. Twenty-four hours after instillation, the lungs were analyzed by Western blot with anti-citH3 antibody. Representative images of three
mice in each group are shown (l). CitH3 expression levels were normalized to GAPDH expression levels using Evolution Capt Software. Average values and s.d. of
CitH3 protein levels in each group (without trolox: n = 10, with trolox: n = 10) are shown (J). **P < 0.01, unpaired t-test.
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GPx4-deficient neutrophils are comparable with that of WT
neutrophils. These findings suggest lipid peroxidation in NET
formation occurs by a completely different mechanism from
ferroptosis. We also found that trolox showed strong inhibitory
activity on NET formation associated with NETosis (Figure 1D).
On the other hand, the profile of ionomycin-induced NETosis is
completely different from that of PMA- or IC-induced NETosis,
indicating that ionomycin-induced NETosis occurs in a lipid-
peroxidation-independent manner. We also confirmed that
trolox actually inhibited lipid peroxidation induced by PMA or
ICs in neutrophils. Human peripheral blood neutrophils were
treated with trolox and stimulated with PMA or ICs. Then, the
neutrophils were treated with BODIPY 581/591 Cl11 and lipid
peroxidation in the neutrophils was analyzed by flow cytometry.
PMA or ICs induced lipid peroxidation in the neutrophils and
this lipid peroxidation was completely suppressed by trolox
(Figures 1E,F). Furthermore, we tried to observe the localization
of oxidized lipids using BODIPY 581/591 C11 (Magtanong et al.,
2019). Oxidized lipids were accumulated in plasma membrane
and around nuclear region of mouse BM neutrophils undergoing
NETosis (Supplementary Figure 2).

We next sought to examine whether lipid peroxidation is
involved in NET formation in vivo. For this purpose, C57BL/6]
mice were administrated 10 jg of LPS intranasally to induce NET
formation in activated neutrophils infiltrating lungs. Twenty-
four hours after the LPS administration, NET formation was
clearly detected in lungs by immunofluorescence analysis for
MPO, citrullinated histone H3 (CitH3), and DNA (Figure 1G).
The increase in citH3 levels was confirmed by Western blotting
with anti-citH3 antibody (Figure 1H). As shown in Figures 1L,],
intraperitoneal injection of trolox decreased the increased
citH3 levels in lungs induced by LPS, indicating that lipid
peroxidation is involved, at least, in part, in LPS-induced NET
formation in lungs.

Differential Contribution of MPO and NE
in NETosis and NET Formation

Myeloperoxidase and NE have been reported to play critical roles
in NETosis and NET formation (Papayannopoulos et al., 20105
Metzler et al., 2011, 2014; Bjornsdottir et al., 2015). Thus, we
next sought to reveal the relationship between these enzymes
and lipid peroxidation in the execution of NETosis and NET
formation. For this purpose, we first compared the effects of MPO
or NE inhibitors on NETosis and NET formation with those
of trolox in human neutrophils obtained from several healthy
donors. As shown in Figure 2A, trolox and MPO inhibitors
completely suppressed NETosis induced by PMA stimulation in
neutrophils from all donors. On the other hand, the effects of
the NE inhibitor varied among donors, suggesting that NE is
not always necessary for the execution of NETosis in human
neutrophils. We also assessed the effects of these compounds
on NET formation by analyzing nuclear morphology using
Operetta CLS High-Content Analysis system. In the case that
the NE inhibitor suppressed NETosis, all inhibitors suppressed
nuclear swelling, which is one characteristic of NET formation,
as well (Figures 2B-D). Intriguingly, not only trolox and MPO

inhibitors, but also the NE inhibitor significantly suppressed
nuclear swelling even in the case that the NE inhibitor did not
suppress NETosis (Figures 2E-G). These results indicate that NE
is not always required for the execution of NETosis, but is actually
involved in NET formation.

MPO Plays a Critical Role in Lipid

Peroxidation-Dependent NET Formation
Strong correlation between the effects of MPO inhibitor and
trolox on the execution of NETosis and NET formation
prompted us to speculate a causal relationship between MPO
activation and lipid peroxidation in these events. To prove
this hypothesis, we next examined whether MPO is involved
in lipid peroxidation-dependent NET formation using MPO-
deficient mice. We have previously reported that PMA and
DDS stimulation induces lipid peroxidation-dependent NETosis
and NET formation in mouse neutrophils, whereas PMA alone
has little effects on inducing NETosis and NET formation in
mouse neutrophils (Yotsumoto et al., 2017). Therefore, we used
this system to examine the correlation between MPO and lipid
peroxidation in mouse neutrophils. PMA and DDS stimulation
induced lipid peroxidation and subsequent NETosis and NET
formation in neutrophils from wild type (WT) mice, and these
events were completely suppressed by trolox (Figures 3A-D),
indicating that these stimuli induce lipid peroxidation-dependent
NETosis and NET formation in mouse neutrophils. In sharp
contrast, NETosis and NET formation by PMA and DDS
stimulation were not observed in neutrophils from MPO~/~
mice (Figures 3E,F). We also investigated whether MPO is
involved in lipid peroxidation induced by PMA and DDS by
using BODIPY 581/591 C11. DDS significantly enhanced PMA-
induced lipid peroxidation in neutrophils from WT mice but
not in neutrophils from MPO~/~ mice (Figures 3G,H). We
further compared the amount of oxidized phospholipids in
WT or MPO™/~ neutrophils by lipidomics analysis. WT or
MPO~/~ neutrophils were stimulated with PMA and DDS$S
for 1.5 h, lipids were extracted, and wide-targeted analysis
was performed using an ACQUITY UPLC system coupled
with a triple quadrupole MS. The increase in the amount of
oxidized phospholipids including 9-hydroxyoctadecadienoic acid
(9-HODE) and 13-hydroxyoctadecadienoic acid (13-HODE) was
observed in WT neutrophils but not in MPO™/~ neutrophils
(Figure 3I). These results also indicate that MPO is key mediator
of lipid peroxidation. We further checked the involvement of
MPO in lipid peroxidation-dependent NET formation in lungs.
As shown in Figure 3], the levels of citH3 were significantly
reduced in the lungs of MPO KO mice. Taken together, these
data clearly indicate that MPO is involved in lipid peroxidation-
dependent NET formation.

Enzymatic Activity of MPO Is Required

for Lipid Peroxidation-Dependent

NETosis and NET Formation

It has been reported that MPO contributes to the release of NE
from granules and the subsequent induction of NET formation
in an enzymatic activity-independent manner (Metzler et al,
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FIGURE 2 | Differential contribution of MPO and NE in NETosis induction and NET formation. (A) Human neutrophils were isolated from six healthy donors.
Neutrophils were stimulated with 50 nM PMA for 4 h in the presence or absence of 1.6 mM trolox, 500 uM 4-ABH, or 20 pM GW311616. Cells were stained with
SYTOX Green and Hoechst 33342. The proportion of NETosis was determined using the same method as that in Figure 1A. n.s., not significant, ***P < 0.001,
two-way ANOVA, compared with PMA-treated cell. (B-G) Effects of NE inhibitors on nuclear swelling in human neutrophils. Neutrophils were isolated from two
healthy donors [a responder to the NE inhibitor in NETosis (B-D) and a non-responder to the NE inhibitor in NETosis (E-G)]. Neutrophils were stimulated with 50 nM
PMA for 3.5 h in the presence or absence of 1.6 mM trolox, 500 M 4-ABH, or 20 pM GW311616, followed by staining with SYTOX Green and Hoechst 33342.
The proportion of NETosis was determined using the same method as that in Figure 1A. Average values and s.d. of triplicate samples in a single experiment are
shown. **P < 0.005, ***P < 0.001, one-way ANOVA (B,E). Representative images of three independent experiments are shown (C,F). The chromatin areas of
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2014). Thus, we sought to clarify whether MPO enzymatic
activity is required for lipid peroxidation-dependent NETosis
or not. First, we analyzed the structure-activity relationship of
MPO inhibitors in lipid peroxidation-dependent NETosis. The
hydrazine moiety is the active center of some MPO inhibitors
(Malle et al., 2007). We identified additional NETosis inhibitor
(IBS013326) that has the hydrazine moiety by screening a
compound library. Then, we investigated 15 structure-related

hydrazine compounds (Supplementary Figure 3) in terms
of correlation between suppressive activity on NETosis and
inhibitory effects on the enzymatic activity of MPO. As shown
in Figure 4A, there was a significant correlation between ICs
for the inhibition of NETosis and ICsy for the inhibition of
MPO enzymatic activity in these compounds. In accordance
with the good correlation between these two inhibitory activities,
lipid peroxidation and inhibitory effect of MPO enzymatic
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FIGURE 3 | MPO plays a critical role in lipid peroxidation-dependent NET formation. (A-D) PMA and DDS induce lipid peroxidation-dependent NET formation in
mouse bone marrow neutrophils. (A,B) Neutrophils were stimulated with 1 WM PMA and 200 wM DDS in the presence or absence of 400 uM trolox for 4 h. (A) The
proportion of NETosis was determined using the same method as that in Figure 1A. Average values and s.d. of triplicate samples in a single experiment are shown.
P < 0.001, one-way ANOVA, compared with PMA and DDS-treated cells. (B) NET formation was visualized by staining the cells for DNA (DAPI) and with
anti-citH3 monoclonal antibody. Original magnification, x20. Data are representative of two independent experiments. (C,D) Neutrophils were stimulated with 1 uM
PMA and 200 uM DDS in the presence or absence of 400 wM trolox for 1.5 h. BODIPY 581/591 C11 was added. The accumulation of oxidized phospholipids was
analyzed by flow cytometry. A representative flow cytometry plot is shown (C). Average MFI values and s.d. of triplicate samples are shown. **P < 0.01, one-way
ANOVA, compared with PMA and DDS-treated cells (D). Data are representative of three independent experiments. (E-J) MPO is essential for lipid
peroxidation-dependent NETosis induction and NET formation. WT- and MPO-deficient neutrophils were stimulated with PMA with or without DDS. NETosis
induction (E) and NET formation (F) were evaluated as described above. Average values and s.d. of triplicate samples in a single experiment are shown.

***P < 0.001, unpaired t-test, compared with WT neutrophils. (G,H) WT or MPO-deficient mouse neutrophils were stimulated with 1 @M PMA with or without DDS.
The accumulation of oxidized phospholipids was determined as described above. Average values and s.d. of triplicate samples in a single experiment are shown.
P < 0.005, ***P < 0.001, n.s., not significant, one-way ANOVA (E), unpaired t-test (H), compared with WT neutrophils. Data are representative of three
independent experiments. (I) Wide-targeted lipidomics of oxidized phospholipids. WT or MPO-deficient mouse neutrophils were stimulated with 1 wM PMA and
200 M DDS for 1.5 h. Lipid was extracted from these neutrophils, and wide-targeted analysis was performed using an ACQUITY UPLC system coupled with a
triple quadrupole MS. The degree of quantity of each oxidized phospholipid is shown by a heatmap. (J) NET formation is suppressed in lung of MPO-deficient mice.
WT or MPO-deficient mice were administrated 10 g of LPS intranasally. Twenty-four hours after administration, the lungs were analyzed by Western blots with
anti-citH3 antibody. CitH3 expression levels were normalized to GAPDH expression levels using Evolution Capt Software. Average values and s.d. of citH3 protein
levels in each group (WT: n = 5, MPO KO: n = 5) are shown. **P < 0.01, unpaired t-test.
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activity are strongly correlated (Figure 4B), that is, compounds
possessing inhibitory activity against NETosis suppress lipid
peroxidation. These data strongly support that MPO enzymatic
activity plays a critical role in the induction of lipid peroxidation-
dependent NETosis.

We next investigated whether MPO possessed phospholipid
oxidizing ability. For this purpose, the TBARS assay was
used to evaluate lipid peroxidation ability with Egg PC as
the substrate. When phosphatidylcholine was incubated with
H,0; in the presence of purified MPO, the amount of MDA
(malondialdehyde), a marker of lipid peroxidation, increased
depending on the concentration of MPO (Figure 4C). These
results suggest that MPO enzymatic activity directly triggers lipid
peroxidation during NETosis and NET formation.

We conducted another experiment to confirm the importance
of MPO enzymatic activity in the execution of NETosis and NET
formation. We used HL-60, a human promyelocytic leukemia
cell line. HL-60 cells treated with dimethyl sulfoxide (DMSO)
are known to differentiate into neutrophil-like cells. To confirm
whether HL-60 cells differentiate into neutrophil-like cells, we
analyzed HL-60 treated with DMSO. DMSO-treated cells showed
partially lobulated nuclei, whereas untreated cells had round
nuclei (Supplementary Figure 4a). Treatment of HL60 cells
with DMSO for 7 days resulted in an increase in CD11b
and CD16 cell surface expression (Supplementary Figure 4b).
DMSO-treated HL-60 cells also highly expressed peptidylarginine
deiminase 4 (PAD4) and p47phox (NCF1I), a subunit of NADPH-
oxidase (Supplementary Figure 4c). DMSO-treated HL-60
cells produced ROS when treated with PMA (Supplementary
Figure 4d), confirming that DMSO-treated HL-60 (dHL-60)
cells possess several features of neutrophils. After differentiation,
HL-60 cells underwent NETosis and formed NETs in a lipid
peroxidation-dependent manner (Figures 4D-G). Using this cell
line, we first established MPO-deficient HL60 clones by the
CRISPR/Cas9 system. Mutation in MPO gene and deficiency of
MPO protein in each clone were confirmed by DNA sequencing
and Western blot analysis, respectively (Figure 4H). As shown in
Figures 41,], NETosis and NET formation were not induced in
MPO-deficient HL-60 cells. Consistent with these results, lipid
peroxidation was markedly suppressed in MPO-deficient cells
(Figures 4K,L). Then, we reconstituted HL-60 clones with either
WT MPO or enzymatic-inactive mutant MPO, which has the
mutation of aspartic acid to alanine mutation at amino acid
position 96 (D96A) in the light chain (Figure 4M) (Shin et al.,
2001). The enzymatic activity of MPO was recovered in cells
reconstituted with WT MPO, but in cells reconstituted with
mutant MPO (Figure 4N). The reconstitution with WT MPO,
but not mutant MPO, resulted in recovery of HL-60 clones
that underwent NETosis and NET formation (Figures 40,P).
Consistent with these results, lipid peroxidation occurred in WT
MPO-reconstituted cells but not in mutant MPO-reconstituted
cells (Figure 4Q). These data clearly indicate that MPO
contributes to the execution of NETosis and NET formation
through its enzymatic activity to oxidize phospholipids.

Given that MPO contributes to the execution of NETosis
and subsequent NET formation by oxidizing phospholipids, the
oxidized phospholipids presumably induce NETosis directly

even in the absence of MPO. To prove this, we sought to
examine whether oxidizing phospholipids induce NETosis in
MPO-deficient HL-60 cells. As shown in Figure 4R, oxidized
1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
(0xPAPC) induced NETosis, and trolox did not suppress this cell
death. As expected, oxPAPC induced NETosis in MPO-deficient
HL60 cells in the same manner as in WT HL-60 cells (Figure 4S).

Taken together, we conclude that MPO oxidizes phospholipids
and subsequently induces NETosis and NET formation.

NE Is Required for Not NETosis but NET

Formation in dHL60 Cells
To further explore the role of the MPO-NE axis in lipid
peroxidation-dependent NETosis and NET formation, we
established NE-deficient HL-60 cells (Figure 5A). In accordance
with the deficiency of NE protein, intracellular NE activities were
abolished in these NE-deficient clones (Figure 5B). However,
PMA stimulation induced NETosis in the NE-deficient clones as
efficiently as in parent cells (Figure 5C). In addition, the degree
of lipid peroxidation induced by PMA was not affected by NE
deficiency (Figures 5D,E). These data also support the idea that
NE is not involved in lipid peroxidation-dependent NETosis. We
further checked NET formation in NE-deficient HL-60 cells by
evaluating immunostaining with anti-citH3 antibody. Although
NE deficiency did not affect NETosis, the number of citH3-
positive cells was significantly reduced in NE-deficient HL-60
cells (Figures 5EG).

These results clearly indicate that NE is dispensable
for lipid peroxidation-dependent NETosis, but is involved
in NET formation.

Oxidized Phospholipids and NE
Coordinately Play Critical Roles in

Chromatin Decondensation

The results described above indicate that both oxidized
phospholipids and NE are involved in NET formation. To
explore how these two kinds of molecules contribute to NET
formation, we analyzed the effects of these molecules on
chromatin decondensation by using isolated nuclei. Incubation
of isolated nuclei with recombinant NE resulted in significant
nuclear swelling by measuring chromatin aria stained with
SYTOX Green, and this morphological change was canceled
by the NE inhibitor (Figure 6A). The addition of oxPAPC
to the isolated nuclei also caused nuclear swelling, but the
NE inhibitor had no effect on this oxPAPC-induced event
(Figure 6A), indicating that oxPAPC induced nuclear swelling
in a NE-independent manner. Furthermore, when NE and
OxPAPC were combined, the decondensation of chromatin
was promoted and the amount of DNA in the supernatant
was increased (Figures 6B,C). NE is reported to contribute
to the decondensation of chromatin by degrading histones
(Papayannopoulos et al., 2010). Thus, we next examined whether
OxPAPC had any effects on degradation of histones. As shown
in Figures 6D,E, the addition of oxPAPC alone to the isolated
nuclei did not have any effects on degradation of histone
H4. However, further degradation of histone H4 was observed

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 718586


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tokuhiro et al. MPO-Dependent Phospholipid Peroxidation

A,
. L
3 4000
g e QW
- 3000 @ MPOKO
2 T §
c £ 2000
] - ns
§ . 1000 * 0‘
: §
g
< BODIPY 581/591 C11 PMA -+ +
g Trolox +

M N

Control H

J\ wiweo - -+ + 4 - - -
Control / MutaonMPO - - - - - 4 4+ + H
; o £
PMA i ] — e . e = | MPO 8
T\ ] = H
PMA + trolox : o] - ]

T 25+

O Control

PMA i — 2]
BODIPY 581591 C11 -~ o
-
30000 o] = CAPDH
PMA + trolox —
20000
£ P R
10000 50000 100
O Control &
40000- - PMA 880 ns.
o % -
400 m I PMA - 4+ + wr _ 30000 )
DAPI - H 2
Trolox -+ = 0000 Tw
10000 5 20
- M
o 0
OXPAPC + o+

MPO KO

5| = ——| GAPDH

WTMPO

O Control
® oxPAPC

O Control
= pyA

Mutation
MPO

% of sytox green* cells
5

% of sytox orange* cells

FIGURE 4 | Enzymatic activity of MPO is required for lipid peroxidation-dependent NETosis induction and NET formation. (A) Correlation between MPO-inhibitory
activity and NET-inhibitory activity of several hydrazine compounds. The inhibitory effects of each compound on enzymatic activity of MPO were evaluated as
described in the Section “Materials and Methods.” Mouse neutrophils were stimulated with 1 uM PMA and 200 uM DDS for 3 h in the presence or absence of each
hydrazine compound. The proportion of NETosis was determined using the same method as that in Figure 1A. IC5sq of each compound for MPO-inhibitory activity
and NET-inhibitory activity was plotted. (B) Mouse neutrophils were stimulated with 1 WM PMA and 200 wM DDS in the presence or absence of each hydrazine
compound for 1 h. Then, BODIPY 581/591 C11 was added. The accumulation of oxidized phospholipids was analyzed by flow cytometry. Average MFI values and
s.d. of triplicated samples are shown. *P < 0.05, “*P < 0.01, ***P < 0.001, n.s., not significant, one-way ANOVA, compared with PMA + DDS-treated cells. Data
are representative of three independent experiments. (C) Lipid peroxidation ability of MPO. Egg PC was incubated with MPO in the presence of HoO.. MDA levels
were assessed by TBARS assay. Average values and s.d. of 4-7 samples in three experiments are shown. *P < 0.05, **P < 0.01, one-way ANOVA, compared with
untreated PAPC. (D,E) dHL-60 cells were stimulated with 50 nM PMA in the presence or absence of 1.6 mM trolox for 4.5 h. The proportion of NETosis was
determined using the same method as that in Figure 1A. ***P < 0.001, one-way ANOVA, compared with PMA-treated cells. Average values and s.d. of triplicate
samples in a single experiment are shown (D). NET formation was visualized by staining the cells with DAPI and anti-citH3 monoclonal antibody (E). Original
magnification, x20. Data are representative of two independent experiments. (F,G) dHL-60 cells were stimulated with 0.1 wuM PMA in the presence or absence of
1.6 mM trolox for 1 h. Then, BODIPY 581/591 C11 was added. The accumulation of oxidized phospholipids was analyzed using flow cytometry. A representative
flow cytometry plot is shown (F). Average MFI values and s.d. of triplicate samples are shown (G). **P < 0.01, one-way ANOVA, compared with PMA-treated cells.
Data are representative of three independent experiments. (H-L) MPO-deficient HL-60 cells were established by using CRISPR/Cas9. A representative immunoblot
confirming the absence of MPO in HL-60 cells (H). GAPDH was used as the loading control. WT- and MPO-deficient dHL-60 clones were analyzed for NETosis (1),
NET formation (J), and lipid peroxidation (K,L), as described above. *P < 0.05, ****P < 0.001, n.s., not significant, one-way ANOVA, compared with PMA-treated
WT dHL-60 (l,L). Data are representative of two independent experiments. (M-Q) MPO-deficient HL-60 cells were reconstituted with either WT MPO- or
enzymatic-inactive MPO mutant protein. A representative immunoblot confirming the presence of WT- or mutant MPOpgga in MPO-deficient HL-60 cells (M).
GAPDH was used as the loading control. Enzymatic activity of MPO was measured in MPO-deficient cells or MPO-deficient cells reconstituted with WT MPO or
mutant MPO (N). Analysis of NETosis induction (0), NET formation (P), and lipid peroxidation (Q) as described above. *P < 0.05, **P < 0.01, **P < 0.005,

**P < 0.001, n.s., not significant, one-way ANOVA, compared with MPO-deficient HL-60 (N) and PMA-treated MPO-deficient dHL-60 (0,Q). Data are
representative of two independent experiments. (R) dHL-60 cells were stimulated with 100 pg/mL oxPAPC in the presence or absence of 1.6 mM trolox for 4 h. The
proportion of NETosis was determined using the same method as that in Figure 1A. n.s., not significant, one-way ANOVA, compared with oxPAPC-treated dHL-60.
Average values and s.d. of triplicate samples in a single experiment are shown. Data are representative of two independent experiments. (S) WT-, NE-deficient or
MPO-deficient dHL-60 cells were stimulated with 100 pg/mL oxPAPC for 3.5 h. The proportion of NETosis was determined using the same method as that in
Figure 1A. n.s., not significant, one-way ANOVA, compared with WT dHL-60. Average values and s.d. of triplicate samples in a single experiment are shown. Data
are representative of two independent experiments.

when the isolated nuclei were treated with NE and OxPAPC, From these results, we conclude that oxidized
suggesting oxPAPC has promoting effects on degradation of phospholipids and NE coordinately play critical roles in
histone H4 by NE. chromatin decondensation.
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DISCUSSION

In this study, we clearly demonstrated that lipid peroxidation
is involved in NETosis and NET formation induced by PMA
or ICs, which are the common inducers of these phenomena.

Lipid peroxidation also plays a critical role in the execution of
ferroptosis (Yang and Stockwell, 2016). However, the profiling
of NETosis with ferroptosis inhibitors suggested that the
mechanisms of lipid peroxidation in NETosis are distinct
from those in ferroptosis. In particular, the minimal effects
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FIGURE 6 | Oxidized phospholipids play a critical role in NET formation via NE- independent pathway. (A) Evaluation of chromatin decondensation ability of oxPAPC.
Nuclei isolated from HL-60 cells were incubated in PBS or 5 wg/mL NE or 200 png/mL oxPAPC for 60 min at 37°C and stained with SYTOX Green. Chromatin areas
was quantified using Image-J software. Average values and s.d. of twelve nuclei in a single experiment are shown. “**P < 0.001, n.s., not significant, one-way
ANOVA, compared with non-treated nuclei. Data are representative of two independent experiments (left). Representative images of fields from two experiments are
shown (right). (B,C) Synergistic effects of NE and oxPAPC on chromatin decondensation. (B) Nuclei isolated from HL-60 cells were incubated in buffer, NE alone,
oXPAPC alone, or NE + oxPAPC for 120 min at 37°C and stained with SYTOX Green. Chromatin areas was quantified using Image-J software. Average values and
s.d. of 6-15 nuclei in a single experiment are shown. *P < 0.01, one-way ANOVA. Data are representative of two independent experiments. (C) Nuclei isolated from
HL-60 cells were incubated in buffer, NE alone, oxPAPC alone, or NE + oxPAPC for 120 min at 37°C. The amount of DNA in supernatant was quantified as
described in the Section “Materials and Methods.” Average values and s.d. of triplicate samples in a single experiment are shown. *P < 0.05, ***P < 0.001, n.s., not
significant, one-way ANOVA, compared with non-treated nuclei. Data are representative of two independent experiments. (D,E) Evaluation of histone degradation by
oxPAPC. Isolated nuclei were incubated with NE alone, oxPAPC alone, or NE + oxPAPC for 120 min at 37°C. The amount of histone H4 in each sample was
analyzed by Western blotting. (E) Average values and s.d. of triplicate samples in a single experiment are shown. “***P < 0.001, n.s., not significant, one-way
ANOVA, compared with non-treated nuclei. Data are representative of two independent experiments.
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of an iron chelator on NETosis indicate that the oxidation
of phospholipids takes place in an iron-independent manner
in NETosis (Figure 1A). Here, we showed that MPO plays a
crucial role in the lipid peroxidation during NETosis. Studies of
MPO-deficient neutrophils in human or using MPO inhibitors
clearly demonstrated that MPO is required for NETosis and
NET formation (Papayannopoulos et al., 2010; Metzler et al.,
2011, 2014). However, details of the roles of MPO remain an
enigma. Metzler et al. (2014) reported that MPO plays a role
in chromatin decondensation in cooperation with NE, and the
enzymatic activity of MPO is not required for this effect. The
same group also demonstrated that MPO plays a critical role in
NE release from azurophilic granules during NETosis, and that
MPO enzymatic activity may not be essential for this NE release.
On the contrary, numerous studies of MPO inhibitors concluded
that MPO enzymatic activity is indispensable for the execution
of NETosis and NET formation (Papayannopoulos et al., 20105
Metzler et al., 2011, 2014; Palmer et al., 2012; Neubert et al.,
2018). In this study, we clearly showed that MPO is involved
in NETosis and NET formation by oxidizing phospholipids,
indicating the dual roles (enzymatic activity-dependent and -
independent) of MPO in NETosis and NET formation. As NE
is recognized as a key molecule in chromatin decondensation,
which is an essential step in NET formation (Papayannopoulos
et al, 2010; Metzler et al., 2014), NE inhibitors, which are
expected to be therapeutic medicines for various diseases in
which NET formation, are considered an exacerbating factor.
In fact, NE inhibitors have considerable therapeutic effects on
such diseases as atherosclerosis or tumor growth and metastasis
(Cools-Lartigue et al., 2013; Warnatsch et al., 2015; Albrengues
etal., 2018). In contrast to these studies, it is also reported that NE
inhibition is not sufficient to suppress NET-mediated thrombosis
(Martinod et al., 2016). In this study, we clearly showed
that NE and oxidized phospholipids synergistically promote
chromatin decondensation, suggesting that a combination of
inhibition of phospholipid peroxidation and NE may be another
possible approach for the therapy of NET-related diseases. In
this study, we demonstrated that oxidized phospholipids play
a critical role in execution of NETosis and NET formation by
using trolox, a lipid-specific antioxidant. To clarify the role of
oxidized phospholipids in NETosis and NET formation more
clearly, development of specific antagonists against phospholipid
peroxidation should be required.

Our findings, together with recent studies of ferroptosis,
suggest that NETosis and ferroptosis are executed by a common
pathway called enzyme-mediated phospholipid peroxidation,
although the mechanisms for the generation of oxidized
phospholipids are different from each other. In these two cell-
death pathways, massive lipid peroxidation presumably causes
membrane damage that results in loss of membrane integrity.
Localization of oxidized lipids supports this possibility. In fact,
an analysis of liposomes used as a cell membrane model clearly
showed that the oxidation of lipids alters the characteristics
of lipid membranes in terms of fluidity and lateral diffusion
(Wong-Ekkabut et al., 2007), and causes the permeability of
the lipid membranes to release contents from liposomes (Zhang
et al., 1993). In spite of this common mechanism in ferroptosis

and NETosis, the morphological features of the nucleus are
distinct between these two types of cell death. Neutrophils exhibit
nuclear swelling and chromatin decondensation to release web-
like structures during NETosis (Wang et al., 2009), whereas no
obvious changes in nuclear morphology are observed during
ferroptosis (Li et al., 2020). This obvious difference argues the
presence of specific mechanisms for nuclear collapse in NETosis.
In this study, we showed that oxidized phospholipids and NE
synergistically promote chromatin release from isolated nuclei,
suggesting the distinct roles of these two molecules. NE is
reported to exist at high concentrations in azurophilic granules
in neutrophils. With the activation of neutrophils, NE is released
from the azurophilic granules to cytoplasm. The released NE
degrades F-actin to arrest actin dynamics and cleaves histones
to promote chromatin decondensation (Metzler et al., 2014).
In addition to NE, PAD4, an enzyme abundant in neutrophils,
also contributes to chromatin decondensation during NETosis
(Li et al., 2010). These NE or PAD4-dependent nuclear changes
likely cause entropic nuclear swelling to release nuclear contents
easily by lipid peroxidation-dependent damage of the nuclear
membrane (Neubert et al., 2018).

In addition to the synergistic effects of these molecules on
nucleus, there may be another reason why the release of nuclear
contents is likely to occur in the structure of neutrophil nuclei.
The nucleus of mature neutrophils exhibits a unique nuclear
envelope protein profile. During neutrophil differentiation, the
amount of lamin A/C is reduced in the nuclear envelope, thereby
resulting in an increase of nuclear flexibility (Manley et al.,
2018). This change may contribute to the increased susceptibility
to breakdown of the nuclear envelope during NETosis and
NET formation. In any case, the mechanisms and dynamics of
oxidized phospholipid-mediated breakdown of nucleus should
be analyzed further to understand more precisely the process of
NETosis and NET formation.

MATERIALS AND METHODS

Animals and Human Donor-Derived

Peripheral Blood

C57BL/6] mice were purchased from CLEA Japan. MPO KO
mice (C57BL/6 background) were kindly provided by Professor
Aratani (2018). GPxaflox/flox mice (Yoo et al, 2012) were
purchased from Jackson Laboratory (Stock Number #027964).
LysM-Cre mice, obtained from RIKEN Bioresource Center
(RBRC02302), were crossed with GPx4flo¥/flox mice to obtain
mice lacking GPx4 expression in macrophages and neutrophils
(LysM-Cre-GPx4ﬂ°X/ flox mice). All experiments using mice were
approved by the Tokyo University of Pharmacy and Life
Sciences Animal Care Committee and performed in accordance
with applicable guidelines and regulations. The use of healthy
human donor-derived peripheral blood was approved by the
human ethics committee of Tokyo University of Pharmacy
and Life Sciences. All methods were performed in accordance
with the ethical guidelines for medical and health research
involving human subjects in Japan. All blood donors gave
informed consent.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2021 | Volume 9 | Article 718586


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tokuhiro et al.

MPO-Dependent Phospholipid Peroxidation

Reagents

Phorbol 12-myristate 13-acetate (PMA), anti-human albumin
antibody, human serum albumin, dimethyl sulfoxide (DMSO),
LPS (O111:B4), 4,4'-diaminodiphenyl sulfone (DDS),
(%£)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(trolox) 2-hydrazinobenzothiazole (SC002), 1-(6-methoxy-
benzo[d] thiazol-2-yl)hydrazine (SC007), (5-chloro-2-methoxy-
phenyl)hydrazine hydrochloride (SC008) and 1-[5-chloro-3-
(trifluoromethyl)-2-pyridyl]hydrazine (SC009) were purchased
from Sigma. ITonomycin and TBARS Assay Kit were purchased
from Cayman. Anti-NE antibody and anti-histone H3 (citrulline
R2 + R8 + R17) antibody were purchased from Abcam.
Polyclonal rabbit anti-human MPO was purchased from DAKO.
Anti-human/mouse MPO antibody was purchased from R&D
Systems. Anti-GAPDH mAb HRP-Direct was purchased from
MBL. Elastase from human neutrophils and MPO from human
polymorphonuclear leukocytes were purchased from Merck. 1-
Palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (PAPC)
was purchased from Avanti Polar Lipids. Quant-iT™ PicoGreen
dsDNA Assay Kit, SYTOX™ Green Nucleic Acid Stain,
SYTOX™ Orange Nucleic Acid Stain, and BODIPY 581/591 C11
were purchased from Thermo Fisher Scientific. 4',6-Diamidino-
2-phenylindole (DAPI) was purchased from DOJINDO.
TMB Peroxidase Substrate was purchased from SeraCare
Life  Sciences.  2-Hydrazino-4-(trifluoromethyl)pyrimidine
(SC001), 1-naphthalenyl hydrazine hydrochloride (SC004),
2-hydrazinoquinoline (SC005), phthalic hydrazide (SC014)
and 4-phenylurazole (SC017) were purchased from Tokyo
Chemical Industry. 2-Hydrazinobenzothiazole (SC002),
1-(6-methoxybenzo[d]thiazol-2-yl)hydrazine ~ (SC007),  (5-
chloro-2-methoxyphenyl)hydrazine hydrochloride (SC008) and
1-[5-chloro-3-(trifluoromethyl)-2-pyridyllhydrazine ~ (SC009)
were purchased from Merck. Fluoren-9-ylidene-hydrazine
(SC003) and 2-hydrazinopyridine (SC006) were purchased
from Wako. Ethyl 2-(phenylcarbamoyl)hydrazine-1-carboxylate
(SC015), 1-methyl-4-phenyl-1,2,4-triazolidine-3,5-dione  (SC
016) and 2-methyl-2,3-dihydrophthalazine-1,4-dione (SCO018)
were synthesized according to previously reported procedure
(Sato et al., 2015, 2018). IBS013326 compounds were provided
by the Chemical Biology Screening Center of Tokyo Medical and
Dental University (Tokyo, Japan).

Cell Preparation

To prepare mouse neutrophils, mouse bone marrow (BM) cells
were isolated from femurs and tibias of WT mice, and peritoneal
excluded cells were obtained from LysM-Cre-GPx4f1o%/flox mice
injected intraperitoneally with 3% thioglycolate. The cells were
incubated with Fc blocker (2.4G2; Biolegend) and stained with
biotinylated anti-Ly-6G (RB6-8C5; Biolegend) antibody. The
cells were then incubated with anti-biotin-microbeads (Miltenyi
Biotech). Ly-6G"i8" cells were enriched by magnetic sorting. The
purity of the isolated mouse neutrophils was higher than 95%
when assessed by flow cytometry (FACSVerse; BD Bioscience).
To prepare human peripheral blood neutrophils, peripheral
blood was collected from healthy adult volunteers using heparin.
Red blood cells were removed using HetaSep™ (STEMCELL

Technologies) sedimentation according to the manufacturer’s
protocol. Then, the cells were washed twice with RPMI1640
medium and further fractionated on a discontinuous Percoll
PLUS (GE-Healthcare) gradient that consisted of layers with
densities of 75%, 65%, and 55%. After the mixture was
centrifuged for 30 min at 500 x g, the interface between
the 65% and 75% layers was collected and washed twice
with RPMI1640 medium. All procedures were conducted at
room temperature. The preparations contained more than 95%
of CD15TCD16™ neutrophils according to flow cytometric
analysis. Cell viability was >98% according to trypan blue
exclusion assays.

Cell Culture and Differentiation of HL-60
HL-60 cells were purchased from RIKEN BioResource Center.
The cells were maintained in RPMI-1640 medium supplemented
with 10% FBS and 1% penicillin-streptomycin at 37°C in 5%
CO;. To differentiate into neutrophil-like cells, HL-60 cells were
incubated in RPMI-1640 medium supplemented with 1.25%
DMSO, 10% FBS, and 1% penicillin-streptomycin at 37°C with
5% CO; for 6-8 days.

Generation of MPO- and NE-Deficient

HL60 Cells Using CRISPR/Cas9 System

Human MPO and ELANE were targeted for CRISPR/Cas9-
mediated disruption using sgRNA sequences generated
by CRISPR direct'. Sequences were designed for use
in the pLentiCRISPRV2GFP plasmid (Addgene #82416)
and the oligo DNA was purchased from Thermo Fisher
Scientific. The sequences are: human MPO (forward: 5'-
CACCGTTGTTGCACATCCCGGTGA-3'; reverse: 5'-AAACTC
ACCGGGATGTGCAACAAC-3') and human ELANE (forward:
5'-CACCGGAAAAGACACGCGAGTCGG-3'; reverse: 5-AA
ACCCGACTCGCGTGTCTTTTCC-3'). These sequences were
each cloned into pLentiCRISPRv2GFP following the depositor’s
protocol. To produce lentiviral particles, HEK293T cells
(2.2 x 10° cells) were seeded in a 60 mm dish and incubated
in D-MEM medium supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C in 5% CO,. The cells were
transfected with pLentiCRISPRv2GFP with human MPO or
ELANE gRNA inserted, psPAX2, and pMD2.G (Addgene)
using Lipofectamine 3000 (Thermo Fisher Scientific). The cells
were incubated overnight. After changing to D-MEM medium
supplemented with 10% FBS and 1% BSA, the cells were cultured
for 60 h. The culture supernatant was centrifuged at 3,000 x g for
10 min at 4°C, filtered on a Millex-HV filter 0.45 pm (Merck),
and used for transduction. Lentiviral particles were stored at
—80°C until use. Transduction of HL-60 cells with the lentiviral
particles was performed in 6-well plates. The lentivirus particles
(2 mL) were added to 1 x 10° cells in 2 mL of RPMI1640 medium
supplemented with 10% FBS and 1% penicillin-streptomycin,
followed by centrifugation at 1,200 x g at room temperature
for 2 h. The cells were incubated overnight and GFP™ cells
were sorted using an SH-800 cell sorter (SONY). The sorted
GFP™ HL-60 cells were cloned by limiting dilution. Western blot
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analysis confirmed the absence of expression of the MPO or NE
protein in all clones.

Western Blot Analysis
To detect protein levels of MPO and NE, the cloned HL-60 cells
(1 x 10° cells) were washed with PBS and lysed with RIPA
buffer (1 mM PMSF/1 uM pepstatin/1 uM leupeptin/50 mM
Tris-HCI pH 8.0/150 mM NaCl/0.5% sodium deoxycholate/1%
NP-40). The cell lysate was centrifuged at 4°C for 20 min at
20,000 x g. Proteins in SDS sample buffer were loaded on SDS-
polyacrylamide gel electrophoresed, separated, and transferred
onto PVDF membranes. The membrane was blocked with
5% skim milk/PBST (PBS/0.2% Tween 20) for 1 h. Rabbit
polyclonal anti-MPO antibody (Dako) or rabbit monoclonal anti-
NE antibody (Abcam) were reacted as the primary antibody.
After washing with PBST, goat HRP-anti-rabbit IgG antibody
(Dako) was reacted as the secondary antibody. After washing
with PBST, SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) was reacted, and the signal
was detected with LAS4000mini (GE Healthcare).

To detect protein levels of citH3 in lungs, lungs (100 mg) in
1 mL RIPA buffer with protease inhibitors were homogenized
using a homogenizer (Bioprep-6, Allsheng, Hangzhou, China)
at 3800 rpm, 2 cycles, and 30 s. The samples were centrifuged
at 20,000 x g for 10 min at 4°C, and protein concentration
of the supernatants was determined using a Bicinchoninic Acid
(BCA) Protein Assay Kit (#23225, Thermo Fisher Scientific).
Proteins (30 g) in SDS sample buffer were loaded on SDS-
polyacrylamide gel electrophoresed, separated, and transferred
onto PVDF membranes. The immunoblots were incubated in
blocking buffer [5% skim milk in phosphate-buffered saline (PBS)
with 0.1% Tween 20 (PBST)] for 60 min at room temperature
and probed with anti-citH3 (#ab5103, Abcam) or anti-GAPDH
mAb-HRP-DirecT (#M171-7, Medical & Biological Laboratories)
overnight at 4°C. Then, for detection of citH3, the immunoblots
were washed three times for 5 min with PBST, incubated with
polyclonal goat anti-rabbit IgG-HRP (#P0448, Dako) for 30 min
at room temperature in blocking buffer, and washed three times
with PBST again. Immunodetection was performed using a
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(#34580, Thermo Fisher Scientific).

MPO and NE Enzymatic Activity Assay

HL-60 cells (0.4 or 1 x 10° cells) were washed with PBS and
lysed with 100 pL lysis buffer (PBS/0.2% Triron X-100 for
MPO enzymatic activity assay or PBA/1% Triron X-100 for NE
enzymatic activity assay). The cell lysate was centrifuged at 4°C
for 20 min at 20,000 x g. the protein concentration of the
supernatant was measured by the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). To evaluate MPO enzymatic
activity, TMB Microwell Peroxidase Substrate System was added
to the cell lysate (25 pwg/mL or 125 pg/mL) and the reaction
was allowed to proceed for 10 min at room temperature
in the dark. Absorbance at 650 nm was measured by SH-
9000 Lab (CORONA). To evaluate NE enzymatic activity,
1 mg/mL cell lysate was reacted with an Elastase Substrate,
Fluorogenic (MeOSuc-AAPV-AFC) (ab142178) (Abcam), and

the fluorescence intensity at 380/500 nm was measured every
2 min for 20 min at 37°C with SH-9000Lab. ARFU was calculated
using the following formula [ARFU 380/500 nm = (RFU2-
RFU2BG) - (RFU1-RFU1BG)]. The fluorescence intensity after
0 min was used for RFU1 and the fluorescence intensity after
20 min was used for RFU2. RFUBG is the background value. ICs
value was evaluated by GraphPad Prism software.

Construction of MPO Overexpressing
HL-60

To obtain human MPO cDNA, total RNA was extracted
from HL-60 cells using an RNeasy Mini Kit (QIAGEN).
Reverse transcription was performed by ReverTra Ace® qPCR
RT Master Mix (TOYOBO). PCR was performed using
reverse transcription products as a template to amplify MPO
cDNA. The primer sequences are (forward, 5'-CGGGATCC
GATTGAGCAGCCCAGGAGAA-3, reverse, 5-CCGCTCGA
GCTAGGAGGCTTCCCTCCAGGAAGCCAGGTTCAA-3').

To avoid genome editing against exogenous MPO cDNA
by the gRNA described above, the mutant MPO cDNA, in
which mutations were introduced into sequences corresponding
to gRNA without any changes in amino acid sequences was
generated by site-directed mutagenesis by PCR (Ho et al., 1989)
with human MPO cDNA as a template. The primer sequences
are (Mutation points are underlined: forward, 5'-CGGGATCC
GATTGAGCAGCCCAGGAGAA-3/, reverse, 5'-CCGCTCGAG
CTAGGAGGCTTCCCTCCAGGAAGCCAGGTTCAA-3, for-
ward, 5'-TTACTGGAATGTGTAATAATAGACGCAGCCCCAC
GCTGGG-3/, reverse, 5'-ATTATTACACATTCCAGTAATGGT
GCGGTATTTGTCCTGC-3'). The ¢cDNA was cloned into the
BamHI and Xhol site of pMXs-puro (pMXs-puro-hMPO1).
pMXs-puro-hMPOL1 was used as the expression plasmid for WT
(exzyme-active) MPO.

To express enzymatic-inactive MPO, a point mutation which
causes the mutation of aspartic acid to alanine mutation at amino
acid position 96 (D96A) in the light chain (Shin et al., 2001)
was inserted by site-directed mutagenesis by PCR using pMXs-
puro-hMPOI1 as a template. The primer sequences are (mutation
points are underlined: forward, 5-CGGGATCCGATTGA
GCAGCCCAGGAGAA-3', reverse, 5'-CCGCTCGAGCTAGGA
GGCTTCCCTCCAGGAAGCCAGGTTCAA-3 forward, 5'- AA
TGGGGCCAGCTGTTGGACCACGCCCTCGACTTCACCCCT
GAG-3/, reverse, 5'-CTCAGGGGTGAAGTCGAGGGCGTGGT
CCAACAGCTGGCCCCATT-3'). The cDNA was cloned into the
BamHI and Xhol site of pMXs-puro (pMXs-puro mutant
hMPO2).

To generate retroviral particles, PLAT-GP cells (2.2 x 109,
Cell Biolabs) suspended in D-MEM medium (10% FBS/1%
penicillin-streptomycin) were seeded in a 60 mm dish and then
incubated overnight. The cells were transfected with envelope
vector pVSV-G, and pMXs-puro-hMPO1-or pMXs-puro mutant
hMPO2 expression vector using FuGENE® 6 Transfection
Reagent (Promega) and then cultured for 48 h. The supernatant
was collected, centrifuged at 3,000 rpm for 10 min at 4°C, and
filtered using a Millex-HV filter 0.45 wm (Merck) to obtain the
retrovirus solution. To concentrate retroviral vector, 32% PEG
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buffer [32% polyethylene glycol (Wako)/400 mM NaCl/40 mM
HEPES (DOJINDO)] and the retrovirus solution were mixed at
the ratio of 1:3. The mixture was centrifuged at 1,500 x g for
45 min at 4°C and the supernatant was removed. The pellet
was diluted by PBS and used as the retrovirus solution. MPO-
deficient HL-60 (5 x 10* cells) suspended in RPMI-1640 medium
(10% FBS/1% penicillin-streptomycin) was seeded on a 24-well
plate. The retrovirus solution was added at a volume of 1:1 and
centrifuged at room temperature at 2,000 x g for 2 h. The cells
were cloned by limiting dilution. Western blot analysis confirmed
the expression of the MPO protein in all clones.

Preparation of Reagents

To prepare oxPAPC, PAPC in chloroform was evaporated to
dryness in a glass tube and desiccated for at least 1 h in vacuo.
PAPC was oxidized in an air incubator at 37°C for 48 h. OxPAPC
was hydrated by adding serum-free medium (Advanced RPMI-
1640; Thermo Fisher Scientific), vortexed at room temperature
for 5 min, and then sonicated for 2 min. To prepare ICs, anti-
human albumin antibody (Sigma) was diluted to 1 mg/mL by
PBS and equal molecular of human serum albumin (Sigma) was
added. The mixture was incubated at 37°C for 30 min. The
experiment was carried out by diluting ICs to the concentration
required in the experiment.

NETosis Analysis

To analyze NETosis, human neutrophils, mouse neutrophils, or
dHL60 cells (1.4 x 10* cells) were seeded in a 96-well plate and
stimulated with PMA, ionomycin, or ICs. Then, SYTOX Green
(0.5 M, Thermo Fisher Scientific) and Hoechst 33342 (1 pg/ml,
Thermo Fisher Scientific) were added to the cells. After 30 min,
the frequency of NETosis was measured by counting the number
of SYTOX Green™ cells using an Operetta CLS (PerkinElmer).

NETs Analysis

Isolated human neutrophils (1.4 x 10* cells) were seeded in a 96
well plate and stimulated with PMA or ICs for 3.5 h. Then, DAPI
was added to the cells. After 5 min, morphological analysis was
performed using a fluorescence microscope (BZ-X710, Keyence).

Morphological Analysis

For the morphological analysis of HL-60- or dHL-60 cells,
cytospin slides were prepared by centrifuging the cells (4 x 10*
cells) in cytospin funnels at 1,000 rpm for 2 min using a Cytospin
4 (Thermo Fischer Scientific). The cells were stained with Diff-
Quick Stain (Sysmex).

BODIPY 581/591 C11 Analysis

To detect lipid peroxidation, 1.4 x 10% neutrophils were seeded
in round-bottom 96-well plates and stimulated with PMA,
ionomycin, or ICs. 2 or 20 pM BODIPY 581/591 C11 (Thermo
Fisher Scientific) was added to the cells for 30 min. Flow
cytometric analysis was performed using BD FACSVerse.

To detect localization of oxidized BODIPY 581/591 Cl1,
1 x 10° neutrophils were seeded in 35 mm glass bottom dish
(Greiner Bio-One, No. 627975) and stimulated with 1 pM PMA

and 200 pM DDS for 1.5 h. BODIPY 581/591 CI1 (2 pM)
was added to the cells for 30 min. Images were acquired using
a Keyence BZ-X710 fluorescent microscope and images were
analyzed using the BZ-X analyzer.

TBARS Assay
Thirty micrograms of Egg PC (Avanti Polar Lipids) adjusted with
PBS was incubated with recombinant MPO (R&D System) in the
presence of 5 mM hydrogen peroxide for 60 min at 37°C. Then,
lipid peroxidation of the sample was quantified using a TBARS
Assay Kit (Cayman).

Lipid Extraction From Neutrophils

Mouse neutrophils (5 x 10° cells) were harvested in ice-
cold methanol, and lipids were extracted using solid-phase
extraction in a monospin C18 column (GL Sciences). PC
(17:0/14:1), PE (17:0/14:1), PI (17:0/14:1), PS (17:0/14:1), and
PG (17:0/14:1) were added at the final concentration of 100 nM
each and used as the internal standard. The extracted lipids were
reconstituted in 40 L of chloroform: methanol = 1:2 and stored
at —80°C until used.

Wide-Targeted Analysis

A wide-targeted analysis was performed using an ACQUITY
UPLC system (Waters) coupled with a triple quadrupole MS
(QTRAP 6500, Sciex). The LC separation was per- formed
using a reverse-phase column [ACQUITY UPLC HSS T3
(50 mm x 2.1 mm inner diameter, 1.8 pwm particle size;
Waters)] with a gradient elution consisting of mobile phase A
(methanol/acetonitrile/water = 1:1:3 v/v/v containing 50 mM
ammonium acetate and 10 nM EDTA) and mobile phase B (100%
isopropanol containing 50 mM ammonium acetate and 10 nM
EDTA). The LC gradient consisted of holding solvent (A/B:100/0)
for 1 min, which was linearly converted into solvent A/B:50/50 for
4 min, linearly converted to solvent A/B:36/64 for 7 min, linearly
converted to solvent A/B:5/95 for 1 min, and then held for 1 min.
It was then returned to solvent A/B:100/0 and held for 5 min for
re-equilibration. The injection volume was 3.5 pl, the flow rate
was 0.350 mL/min, and the column temperature was 50°C. The
multiple reaction monitoring (MRM) mode was used to quantify
oxidized phospholipids in biological samples.

Immunofluorescence Analysis
To detect the citrullination of histone H3 in mouse neutrophils
or dHL60, 2.5 x 10° cells were seeded in a 35-mm poly-p -lysine-
coated glass bottom dish (MATSUNAMI) and stimulated with
PMA, PMA + DDS, or ICs. The cells were then fixed with 4%
paraformaldehyde for 10 min at room temperature and incubated
in HBSS supplemented with 10% normal goat serum (Sigma),
bovine serum albumin (Sigma) and 0.01% Tween 20 for 1 h for
blocking. The cells were incubated first with hamster anti-histone
H3 (citrulline R2 + R8 + R17) (citH3) antibody (11-11B-4F)
(Yotsumoto et al., 2017) and then with anti-hamster IgG antibody
coupled with Alexa Fluor 488 or 647 (Thermo Fisher Scientific).
DNA was labeled using DAPI (DOJINDO).

To detect the citrullination of histone H3 in lungs, C57BL/6]
mice were administrated PBS or LPS (50 WL at a concentration
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of 0.25 mg/ml) intranasally. After 24 h, the lungs were harvested
and embedded in SCEM compound (SECTION-LAB). The
cut surface was covered with adhesive film (Cryofilm type
IIC9, SECTION-LAB, Japan) and frozen sections (5 jum) were
prepared with a microtome (CM3050S, Leica Microsystems). The
resulting sections were post-fixed with 100% EtOH for 10 s and
49% PFA/PBS(-) for 10 s, rinsed with PBS(-) for 20 s, and incubated
with TN Blocking Buffer [0.1 M Trizma Base, pH 7.5, 0.15 M
NaCl, 0.5% (w/v) blocking reagent (PerkinElmer, FP1020)] for
1 h at room temperature. The sections were then incubated with
anti-citH3 antibody (Abcam, #ab5103, 1:250) or Human/Mouse
MPO Antibody (R&D Systems, AF3667, 1:100) in TN blocking
buffer for 1 h at room temperature. After three washes with
PBS(-), the sections were incubated with Cy3 donkey anti-rabbit
IgG (1:1000, Biolegend) or AlexaFluor488 donkey anti-goat IgG
(1:1000, Jackson ImmunoReserch) in TN blocking buffer for 1hr
in the dark at room temperature. After three washes with PBS(-
), the sections were counterstained with DAPI, and the slides
were mounted onto cover slips using mounting media (FluorSave
Reagent, 345789, Merck Millipore).

Flow Cytometric Analysis

For analysis of cell surface marker expression, the following Abs
were used: anti-CD11b-PE (clone ICRF44) was purchased from
BioLegend. Anti-CD16-APC (clone 3G8) was purchased from
BD Biosciences. Flow data were collected using BD FACSVerse
and analyzed using FlowJo X.

Quantitative RT-PCR (qRT-PCR)

For the analysis of mRNA levels in HL-60 or dHL-60,
RNA was extracted with a FavorPrep Total RNA Extraction
Column (Favorgen) according to the manufacturer’s protocol.
For qRT-PCR, ¢cDNAs were synthesized using ReverTra Ace
(TOYOBO). gRT-PCR was performed on cDNA with a
THUNDERBIRD SYBR qPCR Mix (TOYOBO). Expression
levels were normalized to 18s ribosomal RNA (rRNA). The
following primer sequences were used for each gene: PAD4
forward 5'-ACCAGAGCTGTGAAAGATCAGA-3/, reverse 5'-
TCACAGTTCACCAGCAGGAT-3'; NCF1 forward 5'-GTCGTG
GAGAAGAGCGAGAG-3/, reverse 5'-TTCCGTCTCGTCAGG
ACTGT-3; 18s rRNA forward 5-CGGACAGGATTGACAG
ATTG-3/, reverse 5 -CAAATCGCTCCACCAACTAA-3.

Analysis of Extracellular ROS Production
HL-60 or dHL-60 cells (7 x 103 cells) were stimulated
with 100 nM PMA in the presence of 200 uM lucigenin
(Tokyo Chemical Industry). ROS release was monitored for
60 min at 37°C in a Microplate Luminometer (Berthold
Technologies, LB96V).

Analysis of Chromatin Decondensation
Using Isolated Nuclei

For preparation of nuclei from HL-60 cells, the cells were lysed
with 0.05% NP-40/PBS, followed by centrifugation at 1,400 rpm
for 4 min at room temperature. The pellets containing nuclei
were suspended in PBS. To analyze chromatin decondensation,

isolated nuclei were incubated with NE and/or oxPAPC for
120 min at 37°C and stained with SYTOX Green. Chromatin
areas was quantified using Image-J software. To analyze DNA
release from isolated nuclei, isolated nuclei were incubated
as described above, followed by incubation with 100 wU/ml
DNase I (Worthington Biochemical) for 10 min. Then, the
amount of DNA in supernatant was quantified using Quant-
iT™ PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific).
To analyze degradation of histone H4, isolated nuclei were
incubated as described above. The whole samples were diluted
with the same volume of 2x RIPA buffer. The samples
in SDS-sample buffer were loaded on SDS-polyacrylamide
gel electrophoresed, separated, and transferred onto PVDEF
membranes. The membrane was blocked with 5% BSA/PBST
(PBS/0.2% Tween 20) for 1 h. Rabbit polyclonal anti-histone
H4 (Millpore) were reacted as the primary antibody. After
washing with PBST, goat HRP-anti-rabbit IgG antibody (Dako)
was reacted as the secondary antibody. After washing with
PBST, SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific) was reacted, and the signal was
detected with LAS4000mini (GE Healthcare).

Statistical Analysis

Unpaired two-tailed Student’s t-tests was used to compare two
groups. One-way ANOVA was used to compare multiple groups.
All statistical analyses were performed using GraphPad Prism.
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