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ABSTRACT

Neutrophil extracellular traps (NETs) exert a novel function of trapping pathogens. Released
NETs can accumulate in inflamed tissues, be recognized by other immune cells for clearance,
and lead to tissue toxicity. Therefore, the deleterious effect of NET is an etiological factor,
causing several diseases directly or indirectly. NLR family pyrin domain containing 3 (NLRP3)
in neutrophils is pivotal in signaling the innate immune response and is associated with
several NET-related diseases. Despite these observations, the role of NLRP3 in NET formation
in neuroinflammation remains elusive. Therefore, we aimed to explore NET formation
promoted by NLRP3 in an LPS-induced inflamed brain. Wild-type and NLRP3 knockout
mice were used to investigate the role of NLRP3 in NET formation. Brain inflammation was
systemically induced by administering LPS. In such an environment, the NET formation was
evaluated based on the expression of its characteristic indicators. DNA leakage and NET
formation were analyzed in both mice through Western blot, flow cytometry, and in vitro

live cell imaging as well as two-photon imaging. Our data revealed that NLRP3 promotes
DNA leakage and facilitates NET formation accompanied by neutrophil death. Moreover,
NLRP3 is not involved in neutrophil infiltration but is predisposed to boost NET formation,
which is accompanied by neutrophil death in the LPS-induced inflamed brain. Furthermore,
either NLRP3 deficiency or neutrophil depletion diminished pro-inflammatory cytokine,
IL-1B, and alleviated blood-brain barrier damage. Overall, the results suggest that NLRP3
exacerbates NETosis in vitro and in the inflamed brain, aggravating neuroinflammation.
These findings provide a clue that NLRP3 would be a potential therapeutic target to alleviate
neuroinflammation.

Neutrophil extracellular traps; NLR family pyrin domain-containing 3 protein;
Brain; Inflammation; Intravital microscopy

INTRODUCTION

Among the innate immune cells, neutrophils have been shown to react the fastest to
pathogens, rapidly accumulating in sites of invasion, stimulation, and inflammation. The
neutrophil performs highly versatile immunological functions on unwanted substances and
pathogens through diverse mechanisms, with releasing extracellular traps, known as the
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neutrophil extracellular traps (NETs) as a notable example (1-3). However, it has been recently
reported that NETs can cause several diseases, such as sepsis and thrombosis, either directly
or indirectly by themselves, activating other immune cells and increasing pro-inflammatory
cytokines (4-6). NETs have been noted as an etiological factor particularly in brain diseases,
such as multiple sclerosis, stroke, Alzheimer’s disease, and traumatic brain injury (7-9).
Although its association with these diseases has been verified, the relationship between
NET formation and a relatable molecule involved in its neuropathology remains largely
unknown. NETs are a meshwork of tangled neutrophil components with an extracellular
DNA backbone. In response to stimuli, granular proteins, such as myeloperoxidase (10),
neutrophil elastase (NE) (9), and protein arginine deiminase 4 (11), are activated. Chromatin
is decondensed, and histone complex is citrullinated as an especially requisite characteristic
of NET formation (12-14). Following this order of cellular processes, the endomembrane is
fragmented, and the granule protein is secreted outside, accompanied by plasma membrane
rupture (15,16). Emitted NETs have sticky properties that result in their accumulation in the
inflamed tissue, further triggering other immune cells and causing tissue toxicity (6,17,18).

In this study, we explored the role of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome in NET formation. Inflammasomes are multi-protein complexes that play a
pivotal role in signaling innate immune response after stimulation and are found in innate
immune cells, including neutrophils (19-21). As a cytosolic complex, NLRP3 inflammasome
is activated by various stimuli, such as pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). Upon activation, the NLRP3 inflammasome
promotes the maturation of pro-inflammatory cytokines, such as IL-1$ and IL-18, leading

to a robust inflammatory response (22,23). Among the inflammasomes, the role of NLRP3
in several NET-related diseases has been noted (10,24). For example, a gain-of-function
mutation in NLRP3 provokes Familial Mediterranean fever associated with NET formation,
while the Muckle-Wells syndrome, which is implicated in excessive neutrophil granule
exocytosis, is caused by an activation mutation in NLRP3 (25-27). Regardless of these
findings, the role of NLRP3 in NET formation in the inflamed brain caused by the septic
condition is still poorly understood and is therefore focused upon in this study.

Neuroinflammation is defined as the response of brain cells to infections and other causes
of cell death, implicating the initiation of the immune system activity. Such inflammatory
response in the brain is characterized by the destruction of the blood-brain barrier (BBB),
infiltration, and activation of neuroglia and immune cells, during the onset of various
neurological diseases, such as Alzheimer’s disease, Parkinson’s disease, and multiple
sclerosis (28). Previous studies have verified the capability of systemic administrating LPS

to cause the infiltration of innate immune cells into the brain, accompanied by the BBB
breakdown (29-31). Furthermore, LPS can prime NLRP3 activation (22). Accordingly, we used
the LPS-induced neuroinflammatory model to address the role of NLRP3 in NET formation
in neurological diseases. To this end, we observed NET formation in control as well as
NLRP3 knockout (KO) mice following the induction of neuroinflammation via LPS injection.
We believe that our findings emphasize NLRP3 as a potential therapeutic target in several
neurological diseases.
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MATERIALS AND METHODS

The septic neuroinflammation mouse model for optimal NET generation was induced by
an intravenous injection of 2.5 mg/kg Escherichia coli-derived LPS (O111:B4, Sigma-Aldrich,
St. Louis, MO, USA) for 24 h. C57BL/6 mice (Orient Bio, Seongnam, Korea) and NLRP3
KO (Jackson Laboratory, Farmington, CT, USA) were maintained in a specific pathogen-
free environment at Avison Biomedical Research Center at the Yonsei University College of
Medicine. All animal experiments were approved by the Institutional Animal Care and Use
Committee of the Yonsei University College of Medicine (IACUC No. 2019-0097).

Wild-type (WT) and NLRP3 KO mice were sacrificed in a CO, chamber, and bone marrow
cells were obtained from the femur and tibia. Obtained bone marrow cells were incubated
with 2 ml of ammonium-chloride-potassium lysis buffer at 25°C for 5 min. Incubated cells
were washed in PBS, and cell pellets were suspended in a buffer containing 2 mM EDTA
and 2% FBS in PBS. Neutrophils were isolated through negative selection with a neutrophil
isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany), following the manufacturer’s
description (32).

Plasma membrane damage was compared in neutrophils isolated from WT and NLRP3 KO
mice. Confocal dishes were coated with 10 pg/ml fibronectin (Thermo Fisher Scientific,
Waltham, MA, USA) in 5% CO,, 37°C for 1 h. Isolated neutrophils (2x10°) from WT and
NLRP3 KO bone marrow were seeded onto the surface of coated dishes and incubated for
30 min. To stimulate neutrophils, 1 pg/ml of E. coli-derived LPS was used, with PBS as the
control; 5 pM of SYTOX-Orange impermeable nucleic acid stain (Thermo Fisher Scientific)
was used to detect the plasma membrane breakdown (33-35). The cells incubated with
SYTOX and LPS were diluted in RPMI 1640 media containing 10% FBS and 1% prostate-
specific Ag. After 1 h of incubation, dishes were placed on the imaging incubator with 5%
CO,, 37°C for cell live imaging. Live cell imaging was obtained for 2 h per 30 s using a Nikon
Eclipse Ti2 fluorescent microscope (Tokyo, Japan). The acquired images were analyzed by
Image J (36) and Volocity (PerkinElmer, Waltham, MA, USA).

To detect released NETs in vitro, 2x10° neutrophils isolated from WT and NLRP3 KO mice
bone marrow were seeded onto the surface of each well of a fibronectin-coated 8-well Cell
Culture Chamber (SPL Life Sciences, Pocheon, Korea). Neutrophils were stimulated with

1 pg/ml E. coli-derived LPS and incubated for 3 h in 5% CO, at 37°C. Following incubation,
neutrophils were stained with 5 pM SYTOX for 5 min at 25°C in the dark and rinsed gently
with PBS. Stained neutrophils were fixed in 4% paraformaldehyde for 10 min and incubated
with 1:500 anti-citrullinated histone H3 (CitH3, ab5103; Abcam, Cambridge, MA, USA) at
4°C overnight. The cells were washed in PBS the following day and incubated with 1:500
Alexa Fluor 488 goat anti-rabbit IgG (ab150077; Abcam) for 2 h, at 25°C in the dark. Prior to
mounting, cells were stained with DAPI for 5 min. The slide was then covered with ProLong
Diamond Antifade Mount solution (Thermo Fisher Scientific) and incubated for at least 1 day
at 4°C until solidification. All the images were obtained with a Nikon Eclipse Ti2 fluorescent
microscope using 20X and 60X objectives. NETs were identified by the co-localization of
SYTOX and CitH3 as previously described (6), and 20X images were used for quantification.
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The NET formation was observed and displayed using the 60X images. Fluorescent images
were analyzed using Volocity (PerkinElmer) and Image J (36) software.

Leukocytes from the brain were acquired, as demonstrated previously (37). Briefly, Mice were
perfused with PBS to eliminate intravascular cells, and harvested brain tissues were ground
in 1X Hanks’ balanced salt solution (HBSS; Thermo Fisher Scientific). Stock isotonic percoll
(SIP) was prepared by mixing 10X HBSS and pure percoll (GE Healthcare, Little Chalfont,
UK). Cell suspension solution was made to a final 0f 30% SIP. Over the top of 70% SIP, the
cell suspension solution prepared to a final 30% SIP was stacked slowly to make a gradient
layer. After centrifugation at 500 g for 30 min, a flat visible leukocyte cell belt was obtained at
the 70%-30% junction. Collected cells were rinsed in 1X HBSS.

Brain tissues were harvested after perfusion from WT and NLRP3 KO mice in each PBS and
LPS-injected group and ground using a strainer. The total proteins were obtained using PRO-
PREP protein extraction solution (iNtRON Biotechnology, Seongnam, Korea) and analyzed
following the previously used method (6). In brief, primary Abs, CitH3 (ab5103; Abcam),
NLRP3 (# AG-20B-0014; AdipoGen, San Diego, CA, USA), and B-actin (#8457; Cell Signaling
Technology, Boston, MA, USA), were used to detect the NET formation in the brain tissue.
After overnight incubation with primary Abs, the membrane was incubated with a secondary
Ab for1h at 25°C. The membrane was developed using Clarity Max Western ECL substrate
(Bio-Rad, Hercules, CA, USA) and the ImageQuant LAS 4000 mini (Fyjifilm, Tokyo, Japan).
Each time, the membrane was rinsed thrice with TBS-T. The signals were quantified using
Image J (36) software.

Released NETs in mouse brain tissues were examined by immunofluorescence microscopy.
The perfused brain tissues were fixed in fresh 4% paraformaldehyde solution at 4°C for 1
day. Fixed brain tissues stayed in 30% sucrose hypertonic solution until they sank and were
embedded in optimal cutting temperature (38) compound. Cryo-embedded brain tissues
were sectioned at 10 pm thickness and washed thrice in PBS to remove unnecessary OCT
compound. The tissues were permeabilized, and non-specific binding was blocked using 1%
BSA, 2 mM EDTA, and 0.5% Triton X-100 in PBS for 1 h at 25°C. Subsequently, the tissues
were incubated with primary Abs, CitH3 (ab5103; Abcam) and myeloperoxidase (MPO,
ab208670; Abcam), at 4°C overnight. The slides were then rinsed in PBS and incubated with
secondary Abs Alexa Fluor 488 goat anti-rabbit IgG 2 pg/ml (ab150077; Abcam) and Alexa
Fluor 555 goat anti-rabbit IgG 2 pg/ml (ab150078; Abcam) in same media that was used for
permeabilization for 2 h at 25°C. After rinsing thrice in PBS, the tissues were stained with
DAPI. Images were obtained using Nikon Eclipse Ti2 fluorescent microscope and analyzed
with Volocity (PerkinElmer) software according to previously demonstrated (6).

LPS-injected WT and NLPR3 KO mice brains were collected to evaluate in vivo brain damage.
Tissue slides were prepared as described previously in immunofluorescence in vivo and
sectioned 10 pm for IHC staining. IHC staining was performed using the Novolink Polymer
Detection System (RE7290-K; Leica Biosystems, Nussloch, Germany), according to the
manufacturer’s description. Briefly, the tissue slides were immersed in cold acetone for 10
min and washed with PBS. Next, peroxidase activity was neutralized with a peroxidase block
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for 10 min. Then, slides were rinsed with PBS and treated with protein block for 1 h at 25°C.
Following another PBS wash, tissue sections were incubated with primary ZO-1 (Cat# 40-
2200; Invitrogen) and Claudin-5 (Cat# 35-2500; Invitrogen) Abs at 4°C overnight. Slides were
rinsed with PBS and incubated with a secondary Ab for 2 h at 25°C. After washing the slides
with PBS, novolink polymer was applied for 30 min. Rinsed slides were treated with a DAB
working solution for 5 min. Samples were counterstained with novolink hematoxylin for 10
min, dehydrated and coverslipped.

Isolated neutrophils were used to quantify the number of plasma membrane-damaged cells
from WT and NLRP3 KO, treated with 1 pg/ml E. coli-derived LPS and incubated for 3 h in 5%
CO, at 37°C. Cells were then collected and stained with 5 pM SYTOX-orange in the buffer for
5 min at 25°C in the dark. Stained cells were rinsed twice. SYTOX-positive neutrophils were
identified as plasma membrane ruptured cells (33-35). We also conducted the neutrophil
viability test to confirm the dead neutrophils which lead to NETosis. Neutrophils were
stimulated with the same conditions as before and stained by the annexin V staining
viability protocol (39,40). Briefly, stimulated total cells were harvested and incubated with
FITC annexin V (BioLegend, San Diego, CA, USA) and propodeum iodide (PI) (Thermo
Fisher Scientific) solution for 15 min at 25°C in the dark. Dead neutrophils were identified

as annexin V and PI double-positive population. To determine the number of infiltrated
neutrophils in the brain under systemic inflammation, we injected 2.5 mg/kg E. coli-derived
LPS intravenously into WT mice. We perfused mice before sacrifice and harvested the brain
6 h and 24 h post-injection. Besides, we compared the number of infiltrated neutrophils
after 24 h in NLRP3 absence. Leukocytes in the brain were obtained following the percoll
cell gradient. Obtained cells were stained with CD11b-APC (BioLegend) and Ly6G-PE
(BioLegend) for cell staining. CD11b and Ly6G double-positive cells were identified as
neutrophils. At the 24 h LPS post-injection condition for NET formation in vivo, perfused
brain tissues were harvested, and blood was collected from each WT, NLRP3 group LPS-
injected mice. Obtained cells from the brain and blood were stained with Ly6G (Cat# 127607;
BioLegend), CitH3 (Cat# ab5103; Abcam), and MPO (Cat# ab90812; Abcam) to quantify NET
formation in the brain (9). Alexa 647 anti-rabbit IgG (Cat# 406414; BioLegend) Abs were
used for fluorescence labeling on the unconjugated Ab. Samples were acquired on an LSRII
(BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using Flow]Jo software (FlowJo, LLC,
Ashland, OR, USA).

Two-photon imaging was performed to observe NET formation in the mouse brain after

24 h of 2.5 mg/kg, intravenous (i.v.) LPS injection. An anesthetized mouse was placed in a
customized chamber, and the brain surgery was conducted prior to imaging as previously
described (41,42). NET-defining markers, which are NE Ab Alexa Fluor 488 (Ssc-55549
AF488; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and CitH3 (Cat# ab5103; Abcam),
were intravenously inoculated to visualize the NET formation. For the fluorescence imaging
of NETs, the CitH3 Ab was conjugated to Alexa Fluor 594 using Ab labeling kits, as per the
manufacturer’s instructions (Invitrogen). The blood vessel was visualized by injecting wheat
germ agglutinin (WGA) (Cat# 29028; Biotium, Eching, Germany). Acquired Images were
analyzed with Volocity, Image J, and Imaris based on previous reports (18).
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Anti-Ly6G-mediated neutrophil depletion in mice was performed by the administration of 4
mg/kg of the anti-Ly6G Ab (clone 1A8; BioLegend) twice at a 24 h interval via intraperitoneal
injection. The neutrophil depletion process was initiated 24 h prior to LPS injection to ensure
adequate depletion of neutrophils. Mice brains were harvested 24 h after the administration
of 2.5 mg/kg of E. coli-derived LPS intravenously. The efficiency of neutrophil depletion was
assessed by evaluating changes in immune cell populations in the brain using previously
established protocols (43,44).

The secretion levels of the inflammatory cytokines TNF-a. and IL-13 were measured using an
ELISA (R&D Systems, Minneapolis, MN, USA), following the manufacturer’s instructions.
Total whole-brain proteins and cell supernatants were used and were triplicated to assay the
cytokine levels. The quantification of IL-1 and TNF-a levels was expressed as picograms of
cytokine per milligram of protein (pg/mg protein).

All data were expressed as mean + SEM. A comparison of the 2 groups was performed using a
2-tailed Student’s t-test. More than 3 groups were compared via a one-way analysis of variance
(45). Statistical significance was set to p<0.05. GraphPad Prism Software (version 7.00;
GraphPad, CA, USA, www.graphpad.com) was used for all statistical analyses, and the results
were derived from at least the triplicate of experiments.

RESULTS

In the process of NET formation, neutrophils secrete intracellular proteins along with DNA.
Plasma membrane breakdown is essential to eject internal molecules, especially DNA, during
the process. Therefore, we investigated whether NLRP3 is involved in plasma membrane
rupture. We exploited SYTOX, an impermeable DNA dye, to observe the plasma membrane
destruction, in which SYTOX can only stain DNA that is not membrane-enclosed (33-35). To
determine the optimal LPS concentration for neutrophil stimulation in SYTOX staining, we
tested 0.01, 0.1, and 1 pg/ml E. coli-derived LPS based on previous reports (6,46-48). Owing to
the short-life span of neutrophils, they were cultured for 1 h and 3 h on each concentration to
find the optimal condition for live imaging. Induction with 1 pg/ml LPS and culturing for3 h
proved to be the optimal conditions for viewing the real-time plasma membrane breakdown.
We also confirmed that the NLRP3 inflammasome is activated, and IL-1f is secreted after 3 h
of 1 pg/ml LPS treatment. This result shows that the setup condition is proper for studying the
role of the NLRP3 inflammasome (Supplementary Fig. 1). To address the role of NLRP3 in
plasma membrane rupture, we compared the SYTOX-positive intensity of WT and NLRP3 KO
neutrophils cultured in these selected stimulation conditions. First, isolated neutrophils were
activated with 1 pg/ml LPS and treated with 5 uM SYTOX for 1 h. We performed live cell imaging
from 1-3 h after stimulation (Fig. 1A). We found that WT neutrophils exhibited relatively rapid
plasma membrane breakdown and stronger SYTOX intensity compared to NLRP3 KO as time
progressed (Fig. 1B and C). A fluorescent image at the 2 h time-point following LPS stimulation
showed fewer SYTOX-stained cells in NLRP3 KO neutrophils (Fig. 1D). Furthermore, we
inspected the difference in the SYTOX-positive cell population in the absence of NLRP3
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at3 h of 1 pg/ml LPS stimulation. Consistent with the previous result, the WT neutrophil
population contained significantly more SYTOX positive cells than NLRP3 KO upon LPS
stimulation, according to Flow cytometry quantification (Fig. 1E and F). However, there was
no endogenous difference in SYTOX-positive staining in WT and NLRP3 KO PBS-treated
groups. These results suggest that NLRP3 promotes plasma membrane rupture and can
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Figure 1. NLRP3 promotes DNA leakage from neutrophils.
(A) Scheme of live cell imaging in WT and NLRP3 KO mice neutrophils in the presence of SYTOX and LPS. Given conditions were treated with LPS (1 pg/ml)

and SYTOX-orange (red, 5 yM). Live imaging was performed from 1-3 h after LPS stimulation. (B-D) SYTOX staining indicated DNA leakage with bright orange
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orange (red) staining images of WT and NLRP3 KO neutrophils at 2 h after LPS stimulation (scale bars=50 pm). (E, F) The number of SYTOX-positive cells in WT
and NLRP3 KO neutrophils after 3 h of LPS stimulation by flow cytometry. (E) Representative LPS-treated neutrophils in WT and NLRP3 KO group (F) quantitative
demonstration of membrane-cleaved cells. All experiments were independently repeated at least 3 times. **p<0.01, ***p<0.001.
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create a preferential environment for NET formation via expediting DNA leakage, particularly
upon LPS stimulation.

Next, we assessed whether NLRP3 plays a further crucial role in NET formation apart

from the increased plasma membrane destruction. NET formation was initially known

as a host defense function of neutrophils to trap and kill pathogens (3). Excessive NET
formation, however, can be an etiological factor and cause deleterious tissue damage

(6,18). Thus, neutrophils from WT and NLRP3 KO mice were stained with NET-specific
indicators SYTOX and CitH3 to detect the extracellular DNA and the citrullinated histones
present in NETs. We employed CitH3 as the main hallmark of NETs, which results from
chromatin decondensation and the conversion of arginine to citrulline (13,47,49,50). We
found that SYTOX- and CitH3-stained cells were significantly reduced in the absence of
NLRP3, compared to WT (Fig. 2A). In addition, stained regions indicating SYTOX and
CitH3 co-localization were much less in the absence of NLRP3 compared to WT (Fig. 2B).

It has been reported that there are 2 NET formation pathways, namely, suicidal and vital
(12). To specify which pathway is supported by NLRP3 in the LPS stimulation, we tested the
viability of neutrophils under the same conditions. The results revealed that NLRP3 supports
neutrophil death upon a 3 h stimulation by 1 pg/ml E. coli-derived LPS (Fig. 2C-E). Therefore,
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Figure 2. NLRP3 elevates NET formation and induces neutrophil death.
(A) Representative fluorescent images of NET formation by staining with SYTOX-orange (red), CitH3, and nuclei (blue) in WT and NLRP3 KO neutrophils stimulated
with 1 pg/ml of LPS for 3 h (B) quantitative demonstration of NET formation with SYTOX and CitH3 co-localization (scale bars=50 pm). (C-E) Viability test of WT
and NLRP3 KO neutrophils after stimulation with 1 pg/ml of LPS for 3 h. (C) Representative and (D) quantitative comparison of annexin V and PI double-positive
(dead) neutrophils in WT and NLRP3 KO neutrophils by flow cytometry. (E) Annexin V and PI double-negative live neutrophils under LPS stimulation. All results
represent findings from at least 3 independent experiments. *p<0.05, **p<0.01.
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these results implicate NLRP3 in NET formation, accompanied by neutrophil death, which
suggests that NLRP3 aids suicidal NET formation; NETosis.

To gain insight into the role of NLRP3 in the neutrophil function in the inflamed brain, we set
up the neuroinflammation model by comparing the number of infiltrated neutrophils. It has
been well established that LPS-induced septic conditions cause inflammatory environment
in the brain by peripheral stimulation and induce neutrophil infiltration to the brain (29-
31,51,52). Thus, we injected 2.5 mg/kg E. coli-derived LPS intravenously and observed the
differences in infiltrated neutrophils. We set short time-periods, 6 h and 24 h post the i.v.
injection of LPS, since the neutrophil-related reaction is an early stage of innate immune
response, including NET formation, which especially can also be eliminated by other
phagocytes subsequently. From the isolated brain leukocytes, neutrophils were identified as
the CD11b and Ly6G double-positive population. Our results delineated that 2.5 mg/kg of LPS
administration for 24 h is optimal for studying neuropathology in our study design (Fig. 3A
and B). With the chosen conditions, we next explored whether the absence of NLRP3 could
lead to different levels of neutrophil infiltration in the brain. Interestingly, the number of
infiltrated neutrophils was indistinguishable between WT and NLRP3 KO in LPS-induced
neuroinflammation (Fig. 3C and D). These findings provide a hypothesis that NLRP3 may not
have an impact on neutrophil infiltration but could influence NET formation.
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Figure 3. NLRP3 deficiency does not affect the amount of neutrophil infiltration in neuroinflammation.

(A, B) Comparison of the number of infiltrated neutrophils in the brain post 6 h and 24 h of 2.5 mg/kg LPS injection performed intravenously in WT mice.
Infiltrated Neutrophils in the brain were sorted using CD11b and Ly6G staining (B) quantitative demonstration by flow cytometry. (C) Flow cytometry analysis
of the number of infiltrated neutrophils in the brains of WT and NLRP3 KO at 24 h following LPS injection (D) quantitative comparison of infiltrated neutrophil
number. All data are representative of experiments repeated more than thrice.

*p<0.01.
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We next sought to check if NLRP3 deficiency affected the neutrophil function of NET
formation in the inflamed brain. Given that there was no difference in the number of
infiltrating neutrophils in the brains of WT and NLRP3 KO mice (Fig. 3C and D), we focused
on the NET formation ability of neutrophils under the absence of NLRP3 in the brain. To
this end, we used the same mouse model of LPS-induced neuroinflammation to delineate
the differences in NET formation and thus harvested brains from WT and NLRP3 KO mice
for several analysis sessions (Fig. 4A). We first evaluated CitH3 expression, one of the well-
known NET indicators, at the protein level in the brain using Western blotting (13,49,50). The
marked difference in CitH3 protein levels in PBS- and LPS-treated WT mice further validated
that our mouse model of LPS-induced neuroinflammation is optimal for studying NET
formation in the brain. By contrast, NLRP3 deficiency resulted in reduced CitH3 expression
under the same conditions (Fig. 4B and C). In the same context, histological fluorescence
examination of the mouse brains revealed that in the absence of NLRP3, the expression

of CitH3 and MPO, which are significant sub-molecules involved in NET formation, was
decreased (Fig. 4D). Consistent with these findings, we investigated CitH3 and MPO double-
positive neutrophils in the brain to quantify NET formation via flow cytometry as previously
reported (9,53,54). The proportion of NET formation, identified as Ly6G*CitH3*"MPO*, was
significantly diminished in the LPS-injected brain of NLRP3 KO mice compared with WT
mice (Fig. 4E and F). However, circulating NETs were not affected in the absence of NLRP3
(Fig. 4G and H). In addition, we tested the viability of brain-infiltrated neutrophils to identify
whether NLRP3-dependent NET formation undergoes suicidal NET formation; NETosis, as
we observed previously in vitro (55). We gated Ly6G-positive brain-infiltrated neutrophils and
compared the number of dead neutrophils between the WT and NLRP3 groups. The results
indicate that NLRP3 supports NETosis in the inflamed brain. Our results collectively suggest
that NLRP3 deficiency limits NETosis, especially in the inflamed brain, possibly alleviating
the deleterious effect of excessive accumulation of NETs.

To more accurately understand NET formation as sustained by NLRP3, we performed
two-photon imaging in LPS-injected WT and NLRP3 KO mice under the designed in vivo
conditions (Fig. 4A). We utilized NE and CitH3 to visualize the NET components in live

mice brains as previously described (56-59). NE is an endogenous enzyme characteristically
found in the NET structure similar to MPO. NLRP3 KO mice brains showed a conspicuously
decreased CitH3-stained area compared to WT (Fig. 5A-C). In addition, the NE-stained region
showed the same tendency with CitH3; decreased in NLRP3-deficient mice brains. Taken
together, NLRP3 can cause excessive NET formation in the inflamed brain, as indicated by
experiments in living animals as well.

To identify the degree of neuroinflammation under lessened NET formation by the

NLRP3 deficiency, we evaluated BBB breakdown as one of the main characteristics of
neuroinflammation. The BBB is a central and unique structure present in the brain that makes
the brain an immune-privileged organ. This structure normally exists intact and plays a role in
protecting the brain from invading pathogens or immune cells. However, when inflammation
occurs in the brain, the integrity of the BBB is lost, and the tight junction loosens, allowing
immune cells to infiltrate the brain and become susceptible to all pathogens (29-31).
Therefore, we compared the degree of BBB damage between WT and NLRP3 KO by evaluating
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Figure 4. NLRP3 accelerates NET formation in the inflamed brain.

(A) Scheme of experimental design in vivo. (B) Representative cropped western blots of CitH3 and B-actin with proteins extracted from the whole brain

tissues. (C) CitH3 production, as analyzed from Western blots done in triplicate (B) was normalized over -actin in WT and NLRP3 KO brain. (D) Representative

Immunohistochemistry images of brain sections showing NET formation in LPS-injected WT and NLRP3 KO mice. CitH3 (red) and MPO were used as NET

indicators, and DAPI (blue) for nuclei staining (scale bar=100 pm). (E-H) Extracellular expression of CitH3 and MPO in Ly6G* neutrophils derived from the brain
and blood of WT and NLRP3 KO mice after LPS injection. (E) Representative flow cytometry analysis of Ly6*CitH3*"MPO" co-expression in brain neutrophils; NET
formation (F) quantitative evaluation of WT and NLRP3 KO. (G) Representative (H) quantitative comparison of NET formation from blood neutrophils; circulating
NETs in WT and NLRP3 KO after LPS injection. (1) Representative and (J) quantitative comparison of annexin V and PI double-positive (dead) neutrophils in WT

and NLRP3 KO brain infiltrated neutrophils via flow cytometry. All results shown are from 3 independent experiments.
*p<0.05, **p<0.01, ***p<0.0001.
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the expression of Claudin-5 and Zonula Occludens-1 (ZO-1), which are tight junction-
associated proteins that determine the integrity of the BBB via histological analysis (38,60-
62). Claudin-5 and ZO-1 are proteins that express a certain amount in endothelial cells in the
intact state brain. However, when the integrity of the tight junction of the BBB is broken, the
expression level decreases. We confirmed that the expression of Claudin-5 and ZO-1 are both
reduced in the inflamed brain via immunohistochemistry (Fig. 6A-C). We compared to WT,
NLRP3 KO mice brain tissue showed more intact Claudin-5 and ZO-1 stained structures.
Additionally, we estimated the expression level of TNF-a and IL-1B3, well-known inflammatory
cytokines, in the whole brain tissue lysate. The result determines NLRP3-deficiency alleviates
both pro-inflammatory cytokines (Fig. 6D and E). This result implicates NLRP3 supports
NET formation in the inflamed brain and leads to brain damage.

We investigated whether the reduction of NET formation is responsible for alleviating
inflammatory status in NLRP3-deficient mice. To eliminate the possibility of NET formation,
we depleted neutrophils using anti-Ly6G treatment. In this way, we confirmed the elimination
of brain-infiltrating neutrophils (Supplementary Fig. 2) (41,42). We then measured changes

in the expression of tight junction-associated proteins to assess BBB integrity following
neutrophil depletion. Our results showed that neutrophil depletion increased the expression of
Claudin-5 and ZO-1 in the inflamed brain, indicating that ablation of possible NET formation
alleviates BBB damage (Fig. 7A-C). We also evaluated the concentration of IL-1B and TNF-a.
The production level of IL-1p was lower in the neutrophil-depleted inflamed brain than that in
the LPS-injected inflamed brain alone (Fig. 7D). However, anti-Ly6G treatment did not affect
the production level of TNF-a (Fig. 7E). Therefore, excessive NETosis supported by NLRP3
worsens neuroinflammation, aggravating BBB damage and escalating the expression of the pro-
inflammatory cytokine IL-1f. These results suggest that the deficiency of NLRP3 induces less
NET formation, which could ultimately be applied clinically to attenuate brain damage.
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Figure 6. NLRP3-deficiency attenuates neuroinflammation in inflamed mice brains.

(A) Representative images of IHC obtained from WT and NLRP3 KO mice brains by staining with ZO-1 and Claudin-5. Mice were injected with 2.5 mg/kg LPS 24 h
before harvest and perfused with PBS. BBB tight junction-associated proteins, ZO-1 and Claudin-5, were labeled in 10 pm sectioned brain tissues. Quantitative
analysis of ZO-1 and Claudin-5 expression in the brain; (B) area of Claudin-5 and (C) of ZO-1 staining (scale bar=50 pm). Inflammatory cytokine level was
evaluated with whole brain lysates after 24 h of 2.5 mg/kg LPS injection in WT and NLRP3 KO groups. (D) TNF-a.and (E) IL-1B concentration were detected with
ELISA. Data represent findings from experiments repeated at least 3 times.

*p<0.05, **p<0.01.

DISCUSSION

The secretion of NETs was previously viewed as a host defense function of neutrophils,
capturing the pathogen. However, after the possible deleterious effect of NETs was highlighted,
NETs were regarded as a double-edged sword (15,42). Recently the overall role of NETs leans
more towards the toxic effect. NETs have sticky properties that can not only trap the pathogen
but also easily aggregate and accumulate in the inflamed site. In addition, the ejected NET
components can promote an inflammatory state and make the tissue susceptible to damage
(18). Several previous studies revealed that NETs are linked to various neurological diseases (7).
Herein, we focused on NLRP3, a relatable molecule in NET formation with evident expression
in the neutrophils, which was also studied in several NET-related diseases (10,24).

We found that NLRP3 facilitates DNA leakage and NET formation in neutrophils under LPS
stimulation and further confirmed that endogenous cell viability by itselfis not the cause,
as indicated by the results from the PBS-treated group. Moreover, NLRP3 did not affect the
number of infiltrating neutrophils in the inflammatory environment induced by LPS under
the experimental conditions chosen in our study. Thus, we identified that even though
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Figure 7. NET inhibition via neutrophil depletion alleviates neuroinflammation in the inflamed brain.

Mice were treated with 4 mg/kg of anti-Ly6G twice; Anti-Ly6G was administered 24 h prior to LPS injection. As a second injection, anti-Ly6G was administered
simultaneously with 2.5 mg/kg of LPS. Mice brains were harvested 24 h after LPS injection. (A) Representative IHC images of staining with ZO-1 and Claudin-5
were obtained from anti-Ly6G-treated WT mice. Quantitative analysis of ZO-1 and Claudin-5 expression in the brains of mice treated with only LPS and LPS with
anti-Ly6G; (B) area of Claudin-5 and (C) of ZO-1 staining (scale bar=50 pm). (D) IL-1B and (E) TNF-a expression levels were detected with ELISA. Data represent
findings from experiments repeated thrice.

*p<0.05, ***p<0.001.

the same number of neutrophils infiltrated the inflamed brain, the number of neutrophils
emitting the NETs can be different in the absence of NLRP3. Furthermore, we confirmed
that the lack of NLRP3 could mitigate the neuroinflammatory state, which is identified as
BBB damage and pro-inflammatory cytokine expression. We clarified the aggravation of BBB
damage and inflammatory cytokine expression is the direct consequence of NETosis through
indirect ablation of NET formation. Interestingly, although NLRP3 deficiency diminished
both TNF-o and IL-1f levels in the inflamed brain, neutrophil depletion decreased only IL-1B
levels but not TNF-a. Therefore, we concluded that the primary source of decreased IL-1B
was neutrophils. In other words, NLRP3 inflammasome augments neuroinflammation via
excessive NETosis, which is mediated by IL-1B. Hypothetically, our findings suggest the
existence of a possible positive feedback loop between NLRP3 inflammasome activation

and NET formation, where the activated NLRP3 inflammasome produces mature IL-1p.

This secreted IL-1p then stimulates neutrophils to generate more NETs, triggering NLRP3
inflammasome inside the neutrophil and leading to further IL-1p production. Several
published references lend support to the idea of this positive feedback loop (1,11,63).
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Consequently, our findings suggest that NLRP3 activation promotes NETosis-associated
neuroinflammation, leading to aggravation of BBB damage and IL-1p production. This result
has potential implications for several neuroinflammatory diseases where BBB disruption
and IL-1P secretion have been implicated, such as multiple sclerosis, Alzheimer’s disease,
and stroke (64-66). Previous studies have reported the excessive presence of NETs in the
cerebrospinal fluid and brain lesions of patients with multiple sclerosis and Alzheimer’s
disease compared to the healthy group (7,67,68). Our study further proves that targeting
NLRP3 and NETosis could be a novel therapeutic strategy for these neuroinflammatory
diseases. Furthermore, our results suggest that IL-1f3 secretion via NLRP3 activation could be
an early biomarker for these diseases, allowing for earlier diagnosis and treatment. Further
investigation is warranted to explore the potential clinical applications of our findings.

While our findings suggest that NLRP3 has a pro-inflammatory role in the mouse brain
mediated by excessive NET formation, it is important to note that there are contradictory
findings regarding the inflammatory role of NLRP3. For example, NLRP3-deficient mice
exhibited more severe and earlier herpetic stromal keratitis lesions during herpes simplex
virus type 1 ocular infection, with increased inflammatory cytokine production and
neutrophil infiltration (69). Therefore, the restraint of NLRP3 in the inflamed brain may have
multiple possible side effects since NLRP3 has versatile functions and is involved in several
endogenous cellular mechanisms. Hereby, it is essential to carefully consider the potential
risks and benefits of NLRP3 inhibition and further elaborative investigation of NLRP3-
involved physiological functions. In summary, our findings suggest that NLRP3 activation
promotes NETosis-associated neuroinflammation, leading to aggravation of BBB damage
and IL-1P production. Our study implies NLRP3 as a potential molecular target for developing
therapeutic strategies to alleviate neuroinflammation in various neuroinflammatory diseases.
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