INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 39: 549-558, 2017

Neutrophil extracellular traps induce IL-1f3 production by
macrophages in combination with lipopolysaccharide
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Abstract. Upon exposure to invading microorganisms, neutro-
phils undergo NETosis, a recently identified type of programmed
cell death, and release neutrophil extracellular traps (NETS).
NETs are described as an antimicrobial mechanism, based on
the fact that NETs can trap microorganisms and exhibit bacteri-
cidal activity through the action of NET-associated components.
In contrast, the components of NETs have been recognized as
damage-associated molecular pattern molecules (DAMPs),
which trigger inflammatory signals to induce cell death,
inflammation and organ failure. In the present study, to clarify
the effect of NETs on cytokine production by macrophages,
mouse macrophage-like J774 cells were treated with NETs in
combination with lipopolysaccharide (LPS) as a constituent of
pathogen-associated molecular patterns. The results revealed
that NETSs significantly induced the production of interleukin
(IL)-1p by J774 cells in the presence of LPS. Notably, the
NET/LPS-induced IL-1p production was inhibited by both
caspase-1 and caspase-8 inhibitors. Furthermore, nucleases
and serine protease inhibitors but not anti-histone antibodies
significantly inhibited the NET/LPS-induced IL-1f production.
Moreover, we confirmed that caspase-1 and caspase-8 were
activated by NETs/LPS, and the combination of LPS, DNA and
neutrophil elastase induced IL-1p production in reconstitution
experiments. These observations indicate that NETs induce
the production of IL-1p by J774 macrophages in combina-
tion with LPS via the caspase-1 and caspase-8 pathways, and
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NET-associated DNA and serine proteases are involved in
NET/LPS-induced IL-1p production as essential components.

Introduction

Sepsis is a life-threatening organ dysfunction caused by a
dysregulated host response to infection (1). In response to
invading microorganisms and their products [e.g., lipopoly-
saccharide (LPS)], immune cells produce a broad array of
inflammatory mediators, including cytokines (2). Cytokines
mediate a variety of responses; for example, interleukin
(IL)-1p induces the expression of adhesion molecules on
endothelial cells to promote the recruitment of inflammatory
cells at the site of inflammation (3). Notably, inflammatory
cytokines are overwhelmingly produced during sepsis, and the
dysregulated production of cytokines can lead to hypotension,
multiple organ failure and ultimately death (2,4). In recent
years, it has been reported that cell death contributes to the
production of cytokines in sepsis (5,6), and that inhibition of
cell death (e.g., pyroptosis) reduces the production of cyto-
kines and improves the survival of septic models (5-8). Thus,
much attention has been focused on the relationship between
the production of cytokines and host cell death during sepsis.
Neutrophils, the most abundant leukocytes in humans,
defend against invading microorganisms and are considered
as an essential part of the innate immune system (9,10).
Neutrophils exhibit antimicrobial potential by the ability
to phagocytose microorganisms and release antimicrobial
agents (e.g., antimicrobial peptides and lytic enzymes) (9).
Moreover, upon exposure to bacteria, neutrophils undergo
NETosis (a type of programmed cell death) and release
neutrophil extracellular traps (NETSs) (11). Notably, NETs are
described as an antimicrobial mechanism, based on the fact
that NETs can trap microorganisms and exert bactericidal
activity by the action of NET-associated components [e.g.,
antimicrobial peptides and neutrophil elastase (NE)] (12,13).
In contrast, the major components of NETs (histone, DNA
and granule proteins) are recognized as damage-associated
molecular pattern molecules (DAMPs), which trigger
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inflammatory signals to induce cell death, inflammation and
organ failure (14-18); for example, extracellular histones were
found to mediate mortality in mouse fatal liver injury (17).
Importantly, NETs, recognized as a complex of DAMPs, were
found to induce the cell death of epithelial and endothelial
cells (15), and provide a scaffold for platelet binding and
aggregation to form the thrombosis in sepsis (19). Moreover,
NETs activate macrophages to induce cytokine production in
atherosclerosis (20).

However, it has not been clarified how NETs affect and
induce the production of cytokines by macrophages in sepsis.
Therefore, in the present study, we utilized LPS (the component
of Gram-negative bacteria) as a stimulus to mimic the septic
environment, and treated mouse macrophage-like J774 cells
with NETs in combination with LPS. The results indicated that
NETs significantly induced the production of IL-13 by J774 cells
in the presence of LPS. Notably, the NET/LPS-induced IL-1p
production was inhibited by both caspase-1 and caspase-8
inhibitors. Moreover, nucleases and serine protease inhibitors
significantly inhibited the NET/LPS-induced IL-1{ production.
These observations suggest that NETs induce the production
of IL-1f from LPS-stimulated macrophages via the caspase-1
and caspase-8 pathways, and NET-associated DNA and serine
proteases are likely involved in the NET/LPS-induced IL-1p
production as essential components.

Materials and methods

Reagents. Ac-YVAD (Tyr-Val-Ala-Asp)-CHO was
purchased from Peptide Institute (Osaka, Japan). Ac-IETD
(Ile-Glu-Thr-Asp)-CHO was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Z-VAD
(Val-Ala-Asp)-FMK was purchased from InvivoGen
(San Diego, CA, USA). Deoxyribonuclease I (DNase I) and
micrococcal nuclease (MNase) were purchased from Takara
Bio, Inc. (Shiga, Japan). LPS (Escherichia coli B55:05),
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
(ABESF), al-anti-trypsin, calf thymus (CT)-histone, CT-DNA,
N-acetyl-L-cysteine (NAC) [a reactive oxygen species (ROS)
scavenger] and neutrophil elastase (elastase from human
leukocytes) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Mouse histone H2AX monoclonal antibody (MAB3406)
and mouse histone H4 polyclonal antibody (AF5215) were
purchased from R&D Systems, Inc. (Minneapolis, MN, USA),
and used for the neutralization of the NET-associated histones.

Mice.Male BALB/c mice (15 weeks old; Sankyo Labo Service,
Tokyo, Japan) were used in the experiments. Mice were bred
under specific pathogen-free (SPF) conditions, and housed
in temperature-controlled, air-conditioned facilities with a
12/12-h light/dark cycle, and food and water ad libitum. All
experiments were approved by the Ethics Committee for the
Use of Laboratory Animals of Juntendo University, Graduate
School of Medicine (Tokyo, Japan; permit no. 270193).

Isolation of neutrophils. Murine bone marrow-derived neutro-
phils were harvested from BALB/c mice. Briefly, the tibia and
femur were isolated and flushed with RPMI-1640 medium
(Sigma-Aldrich). The red blood cells were then removed from
bone marrow cells by hypotonic lysis (0.2% NaCl), and the
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resultant cell suspension was centrifuged at 600 x g for 5 min.
The cell pellet was resuspended in PBS, and further centri-
fuged (1,600 x g, 30 min) over 62% Percoll (GE Healthcare Life
Sciences, Marlborough, MA, USA). Murine neutrophils at the
bottom of a 62% layer were collected and washed in PBS (21).
Neutrophils were resuspended in RMPI-1640 medium at a cell
density of 1.7x10° cells/ml.

Purities of the neutrophils were determined by both cyto-
spin counts with Giemsa stain (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and forward scatter/side scatter gating of
cells stained with PE/Cy5-conjugated anti-Ly6g (a neutrophil-
specific marker) monoclonal antibody (RB6-8C5; Abcam,
Cambridge, MA, USA) [isotype control, a PE/Cy5-conjugated
rat IgG2b monoclonal antibody (eB149/10H5), eBioscience, Inc.,
San Diego, CA, USA] using a flow cytometer (FACSCalibur;
BD Biosciences, Franklin Lakes, NJ, USA). The neutrophil
fraction contained >90% neutrophils as determined by Giemsa
staining (Fig. 1A) and flow cytometry (Ly6g staining) (Fig. 1B).

Formation and preparation of NETs. To evaluate NET formation
by microscopy, neutrophils (1.3x10° cells/well) were seeded over
a 12-mm glass coverslip (Thermo Fisher Scientific, Pittsburg,
PA, USA) in 24-well plates (Iwaki Brand; Asahi Techno Glass
Corporation, Tokyo, Japan) for 30 min. After adhesion, the cells
were treated with 200 ng/ml LPS for 4 h to induce NETs. Then,
the cells were washed with RPMI-1640 medium and stained
with Hoechst 33342 (0.8 pg/ml). Thereafter, the coverslips were
mounted on a slide glass by using aqueous medium Vectashield
(Vector Laboratories, Inc., Burlingame, CA, USA), and the cells
were photographed using a fluorescence microscope system
Axioplan 2 (Carl Zeiss, Jena, Germany) (Fig. 1C).

To prepare NETs as a stimulant, neutrophils
(1.7x106 cells/well) were seeded in 6-well plates for 30 min
in a total volume of 1 ml RPMI-1640 medium, and then were
treated with 200 ng/ml LPS for 4 h to induce NETs. Then, the
cells were washed twice with fresh PRMI-1640 medium, and
the NETs were collected by extensively pipetting with 1 ml
RPMI-1640 medium (22). Thereafter, the NETs were recovered
as a supernatant at a concentration of 1.7x10° cell equivalents/ml
by centrifugation at 400 x g and 10,000 x g. Alternatively, the
neutrophils were incubated without LPS for 4 h, and the super-
natants were recovered and used as the control.

Measurement of NET-associated protein. The concentration
of the NET-associated protein (ug/ml) was quantified using
the Bio-Rad protein assay reagent (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) according to the manufacturer's
instructions using samples prepared with (+) or without (-) LPS
stimulation of neutrophils.

Measurement of NET-associated DNA. The concentration
of NET-associated DNA was quantified by adding 5 pg/ml
Hoechst 33342 (FLICA™ caspase-1 assay) to samples (100 ul)
in a 96-well plate (Nunc™ MicroWell™ 96-well microplates;
Thermo Fisher Scientific). The emission (E) at 460 nm
(excitation at 355 nm) was measured using samples prepared
with (+) or without (-) LPS stimulation of neutrophils, and
RPMI-1640 medium as a background. The relative fold change
was calculated as follows: Relative fold change = (E,;y, ps -

ERPMI-164O)/(EWith0ut LPS ™ ERPMI-164O) .
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Figure 1. Preparation of neutrophil extracellular traps (NETs). (A) Purities of
bone marrow-derived neutrophils were determined by both cytospin counts
with Giemsa staining and (B) flow cytometry of forward scatter/side scatter
gating of cells stained with PE/Cy5-conjugated anti-Ly6g (a neutrophil-spe-
cific marker) monoclonal antibody (isotype control, a PE/Cy5 conjugated rat
IgG2b mAD). For evaluating the formation of NETSs, neutrophils were seeded
over a 12-mm glass coverslip and treated without (-) or with (+) 200 ng/ml
lipopolysaccharide (LPS) for 4 h to induce NETs. (C) Then, the cells were
stained with Hoechst 33342 and photographed with a fluorescence micro-
scope system Axioplan 2. The areas of the respective images were enlarged
and are shown below. Arrowheads indicate the formation of NETs. Images
are representative of 3 separate experiments.

Measurement of NET-associated NE. The NET-associated
NE was detected by western blotting. Briefly, samples
prepared with (+) or without (-) LPS stimulation of neutrophils
were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride
membranes (Immobilon-P; Millipore Corp., Billerica, MA,
USA). The membranes were blocked with BlockOne (Nakara,
Tokyo, Japan), probed with rat anti-mouse NE mAb (R&D
Systems, Inc.), followed by horseradish peroxidase-conju-
gated anti-rat IgG (Santa Cruz Biotechnology, Inc.). Signals
were detected with SuperSignal West Dura chemiluminescent
substrate (Pierce Biotechnology, Inc., Rockford, IL, USA), and
quantified as grey-scale using LAS-3000 luminescent image
analyzer (Fujifilm, Tokyo, Japan) and MultiGauge software
(Fujifilm). Relative fold change was calculated as follows;
Relative fold change = grey-scale,, 1 ps/2rey-scale,;mou Lps.
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Measurementof NET-associatedmyeloperoxidase (MPO)-DNA
complex. The NET-associated MPO-DNA complex was
detected by MPO-DNA ELISA. Briefly, a 96-well plate
(Thermo Fisher Scientific) was coated with 5 yg/ml anti-mouse
MPO monoclonal antibody (AF3667; R&D Systems, Inc.)
overnight at 4°C. After washing 3 times, 20 pl of the samples
prepared with (+) or without (-) LPS stimulation of neutrophils
and RPMI-1640 medium (as a background) were added to the
wells with 80 ul of incubation buffer containing a peroxidase-
labeled anti-DNA monoclonal antibody (MCA-33; Cell Death
ELISAP"; Roche Diagnostics, Indianapolis, IN, USA). The
plate was incubated for 2 h with shaking at 300 rpm at room
temperature. After 3 washes, 100 ul peroxidase substrate
(ABTS; Cell Death ELISA™™) was added, and absorbance (A)
at 405 nm was measured after a 20-min incubation at room
temperature in the dark. Relative fold change was calculated as
follows: Relative fold change = (A Lps = Arpmi-1640)/(Awitmou Lps

- ARPMI-164O)'

Measurement of NET-associated histone-DNA complex.
The NET-associated histone-DNA complex was detected
using Cell Death ELISA™™ (Roche Diagnostics) according
to the manufacturer's instructions. Briefly, 20 ul of the
samples prepared with (+) or without (-) LPS stimulation of
neutrophils and RPMI-1640 medium (as a background) were
added to a streptavidin-coated plate with 80 yl of incubation
buffer containing a peroxidase-labeled anti-DNA mAb. The
plate was incubated for 2 h with shaking at 300 rpm at room
temperature. After 3 washes, 100 ul peroxidase substrate
(ABTS) was added, and absorbance at 405 nm was measured
after a 20-min incubation at room temperature in the dark.
Relative fold change was calculated as follows: Relative fold

change = (Ayinres - Aremri640)(Ayithout Lps = Arpuri640)-

Cell culture. A murine macrophage-like cell line J774 was
purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum
(FBS; Sanko Junyaku, Tokyo, Japan) and 100 U/ml peni-
cillin/100 pg/ml streptomycin (Nacalai Tesque, Kyoto, Japan)
at 37°C in 5% CO,. J774 cells (2x10* cells/well) were seeded
in 96-well culture plates (Iwaki Brand) overnight, and then
treated with NETs (1.7x10° cell equivalents) for 24 h in the
absence or presence of 10 ng/ml LPS at 37°C in 5% CO,.
Thereafter, the supernatants were recovered for the IL-15 and
lactate dehydrogenase (LDH) assays.

Assays for caspase-1 and caspase-8 activation. J774 cells
(2x10* cells/well) were seeded in CC2 Chamber Slide system
8-wells (Thermo Fisher Scientific) overnight, and then treated
with NETs (1.7x10° cell equivalents) for 24 h in the absence
or presence of 10 ng/ml LPS at 37°C in 5% CO,. Thereafter,
the activation of caspase-1 and caspase-8 was assayed
using the FLICA™ caspase-1 assay kit (ImmunoChemistry
Technologies, LLC, Bloomington, MN, USA) and FLICA™
caspase-8 assay kit (ImmunoChemistry Technologies, LLC),
respectively. Briefly, after treatment with LPS and NETs,
the cells were washed with fresh RPMI-1640 medium,
and then the cells were labeled with FAM-Y VAD-FMK or
FAM-LETD-FMK (fluorescent-labeled caspase-1 or caspase-8
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Figure 2. Characterization of the neutrophil extracellular traps (NETs). NETs were characterized by measuring the concentrations of (A) proteins, (B) DNA,
(C) neutrophil elastase (NE), (D) myeloperoxidase (MPO)-DNA complex and (E) histone-DNA complex contained in the preparations of NETSs [+, with lipo-
polysaccharide (LPS) stimulation] and control (-, without LPS stimulation). Data show the means + standard deviation of 3-6 separate experiments. 'P<0.05,

“P<0.01, ""P<0.001. Images are representative of 3 separate experiments.

inhibitor that binds with activated caspase-1 or caspase-8,
respectively) by incubation for 1 h at 37°C. After washing,
the cells were labeled with Hoechst 33342 (0.8 ug/ml) for
10 min. Finally, the slide was mounted with a cover glass (Paul
Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany)
using aqueous medium Vectashield, and the cells were photo-
graphed using a fluorescence microscope system Axioplan 2.

Quantification of IL-1f and LDH. IL-1p levels in the super-
natants were determined using a commercially available
mouse IL-1f ELISA kit (eBioscience, Inc.), according to the
manufacturer's instructions. LDH activity in the supernatants
was determined for the evaluation of cell death; LDH activity
in the supernatants and 1% Triton X-100-lysed cells (as a
total activity of 100%) was determined using a commercially
available LDH assay kit (Takara Bio, Inc.), according to the
manufacturer's instructions.

Statistical analysis. Data are shown as the means =+ standard
deviation. A statistical test was performed using one-way anal-
ysis of variance (ANOVA), followed by Bonferroni's multiple
comparison test (GraphPad Prism; GraphPad Software, Inc.,
San Diego, CA, USA). Otherwise, a statistical test was
performed using the Student's t-test for experiments with two
groups (GraphPad Prism). P<0.05 was considered to indicate a
statistically significant difference.

Results
Characterization of the NETs. The NETs were character-

ized by measuring the concentrations of proteins, DNA, NE,
MPO-DNA complex and histone-DNA complex contained

in the preparations of NETs (with LPS stimulation) and the
controls (without LPS stimulation) (Fig. 2A). The preparation
of NETs contained 1.88+0.37 ug/ml protein, whereas the
controls contained 0.32+0.04 pg/ml protein. Moreover, the
NETs contained 2.52+0.34-fold higher DNA, 1.77+0.72-fold
higher NE, 3.94+0.35-fold higher MPO-DNA complex and
18.4+10.0-fold higher histone-DNA complex than the controls
(Fig. 2B-E), confirming that NETs contain the complexes of
DNA, histone and granule proteins.

Treatment with NETS and LPS induces IL-15 production by
macrophages via the caspase-1 and caspase-8 pathways. We
first examined the effect of NETs and LPS treatment on the
cytokine production by macrophages by measuring the release
of IL-1p and LDH. Mouse macrophage-like J774 cells were
treated with NETs and LPS for 24 h. The results indicated that
LPS or NET treatment alone did not essentially induce the
production of IL-18 (Fig. 3A) and LDH (cell death, data not
shown). Notably, the treatment of J774 cells with both NETs
and LPS significantly induced the release of IL-1f (Fig. 3A),
but not LDH (data not shown). Notably, Ac-YVAD-CHO
(a caspase-l-specific inhibitor), Ac-IETD-CHO (a
caspase-8-specific inhibitor) and Z-VAD-FMK (a pan caspase
inhibitor) inhibited the NET/LPS-induced production of IL-1[3
(Fig. 3A-C), suggesting that the NET/LPS-induced IL-1§
production was dependent on the activation of caspase-1
and caspase-8. In fact, we confirmed the activation of
caspase-1 and caspase-8 by staining the activated caspase
with FAM-YVAD-FMK (a fluorescence-labeled caspase-1
inhibitor) and FAM-LETD-FMK (a fluorescence-labeled
caspase-8 inhibitor), respectively. As shown in Fig. 3D,
LPS or NET treatment alone did not significantly induce
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Figure 3. Effect of lipopolysaccharide (LPS) and neutrophil extracellular trap (NET) treatment on the interleukin (IL)-1p production by J774 cells.
Macrophage-like J774 cells (2x10* cells) were treated with LPS (10 ng/ml) and NETs (1.7x10° cell equivalents) for 24 h in 100 x1 RPMI-1640 medium in
the absence or presence of (A) Ac-Y VAD-CHO (a caspase-1-specific inhibitor), (B) Ac-IETD-CHO (a caspase-8-specific inhibitor) or (C) Z-VAD-FMK (a
pan-caspase inhibitor) at the indicated concentrations (#M). Thereafter, the supernatants were recovered for the assays of IL-1p3. Data show the means + stan-
dard deviation (SD) of 3-5 separate experiments. Values are compared between NET/LPS treatment and LPS alone or in the presence of caspase inhibitors.
(D) J774 cells were treated with LPS (10 ng/ml) and NETs (1.7x10° cell equivalents) for 24 h. Thereafter, the cells were stained with FAM-Y VAD-FMK or
FAM-LETD-FMK (fluorescent-labeled caspase-1 or caspase-8 inhibitor that binds with activated caspase-1 or caspase-8, respectively) and Hoechst 33342 (for
nuclear staining, blue) and photographed with a fluorescence microscope system. Images of cells are representative of 4 separate experiments. (E) J774 cells
(2x104 cells) were treated with LPS (10 ng/ml) and NETs (1.7x105 cell equivalents) for 24 h in 100 ¢l RPMI-1640 medium in the absence or presence of NAC
(areactive oxygen species scavenger). Thereafter, the supernatants were recovered for the assays of IL-1f. Data show the means + SD of 3 separate experiments.
Values are compared between the NET/LPS treatment in the absence and presence of NAC. “P<0.01, "“P< 0.001.
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Figure 4. Effect of lipopolysaccharide (LPS) and neutrophil extracellular trap (NET) treatment on the production of interleukin (IL)-6 and tumor necrosis
factor (TNF)-a by J774 cells. J774 cells (2x10* cells) were treated with LPS (10 ng/ml), NETs (1.7x10° cell equivalents) or their combinations in 100 pl
RPMI-1640 medium for 24 h. Thereafter, the supernatants were recovered for the assays of (A) IL-6 and (B) TNF-a. Data show the means + standard deviation
of 3 separate experiments. Values are compared between without and with LPS. *“P<0.001.

either caspase-1 or the caspase-8 activation; however, the
NET/LPS treatment considerably increased the activation of
both caspase-1 and caspase-8. These observations indicate that
treatment with NETs and LPS induced the production of IL-1p
by macrophages via caspase-1- and caspase-8-dependent
pathways. Furthermore, NAC (a ROS scavenger) inhibited the

NET/LPS-induced IL-1f production by J774 cells (Fig. 3E),
suggesting the involvement of ROS in the NET/LPS-induced
IL-1P production by macrophages. Separately, we confirmed
that LPS alone significantly increased the levels of IL-6 and
tumor necrosis factor (TNF)-a compared with the NETs
alone (Fig. 4A and B). Importantly, NET/LPS treatment did
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Figure 5. Involvement of neutrophil extracellular trap (NET)-associated DNA in the NET/lipopolysaccharide (LPS)-induced interleukin (IL)-1p production.
1774 cells (2x10* cells) were treated with LPS (10 ng/ml) and NETSs (1.7x10° cell equivalents) for 24 h in 100 1 RPMI-1640 medium in the absence or presence
of nucleases [(A) deoxyribonuclease I (DNase I); (B) micrococcal nuclease (MNase)]. Thereafter, the supernatants were recovered for the assays of IL-1.
(C) Furthermore, J774 cells were treated with LPS (10 ng/ml) and calf thymus (CT)-DNA (1 and 10 yg/ml) for 24 h, and then the supernatants were recovered
for the assays of IL-1f3. Data shows the means + standard deviation of 3-6 separate experiments. Values are compared between the NET/LPS treatment in the
absence and presence of (A and B) nucleases, or LPS alone and (C) CT-DNA/LPS treatment. “P<0.01, ““P<0.001.

not further increase the levels of IL-6 and TNF-a produc-
tion compared with LPS alone. Moreover, NETs alone did
not essentially induce the production of IL-6 and TNF-a
compared with LPS, suggesting that NETSs, used in this study,
if any, contained little amount of LPS for activating J774 cells.

NET-associated DNA is an important component of the
NET/LPS-induced IL-13 production. Furthermore, we
investigated the involvement of NET-associated DNA in
the NET/LPS-induced IL-1f production by using nucleases.
Thus, J774 cells were treated with NETs/LPS in the presence
of nucleases (DNase I or MNase) for 24 h. Preliminarily, we
confirmed that DNase I and MNase totally degraded DNA
(as evidence by agarose gel electrophoresis) and did not show
cytotoxicity (as evidenced by LDH assay) (data not shown).
Notably, both DNase I and MNase significantly inhibited
the NET/LPS-induced IL-1f production by J774 cells
(Fig. 5A and B). Next, we examined the effect of DNA on
IL-1P production by J774 cells using CT-DNA to mimic the
NET-associated DNA. CT-DNA alone did not induce the
production of IL-1f3; however, CT-DNA and LPS significantly
induced IL-1f production (Fig. SC). These observations indi-
cate that NET-associated DNA is an important component of
NET/LPS-induced IL-1p production by macrophages.

NET-associated serine proteases are important components
of NET/LPS-induced IL-1§ production. Next, we investigated
the involvement of NET-associated serine proteases in the

NET/LPS-induced IL-1f production using serine protease
inhibitors. Thus, the J774 cells were treated with NETs/LPS
in the presence of serine protease inhibitors (AEBSF, a perme-
able serine inhibitor or al-anti-trypsin, an impermeable serine
protease inhibitor) for 24 h. Importantly, both AEBSF and
al-anti-trypsin significantly inhibited the NET/LPS-induced
IL-1B production by J774 cells (Fig. 6A and B). These results
indicate that NET-associated serine proteases are important
components of the NET/LPS-induced IL-1f production by
macrophages. To confirm the involvement of serine proteases
in IL-1p production, the J774 cells were incubated with NE.
Unexpectedly, neither NE alone nor the NE/LPS treatment
essentially induced the production of IL-1p (Fig. 6C). Notably,
however, the NE/DNA treatment significantly induced
the IL-1p production by the J774 cells in the presence of
LPS (Fig. 6D), suggesting that NE induces IL-1p3 production
from macrophages in combination with DNA.

NET-associated histones are unlikely involved in
NET/LPS-induced IL-1f production. Finally, we investigated the
involvement of NET-associated histones in the NET/LPS-induced
IL-1p production by macrophages using histone antibodies. Thus,
the J774 cells were treated with NETs/LPS in the presence of
histone antibodies (anti-histone H2 mAb or anti-histone H4 pAb)
for 24 h. Notably, neither anti-histone H2 mAb nor anti-histone
H4 pAb inhibited the NET/LPS-induced IL-1f production by
J774 cells (Fig. 7A). Further, we examined the direct effect of
histones on the IL-1f3 production by J774 cells using CT-histones.
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Figure 7. Involvement of neutrophil extracellular trap (NET)-associated histones in NET/lipopolysaccharide (LPS)-induced interleukin (IL)-1f production.
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IL-1P. Data shows the means + standard deviation of 4 separate experiments.

As a result, CT-histones did not induce IL-1f} production by the
J774 cells in the presence of LPS (Fig. 7B). These observations
indicate that NET-associated histones were unlikely involved in
the NET/LPS-induced IL-1§ production by macrophages in our
experiments.

Discussion

Neutrophils play an important role as effectors of inflam-
mation, tissue injury and host defense against microbial

infection (9,10). Besides the well-known antimicrobial poten-
tial, neutrophils trap and kill invading microorganisms by
extracellularly releasing NETs via NETosis, a recently identi-
fied type of programmed cell death (11-13). Importantly, the
components of NETSs (such as DNA and NE) are demonstrated
to be potential mediators for cytokine production in sepsis (11).
For example, degradation of DNA (by administration of
recombinant DNase I) was found to inhibit over-produced
cytokines in septic mice (23-25); and knockout of NE
significantly reduced the production of IL-1f in response
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Figure 8. Postulated mechanism for the neutrophil extracellular trap (NET)/lipopolysaccharide (LPS)-induced production of interleukin (IL)-1 by macro-
phage-like J774 cells. LPS induces the expression of pro-IL-1§3 in the TLR4 pathway. Alternatively, intracellular DNA, which is derived from phagocytosed
NETs, activates caspase-1 and caspase-8 via absent in melanoma 2 (AIM2). The activated caspase-1 and caspase-8 process and release IL-1p3. Moreover,
NET-associated serine proteases [e.g., proteinase 3 and neutrophil elastase (NE)] likely participate in the NET/LPS-induced IL-1f production by processing
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to Pseudomonas aeruginosa infection in mice (26). In the
present study, we revealed that NETs, as a complex of DAMPs
(containing DNA, histone and serine proteases) induced the
production of IL-1f by macrophage-like J774 cells in the pres-
ence of LPS via the action of caspase-1 and caspase-8, and that
the NET-associated DNA and serine proteases were involved
in the production of IL-1f by the cells.

IL-1f is a prototypical inflammatory cytokine, which stim-
ulates both local and systemic inflammatory responses (3), and
acts synergistically with other cytokines to cause tissue injury
in sepsis (27). The production of IL-1f is mediated mainly by
the activation of caspase-1 (27-29), and requires two distinct
stimuli, microbial pathogen-associated molecular patterns
(PAMPs, e.g., lipoproteins and LPS) and endogenous DAMPs
(e.g., DNA and ATP) (28,29). Stimulation by PAMPs initiates
a signaling cascade that leads to cellular activation (including
the upregulation of inflammatory cytokine genes) (30). In
contrast, stimulation by DAMPs activates caspase-1, which
is involved in the processing and release of IL-1f (30).
Additionally, recent studies have revealed that caspase-8
acts as either a direct enzyme for the processing and release
of IL-1f or as an initiator for the activation of caspase-1, in
response to PAMPs and DAMPs (e.g., LPS and ATP) (31-34).
In the present study, LPS and NETs were regarded as PAMPs
and DAMPs, respectively. Importantly, LPS or NET treatment
alone did not essentially elicit IL-1{ production from J774 cells,
and treatment with both LPS and NETs significantly induced
IL-1p production (Fig. 3A). Importantly, the NET/LPS-induced
IL-1p production was inhibited by not only Ac-Y VAD-CHO
(a caspase-1-specific inhibitor) but also Ac-IEAD-CHO (a
caspase-8-specific inhibitor) (Fig. 3A and B). Moreover,
we confirmed that the NET/LPS treatment activated both
caspase-1 and caspase-8 (Fig. 3D). These observations
suggest that the NET/LPS treatment induced the production
of IL-1p via the action of caspase-1 and caspase-8 (Fig. 8).
Furthermore, it has been recently reported that ROS can be
common upstream activators of the caspase-1 and caspase-8
pathways (35,36). Thus, we investigated the effect of NAC (an

ROS scavenger) on the NET/LPS-induced IL-1f production.
Notably, NAC inhibited the NET/LPS-induced IL-1f produc-
tion by J774 cells (Fig. 3E), supporting the involvement of ROS
in the NET/LPS-induced IL-1p production by macrophages.
Furthermore, it has been reported that LPS alone can effi-
ciently induce the production of other cytokines (e.g., IL-6 and
TNF-a), and the additional treatment of DAMPs (e.g., ATP)
cannot augment the LPS-induced production of these cyto-
kines (37,38). In the present study, we confirmed that LPS
alone significantly increased the levels of IL-6 and TNF-a
compared with the NETs alone (Fig. 4), and the NET/LPS
treatment did not further increase the levels of IL-6 and TNF-a
production compared with LPS alone, suggesting that NETs
may not be important for the production of these cytokines in
sepsis compared with PAMPs and other DAMPs.

Genomic DNA is the main component of NETs (14). In
this study, nucleases (DNase I and MNase) inhibited the
NET/LPS-induced production of IL-1f (Fig. SA and B),
suggesting that DNA is an important component of the
NET/LPS-induced production of IL-1f. We also confirmed that
extracellular DNA (CT-DNA) induced the production of IL-13
in combination with LPS (Fig. 5C). Previous studies demon-
strated that cytosol absent in melanoma 2 (AIM?2) is essential
for the recognition of cytosol DNA to induce the activation of
caspase-1/caspase-8 and production of IL-1p (39,40). In our
system, we did not transfect DNA into the cytosol; however,
extracellular DNA could be phagocytosed by macrophages
in the presence of LPS, since LPS can potently augment the
phagocytic ability of macrophages (41). Importantly, NETs are
phagocytosed by macrophages either in the presence or absence
of invading microorganisms (20,24). Thus, it is reasonable to
speculate that the NETs were phagocytosed by macrophages,
and then the NET-associated DNA induced the production of
IL-1p via the recognition of DNA by AIM2 (Fig. 8).

Notably, genomic DNA is normally localized in the nuclei,
and is extracellularly released during cell death (e.g., NETosis
and necrosis) (42). Importantly, the serum levels of extracel-
lular DNA in septic patients are significantly higher than
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that in healthy individuals (43). Notably, degradation of DNA
by the administration of recombinant DNase I was found to
inhibit the over-produced cytokines in septic mice (23-25).
Importantly, NET-associated DNA (characterized by
DNA-histone, DNA-MPO or DNA-NE complex) is detected
in blood, and its level is correlated with that of extracellular
DNA in blood in sepsis (44,45). These observations suggest
that the NET-associated DNA may contribute to the cytokine
production in sepsis.

Neutrophil serine proteases (including proteinase 3, NE and
cathepsin G) are important regulators of inflammation (14,46).
Importantly, NET-associated serine proteases mediate
the production of cytokines and chemokines [e.g., IL-1p
and monocyte chemotactic protein-1 (MCP-1)] by inflam-
matory cells (47). In the present study, both AEBSF (a cell
permeable serine protease inhibitor) and al-anti-trypsin (a cell
impermeable serine protease inhibitor) significantly inhibited
the NET/LPS-induced production of IL-1§ (Fig. 6A and B),
suggesting that NET-associated serine proteases are important
for the production of IL-1p. Notably, the inhibitory effect of
ol-anti-trypsin was significantly lower than that of AEBSF
(Fig. 6A and B), suggesting a possibility that intracellular
NET-associated serine proteases are more important for the
production of IL-1p. Notably, the possibility may be supported
by the findings that NET-associated serine proteases are phago-
cytosed by macrophages accompanied with NETs (20,24), as
discussed above, and that neutrophil serine proteases (e.g.,
proteinase 3 and NE) can process IL-1 (48). Furthermore, we
aimed to evaluate the effect of serine proteases on the produc-
tion of IL-1p using NE. Unexpectedly, NE (0.01 U and 0.1 U)
did not essentially induce the production of IL-1 by J774 cells
in the absence or presence of LPS (Fig. 6C). Thus, based
on the high affinity of NE for DNA (516-712 nM) (49), we
evaluated the combined effect of NE (0.1 U/ml) and CT-DNA
(1 ug/ml) on IL-1P production. The results revealed that NE
and CT-DNA induced the production of IL-1f in the presence
of LPS (Fig. 6D), suggesting that neutrophil serine proteases
such as NE can be an important component of NETs for the
production of IL-1p by macrophages in combination with
DNA (Fig. 8).

NETs are described as a complex of antimicrobial compo-
nents with the ability to trap and kill bacteria (11); however,
NETSs exacerbate the pathophysiology of sepsis via the actions
of inducing cell death and thrombus formation (15,19).
Furthermore, we revealed that NETSs, as a complex of DAMPs,
induce the production of IL-1f by macrophages in combina-
tion with LPS via the action of caspase-1 and caspase-8, and
that DNA and serine proteases are important components of
NETs for IL-1p production. Thus, our findings suggest a possi-
bility that NETSs play a role in cytokine production and have
an adverse impact on sepsis, and provide a novel insight that
the degradation and/or inhibition of NET-associated effective
components may be a therapeutic target of sepsis.

In conclusion, the present results demonstrated that NETs
significantly induced the IL-1p production by mouse macro-
phage-like J774 cells in combination with LPS. Importantly,
the NET/LPS-induced IL-1f production was inhibited by
both caspase-1 and caspase-8 inhibitors. Moreover, nucleases
and serine protease inhibitors significantly inhibited the
NET/LPS-induced IL-1f production. These observations

557

suggest that NETs induce the production of IL-1f from
macrophages in combination with LPS via the caspase-1 and
caspase-8 pathways, and NET-associated DNA and serine
proteases are likely involved in the NET/LPS-induced IL-13
production as essential components (Fig. 8).
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