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Background: Uncontrolled inflammation is a typical feature of sepsis-related lung injury. The key event in the progression of lung
injury is Caspase-1-dependent alveolar macrophage (AM) pyroptosis. Similarly, neutrophils are stimulated to release neutrophil
extracellular traps (NETs) to participate in the innate immune response. This study aims to illustrate the specific mechanisms by
which NETs activate AM at the post-translational level and maintain lung inflammation.

Methods: We established a septic lung injury model by caecal ligation and puncture. We found elevated NETs and interleukin-1b (IL-
1B) levels in the lung tissues of septic mice. Western blot and immunofluorescence analyses was utilized to determine whether NETs
promote AM pyroptosis and whether degrading NETSs or targeting the NLRP3 inflammasome had protective effects on AM pyroptosis
and lung injury. Flow cytometric and co-immunoprecipitation analyses verified intracellular reactive oxygen species (ROS) levels and
the binding of NLRP3 and ubiquitin (UB) molecules, respectively.

Results: Increased NETs production and IL-1f release in septic mice were correlated with the degree of lung injury. NETs upregulated
the level of NLRP3, followed by NLRP3 inflammasome assembly and caspase-1 activation, leading to AM pyroptosis executed by the
activated fragment of full-length gasdermin D (FH-GSDMD). However, the opposite effect was observed in the context of NETs
degradation. Furthermore, NETs markedly elicited an increase in ROS, which facilitated the activation of NLRP3 deubiquitination and
the subsequent pyroptosis pathway in AM. Removal of ROS could promote the binding of NLRP3 and ubiquitin, inhibit NLRP3
binding to apoptosis-associated spotted proteins (ASC) and further alleviate the inflammatory changes in the lungs.

Conclusion: In summary, these findings indicate that NETs prime ROS generation, which promotes NLRP3 inflammasome activation
at the post-translational level to mediate AM pyroptosis and sustain lung injury in septic mice.
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Introduction

Sepsis is a life-threatening clinical syndrome. The main characteristic is the uncontrollable organismal response to
invading pathogens, leading to multiple organ dysfunction.' The lungs bear the brunt of inflammation; almost half of
septic patients will develop acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), and the mortality
rate is approximately 60%.%* Moreover, infiltrating neutrophils cluster in lung tissue during sepsis-induced ALL> In
addition to performing degranulation and phagocytosis, activated neutrophils release neutrophil extracellular traps
(NETs), a DNA network structure composed of 15 to 17 nm chromatin fibres on which histones, myeloperoxidase
(MPO), and other antibacterial proteins are attached; NETs release is regarded as a novel extracellular effector
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mechanism of neutrophils to combat pathogenic microorganisms.®’ Phorbol 12-myristate 13-acetate (PMA) is commonly
used to induce NETs production in vitro.® In addition, lipopolysaccharide (LPS), platelets, bacteria, viruses, fungi, the
cytokine IL-8, and crystals have been reported to promote NETs release.””'° However, recent studies have reported that
NETs have cytotoxic and proinflammatory effects that drive the development of inflammatory diseases, such as diabetes,
sepsis-related lung injury, atherosclerosis, and systemic lupus erythematosus.'''* For example, the severity and mortality
of ARDS were associated with increased NETs levels, although deoxyribonuclease I (DNase 1) could mitigate the
severity and mortality of ARDS but was associated with the risk of an increased bacterial load.'>'® Therefore, given the
dual roles of NETs in sepsis, clarifying how NETs induce the exacerbation of septic lung injury remains to be explored.

Pyroptosis, which separately depends on caspase-1 participating in the canonical pyroptosis pathways and caspase-11
(or caspase-4/5) mediating the non-canonical pyroptosis pathway, is a programmed cell death process amplified by an
inflammatory cascade; this process is documented to occur mainly in dendritic cells and macrophages.'” The chief feature
of pyroptotic cells is the swelling and rupture of the cell membrane, which leads to the release of interleukin (IL)-1p and
IL-18. This process is executed by N-terminal gasdermin D (N-GSDMD) generated by the cleavage of GSDMD and
subsequent oligomerization to form 1- to 2-nm pores on the surface of the cell membrane.'® Moreover, compromised cell
membranes allow annexin V to bind with phosphatidyl serine (PS) in pyroptotic cells.'” Furthermore, almost all
inflammatory caspases are activated within an inflammasome complex.'” The NLRP3 inflammasome has received
extensive attention due to its involvement in the progression of many diseases. NLRP3 interacts with the apoptosis-
associated spotted protein (ASC) molecule to form ASC foci, further recruiting and activating caspase-1 to form
a complete inflammasome complex.”® However, both treatment with the NLRP3 inhibitor MCC950 and knockout of
NLRP3 were found to significantly reduce the lung inflammation induced by LPS in vivo.?'*? Therefore, the activation
of NLRP3 is a prerequisite for NLRP3 inflammasome assembly and pyroptosis.

NLRP3, a subset of the nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs), can widely
sense a diverse range of irritants inside and outside the human body, including pathogenic microorganisms, bacterial
toxins, asbestos, uric acid, cholesterol, and ATP.'"** Moreover, multiple studies have shown that NETSs act as danger-
associated molecular patterns (DAMPs) to activate the NLRP3 inflammasome,** but the specific mechanism has not been
elucidated. In addition, increasing evidence suggests that the ubiquitin (UB) proteasome system influences the assembly
of NLRP3 inflammasome complexes.”” Moreover, deubiquitination of NLRP3 plays a vital role in NLRP3 inflamma-
some activation. When deubiquitinases are knocked out or antagonized with inhibitors, there are significant reductions in
caspase-1 activity and IL-1p secretion in macrophages.”®*® In addition, recent studies have reported that reactive oxygen
species (ROS) production may be an essential bridge for activating the NLRP3 inflammasome.*® The accumulation of
ROS can affect the binding of NLRP3 to ubiquitin.*® Surprisingly, when ROS were eliminated with N-acetylcysteine
(NAC), NLRP3 ubiquitination resumed, and the expression level of inflammasome-associated proteins was markedly
decreased.!

Studies have shown that NETs are engulfed and degraded by macrophages, partly through a process mediated by the
advanced glycation end products (RAGE) receptor.’® Based on the above reports, we hypothesized that NETs stimulate
macrophages to generate large amounts of ROS, which act as “activation signals” to regulate the activation of NLRP3 at
the post-translational modification level, thereby promoting the assembly of NLRP3 inflammasomes and the cleavage of
downstream GSDMD to induce alveolar macrophage (AM) pyroptosis; this process provides a new idea for the
pathogenesis of sepsis-induced lung injury.

Materials and Methods

Animals

The animal experimental procedures and protocols were approved by the ethics committee of the medical innovation
centre of the First Affiliated Hospital of Nanchang University (Approval No: CDYFY-IACUC-202208QR009) and
performed adherence to the principles and procedures of the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and the Guidelines for Chinese Regulation for the Use and Care of Laboratory Animals.
CRISPR-mediated NLRP3 knockout and GSDMD knockout mice were produced by Beijing View Solid Biotechnology,
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China (certificate of conformity: SCXK2016-0009). C57BL/6 mice (8 weeks old; 18-22 g), Sprague-Dawley (SD) Rats
(8 weeks old; 100-110 g) were purchased from Hunan SJA Laboratory Animal Corporation, China (certificate of
conformity: SCXK2016-0002). According to the regulations of the institution, the mice were fed pathogen-free food
and water under standard conditions (12 light/dark rhythm, 25-27 °C, humidity of ~40%).

Cell Culture

Rat alveolar macrophages (NR8383 cells) purchased from the Chinese Academy of Sciences Cell Bank (Shanghai,
China) were cultured in Ham’s F-12K complete medium (Boster, China) containing 15% foetal bovine serum (FBS,
Gibco, Grand Island, USA) at 37 °C in 95% air and 5% CO2. The cells were added to a 6-well plate (5 x 10° cells/mL)
overnight. First, cells were induced by 500 ng/mL lipopolysaccharide (LPS, Escherichia coli 055: BS, Sigma—Aldrich)
for 2 h and then cocultured with NETs up to 12 h together with or without DNAse 1 (100 U/mL, Roche, USA), NLRP3
inhibitor MCC950 (100 nM, MedChemExpress, USA), ROS inhibitor NAC (10 mM, MedChemExpress, USA),
Deubiquitinating enzymes inhibitor G5 (1 uM, MedChemExpress, USA), and GSDMD inhibitor Disulfiram (10 uM,
MedChemExpress, USA).

The Establishment of the CLP Model

As previously described, the caecal ligation and puncture (CLP) method was carried out in mice.*® First, after anaesthetiza-
tion and disinfection with betadine solution, we performed laparotomy in the abdomen to expose the caecum and the
adjoining intestine of mice. Then, a 6.0 thread suture was used to tightly ligate the intestinal canal under the ileocaecal
section, puncture the canal wall with a 19-gauge needle, and gently squeeze a small number of intestinal contents into the
abdominal cavity to establish a mouse sepsis model. Finally, the mice were subcutaneously injected 1mL saline for post-
operative resuscitation. Mice in the sham group underwent laparotomy techniques without ligation and puncture. The ROS
scavenger NAC (20 mg/kg) or vehicle was intraperitoneally injected into C57BL/6 mice 1 hour before CLP surgery.

DNAse | Treatment
C57BL/6 mice were randomized and intraperitoneally administered DNAse 1 (100 U/mouse, Roche, USA) or vehicle
control at 24h before CLP to abrogate NETs formation in septic lung tissues.

PMN:s Isolation in vitro

Neutrophils were isolated from SD rats by a peripheral blood neutrophil isolation kit (Solarbio, Beijing, China) following
the manufacturer’s specifications. Fresh whole blood was collected and covered in the surface of the separation liquid,
and cell pellets were obtained after centrifugation at room temperature. Then, neutrophils were resuspended in 1640
medium (Solarbio, China) incorporating 5% FBS (FBS, Gibco, Grand Island, USA). Neutrophils obtained from
peripheral blood (definitely > 95%) were identified by Giemsa staining (Solarbio, China), and cell viability (> 95%)
was validated by trypan blue staining (Solarbio, China).

The Induction and Purification of NETs

100nM phorbol-12-myristate-13-acetate (PMA, Sigma, USA) was used to stimulate neutrophils (1x107/well) grown in
6-well plates for NETs generation at 37 °C in 5% CO, for 4 h with or without DNase I. Then, NETs were purified as
previously described.>* After incubation, washed the wells with cold PBS and collected all the supernatant solution.
Then, the remaining neutrophils were removed by low-speed centrifugation at 4 °C, and the solution was further
centrifuged to purity NETs for subsequent experimental operation.

Immunofluorescence Staining

Fresh lung tissue was fixed with 4% paraformaldehyde (PFA), dehydrated in a sucrose solution gradient, wrapped with
Tissue-Tek OCT, and sectioned into 5-um slices. In addition, PMNs or NRR8383 cells were seeded over a 14-mm
coverslip (Solarbio, Beijing) in 24-well plates overnight. Immediately afterwards, cell and tissue slices were fixed in 4%
PFA, permeabilized, blocked with 5% goat serum to minimize nonspecific staining, and incubated with the following
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primary antibodies overnight at 4 °C. Rabbit polyclonal anti-citrullinated histone H3 (cit-H3, 1:250, Abcam, UK), rat
polyclonal anti-LY6G (1:150, Abcam, UK), mouse monoclonal anti-ASC (1:100, Santa Cruz Biotechnology, USA),
mouse polyclonal anti-CD68 (1:200, Immunoway Biotechnology, UK), rabbit polyclonal anti-NLRP3 (1:200, Boster,
China) and mouse monoclonal anti-ubiquitin (1:100, Santa Cruz Biotechnology, USA) antibodies. Following incubation
with secondary Alexa Fluor 488 (1:200, Elabscience, China) and Alexa Fluor 594 (1:200, Elabscience, China) for 1 h at
room temperature. The nucleus was stained with 4',6-diamidino-2-phenylindole (DAPI, Boster, China) for 5 min,
protected from light. In addition, NETs-associated DNA was detected with SYTOX green in accordance with the
manufacturer’s specifications. Samples were visualized by confocal laser scanning microscopy (Olympus) or fluores-
cence microscopy (Zeiss).

Western Blotting

Protein was extracted from lysis buffer containing a protease inhibitor, and the level of protein was quantified with
a protein quantification kit (TransGen Biotech, Beijing, China). Then, equivalent protein samples were separated by
SDS-PAGE gels and transferred onto PVDF membranes (Merck Millipore, Darmstadt, Germany), which were blocked in
Protein-free fast blocking solution (Boster, China) and cultivated with primary antibody for 12h at 4 °C. After washing
three times with wash buffer, the membrane was incubated with the horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h at 37C°. Protein bands were intuitively visualized by an enhanced chemiluminescence (ECL) imaging
system (Bio-Rad Laboratories, CA, USA) and quantified with Image] software (Rawak Software Inc., Germany).
Principal primary antibodies were as follows: rabbit polyclonal anti-CitH3 (1:1000, Abcam, UK), rabbit polyclonal anti-
NLRP3 (1:1000, Abcam, UK), rabbit polyclonal anti-GSDMD (1;1000, Cell single Technology, USA), rabbit polyclonal
anti-caspase-1 (1:1000, Abcam, UK), rabbit polyclonal anti-H3 (1:1000 dilution, Immunoway Biotechnology, USA),
rabbit polyclonal anti-caspase-1 p20 (1:500, Novus Biologicals LLC, USA), and rabbit polyclonal anti-GAPDH (1:1000,
Proteintech, China).

Coimmunoprecipitation

Cells were lysed in equal proportions of immunoprecipitation (IP) buffer (Beyotime, China) with a complete protease
inhibitor cocktail (MedChemExpress, USA) on ice for 30 minutes. After centrifugation, the protein samples were
acquired and prepared for immunoprecipitation assays. Protein A/G magnetic beads (MedChemExpress, USA) were
initially coupled to anti-NLRP3 antibodies (1:30, Abcam, UK) and rotated for 2 hours at 4 °C. After washing three times,
800 pg of total protein was added and corotated with antibody magnetic bead complex overnight at 4 °C. Additionally,
the equivalent cognate IgG antibody were used as IP controls. Ultimately, the immunoprecipitated proteins were
dissolved in 30 pL 1 x loading buffer (Solarbio, China) by boiling at 10 min for Western blot assay.

NLRP3 Ubiquitination Detection

The NLRP3 ubiquitylated state was detected as described.*> MG132 (10 mM, Abmole Bioscience, USA) was added 6
h before sample collection. Cells were lysed in RIPA buffer containing 10 mM N-ethylmaleimide (MedChemExpress,
USA) and protease inhibitor cocktail. Then, the interaction between NLRP3 and ubiquitin was detected by immunopre-
cipitation and immunoblot assays. The primary antibodies were rabbit anti-NLRP3 (1:30, Abcam, USK) and mouse anti-
ubiquitin (1:500, Santa Cruz Biotechnology, USA).

H&E Staining and Histopathological Analysis

The mice were sacrificed after anaesthetization, and fresh lungs were collected, fixed in 4% PFA buffer, embedded, and
sliced into 5-um thick sections. Then, the slices were stained with haematoxylin and eosin for lung injury assessment.
HE-stained images were captured by microscopy (ZEISS) and viewed by two pathologists to evaluate the degree of lung
injury as previously reported.’
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Immunohistochemical Staining

Lung tissue sections were thoroughly deparaffinized, rehydrated, and placed in citrate buffer (pH=6) for antigen retrieval.
Then, the sections were incubated in 3% hydrogen peroxide buffer to eliminate endogenous peroxidase. The tissues were
blocked at room temperature and subsequent incubation with rat polyclonal anti-LY6G (1:150, Abcam, UK), mouse
polyclonal anti-CD68 (1:200, Immunoway Biotechnology, USA), and rabbit polyclonal anti-NLRP3 (1:200, Boster,
China) overnight at 4 °C, rinsed three times and incubated with secondary antibody. Images were obtained utilizing an
ordinary microscope after counterstaining with 3,3’-diaminobenzidine (DAB) staining (ZSGB-BIO, China). The immu-
nohistochemical (IHC) positive staining area was analyzed by Image-Pro Plus 6.0 software (Media Cybernetics, USA) to
assess average optical density (AOD).®

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA analysis was performed to assess inflammatory cytokines as instructed by the manufacturers. The specific ELISA
kits were purchased from Boster (Wuhan, China). The level of interleukin-1b (IL-1B) in the mouse serum and BALF
harvested from each group were detected by commercial mouse IL-1p kits. IL-18, IL-1B, and TNF-a release levels in the
supernatants were measured by using specific rat ELISA Kkits.

Lactate Dehydrogenase (LDH) Release

The release of LDH into the supernatant was considered a standard cytotoxicity indicator as described previously.®” After
the specific treatments, the culture supernatants were harvested, and LDH levels were detected using the LDH release
Assay Kit (Nanjing Jiancheng Bioengineering Institute, China). Subsequently, the absorbance of each sample was
measured in a microplate reader (Thermo Fisher Scientific, USA), and its concentration was further calculated.

Flow Cytometry Detects Programmed Cell Death

The quantification of programmed cell death was accomplished by flow cytometry with a cell death detection kit (4A
Biotech Co., Ltd., Beijing, China). The cell suspension was collected and centrifuged at 1000 r for 5 min. After washing
with prechilled PBS, the cell agglomerates were resuspended in 500ul binding buffer and adjusted to 2x10° cells/mL.
Two fluorescent dyes were added successively and coincubated with the cell suspension in the dark. The double-stained
positive cells for annexin-V and PI were examined in a Mindray Bricyte E6 instrument (Mindray, China).

Microscope Analysis for Alveolar Macrophage Pyroptosis

Following the manufacturer’s instructions, alveolar macrophage pyroptosis was detected by the FAM-FLICA Caspase-1
Detection Kit (Immunochemistry Technologies, Minnesota, USA). The cells were gently collected and cocultured with
the caspase-1 fluorescent probe in the dark at 37 °C for 1 h. Washing with 1X apoptosis wash buffer for removing from
unbound FLICA in cells. Then, the nucleus was counterstained with Hoechst 33,342 and PI sequentially. The morphol-
ogy of pyroptotic AM was identified by microscopy and analyzed with ZEN 3.1 software (Carl Zeiss).

Intracellular ROS Production

A ROS assay kit (Elabscience, China) was used to detect ROS generation in AM. Concisely, cell suspensions collected
from the different groups were incubated with 10 uM 2’,7-dichlorodihydrofluorescein diacetate (DCFH-DA) protected
from light at 37 °C for 30 min followed by washing with PBS buffer to remove excess fluorescence probe. Hoechst
33,342 was performed to stain the active cell nucleus. Inverted fluorescence microscopy (Carl Zeiss) and flow cytometry
were applied to test the fluorescence intensities in AM.

Statistical Analysis
All data were analyzed using SPSS version 26.0 (IBM, USA), and statistical charts were generated using GraphPad
Prism 8 software. The statistical methods of unpaired Student’s #-test and one-way analysis of variance (ANOVA) were
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used to assess between-group differences. A value of P < 0.05 was defined as statistically significant. Quantitative data
are presented as the mean + standard deviation (SD) from three independent measurements.

Results

Sepsis Primes NETs Formation and IL-1f Secretion to Aggravate Lung Injury

After establishing a caecal ligation and puncture (CLP) method, lung tissues were separated from mice in each group.
Activated neutrophils infiltrate lung tissue and release decoagulated chromatin and proteins to fix and kill pathogens.®
Immunofluorescence assays were performed to assess LY6G and Citrullinated histone H3 (CitH3) double staining, which
reflected NETs production in the lung tissues of septic mice (Figure 1A). NETs-associated DNA was detected with the
SYTOX green nucleic acid stain (Figure 1B). The results indicated that the release of NETs was considerably increased
in the CLP group compared with the sham group. However, DNase 1 treatment remarkably digested the chromatin
structure to effectively restrain NETs formation (Figure 1A and B). Moreover, the protein expression of citH3 also
supported the above conclusion (Figure 1C). In addition, characteristic pathological alterations in lung tissue, including
immune cell infiltration, pulmonary oedema, and alveolar haemorrhage, were observed in the CLP group, and these
effects could be inhibited with DNase 1 treatment (Figure 1D and E). The lung wet-to-dry (W/D) ratio was used to reflect
the severity of pulmonary oedema (Figure 1F). Furthermore, the levels of bronchoalveolar lavage fluid (BALF) or serum
IL-1P measured by enzyme-linked immunosorbent assay (ELISA) were significantly higher in mice in CLP group than in
those in the sham group and were discernibly decreased after treatment with DNase I (p < 0.01) (Figure 1G and H).
Together, neutrophils in septic mice actively primed NETs production, and the level of IL-1p was partially affected by
NETs.

NETs Could Promote an Inflammatory Response in Macrophages

Macrophages are primarily immune cells in the lungs. We observed that most LY-6G-positive neutrophils were recruited
into lung tissues 24 h post CLP, as assessed by immunohistochemical (IHC) staining (Figure 2A). Likewise, the number
of CD68-positive macrophages was increased significantly in the CLP group compared to the sham group (Figure 2B).
Surprisingly, the immunofluorescence assay revealed that macrophages (red) and neutrophils (green) in lung tissues were
adjacent in the CLP group (Figure 2C), raising the possibility that macrophages and NETs were jointly involved in
sepsis-induced lung injury. We isolated peripheral blood neutrophils from wild-type (WT) rats, and neutrophil morphol-
ogy and activity were verified by Giemsa staining and trypan blue staining, respectively (Figure 2D and E). Then, we
stimulated neutrophils with PMA (100 nM) with or without DNase I (100 U/mL) for up to 4 h to induce NET formation.
The production of NETs was identified by extracellular DNA (green) and citH3 (red) double staining observed by
fluorescence microscopy, as shown in Figure 2F, while NETs can be degraded by DNase I in vitro. To investigate whether
NETs directly regulate cytokine production in macrophages, LPS-primed NR8383 cells were exposed to NETs for 12 h in
the presence or absence of DNase I, and then the supernatant was collected for ELISA analysis. Treatment with NETs
plus LPS significantly induced the release of IL-1P and IL-18 compared with the LPS or control treatment (p < 0.01)
(Figure 2G and H), but there was no significant change in TNF-a (p > 0.05) (Figure 2I). However, DNase I inhibited the
production of these cytokines (Figure 2G and H). In conclusion, these results indicate that NETs could have a promoting
effect on the inflammatory response of alveolar macrophages (AM).

NETs Induce AM Pyroptosis by Activating the NLRP3 Inflammasome

GSDMD is an executor of pyroptosis, and the N-terminal fragment of GSDMD is required for IL-1B secretion.'® To
confirm that NETs could induce AM pyroptosis in vitro. LPS-primed NR8383 cells were exposed to NETs for up to 12
h. Western blot analysis of the expression levels of NLRP3, caspase-1, GSDMD, N-GSDMD, and caspase-1 p20 in the
individual groups was performed. We found that LPS + NETs significantly elevated the levels of NLRP3, N-GSDMD,
and caspase-1 p20 in cells (p < 0.01) (Figure 3A). Similarly, the expression of IL-1f and IL-18 but not that of TNF-a (p >
0.05) in the LPS+NETs group was found to be considerably increased by using ELISA (p < 0.01) (Figure 3B). In
addition, the combination of LPS plus NETs remarkably promoted lactate dehydrogenase (LDH) release in NR8383 cells
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(p <0.01) (Figure 3C). However, blocking NLRP3 with MCC950 significantly downregulated LDH release and the level
of pyroptosis-associated proteins (p < 0.01) (Figure 3A—C). These results indicated that NETs-induced AM pyroptosis
was dependent on NLRP3 activation. As reported previously, GSDMD can indirectly enhance NLRP3 inflammasome
activation,®® and the GSDMD inhibitor disulfiram (DSF) could remarkably inactivate the NLRP3 inflammasome complex
assembly and LDH release (Figure 3A—C). ASC speck formation plays a central role in pyroptosis.*> ASC speck-like
proteins were observed in the LPS + NETs group but were absent after treatment with MCC950 or DSF (Figure 3D).
Flow cytometry assays showed that the cell death rate was highest in the LPS + NETs group (p < 0.01) (Figure 3E).
Furthermore, double-staining for PI + active caspase-1 was used to identify pyroptosis. The results were consistent with
the above conclusion (Figure 3F). To further verify whether NETs mediate NLRP3 inflammasome activation and
pyroptosis in vivo, intraperitoneal injection of DNase I was used to restrain NETs formation. As expected, haematoxylin
and eosin (H&E) staining showed that DNase 1 administration significantly mitigated the lung histopathologic changes in
septic mice (Figure 1D). Furthermore, the protein expression levels of NLRP3, caspase-1 p20, and N-GSDMD in lung
tissues were significantly decreased (p < 0.01) (Figure 3G). Moreover, IHC analysis further provided evidence that
DNase I treatment decreased the expression of NLRP3 in lung tissues of septic mice (p < 0.01) (Figure 3H). Collectively,
disruption of NETs alters the course of septic lung injury progression. Notably, the levels of NLRP3, caspase-1 p20, and
N-GSDMD determined by Western blot analysis were higher in the CLP group than in the sham group (p < 0.01)
(Figure 3G and I). However, compared to the gene knockout control group, the CLP-treated NLRP3-knockout group
showed almost undetectable levels of NLRP3 (Figure 3I); this expression was also significantly decreased in the CLP-
treated GSDMD-knockout group (Figure S1A). Notably, the expression of N-GSDMD and Caspase-1 p20 was remark-
ably suppressed in the CLP-treated NLRP3 and GSDMD knockout groups (p < 0.01) (Figure 31, S1A). Moreover, H&E
staining suggested that lung injury was not readily induced after CLP in NLRP3- or GSDMD-knockout mice compared
to knockout control mice (Figure 3J, SIB). Similarly, IHC assays showed strong expression of NLRP3 in the CLP
groups, while NLRP3 was almost absent in the CLP-treated NLRP3-knockout group and significantly decreased in the
CLP-treated GSDMD-knockout groups (Figure 3K, SI1C). In summary, the above results demonstrate that NETs induce
AM pyroptosis by activating the NLRP3 inflammasome, downregulating NETs or targeting components of the NLRP3
inflammasome to effectively attenuate sepsis-induced lung injury.

NETs Trigger NLRP3 Deubiquitination to Induce NLRP3 Activation

To detect NLRP3 deubiquitination, confocal microscopy was used to detect the fluorescence intensity in NR8383 cells.
The results suggested that the fluorescent signal for the NLRP3 protein in the LPS + NETs group was noticeably
enhanced, accompanied by a reduction in the fluorescent signal for ubiquitin; this pattern was distinct from those in the
other groups (Figure 4A). Immunoprecipitation assays further showed that the polyubiquitination of NLRP3 was
significantly inhibited in the LPS + NETs group (Figure 4B). G5, an inhibitor of deubiquitinating enzymes,> restored
the ubiquitination level of NLRP3 and inhibited the formation of the NLRP3-ASC complex induced by LPS in
combination with NETs (Figure 4A—C). Then, we investigated whether NETs can affect NLRP3 deubiquitination to
stimulate the activation of the NLRP3 inflammasome and downstream pyroptosis pathways. LPS-primed NR8383 cells
were exposed to NETs for up to 12 h, and G5 or phosphate-buffered saline (PBS) was added 15 min prior to NETs
addition. The expression of pyroptosis-associated proteins, such as NLRP3, Caspase-1 p20, and N-GSDMD, was
markedly decreased in the LPS + NETs + G5 group compared to the inhibitor control group (p < 0.01-0.05)
(Figure 4D). G5 significantly depressed the levels of IL-1f, IL-18, and LDH release (p < 0.01) in the supernatant but
not that of TNF-a (p > 0.05) (Figure 4E and F). Moreover, G5 administration trivially formed ASC foci, as detected by
confocal microscopy (Figure 4G). Similarly, cell death rates (Figure 4H) and the number of pyroptotic AM (Figure 41)
were remarkably decreased in the LPS + NETs + G5 groups, as assessed by a microscopy assay and flow cytometry
assay, respectively. Overall, the above results indicate that NLRP3 deubiquitination plays a vital role in NETs-induced
NLRP3 inflammasome activation and AM pyroptosis.
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Figure 4 NETs trigger the deubiquitination of NLRP3 to activate NLRP3. LPS-primed NR8383 cells were treated with NETs for 12 h. G5 (I uM) was added 15 min prior to
NETs. (A). Confocal microscopy was used to analyze NLRP3 and ubiquitin fluorescence signals from four groups. ubiquitin (red), NLRP3 (green). Scale bar, 5 pm. (B).
Western blot analysis of NLRP3 ubiquitination in cell lysates immunoprecipitated with anti-NLRP3 beads, rabbit I1gG was regarded as control. (C). The level of NLRP3 and
ASC protein detected by immunoblot analysis in cell lysates immunoprecipitated with anti-NLRP3 antibody, rabbit IgG as control. (D). Western blot showing the levels of
pyroptosis associated proteins in whole-cell lysates. (E and F). The IL-1B, IL-18, TNF-a, and LDH release in the supernatant. (G). Immunofluorescence staining showed the
ASC foci formation. Scale bar; 5 um. (H). Cell death rate was assessed by flow cytometry. (). Representative immunofluorescence images of pyroptotic AM from indicated
groups. Scale bar, 50 um. For all experiments, data are presented as the mean * SD, unpaired Student’s t-test was used for statistical analysis, *P < 0.05, **P < 0.01.
Abbreviation: ns, not significant (p > 0.05).

NETs Promote NLRP3 Deubiquitination by Triggering ROS Accumulation

ROS are indispensable in the activation of NLRP3 inflammasome in response to various stimuli.”* To validate the level
of ROS bursts in the cytoplasm in each group, flow cytometry was performed and revealed that the proportion of DCFH-
DA-positive cells in the LPS + NETs group reached up to 80% and that the positive rate decreased significantly when the
NETs were degraded (p <0.01) (Figure SA and B). A similar conclusion was reached with the immunofluorescence assay
(Figure 5C). Accordingly, NETs were concluded to significantly upregulate ROS production in NR8383 cells.
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Abbreviation: ns, not significant (p > 0.05).
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Subsequently, we utilized N-acetylcysteine (NAC), a scavenger of ROS, to explore the effect of ROS on the ubiquitina-
tion of NLRP3. We found that NAC markedly increased the binding of NLRP3 to ubiquitin molecules, inhibiting NLRP3
deubiquitination induced by LPS + NETs, as measured by coimmunoprecipitation and immunoblot assays (Figure 5D).
Furthermore, the formation of the NLRP3-ASC complex was significantly reduced in the LPS+NETs+NAC group
(Figure 5E). In brief, these findings indicate that NETs can mediate NLRP3 deubiquitination activation in AM by
increasing ROS production.

NAC Can Inhibit AM Pyroptosis and Ameliorate Lung Injury

Subsequently, we examined whether NAC limits AM pyroptosis in vitro. Immunoblot assays revealed that the expression
levels of NLRP3, caspase-1 p20, and N-GSDMD were notably decreased in the LPS + NETs + NAC group (p <0.01-0.05)
(Figure 6A). Moreover, as detected by ELISA, NAC administration immensely suppressed the release of IL-1p, IL-18, and
LDH (p <0.01) (Figure 6B and C) into the supernatant. In contrast, there was no apparent difference in the TNF-a level (p >
0.05) (Figure 6B). Furthermore, treatment with NAC eliminated ASC speck formation detected by confocal microscopy
(Figure 6D). Likewise, compared to the effect of an inhibitor control, the protective effect of NAC resulted in a significant
decline in the proportion of AM undergoing programmed cell death (Figure 6E) or pyroptosis (Figure 6F). Then, we
investigated the anti-inflammatory effect of NAC in sepsis-induced lung injury via intraperitoneal injection of NAC prior to
CLP modelling. We found that NAC administration significantly mitigated lung injury in septic mice (Figure 6G and I).
Moreover, the protein expression levels of NLRP3, caspase-1 p20, and N-GSDMD measured by immunoblot assays and
IHC staining were notably decreased in CLP mice pretreated with NAC (p < 0.01) (Figure 6H, J and K). In short, the
generation of intracellular ROS is a critical cause of NETs-induced AM pyroptosis and lung injury.

Discussion

Sepsis is a common indirect factor for the progression of lung injury.* The interaction between neutrophils undergoing
NETosis and macrophages plays a central role in ALL*"** but the exact mechanisms remain poorly understood. Our
study confirmed that activated neutrophils released NETs as a medium of communication between immune cells to
induce AM pyroptosis and generate inflammatory cytokines to worsen sepsis-induced lung injury. Briefly, NETs
increased the burst of ROS in AM. Then, the flood of ROS participated in the assembly of NLRP3 inflammasomes by
regulating NLRP3 deubiquitination activation, leading to caspase-1 activation and AM pyroptosis to facilitate the release
of bulk IL-1B and IL-18, thereby exacerbating lung injury progression (Figure 7). Moreover, DNase 1, a common
inhibitor of NETs, prevented NETs-induced AM pyroptosis and reduced lung inflammation in CLP mice.

Emerging evidence has revealed that NETs are produced systemic inflammatory diseases. For example, NETs stimulate
lung epithelial cells to release inflammatory factors, further enhancing the recruitment of immune cells and the production of
NETs at inflammatory sites.** Additionally, NETs induce a macrophage phenotype transition to trigger scar tissue formation
post epidural fibrosis and aggravate ARDS.*'* In our study, we found a large amount of NETs production and IL-1p secretion
in the lung tissue of septic mice. However, these events were markedly inhibited in septic mice pre-treated with DNase 1.
Additionally, the infiltration of neutrophils and macrophages was increased in the lung tissue of septic mice, and these cells
were adjacent in space, which provides for the possibility of mutual interaction between NETs and macrophages. In addition,
NETs were induced and isolated to validate their proinflammatory effects in vitro. We observed that the secretion of IL-1f and
IL-18 was considerably increased in AM stimulated with LPS plus NETs but significantly diminished when NETs were
digested. These results indicate that NETs could stimulate an inflammatory response in AM.

Macrophage pyroptosis has an essential role in septic lung injury, while the caspase-1 inhibitor Ac-YVAD-CMK
inhibits pyroptosis to alleviate LPS-induced ALI in mice.*> We observed that NETs upregulated the expression of
pyroptosis-related proteins in vivo and in vitro. Moreover, co-stimulation with NETs and LPS induced ASC speck
formation in AM, facilitating caspase-1 activity and ultimately leading to a marked elevation in the number of pyroptotic
cells. In addition, disruption of NETs or NLRP3 inflammasome-related proteins could effectively impede AM pyroptosis
and alleviate lung injury. These results jointly indicate that NETs are effective activators of the NLRP3 inflammasome
complex. Notably, lung damage was remarkably alleviated in DNase I-treated septic mice. First, the local high-
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Figure 6 The ROS scavenger NAC suppressed AM pyroptosis and ameliorated lung inflammation. LPS-primed NR8383 cells were treated with NAC for | h, followed by
NETSs for up to 12 h. (A). Western blot showing the levels of pyroptosis associated proteins in cell lysates. (B and C). The IL-1B, IL-18, TNF-a, and LDH release in the
supernatant. (D). ASC speck formation was observed with immunofluorescence staining. Scale bar, 5 um. (E). The frequency of programmed cell death was assessed by flow
cytometry assay. (F). Inmunofluorescence staining showed pyroptotic AM from the indicated groups. Scale bar, 20 um. Intraperitoneal injection of NAC at | h prior to the
CLP model was established (n = 6). (G and I). H&E staining showed pathological lung tissue injuries from each group. Scale bar, 50 pm and 100pm. (H and J).
Immunohistochemistry assay for the expression of NLRP3 in lung tissues. Protein was quantified by AOD using Image-Pro Plus 6.0 software. Scale bar, 50 pm and
100pm. (K). The expression of pyroptosis-associated proteins was detected by Western blotting assay in lung tissues of mice. For all experiments, data are presented as the
mean % SD, unpaired Student’s t-test was used for statistical analysis, *P < 0.05, **P < 0.01.

Abbreviation: ns, not significant (p > 0.05).

concentration protein network surrounded by chromatin fibres was destroyed by DNase 1. Second, the integrity of NETs
was lost, which prevented macrophage engulfment of NETs and subsequent pyroptosis pathway activation.

The activation of NLRP3 inflammasomes in macrophages is a two-step process. The mRNA levels of IL-1p and NLRP3
are upregulated under stimulation by priming signals, which provides a “material base” for downstream molecular events.
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Figure 7 Schematic diagram of the signaling pathway in which NLRP3 inflammasome activation and AM pyroptosis regulated by NETs. Activating the NLRP3 inflammasome
in macrophages requires dual-signal stimulation. In addition to upregulating NLRP3 and IL-1p at the transcriptional level, LPS can also cause partial ubiquitin chain shedding
from the NLRP3 protein. Meanwhile, activated neutrophils release NETs as the second signal of alveolar macrophage activation, which stimulates ROS production in
macrophages, causing the conformational change of NLRP3 protein and the removal of polyubiquitin chains, thereby leading to NLRP3 inflammation assembly, caspase- |
activation, AM pyroptosis and a large number of inflammatory factors release.

Subsequently, the activation signal causes the intracellular assembly and activation of the NLRP3 inflammasome to promote
mature IL-1p release.*® Studies have reported that both the priming and activation signals promote NLRP3 inflammasome
assembly by regulating NLRP3 deubiquitination.”® The function of the NLRP3 inflammasome is significantly inhibited by
promoting NLRP3 ubiquitination.*'*” Likewise, deubiquitination of NLRP3 can be inhibited by celastrol to reduce caspase-1
activity and the secretion of IL-1p, which is beneficial for alleviating the liver injury induced by LPS/Propionibacterium
acnes.*® These studies have highlighted that deubiquitination events are critical in the activation of the NLRP3 inflammasome.
Then, we demonstrated that NETs activated the pyroptosis pathway, which is related to the deubiquitination of NLRP3, in AM.
NETs disturb the interaction between ubiquitin molecules and NLRP3 to facilitate the deubiquitination of NLRP3. Moreover,
the deubiquitinase inhibitor G5 can restore the binding between NLRP3 and ubiquitin. Notably, multiple experimental results
showed that G5 reduced the expression levels of NETs-induced pyroptosis-related indicators and the number of pyroptotic
AM. Therefore, NETs induce NLRP3 inflammasome activation by affecting NLRP3 deubiquitination to mediate AM
pyroptosis and further promote the inflammatory response in septic mice.

Our study further clarified the potential mechanism and the effect of NETs on NLRP3 deubiquitination. We observed that
NETs significantly promoted ROS generation in AM but were substantially reduced with DNase 1 treatment. Consistent with
our experimental results, ROS are an essential intermediate in the activation of the NLRP3 inflammasome through multiple
signalling pathways.** However, targeted ROS production can inhibit NLRP3-mediated colitis-related cancers.®' Moreover,
through coimmunoprecipitation studies evaluating AM stimulated by LPS plus NETs, we found that the binding of ubiquitin
molecules to NLRP3 was deficient and that NLRP3 ubiquitination was significantly restored with a ROS scavenger. NAC
suppressed the formation of the NLRP3 inflammatory complex, hindered the activation of downstream functional proteins,

Journal of Inflammation Research 2023:16 hetps: 875
Dove


https://www.dovepress.com
https://www.dovepress.com

Cui et al Dove

and further inhibited IL-1B maturation and AM pyroptosis. Accordingly, we speculated that targeting ROS generation and
NLRP3 deubiquitination activation may be a novel strategy for inhibiting NETs-induced macrophage pyroptosis and treating
sepsis-induced lung injury. For the first time, we studied the stimulatory effect of NETs on NLRP3 inflammasome activation at
the post-translational modification level and clarified the critical role of NLRP3 deubiquitination reliant upon ROS regulation
in AM pyroptosis and septic lung injury.

Conclusion

In conclusion, we found that NETs induced NLRP3 deubiquitination to promote the assembly and activation of the
NLRP3 inflammasome, depending mainly on the generation of ROS caused by multiple intracellular cascade effects,
which in turn promoted AM pyroptosis and released a large number of inflammatory factors, potentially leading to the
progression of septic lung injury. Our research identifies a novel mechanism by which NETs function in AM pyroptosis
and provides an effective therapeutic strategy to treat septic lung injury.
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