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Background: Uncontrollable inflammation is a critical feature of gram-negative bacterial
pneumonia-induced acute respiratory distress syndrome (ARDS). Both neutrophils and
alveolar macrophages participate in inflammation, but how their interaction augments
inflammation and triggers ARDS is unclear. The authors hypothesize that neutrophil extra-
cellular traps (NETs), which are formed during neutrophil NETosis, partly cause alveolar
macrophage pyroptosis and worsen the severity of ARDS.

Methods: The authors first analysed whether NETs and caspase-1 are involved in clinical
cases of ARDS. Then, the authors employed a lipopolysaccharide (LPS)-induced ARDS
model to investigate whether targeting NETs or alveolar macrophages is protective. The
AIM2 sensor can bind to DNA to promote AIM2 inflammasome activation, so the authors
studied whether degradation of NET DNA or silencing of the AIM2 gene could protect
alveolar macrophages from pyroptosis in vitro.

Results: Analysis of aspirate supernatants from ARDS patients showed that NET and
caspase-1 levels were correlated with the severity of ARDS and that the levels of NETs
and caspase-1 were higher in nonsurvivors than in survivors. In vivo, the NET level and
proportion of pyroptotic alveolar macrophages in bronchoalveolar lavage fluid (BALF) were
obviously higher in LPS-challenged mice than in control mice 24 h after injury.
Administration of DNase I (a NET DNA-degrading agent) and BB-Cl-amidine (a NET
formation inhibitor) alleviated alveolar macrophage pyroptosis, and Ac-YVAD-cmk (a pyr-
optosis inhibitor) attenuated NET levels in BALF and neutrophil infiltration in alveoli. All
treatments markedly attenuated the severity of ARDS. Notably, LPS causes NETs to induce
alveolar macrophage pyroptosis, and degradation of NET DNA or silencing of the AIM2
gene protected against alveolar macrophage pyroptosis.

Conclusion: These findings shed light on the proinflammatory role of NETs in mediating
the neutrophil-alveolar macrophage interaction, which influences the progression of ARDS.
Keywords: ALI/ARDS, NETs, macrophage pyroptosis, AIM2 inflammation

Introduction

Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is a life-threa-
tening form of acute respiratory failure characterized by uncontrolled, overwhelm-
ing inflammatory lung injury. Diffuse alveoli and microvasculature damage
resulting from inflammation result in oedema and gas exchange restriction follow-
ing hypoxemia.! Approximately 10% of patients admitted to the intensive care unit

(ICU) are diagnosed with ARDS, and 23% of those patients receive mechanical
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ventilation; however, the mortality rate is as high as 35—
46%.% To date, the application of lung-protective ventila-
tion remains the only proven method to decrease mortality
from ARDS.? Considering that there are few available
therapies, elucidating the underlying mechanisms of ALI/
ARDS will be key to developing treatments in the future.

Alveolar macrophages are the predominant immune
cells in airways and maintain a homeostatic
environment.* However, macrophages may undergo pyr-
optosis, which is accompanied by a robust inflammatory
response, in certain situations. Canonical pyroptosis is
a form of caspase-1-dependent cell death with some char-
acteristics of apoptosis (nuclease-mediated cleavage of
DNA) and necrosis (cell swelling and proinflammatory
intracellular content release).” During pyroptosis,
a sizeable supramolecular complex termed the inflamma-
some is formed.® The inflammasome consists of a sensor
protein, an adaptor protein (apoptosis-associated speck-
like protein containing a CARD, ASC) and procaspase-1.
The main difference between canonical caspase-1 inflam-
masomes, including the NLRP1, AIM2, NLRP3, and
NLRC4

Following inflammasome activation, pro-caspase-1 is

inflammasomes, is the receptor protein.’
cleaved to generate active caspase-1, leading to the clea-
vage of pro-IL-1B and pro-IL-18 to the mature and
secreted forms IL-1B and IL-18, respectively. Previous
studies have reported that alveolar macrophage pyroptosis
occurs in a mouse model of lipopolysaccharide (LPS)-
induced ALL®® A large number of studies have demon-
strated that the inflammasome 1is central to IL-1B
production in ARDS, and macrophages are thought to be
the predominant sources of IL-1p and IL-18.'"'* Many
studies have described the essential role of pyroptosis in
host defence,'*"'* but excessive pyroptosis can also lead to
a strong inflammatory response and play a pathological
role.®? However, the factors that affect alveolar macro-
phage pyroptosis in such a situation remain poorly defined.

Neutrophils are the first leukocytes recruited during
inflammation, and neutrophil influx into alveoli has been
identified as a feature of ALI/ARDS."® Neutrophils elim-
inate invading microbes through an array of strategies,
including phagocytosis, degranulation, and neutrophil
extracellular traps (NETs).'® Upon activation by various
stimuli, neutrophils release a network of extracellular fibril
matrices, primarily consisting of DNA and histones
embedded with proteases, including neutrophil elastase
(NE) and myeloperoxidase (MPO), known as NETs.!”?!
This process begins with reactive oxygen species (ROS)

and results in protein-arginine deiminase 4 (PAD4) activa-
tion, the conversion of arginine to citrulline on histones,
and subsequent chromatin decondensation in the neutro-
phil nucleus.'® NETs were identified as potential mediators
of systemic inflammatory diseases, including sepsis and
aspiration- or LPS-induced ALL?*%° These findings indi-
cate that NETs could aggravate alveolar-capillary barrier
damage and cytokine production. Generally, NETs are
removed by macrophages via phagocytosis.”® However,
accumulated evidence suggests that NETs induce cytokine

production in macrophages,”’>°

raising the possibility that
neutrophils are involved in the regulation of alveolar

macrophage function through NET release.

Materials and Methods

Human Subjects

All human studies were approved by the Ethics Committee
and Institutional Review Board of Xiangya Hospital,
Changsha, the People’s Republic of China, and performed
according to the recommendations of the Declaration of
Helsinki for biomedical research involving human sub-
jects. All subjects provided informed consent before
being enrolled in the study. Twenty-three ARDS patients
with gram-negative bacterial pneumonia admitted to the
respiratory intensive care unit (RICU) of Xiangya
Hospital, Central South University, were enrolled in this
study. All subjects had ARDS according to the current
Berlin definition: (1) acute onset of dyspnoea with
a history of aspiration within one week and incubation
for mechanical ventilation support, (2) partial pressure of
oxygen (Pa0,)/FiO, equal to or less than 300 mmHg over
48 h, and (3) new infiltration shadow on chest imaging.
Patients who had sepsis or Staphylococcus aureus or strep-
tococci in deep sputum were not included. Eleven age- and
sex-matched healthy volunteers were enrolled as controls.
Bronchoscopy was performed for all subjects diagnosed
within 24 hours to obtain bronchial aspirates. Additional
bronchoalveolar lavage (BAL) was also performed for
healthy volunteers to obtain alveolar macrophages for the
in vitro study. For routine bronchoscopy, a bronchoscope
was wedged in the right middle lobe bronchus for suction
to obtain aspirate. Resident human alveolar macrophages
were obtained by an additional BAL of the left lung with
five aliquots of 40 mL sterile saline. Given that the inci-
dence of bacterial pneumonia-induced ARDS is relatively
low and that this study was a preliminary evaluation rather
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than a randomized, controlled study in human patients,
sample size calculation was not conducted.

Animals

Six- to eight-week-old male C57BL/6J mice weighing 18—
20 g were purchased from the Department of Animal
Laboratory of Central South University. The mice were
raised in an air-conditioned environment at 25°C on a 12
h dark-light cycle and allowed to acclimate for three days
upon arrival before experimentation. The experimental
study followed the

Regulations for the Administration of Affairs Concerning

protocols performed in our
Experimental Animals and were reviewed and approved
by the Experimental Animal Ethics Committee of the
of Animal Central South

Department Laboratory,

University, Changsha, People’s Republic of China.

Induction of Lung Injury in Mice by Tracheal
LPS Administration and Treatment with
DNase |, BB-Cl-Amidine, Ac-YVAD-cmk
To induce LPS-induced ALI, mice were anaesthetized
using a mixture of ketamine (87.5 mg/kg) and xylazine
(12.5 mg/kg). Orotracheal intubation was performed with
a 20-gauge intravenous catheter, and LPS (Sigma-Aldrich,
MO, USA) was instilled at a dose of 4 mL/kg. Phosphate-
buffered saline (PBS) served as control. After LPS or PBS
installation, to allow the instilled solution to distribute
throughout the lungs, the mice were mechanically venti-
(VentElite,
Apparatus, MA, USA) using room air and a volume-con-

lated with a rodent ventilator Harvard
trolled setting as described previously.*' The following
120
breaths/min, and a positive end-expiratory pressure
(PEEP) of 2 cm H,O for 10 minutes. After the mice
were weaned off the ventilator, they were monitored in

parameters were used: 7 mL/kg body weight,

the animal care facility for the subsequent 24 h.

In a separate set of experiments, we sought to deter-
mine whether the combination of neutrophil NETosis and
macrophage pyroptosis contributes to the pathogenesis of
ARDS. To this end, DNase I (5 mg/kg; Roche, Basel,
Switzerland) instilled into the lungs of some mice shortly
after LPS challenge, while other mice received BB-CI-
amidine (1 mg/kg; Cayman Chemical, MI, USA) or Ac-
YVAD-cmk (6.5 mg/kg; Sigma-Aldrich, MO, USA)
intraperitoneally. The dosages of DNase I, BB-Cl-ami-
dine, and Ac-YVAD-cmk were selected according to

previous experiments.®?>*? All mice were sacrificed
24 h later.

Preparation of Clinical and Mouse

Samples

Human aspirate smears were prepared for qualitative analy-
sis of NETs by immunofluorescence and cytological exam-
ination by haematoxylin-eosin (HE) staining. The aspirates
were homogenized with 0.1% dithiothreitol (DTT) and cen-
trifuged at 1000 x g at 4°C, and the cell-free supernatants
were stored at —80°C for further quantification of NET,
caspase-1, and inflammatory indicator levels.

After the mice were sacrificed, the lungs were flushed
with 1 mL PBS to obtain bronchoalveolar lavage fluid
(BALF). BALF was centrifuged at 400xg to collect pre-
cipitated cells for leukocyte classification and analysis of
alveolar macrophage pyroptosis, while BALF superna-
tants were stored at —80°C for further quantification of
NET, protein and local inflammatory indicator levels.
The lung lobes were excised and cut into three parts:
one part was weighed to calculate the dry-wet weight
ratio, one part was ground into a homogenate and stored
at —80°C for Western blotting, and the last part was fixed
with 4% buffered paraformaldehyde and subjected to HE
staining and immunofluorescence. Mouse blood was col-
lected in a tube containing heparin as an anticoagulant
by left ventricular puncture; an aliquot of blood was sent
for blood-gas analysis, and the rest of the blood was
centrifuged to isolate plasma for quantification of sys-
temic inflammatory indicator levels.

Assessment of Lung Injury in Mice

For blood-gas analysis, the arterial PaO, of anticoagulated
arterial blood from the left ventricle was analysed with
a gas analyser within half an hour.

To determine the ratio of wet/dry weight of the lungs,
the left lower lobes were quickly rinsed in PBS to remove
residual blood. The wet weight of the lung lobes was
determined after the excess PBS was carefully removed
with tissue paper. Then, the lobes were placed in an oven
at 58°C for 48 h and weight again to obtain the dry weight.
The dry/wet ratio of the mouse lung tissues was calculated
to evaluate the degree of pulmonary oedema.

For lung histology, after being fixed with 4% buffered
paraformaldehyde for 48 h, the right lobes were dehy-
drated and embedded in paraffin. The paraffin tissue
blocks were cut into 5-um sections, and the sections
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were mounted on glass slides, dewaxed and stained with
haematoxylin and eosin. The stained sections were evalu-
ated by pathologists blinded to the experimental design,
and then subjected to standard histopathological analysis
as described previously.?® Briefly, the severity of lung
injury was quantitatively scored according to four indica-
tors: haemorrhage, alveolar oedema, thickening of the
alveolar septa and leukocyte infiltration. Each indicator
was assigned a score ranging from 0-3 according to sever-
ity (0=normal; 1=mild; 2=moderate; 3 =severe). The
indicator scores were summed to obtain the pathological
lung injury score.

To measure protein levels in BALF, the protein con-
centration in mouse BALF supernatant was determined by
the bicinchoninic acid protein assay (Biomiga, USA).

To classify leukocytes in BALF, cells precipitated from
mouse BALF obtained as described above were resus-
pended in medium, seeded on 15-mm glass slides in 24-
well plates and kept at 37°C for 1 h to allow the cells to
adhere to the slides. The slides were air-dried and sub-
jected to Wright’s-Giemsa staining following the manufac-
turer’s instructions. The slides were examined for to
determine the numbers of different types of leukocytes.

MPO-DNA Complex Enzyme-Linked
Immunosorbent Assay (ELISA)

NETs in human aspirate supernatants and mouse BALF were
quantified by a method involving measurement of the MPO-
DNA complex level as previously described.>*** In brief,
a 96-well flat-bottom plate was pre-coated with 5 pg/mL
anti-MPO monoclonal antibody (Merck Millipore, MA,
USA) as a capture antibody (diluted 1:500 in 50 puL). After
three washes (300 pL each), the cells were blocked with 1%
bovine serum albumin (BSA) for 1 h at room temperature
(RT). Samples (10 puL/well) were added to 40 pL incubation
buffer containing a peroxidase-labelled anti-DNA monoclo-
nal antibody (Cell Death ELISAP-US, component 2, diluted
1:25; Roche, Basel, Switzerland). The plate was incubated
for 2 h at RT. After three washes (300 pL each), 50 pL
peroxidase substrate (ABTS) was added, and the plate was
incubated for 20 minutes at RT. Then, the absorbance at 450
nm was measured in the dark.

Visualization and Evaluation of Alveolar

Macrophage Pyroptosis in Mice
Typical pyroptosis is a caspase-1-dependent form of cell
death involving nuclear DNA fragmentation. To visualize

alveolar macrophage pyroptosis, we isolated alveolar macro-
phages and further assessed active caspase-1 levels and
DNA breakage. Alveolar macrophages were isolated from
BALF as described in our previous study.” In brief, BALF
cells were incubated with magnetic nanoparticle-conjugated
antibodies (mouse anti-Gr-1, anti-CD4, anti-CDS, and anti-
CD45R/B220 antibodies; BD Biosciences Pharmingen, CA,
USA) to label and remove polymorphonuclear neutrophils
(PMNs) and lymphocytes through the use of immunomag-
netic separation system (BD Biosciences Pharmingen, CA,
USA). Residual non-labelled cells (alveolar macrophages)
were incubated with FITC-labelled FAM-YVAD-FMK
(FAM-FLICA Caspase-1 Assay Kit; ImmunoChemistry,
MN, USA) at 37 °C for 1 h. Then, the alveolar macrophages
were fixed with 4% paraformaldehyde at RT for 20 minutes.
After being washed 3 times, the cells were subjected to
TUNEL staining (In Situ Cell Death Detection Kit, TMR
red; Sigma-Aldrich, MO, USA) following the manufac-
turer’s instructions. Fluorescent signals for active caspase-1
and TUNEL were detected by confocal microscopy. The
pyroptosis rate in each group was calculated by analysing
400 adherent alveolar macrophages in random fields.

In the early stage of pyroptosis, increased permeability
of the cell membrane precedes DNA damage in the nucleus.
We also used flow cytometry as an alternative strategy to
evaluate alveolar macrophage pyroptosis in mice. BALF
cells were incubated with FITC-labelled FAM-YVAD-
FMK (FAM-FLICA Caspase-1 Assay Kit;
ImmunoChemistry, MN, USA) at 37°C for 1 h; CD45
(Biolegend, CA, USA) Siglec-F, and CDllc antibodies
(BD Bioscience, CA, USA) at RT for 15 minutes; and
propidium iodide (PI) at RT for 5 minutes. Stained cells
were analysed with a FACSVerse BD flow cytometer (BD
Biosciences, MD, USA). The raw data were analysed using
FlowJo software (TreeStar Corporation, USA). CDA45-,
Siglec-F-, CDI1lc-positive cells were considered alveolar
macrophages, and FITC-labelled active caspase-1- and PI-
positive cells were considered early pyroptotic cells.

Human Alveolar Macrophage Isolation

and Culture

BALF obtained from healthy subjects as mentioned above
was immediately placed on ice and filtered through sterile
gauze to remove mucus within 15 minutes. BALF samples
were centrifuged at 250xg for 10 minutes at 4°C to obtain
BALF cells. The pelleted cells were washed twice in PBS
and resuspended in Roswell Park Memorial Institute
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medium (RPMI) 1640 medium containing 10% FBS.
Human alveolar macrophages were purified by allowing
them to adhere to culture flasks for 90 minutes at 37°C in
a 5% CO, atmosphere as previously reported.’**” Trypan
blue staining was performed, and the viability of the
>92%.
Wright’s-Giemsa staining was performed, and the purity

adhere cells was determined to Dbe
of alveolar macrophages was determined to be >95%.
Purified alveolar macrophages were cultured in alveolar
macrophage culture medium (RPMI 1640 medium supple-
mented with 10% FBS, M-CSF 100 U/mL and 1 mM
sodium pyruvate) for at least 3 d before further

experimentation.

AIM2 Gene Silencing

AIM2 was silenced using INTERFERin (Polyplus
Transfection, Illkirch, France) according to the manufac-
turer’s instructions. Briefly, human alveolar macrophages
were transfected 2 d after purification with 2 nM AIM2-
specific Silencer RNAi (Cat No: 4427037; Thermo Fisher
Scientific, MA, USA). After transfection, alveolar macro-
phages were cultured for an additional 2 d in alveolar
macrophage culture medium. The efficiency of AIM?2
silencing was measured by RT-PCR and Western blotting
as described later.

Human Alveolar Macrophage Stimulation
Alveolar macrophages were plated on glass-coated culture
plates, allowed to attach for 4 h, washed with FBS-free
RPMI 1640 medium, and then treated with LPS (500 ng/
mL, Escherichia coli, 0111: B4; Invitrogen, CA, USA) or
purified NETs (2 pg/mL). Some cells were stimulated with
both LPS and purified NETs, while control macrophages
were incubated with FBS-free RPMI 1640 medium for the
same duration. To visualize engulfment of NETs by alveo-
lar macrophages, the cells on the glass slides were pro-
cessed for immunofluorescence. Supernatants were
obtained at different time points, and NET clearance was
determined by measuring the content of double-stranded
(ds-DNA) in the supernatants as described later. To assess
alveolar macrophage pyroptosis, cell lysates, cell culture
supernatants and mRNA were all obtained at the indicated
times for further analysis. To evaluate AIM2 inflamma-
some activation, 500 U/mL DNase I (Roche, Basel,
Switzerland) was incubated in NET buffer 30 minutes
before intervention, and the AIM2 gene was silenced in

alveolar macrophages.

Quantitative Real-Time PCR Analysis
Total RNA was extracted using an RNeasy Micro Kit
(QIAGEN, Duesseldorf, Germany) following the manu-
facturer’s instructions. The RNA was reverse transcribed
with an All-in-One™ First-Strand cDNA Synthesis Kit
(GeneCopoeia, MD, USA), and then DNA was amplified
with All-in-One™ gPCR Mix (GeneCopoeia, MD, USA).
The sequences of the primer pairs were as follows:
GAPDH forward primer, 5-CAAATGGGATGAAGCA
CTGA-3', and reverse primer, 5-CGTCAAAGGTGG
AGGAGTG-3'; NLRP1 forward primer, 5-GTAGTCC
TGTTCAGGTGGGTC-3', and reverse primer, 5-AGAG
TGGCTCAGCGAGTTTC-3'; AIM2 forward primer, 5'-
AAAGCTGGTGAAACCCCGAA-3', and reverse primer,
5'-GGCCTTAATAACCTTTATGGTGCT-3'; NLRP3 for-
ward primer, 5-GCATTTCCTCTCTAGCTGTTCCT-3,
and reverse primer, 5-TTAGGCTTCGGTCCACACAG
AAAG-3"; and NLRC4 forward primer, 5- GCTGAA
GGCCTGAAAAACCTG-3', and reverse primer, 5- ACG
TTCATCCTGTCGATCAGTT-3'. The relative expression
level was determined by the 274" method. GAPDH was
used as an internal reference.

Immunofluorescence

For NET detection, clinical aspirate smears were fixed in
PLP fixative (1% paraformaldehyde, 0.075 M L-lysine
monohydrate, and 0.01 M sodium m-periodate in 1
M phosphate saline), dried and coated in 15% sucrose,
and mouse lungs embedded in paraffin blocks were sliced
(8 um), mounted on glass slides, dewaxed and subjected to
antigen retrieval with citrate buffer. All specimens were
blocked. The aspirate smears were incubated with anti-
histone H3 (H3; 1:400; Novus Biologicals, CO, USA)
and anti-NE (1:100, R&D Systems, MN, USA) antibodies
for 1 h at RT, whereas mouse lung sections were incubated
overnight with anti-citrullinated histone H3 (cit-H3, 1:400,
Abcam, MA, USA) and anti-MPO (1:100, R&D Systems,
MN, USA) antibodies at 4°C. All specimens were incu-
bated with Alexa 488-conjugated goat anti-rabbit and Cy3-
conjugated goat anti-mouse secondary antibodies. The
slides were mounted with DAPI.

Isolated human neutrophils were seeded on poly-
L-lysine-coated coverslips in 24-well plates at a density
of 2x10° cells/well. After allowing the cells to attach for
1 h, 500 nM phorbol myristate acetate (PMA) was added,
and the cells were cultured for 4 h at 37°C to produce
NETs. The slides were fixed with 4% paraformaldehyde.
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After being processed as described above, the samples
were incubated with primary antibodies against anti-cit-
H3 (1:400, Abcam, MA, USA) and NE (1:100, R&D
Systems, MN, USA) overnight at 4°C.

For visualization of engulfment of NETs by alveolar
macrophages and AIM2 inflammasome activation, alveo-
lar macrophages were seeded in 24-well plates containing
coverslips and allowed to attach for at least 3 h. After
stimulation, the cells were fixed with ice-cold methanol,
and immunostaining was performed as described above
with primary antibodies against EEA-1 (1:200, Cell
Signaling Technology, MA, USA) or Lamp-1 (1:400,
Cell Signaling Technology, MA, USA) and NE (1:100,
R&D Systems, MN, USA) overnight at 4°C to assess
NET phagocytosis. The cells were incubated with pri-
mary antibodies against Lamp-1 (1:100, Santa Cruz,
CA, USA), AIM2 (1:800, Abcam, MA, USA) and ASC
(1:100, Santa Cruz, CA, USA) at RT for 1 h followed by
Cy3-conjugated goat anti-rat, Alexa Fluor 488-conju-
gated goat anti-rabbit and CL-680-conjugated anti-
AIM2

inflammasome activation. DAPI-containing mounting

mouse secondary antibodies to  assess

medium was then added.

Cell Cytotoxicity Assay

Cell cytotoxicity was assessed by measuring the release of
lactate dehydrogenase (LDH) into the culture supernatant.
LDH release was assessed by the LDH Cytotoxicity Assay
Kit (Promega, USA) according to the manufacturer’s instruc-
tions and was calculated as the percentage of total LDH

content.

Quantification of Inflammatory Indicator

Levels

IL-1B, IL-18, IL-6, and TNF-a levels in the supernatant of
human aspirates and culture supernatants were measured by
using a commercially available human IL-1, IL-18 ELISA
kit (Liankebio; Hangzhou, China), and an IL-6 and TNF-a
ELISA kit (Anoric Biotechnology, Tianjin, China) according
to the manufacturer’s instructions. A Caspase-1 ELISA kit
(SAB; MD, USA) was also employed to measure caspase-1
levels in the supernatants of human aspirates.

IL-1B, TNF-a and keratinocyte-derived cytokine (KC)
levels in the mouse plasma and BALF were also deter-
mined using commercially available mouse IL-18 and
TNF-o ELISA kits (eBioscience; CA, USA) and KC

ELISA kit (Liankebio; Hangzhou, China) according to
the manufacturer’s instructions.

Quantification of Cell-Free DNA
(cf-DNA) and cf-DNA/MPO

Concentration

The cf-DNA concentration in mouse BALF and cell cul-
ture supernatants was measured using the Quant-iT™
PicoGreen kit (Invitrogen, MA, USA) according to the
manufacturer’s instructions. The concentration of cf-
DNA bound to MPO (cf-DNA/MPO), ie, NET DNA, in
the BALF of mice with ARDS was also quantitatively
assessed.”® Briefly, a 96-well flat-bottom plate was coated
with the anti-MPO monoclonal antibody mentioned above
to capture MPO, a component of NETs, and then the
amount of DNA bound to the MPO antibody was quanti-
fied with the Quant-iT™ PicoGreen kit.

Western Blot Analysis

Cell lysates and supernatants were routinely processed as
described previously. Additionally, cell lysates were pre-
pared according to a previous detailed description®® for
ASC oligomerization.

Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Merck Millipore; MA, USA) after
electrophoresis. The membranes were blocked with 8%
skimmed milk for 1 h at RT and incubated with primary
antibodies, including anti-cit-H3 (1:1000, Abcam, MA,
USA), anti-NE (1:1000, R&D Systems, MN, USA), anti-
cleaved caspase-1 (1:1000, GeneTex; CA, USA), anti-IL-1
(1:1000, GeneTex; CA, USA), anti-ASC (1:1000, GeneTex;
CA, USA) and anti-GAPDH (1:1000, Proteintech, Wuhan,
China) antibodies, overnight at 4°C. After three washes (Tris-
buffered saline plus 0.05% Tween-20), the membranes were
incubated with a horseradish peroxidase-conjugated goat-anti
rabbit or mouse secondary antibody (SAB; MD, USA) for
1 h at RT on a shaker. Signals were detected with ClarityMax
Western ECL Substrate (Bio-Rad, CA, USA) and quantified
by Image] software (Rawak Software Inc., Germany).

Statistical Analysis

All values were presented as the mean + SD. No data were
excluded from the final analysis. Data normality was
with  Shapiro—Wilk
Correlations between variables were determined using

determined normality  test.

Pearson correlation analysis. Welch’s correction #-test or

unpaired two-tailed Student’s #-test was applied to
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compare two independent groups. One-way ANOVA fol-
lowed by Tukey’s post hoc test was used to analyse multi-
ple groups. To determine the difference between two
groups over time, we used two-way ANOVA followed
by the Bonferroni post hoc test. The number of mice in
each group was based on our preliminary experiments.
The sample sizes (n) are indicated in the figures.
Difference was considered significant at P < 0.05.
Diagrams were generated and statistical analysis was con-
ducted wusing GraphPad 8.01 (GraphPad
Software, Inc., CA, USA).

software

Results

NET and Caspase-| Levels in Aspirates
are Correlated with Disease Severity in
Patients with Gram-Negative Bacterial
Pneumonia-Induced ARDS

Twenty-three ARDS patients (14 men and 9 women with
a mean age of 54.39 + 16.43 years) with pneumonia were
enrolled in the study. All patients had a history of pulmon-
ary gram-negative bacterial infection within one week and
multiple deep sputum culture results. The baseline char-
acteristics and demographic details of each patient are
provided in the (Table 1). Based on the Berlin definition,
patients were categorized into three groups according to
the severity of hypoxemia: mild (200 mmHg < PaO,/FiO,
< 300 mmHg, n = 7), moderate (100 mmHg < PaO,/FiO,
< 200 mmHg, n = 11), and severe (PaO,/FiO, < 100
mmHg, n = 5). Among these patients, 7 (5 men and 2
women) died within 28 d of ARDS diagnosis.

First, we identified NETs in the bronchial aspirates of
ARDS patients by double immunofluorescence staining
for H3 and NE; no NETs were detected in healthy con-
trols (Figure 1A). Interestingly, we noticed a few alveolar
macrophages in the bronchial aspirates of healthy volun-
teers (Figure 1B) but massive neutrophil infiltration in the
bronchial aspirates of ARDS patients (Figure 1C). Then,
we measured the levels of the MPO-DNA complex (as
a quantitative measure of NET levels), caspase-1 (to
assess pyroptosis), and inflammatory cytokines (to eval-
uate inflammation) in the supernatants of aspirates from
these patients. The mean MPO-DNA complex and cas-
pase-1 levels were significantly higher in ARDS patients
(2.099 + 0.6998 and 216.0 £111.7, respectively) than in
healthy controls (0.2208 + 0.1616 and 26.32 + 6.233,
respectively; both p< 0.0001). Moreover, MPO-DNA
complex and caspase-1 levels in bronchial aspirates

correlated well with the degree of ARDS (all p < 0.05;
Figure 1D and E). Notably, MPO-DNA complex and
caspase-1 levels in nonsurviving patients (2.617 =+
0.6480 and 318.5 + 103.5, respectively) were signifi-
cantly higher than those in survivors (1.872 = 0.6084 ad
171.1 + 83.38, respectively; p =0.0149 and p = 0.0016,
respectively; Figure 1F and G). We also observed that the
levels of inflammatory cytokines, including IL-1p, IL-6,
IL-18, and TNF-a, were markedly increased in patients
with ARDS (Supplementary Figure 1). However, the

levels of these cytokines except 1L-1fB did not correlate
well with the degree of ARDS. Moreover, there were
significant differences in the levels of IL-1B (19.82
+9.440 vs 34.05+ 11.18; p= 0.0048) and IL-18 (1732 +
456.7 vs 1247 £ 464.8; p= 0.0310) between survivors and
nonsurviving ARDS patients, but there were no signifi-
cant differences in the levels of IL-6 and TNF-a. There
was a significant correlation between MPO-DNA com-
plex levels and caspase-1 and IL-1B levels in aspirates
(Figure 1), suggesting that NETs play an inflammatory
role in ARDS. Because pyroptosis is dependent on the
caspase-1-IL-1 axis, we concluded that NETs are closely
related to pyroptosis and that both NET levels and the
extent of pyroptosis might reflect the severity of ARDS in
clinical situations.

Inhibition of Alveolar Macrophage
Pyroptosis by Ac-YVAD-cmk Reduces
NET Content in an LPS-Induced ALI
Mouse Model

A clinical study suggested that NETs are associated with
pyroptosis and the inflammatory response in ARDS.
Notably, macrophages are the predominant cells that
undergo pyroptosis, and apoptosis of neutrophils tends to
be delayed in the context of bacterial infection, with these
instead undergoing NETosis.***' Thus, to investigate the
interaction between alveolar macrophage pyroptosis and
neutrophil NETosis, an active caspase-1 inhibitor (Ac-
YVAD-cmk), NET-degrading agent (DNase I) and NET
formation inhibitor (BB-Cl-amidine) were administered to
mice immediately after LPS challenge. Then, alveolar
macrophage pyroptosis and NET content were analysed
in all groups.

To determine whether alveolar macrophage pyroptosis
affects neutrophil-derived NETs in vivo, we performed
immunofluorescence staining of lung sections to qualita-
tively analyse NET formation. We found that NETs (as
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Abbreviations: NETs, neutrophil extracellular traps; ARDS, acute respiratory distress syndrome.

indicated by the MPO-DNA complex) formed after LPS
challenge but that NET formation was decreased in the
mice that received Ac-YVAD, as well as those that
received DNase I and BB-Cl-amidine (Figure 2A). As
alternative approaches to quantitatively assess the role of
alveolar macrophage pyroptosis in ALIl-induced NET

formation, Western blotting and MPO-DNA capture
ELISA were employed. The results demonstrated that
NET formation was attenuated in mice treated with Ac-
Y VAD-cmk compared with untreated mice after LPS chal-
lenge, as indicated by the levels of cit-H3 in lung tissues
(Figure 2B and C) and the content of the MPO-DNA
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Table | Demographics of Enrolled ARDS Patients for Sample
Analysis

Patients
Sample Sizes 23
Sex
Male 14
Female 9
Age (years) 5439 + 1643

Etiology Gram-negative bacterial
pneumonia
Acinetobacter baumannii 13
Escherichia coli 5
Pseudomonas aeruginosa 4
Klebsiella pneumonia |
Category
Mild (200mmHg<PaO2/ 7
FiO2<300mmHg)
Moderate (100mmHg<PaO2/ I
FiO2<200mmHg)

Severe (PaO2/FiO2<100 mmHg) 5

Outcome
Survival 16
Death 7

complex in BALF (Figure 2D); these findings are consis-
tent with the results of immunofluorescence staining.
Moreover, although cit-H3 expression in lung tissue was
not significantly between the group treated with BB-ClI-
amidine and the group treated with Ac-YVAD-cmk
(Figure 2B and C), NET levels in the BALF of mice that
received DNase I or BB-Cl-amidine were more markedly
decreased than those in the BALF of mice that received
Ac-YVAD-cmk (Figure 2D).

Generally, the level of NETs is also affected by neutro-
phil infiltration. Thus, we further assessed the effect of
alveolar macrophage pyroptosis on NET production by mea-
suring NET content and neutrophil number. Here, we calcu-
lated the ratio of NET DNA levels to the total number of
neutrophils in BALF to obtain the NET index. Because both
NET levels and neutrophil number were decreased in BALF,
the NET index in the mice that received Ac-Y VAD-cmk was
comparable to that in the mice that did not receive treatment
after LPS challenge (Supplementary Figure 2D). However,

since DNase I or BB-Cl-amidine had little effect on neutro-
phil infiltration, the NET index in the mice treated with BB-
Cl-amidine was reduced compared to that in LPS-challenged
mice, and this decrease in the NET index was accompanied

by an anti-pyroptotic effect (Supplementary Figure 2). These

results indicated that alveolar macrophage pyroptosis might
boost NET levels in BALF by promoting neutrophil influx
into alveoli rather than directly elevating NET production in
individual neutrophils.

NET Degradation by DNase | or
Inhibition by BB-CI-Amidine Attenuates

Alveolar Macrophage Pyroptosis in an
LPS-Induced ALl Mouse Model

Having shown that alveolar macrophage pyroptosis indir-
ectly affects NET content in pulmonary tissue, we also
attempted to determine whether NETs subsequently influ-
ence alveolar macrophage pyroptosis. As expected, tracheal
injection of LPS resulted in massive neutrophil migration
into alveoli and alveolar macrophage pyroptosis. The flow
cytometry results showed that the percentage of pyroptotic
alveolar macrophages was decreased from 24.5+2.8% in
untreated mice to 17.6+£1.7% or 16.1£1.6% in mice in
which NETs were degraded with DNase I or NET formation
was inhibited with BB-Cl-amidine (Figure 3A and D).
However, there was no significant difference in the alveolar
macrophage pyroptosis rate between the groups treated with
this NET-targeting agents (Figure 3D). Notably, the decrease
in alveolar macrophage pyroptosis in the mice treated with
Ac-YVAD-cmk was even more marked, and it seemed more
alveolar macrophages are survived in the mice directly
inhibited pyroptosis (Figure 3C and D). Consistent with
the flow cytometry results, the proportions of both active
caspase-1- and TUNEL-positive alveolar macrophages in
the BALF declined in ALI mice treated with DNase
I (10.81+2.60%), BB-Cl-amidine (10.00+£2.10%) or Ac-
YVAD-CMK (6.88+1.36%) compared to untreated ALI
mice (15.06+£1.39%) (Figure 3B and E). These results indi-
cated that NETSs play a crucial role in pyroptosis of alveolar
macrophages. Considering that the inhibition of NET for-
mation and degradation of NET DNA had a similar effect on
alveolar macrophage pyroptosis, NET DNA might trigger
alveolar macrophage pyroptosis.

NETs and Alveolar Macrophage
Pyroptosis Regulate LPS-Mediated ALI

and Inflammation in Mice
We also investigated whether NETs and alveolar macro-
phage pyroptosis similarly affect LPS-induced severe lung

injury and  cytokine release. = According to
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Figure 2 Alveolar macrophage pyroptosis inhibition reduces NET content in ARDS mice. Pulmonary instillation of LPS caused NET formation in mice, and NET levels were
decreased in the Ac-YVAD, DNase | or BB-Cl-amidine plus LPS groups, as evidenced by immunofluorescence staining of lung sections for (A) Cit-H3 and NE, (B and C)
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Figure 3 NET-targeting agents alleviates alveolar macrophage pyroptosis in ARDS mice. Pulmonary instillation of LPS caused alveolar macrophage pyroptosis in mice, and
alveolar macrophage pyroptosis was alleviated in the Ac-YVAD, DNase | or BB-Cl-amidine plus LPS group, as evidenced by cytometry analysis of active caspase- |- and PI-
positive alveolar macrophages(A and C)and analysis of active caspase- |- and TUNEL-positive alveolar macrophages(B and E) in random fields by confocal microscopy. (D)
The proportion of alveolar macrophages in BALF was increased in the Ac-YVAD plus LPS group compared to the LPS alone group or the DNase | and BB-Cl-amidine plus
LPS group (n=4 mice). (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Abbreviations: ARDS, acute respiratory distress syndrome; LPS, lipopolysaccharide; Pl, propidium iodide; TUNEL, transferase-mediated deoxyuridine triphosphate-biotin
nick end labelling; BALF, bronchoalveolar lavage fluid.
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histopathological analysis, compared with no treatment,
DNase I, BB-Cl-amidine and Ac-YVAD-cmk all attenu-
ated LPS-induced haemorrhage and alveolar septal thick-
ening after LPS challenge. Lung injury scores, the PaO,,
the pulmonary wet/dry weight ratio and total protein levels
were significantly reduced in the groups administered
these treatments compared to the group that received
LPS alone (Figure 4A-D), which indicated that both
NETs and alveolar macrophage pyroptosis contribute to
lung injury in mice.

To assess the impact of NETs and alveolar macrophage
pyroptosis on local and systemic inflammatory responses,
the levels of a panel of cytokines were quantified.

We found that the levels of interleukin-1f (IL-1B)
and tumour necrosis factor-o (TNF-a) in BALF and
serum were significantly attenuated in the groups that
received a NET-targeting agent and the groups in which
pyroptosis was inhibited compared to the group that
received LPS alone (Figure 4E, G, H and J); addition-
ally, the levels of KC in BALF was decreased in the
group in which pyroptosis was inhibited (Figure 4F and
I). Moreover, IL-1B and KC levels in the BALF of mice
in which pyroptosis was inhibited by Ac-YVAD-cmk
were even lower than those in the BALF of mice in
which NETs were inhibited by DNase I or BB-Cl-ami-
dine (Figure 4E and F). In contrast, TNF-a levels in the
BALF and serum were comparable in mice in which
pyroptosis was inhibited and those in which NETs were
inhibited (Figure 4G and J). Pyroptosis results in the
release of proinflammatory contents from cells, espe-
cially inflammasome-activated IL-1B; KC, an analogue
of human IL-8 (CXCL-1) in mice, is mainly secreted by
macrophages for neutrophil chemotaxis. The results indi-
cated that Ac-YVAD-cmk more significantly affected
LPS-induced alveolar macrophage pyroptosis and IL-1B
secretion, which was beneficial for KC secretion and
neutrophil chemotaxis, than the other treatments. These
results are consistent with the abovementioned specula-
tion that alveolar macrophage pyroptosis might increase
NET content by recruiting neutrophils to alveoli in vivo.

LPS Inhibits Alveolar
Macrophage-Mediated Phagocytosis of
NETs and Triggers Pyroptosis

Under normal physiological conditions, NETs are engulfed
and degraded by macrophages via a silent process.?
However, as we showed in vivo, this process is altered

during LPS-induced ALI. Thus, we hypothesized that LPS
might affect the clearance of NETs by alveolar macro-
phages. To verify this hypothesis in vitro, we incubated
human alveolar macrophages with NETs purified from
PMA-stimulated human peripheral blood neutrophils trea-
ted with or without LPS. NET formation was assessed and
confirmed by immunofluorescence (Supplementary
Figure 3A). After incubation for 1 h, NETs (stained with
an antibody against NE) were internalized by early endo-
somes (stained with an antibody against EEA-1) in alveo-
lar macrophages (Figure 5A). After incubation for 4 h,
NETs were transported to lysosomes (stained with an anti-
body against Lamp-1) for further degradation (Figure 5A).
However, the transport of NETSs to lysosomes was delayed
in the presence of LPS (Figure 5A). Additionally, NET
clearance by alveolar macrophages was quantified by mea-
suring extracellular NET DNA levels in the supernatant.
Our results showed that NET DNA content in the cell
supernatant continuously decreased and plateaued at 12
h in the absence of LPS stimulation, while NET DNA
content slowly decreased in absence of LPS stimulation
beginning at 1 h (Figure 5D). Western blotting demon-
strated that NE-containing NETs were phagocytosed by
alveolar macrophages, and more residual NE remained in
cells at 12 h after treatment with both LPS and NETs than
after treatment with LPS or NETs alone (Figure 5B and
C). These results suggested that LPS may affect NET
phagocytosis and degradation by alveolar macrophages.

Since NETs accumulated in alveolar macrophages in
the presence of LPS, we further determined whether LPS
is involved in NET-mediated alveolar pyroptosis. To
answer this question, we stimulated human alveolar
macrophages with LPS (500 ng/mL) and/or NETs (1 ug/
mL) for 12 h. Stimulation of human alveolar macrophages
with LPS or NETs alone or in combination increased cell
death, and the effect of the combination of LPS and NETs
was the most potent (Figure 5G). Moreover, stimulation
with LPS or NETs alone did not contribute to pyroptosome
(ASC foci) formation or cleaved caspase-1 production,
while combined stimulation resulted in intracellular pyr-
optosome (ASC foci) formation, the release of cleaved
caspase-1 into the supernatant and a sharp elevation in
inflammatory cytokine (IL-1B) levels in the culture med-
ium supernatant (Figure SE-G). These results confirmed
that NETs induce indirect alveolar macrophage pyroptosis
when primed with LPS.

We were also interested in studying canonical inflam-
masome activation during alveolar macrophage pyroptosis
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Figure 4 NET-targeting agents and inhibition of alveolar macrophage pyroptosis provide similar protection against ARDS. (A) Administration of Ac-YVAD, DNase | or BB-
Cl-amidine significantly reduced lung damage in LPS-challenged mice. Representative H&E-stained sections showing a significant improvement in the lungs of Ac-YVAD-,
DNase |- or BB-Cl-amidine-treated mice. (D Sham-treated mice, @) LPS-treated mice, 3) DNase | plus LPS-treated mice, @ BB-Cl-amidine plus LPS-treated mice, and &
Ac-YVAD plus LPS-treated mice (200X). Administration of Ac-YVAD, DNase | or BB-Cl-amidine improved (B) the PaO2 of LPS-challenged mice and reduced (C) the
weight/dry ratio of lung tissue and (D) the protein level in the BALF of LPS-challenged mice. BALF and serum (E and H) IL-1, (F and 1) KC, and (G and J) TNF-a levels were
all notably decreased in the DNase |, BB-Cl-amidine or Ac-YVAD plus LPS groups compared with the LPS-challenged group (n=5 mice). (*p<0.05, **p<0.01, **p<0.001,
*#4p<0.0001).

Abbreviations: ARDS, acute respiratory distress syndrome; BALF, bronchoalveolar lavage fluid; LPS, lipopolysaccharide; IL-1p, interleukin-1f; KC, keratinocyte-derived
cytokine; TNF-a, tumor necrosis factor-a.

Journal of Inflammation Research 2021:14 https: 4851
Dove:


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

Li et al

Dove

control NETs

-
o

LPS+NETs

control NETs LPS

LPS

LPS+NETs

= NETs alone
LPS+NETs
1.0 =&~ C/Tratio NETs alone

~¥- CITratio LPS+NETs

€
= g 08
GAPDH 2 i g &
caron A IR :
85 e i g
<7T £ =z
g s 04 §
NE 2805 F 3
: = g
0.0 T T T T 0.0
control  NETs LPS LPS+NETs Oh 1h 4h 8h 12h 16h 24h
E F LPS - + - % - + - %
P NETS - - + + - - + +
&
VoS
45KD - ’ 34KD =
(caspase-1) (precursor IL-1B)|
Lysis
17KD -
(cleaved IL-1B)
20KD -
(cl d 1)
(GAPDH) (B-actin)
+ -
(cleaved caspase-1) (cleaved IL-1B)
-+
G — 4+ H -
*xx AIM2
10pm| 80 @ normal medium 2 i NLRPS
2= u medium +LPS HLRCA
20 I
52 - £
: .
ea S T
°J
++ =20 %‘ = I L
E — zhda FHN:
ol o=t . T 0 T —= T T
cont +NETs LPS — N - +
10um NETs — - + +
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caspase-| expression and sharp elevation of IL-1B levels in the supernatant, (G) significant enhancement of LDH release, and (H) a dramatic increase in AIM2 mRNA

expression. (*p<0.05, ***p<0.001).
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induced by the combination of LPS and NETs.
Intracellular NLRP1 and NLRC4 mRNA expression was
unaffected by any of the interventions (Figure S5H).
However, we observed that AIM2 and NLRP3 mRNA
levels were increased in alveolar macrophages stimulated
with LPS alone, while AIM2 and NLRP3 mRNA levels
with NETs
Unexpectedly, RT-qPCR revealed that the combination of
LPS and NETs substantially increased AIM2 mRNA
expression in alveolar macrophages without affecting
NLRP3 mRNA expression (Figure SH). These results sug-
gested that NETs may mediate alveolar macrophage pyr-

were unaffected by treatment alone.

optosis by targeting AIM2 inflammasome activation.

Silencing of the AIM2 Gene or
Degradation of NET DNA Alleviates

Alveolar Macrophage Pyroptosis

AIM2 is a component of the inflammasome and acts as
a cytosolic ds-DNA sensor that binds ds-DNA. ds-DNA is
the main constituent of NETs, and we hypothesized that
phagocytized intracellular NET DNA might bind the
AIM2 sensor and activate the AIM2-ASC-caspase-1 sig-

nalling pathway following alveolar macrophage
pyroptosis.

AIM2 expression in alveolar macrophages was drama-
tically decreased after AIM2 siRNA treatment

(Supplementary Figure 3B and C). Since alveolar macro-

phages were not vulnerable to the effects of DNase
I pretreatment or AIM2 silencing (Figure 6A), alveolar
macrophages were incubated with LPS and NETs, and
pyroptosis was assessed. We found that alveolar macro-
phages underwent pyroptosis when they were incubated
with LPS and NETs for 12 h. Alveolar macrophage pyr-
optosis was confirmed by elevation of LDH release and
cleaved caspase-1 production in the cell culture superna-
tant (Figure 6B and C). The immunofluorescence results
showed that NET DNA accumulated in lysosomes bound
to intracellular AIM2 receptors and caused ASC oligomer-
ization (Figure 6D). ASC oligomerization was also con-
firmed by Western blotting (Figure 6E). However, alveolar
macrophage pyroptosis could be alleviated by AIM?2
siRNA pretreatment or rescued by the addition of DNase
I (Figure 6B and C). After AIM2 gene expression was
silenced, accumulated NET DNA failed to activate the
AIM2 inflammasome. Degradation of NET DNA by
DNase 1 also failed to induce ASC oligomerization
(Figure 6D and E). Administration of both AIM2 siRNA

and DNase | prevented the interaction between active
AIM2-like receptors (ALRs) and ASC, inducing the for-
mation of ASC specks, which recruited pro-caspase-1 to
induce the autoactivation of caspase-1 and the release of
proinflammatory cytokines, such as IL-1B, IL-6, IL-18,
and TNF-a (Figure 6F—G). These results indicated that
AIM2-ASC-caspase-1 signalling plays a crucial role in
LPS/NET-induced alveolar macrophage pyroptosis.

Discussion

To date, ALI/ARDS is the leading cause of respiratory
failure in critically ill patients and is associated with very
high morbidity and mortality rates.'**** Neutrophils and
macrophages, the predominant inflammatory cells in
alveoli, are involved in ALI/ARDS.* The role of neutro-
phils and alveolar macrophages in the regulation of inflam-
mation in ALI/ARDS is unclear, as neutrophils and
macrophages are challenging to study in vivo and
in vitro and can serve proinflammatory functions.
However, infiltration of neutrophils and active macro-
phages cannot explain the overwhelming systemic inflam-
mation that occurs in ALI/ARDS. Neutrophil-macrophage
cooperation has been observed in atherosclerosis, liver
injury, kidney diseases, inflammatory bowel disease and
haematological diseases.*>*® Therefore, during ARDS,
resident alveolar macrophages and infiltrated neutrophils
may also interact to some degree. However, there has been
little research on the neutrophil-alveolar macrophage
interaction and its role in the uncontrolled silencing
inflammation that occurs in LPS-induced ARDS.

Based on the results of our previous study, neutrophil-
derived NETs and caspase-1-dependent alveolar macro-
phage pyroptosis both contribute to inflammation in
ARDS.”*** Here, we investigated the roles of NETs
and caspase-1 in bronchial aspirates from gram-negative
bacteria-induced ARDS patients for the first time. We
found statistically significant differences in NET and cas-
pase-1 levels I the bronchial aspirate supernatants of
patients with ARDS of varying severity and prognosis:
the more severely ill the patients were and the higher the
mortality rate was, the higher the NET and caspase-1
levels in the bronchial aspirates. These results indicated
that there is a strong correlation between NET content and
caspase-1 levels in ARDS patients. As caspase-1 is mainly
released from pyroptotic alveolar macrophages, we spec-
ulate that there is an association between increased neu-
trophil-derived NET levels and augmented alveolar
macrophage pyroptosis in the development of ARDS.

Journal of Inflammation Research 2021:14

4853

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=321513.docx
https://www.dovepress.com
https://www.dovepress.com

Li et al Dove
AIM2silence  — -+ - - - % -
" B C Nase - — -+ - = =
A —_ " LPS+NETs ~ — + o+ + - + + +
I ——1
® control i 45KD —— —
80 m  AIM2silence d — (caspase-1) 34KD | R p—
A +DNase 50 1prIeLcl11Bs)or
‘q‘" -
ey €0 % 40 I Lysis
§Q 9 20KD - 17kD -
S22y I 30 (cleaved (mature
={T ¥ b3 ki pase-1) IL-1B)
89 4 ‘ Q20
g2 g 37D 20— —
e 10 (GAPDH) (B-actin)
oget Bamt 4
0 =l — ol voee——
no treatment LPS+NETSs treatment LPS+NETs - + + +
AIM2 silence - - + —
D Dhisss - - - + Supernatant
LPS+NETs - + + + BN 17kD
AIM2 silence - - + - 20D g : _———
DNase _ - o + (cleaved (mature
caspase-1) IL-1B)
AIM2 silence - — o+ -
+DNase - = - +
LPS+NETs - *® %
Merge Pellets
10pm|
ASC Oligomers
100KD =
DAPI
44KD = < —— ASC dimmer
—— ASC monomer
22KD =
Lysis
LZZKD -E, T hsce
IL-1B
Lamp-1 IL-18
F 600 % 150
E 400 i % {‘ 100 &
2 2
E $ 1% ¢
o 200 i s0 2
0lon s 0
AIM2 LPS+NETs - + + +
AIM2silence  — - + -
DNase - - - 8
IL-6
G 5000 15000 TNF-
o
4000 &L
' Y = 10000 3
E 3000 ]
E . &
$ 2000 e -
AsC 2 ?, ?'ﬂ' 5% 3
1000 =
[ P 0
LPS+NETs - + + +
AM2silence  — - +
DNase - - - +

Figure 6 Silencing of the AIM2 gene or degradation of NET DNA alleviates alveolar macrophage pyroptosis. Silencing of the AIM2 gene or degradation of NET DNA
decreased (A) LDH release, (B and D) intracellular pyroptosome formation, (C) cleaved caspase-| and IL-1B production and (E) ASC oligomerization. Administration of
AIM2 siRNA and degradation of NET DNA also reduced (F) IL-1p, IL-18, and (G) IL-6 and TNF-a levels in the supernatant. (**p<0.01, ***¥p<0.0001).

Abbreviations: NETs, neutrophil extracellular traps; AMs, alveolar macrophages; LPS, lipopolysaccharide; ASC, apoptosis-associated speck-like protein; IL-1, interleukin-
1B; C/T, current NETs-DNA/total NETs-DNA; LDH, lactate dehydrogenase; AIM2, absent in melanoma 2.

Thus, we generated a murine model of LPS-induced
ARDS and treated mice with agents to disrupt NETs or
abolish alveolar macrophage pyroptosis to verify this
hypothesis. In accordance with our previous results, the
present study demonstrated that LPS challenge resulted in
massive neutrophil and macrophage infiltration accompa-
nied by an increase in NET content and caspase-1-depen-
dent alveolar macrophage pyroptosis in BALF. When

NETs were degraded by DNase I or inhibited by BB-CI-
amidine, the NET content in BALF decreased, infiltration
of neutrophils was not changed, and alveolar macrophage
pyroptosis was attenuated. Additionally, abolishment of
alveolar macrophage pyroptosis reduced both neutrophil
influx and NET levels in BALF.

The observed reduction in alveolar macrophage pyrop-
tosis could be attributed to a decreased level of neutrophil-
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derived NETs. Interestingly, we found that the trend in the
reductions in neutrophil number/NET content reduction
was surprisingly consistent. We also observed that the
level of KC, a neutrophil chemoattractant mainly secreted
by macrophages, was declined in BALF when alveolar
macrophage pyroptosis was suppressed. This rather intri-
guing finding might have resulted from the promotion of
neutrophil infiltration by macrophage pyroptosis rather
than NET generation. Thus, we conclude that the neutro-
phil-alveolar macrophage interaction in ARDS may have
two effects: on the one hand, alveolar macrophage pyrop-
tosis may lead to the recruitment of neutrophils following
NET formation, and on the other hand, neutrophil-derived
NETs may exacerbate alveolar macrophage pyroptosis.
NET formation and macrophage pyroptosis could consti-
tute a vicious cycle that contributes to aggravation of the
cytokine storm and lung damage.

Our study further
mechanism and the role of NETs in alveolar macrophage

demonstrated the underlying

pyroptosis. Consistent with our experimental observations,
NETs can activate macrophages to release inflammatory
cytokines, including IL-1f, IL-6, and TNF-a, upon expo-
sure to a pre-existing pathogen-associated molecular pat-
tern (PAMP) (LPS) or damage-associated molecule pattern
(DAMP) (uric acid).?’*%**! As a crucial inflammatory
factor whose secretion is induced by caspase-1, IL-1f is
a key proinflammatory cytokine involved in pyroptosis.
Our findings suggested that pyroptosis was enhanced in
alveolar macrophages costimulated with NETs and LPS to
trigger AIM2 inflammasome activation. ALRs bind ds-
DNA (viral, bacterial, or even host) and act as cytosolic
dsDNA sensors following the oligomerization of ASCs
and inflammasome activation. This result may be
explained by the fact that many NETs consist of a DNA
backbone originating from neutrophil nuclear DNA and
that AIM2, as a cytosolic DNA sensor, is capable of
cleaving pro-caspase-1 in an ASC-dependent manner
(AIM2 inflammasome formation). This is in accordance
with previous finding that IL-1B is important for the
response to AIM2 inflammasome activation.”*>*
Macrophages phagocytose and degrade NETs without
releasing inflammatory factors under physiological
conditions.”® However, in our study, NET phagocytosis
and degradation were affected by LPS exposure and cell
type. One unexpected finding was that LPS priming of
alveolar macrophages not only reduced the rate of phago-
cytosis of extracellular NETs but also slowed the rate of

degradation of intracellular NETs. Consequently, NETs

accumulated in LPS-primed alveolar macrophages.
However, how the extracellular DNA backbone (NETs)
is sensed by intracellular receptors (ALRs) has yet to be
understood. Previous studies have shown that lysosomal
dysfunction allows DNA to gain access to the cytosol and
activate AIM2 in systemic lupus erythematosus and dia-
betes and that the AIM2 inflammasome is activated by
pharmacological  disruption of nuclear envelope
integrity.”>>® LPS stimulation was also reported to induce
ROS production, resulting in lysosomal destabilization.>
As in our study, NET DNA, which accumulated in the
lysosomes of LPS-primed alveolar macrophages, was pro-
ven to bind with the AIM2 sensor to trigger the AIM2
inflammasome, possibly due to increased lysosomal mem-
brane permeability. Degradation of NET DNA or silencing
of the AIM2 gene can alleviate pyroptosis of alveolar
macrophages costimulated with LPS and NETs, indirectly
demonstrating that AIM2 inflammasome activation plays
a role in alveolar macrophage pyroptosis.

Based on our results, we propose that neutrophil-
derived NETs and pyroptotic alveolar macrophages inter-
act to mediate inflammation and lung injury after LPS
challenge (Figure 7). In brief, LPS challenge results in
alveolar damage and inflammatory cell infiltration.
Neutrophils undergo NETosis to produce a large amount
of NETs, which are directly cytotoxic to the epithelium
and are engulfed by alveolar macrophages, leading to
AIM2 inflammasome activation and caspase-1-dependent
pyroptosis in LPS-priming alveolar macrophages followed
by the release of a large amount of cytokines and more
neutrophil infiltration, leading to ARDS through inflam-
matory storm development due to a vicious cycle.

In summary, we reveal some significant findings that
could improve the understanding of lung inflammation dur-
ing ARDS. First, accumulated intra-alveolar neutrophils that
release NETs and alveolar macrophages are probably prone
to pyroptosis in ARDS. There is a correlation between the
release of NETs and pyroptosis. Second, in ARDS, NET
formation exacerbates alveolar macrophage pyroptosis and
lung injury, while alveolar macrophage pyroptosis enhances
neutrophil chemotaxis in the alveolar cavity, which contri-
butes to lung injury. We also found that NETs directly
promote alveolar macrophage pyroptosis through NET
DNA-mediated activation of the AIM?2 inflammasome
when combined with LPS stimulation. Consequently, NETs
and the AIM?2 sensor may be crucial therapeutic targets for
the regulation of alveolar macrophage inflammasome-
mediated immunopathology in ARDS.
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production of cytokines that eventually contribute to the pathogenesis of ARDS.

Abbreviations: ARDS, acute respiratory distress syndrome; NETs, neutrophil extracellular traps; AIM2, absent in melanoma 2; RBC, red blood cell.
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