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Abstract

Neutrophils activated during acute lung injury (Alfborm neutrophil extracellular
traps (NETs) to capture pathogens. However, exeesSiETS can cause severe
inflammatory reactions. Macrophages are classifeeIM1 macrophages with
proinflammatory effects or M2 macrophages with -amteammatory effects. During
ALlI, alveolar macrophages (AMs) polarize to the ptienotype. This study tested the
hypothesis that NETs may aggravate ALI or acutiratry distress syndrome
(ARDS) inflammation by promoting alveolar macropbgmlarization to the M1 type.
Our research was carried out in three aspectscalinesearch, animal experiments
and in vitro experiments. We determined that NEVele in ARDS patients were
positively correlated with M1-like macrophage pdation. NET formation was
detected in murine ALI tissue and associated withreased M1 markers and
decreased M2 markers in BALF and lung tissue. Tmeat with NET inhibitors
significantly inhibitor NETs generation, downregigld M1 markers and upregulated
M2 markers. Regardless of LPS pre-stimulation, iBgant secretion of
proinflammatory cytokines and upregulated M1 maskeere detected from bone
marrow-derived macrophages (MO and M2) coculturetth Wwigh concentrations of
NETs; conversely, M2 markers were downregulatadconclusion, NETs promote
ARDS inflammation during the acute phase by prongpthacrophage polarization to

the M1 phenotype. We propose that NETs play an rapbrole in the interaction



between neutrophils and macrophages during thg aaunte phase of ALI.
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Introduction

Acute respiratory distress syndrome (ARDS) is micdil syndrome characterized by a
wide range of inflammatory reactions in the lungsyally secondary to pneumonia,
sepsis, and trauma (infection is the primary caafs@RDS) [1]. During acute lung
inflammation, neutrophils and alveolar macropha@eds) account for more than 90%
of the total bronchoalveolar lavage fluid (BALF)lseand are the main inflammatory
cells during the development of ALI/ARDS [2].

AMs are the predominant leukocyte phenotype inltimg among all age groups (>
89%). AMs are usually in the resting state (MO)tivated AMs can be divided into
two main phenotypes: M1 and M2 macrophages [3]. liHcrophages encourage
inflammation by secreting proinflammatory cytokinesch as IL-13, IL-12, TNF-,
IL-6, and inducible nitric oxide synthase (INOS).2Mnacrophages contribute to
tissue repair due to their anti-inflammatory fuoo8, which are mediated by the
release of Th2 cytokines, such as IL-4, IL-10, dhdl3 [4], [5]. Circulating
monocytes and macrophages are recruited to thelalvepace and activated by
macrophage colony-stimulating factor (M-CSF) mealisit produced by T cells,
macrophages, endothelial cells, and fibroblasts mitrophages release toxic species,
such as nitric oxide, superoxide, and matrix mepaiteinases, which cause tissue
damage. The TNlk-and IL-183 produced by macrophages also activate neutrophils

and induce the overexpression of adhesion molecsilet as intercellular adhesion



molecule 1 and vascular cell adhesion moleculenlimonune cells and endothelial
cells [6], [7], [8]. High concentrations of TNé&-and IL-13 have been reported in
BALF from ARDS patients [9], [10]. During the eariyflammatory phage of ARDS,
resident alveolar macrophages are activated[1Hdimg to the release of potent
proinflammatory mediators and chemokines that ptemthe accumulation of
neutrophils and monocytes, and the proportion off M2l macrophages becomes
unbalanced, leading to increased inflammation amihér tissue damage, which was
confirmed in our experiment (the results of thist @ae not shown in the article; see
S1 for details.). In vitro, M1 polarization can bemulated by LPS/IFN; and M2
polarization is related to I1L-4 or IL-13 [12], [13]

Neutrophils are thought to be the primary innatenime cells that cause damage to
host tissues. In addition to exhibiting phagocwativity against pathogenic bacteria
and releasing antimicrobial molecules, neutropalt® form neutrophil extracellular
traps (NETS) to regulate the severity of infectibdETs consist of deagglomerated
chromatin fibers coated with antimicrobial proteirstich as histones, neutrophil
elastase (NE), myeloperoxidase (MPO) and alphandefs. In addition to being
expressed on NET fibers, NE and MPO also regul&@& frmation [8], [14], [15].
NETs can effectively capture and kill pathogens.wieeer, there is increasing
evidence that overproduction of NETs can lead t@ieinflammatory reactions and
tissue damage [16], [17].

Cathelicidin LL-37 is a cationic peptide that iifyesized by neutrophils, monocytes,

keratinocytes and macrophages and is one of theiardbial peptides of NETSs.



LL-37 can stimulate immunocyte chemotaxis, promoll macrophage
differentiation [18]. Macrophage can phagocytosen-apoptotic and apoptotic
neutrophils, as well as MPO in neutrophils (espbcigia macrophage mannose
receptors) [19]. Ingestion of apoptotic neutrophdan cause macrophage M2
repair-like phenotypes, whereas ingestion of MPSults in increased inflammatory
cytokine release, similar to the M1-like macrophpgenotype [19].

Our previous experimental results showed that @mltRS ALI/ARDS mouse model,
NETs are significantly increased, and the use oa8N(DNase |) can degrade NETs
and suppress the inflammatory response [BO}this article, we hypothesized that
NETs may aggravate tissue injury in the exudativase of ARDS by promoting the
polarization of alveolar macrophages to the M1 yodat

Materials and Methods

Clinical research

Research subjects

According to the Berlin definition of ARDS [1], aaup of 20 patients (Table 1 lists
the basic information of the patients. See S5 &aitk) with ARDS were studied in a
respiratory intensive care unit (ICU) and centr@Ul in Xiangya Hospital. We
collected samples from ARDS patients within 48 Isonir diagnosis of ARDS due to
Gram-negative bacterial pneumonia. The followinglesion criteria were usednder
18 years old, pregnangeptic, aspiration and other non-bacterial formsABRDS. In
addition, 20 healthy volunteers served as the obgtoup, and their BALF were all

obtained via bronchoscopy. Approval of the medethics committees was obtained



and all patients’ relatives and volunteers providedtten informed consent
( IRB{S}NO.2017121025) .

BALF collection

The collection method for AMs was adapted from evfmusly described method [21].
Within 48 hours of the patient being diagnosed WARDS, the BALF was collected
with a bronchial endoscope; the total amount usedaivage was 50 ml, and the total
amount of recovered liquid was recorded to caleutae recovery rate. The BALF
was filtered with gauze and centrifuged at 1200 fam 5 min at 4°C, and the
supernatant was stored at -80 degrees. The cells washed twice in RPMI 1640
containing 10% fetal bovine serum (FBS) and suspénd 10 ml of medium. The
concentration of cell-free DNA (cf-DNA) bound to MNP (cf-DNA/MPO), a
constituent of NET, was measured in BALF. Briefn antibody bound to the
96-well flat-bottom plate captured the enzyme MR@G4J the amount of DNA bound
to the enzyme was quantified using the Quant-iT®bB8reen kit (Invitrogen) [22].
The TNFwe, IL-6, IL-1p and IL-10 concentrations were also measured by E] And
the expression of M1 and M2 markers was detected|-B\CR (M1: iNOS; M2:
CD206).

In vivo experiments

Mice. C57BL/6 mice, male or female, aged 8 to 12 weelsevpurchased from the
Experimental Animal Center of Central South UniitgrdChangsha, China). The
mice were housed in microisolator cages under Bpgrathogen-free conditions. All

animal experiments were approved by the Animal @actUse Committee of Central



South University (N0.2017sydw00284).

LPS/ALI Model. Since our clinical specimens were collected fronigoés with
ARDS caused by Gram-negative bacterial pneumontpae of the main pathogenic
substances of Gram-negative bacteria is LPS, wed usBS intratracheal
administration in the animal experiments to indaceite lung injury in mice and
simulate human lung ARDS caused by Gram-negativeumonia. We performed
intratracheal injections as previously describe@l,[23]. After the administration of
anesthesia, the trachea was exposed. A microsywagenserted into the trachea, and
the mice received an intratracheal injection of LEScherichia coli 0111: B4;
Sigma-Aldrich, St. Louis, MO, USA) at a dose of 3g/kg in 60 pul of
phosphate-buffered saline (PBS), followed by 2000f air to ensure deposition
throughout each lung. The control mice receivedhtmatracheal injection of 60l of
PBS. Twenty-four hours later, the lungs were lada@e times with 0.5 ml of
PBS-EDTA (0.5 mM) for the determination of cell eisi and differences in total
protein. In separate experiments, the lungs welleated for immunohistochemistry

and hematoxylin-eosin (HE) staining.

Alveolar macrophage depletion.Under anesthesia, the trachea was exposed via a
midline neck incision and cannulated with a 30-gangedle. The mice were then
intratracheally administered 100l of clodronate liposomes (CLs) (YEASEN,
Shanghai, China), which was diluted at a ratio df ih PBS. The control mice
received the same volume of empty liposomes (PBSjenty-four hours later,
adoptive transfer of polarized AMs into the lungswaerformed; the details are as
follows.

AM polarization. AMs were isolated from mouse BALF and polarizedtiie M1



phenotype by LPS + IFN- stimulation or the M2 phenotype by IL-4+IL-13
stimulation,as detailed in the in vitro experiment.

Adoptive transfer of polarized AMs. Thirty C57BL/6 mice, male or female, aged 8
to 12 weeks, were randomly divided into 6 groupe tontrol group, CL group,
LPS-induced ALI group (LPS) group, AM-removed ALlrogp (LPS+CL),
AM-removed ALI+M1-AM adoptive transfer group (LPSk&M1), and
AM-removed ALl +M2-AM adoptive transfer group (LPSt+M2). Among these
groups, the LPS+CL group, LPS+CL+M1 group and LPISH@2 group were
injected with CLs to remove mouse AMs. The conggmup and LPS group were
given an equal dose of empty liposomes (PBS) idstdaCLs. Twenty-four hours
later, for the adoptive transfer group, M1 and Macmophages were transferred into
the mouse lungs, half an hours later, LPS was tejemto the mice via the trachea.

Twenty-four hours later, the mice were sacrificed.

NET inhibitor treatment. In the treatment group, the mice were randomizealtino
groups that received instillations consisting of02d of 3 mg/ml NE inhibitor
(Alvelestat, Selleck, China) or 200 of 3 mg/ml PAD4 inhibitor (BB-CIl-Amidine,
Cayman Chemical Company, Ann Arbor, Michigan, UB&)intraperitoneal injection.
One hour later, LPS was injected into the micetivé&atrachea, as described above.
Hematoxylin and eosin (HE) stainingFor histopathological analysis, the right lung
lobes were fixed in 4% paraformaldehyde (PFA) amdbedded in paraffin.
Five-micron sections were placed onto glass slaekstained with HE. ALI severity
was evaluated by assigning a semiquantitative lbgyoscore via a double-blind
method, as described previously. Briefly, the Hagjwal index of lung damage
included alveolar edema, hemorrhage, alveolar kedptekening and leukocyte

infiltration [24]. Each item was divided into fougrades ranging from 0 to 3



(O=normal; 1=mild; 2=moderate; and 3=severe), antbtal ALI score was then
calculated.

Quantification of BALF cf-DNA/MPO and protein levels. cf-DNA/MPO in the
BALF supernatant was quantified as described abBwetein concentrations in the
BALF were quantified by performing a bicinchoniracid protein assay (Biomiga,
USA).

Identification of NETs: Paraffin-embedded mouse lungs were sectionedn(4 and
the sections were prepared and mounted on gladesghfter the paraffin sections
were dewaxed and dehydrated by gradient alcohtigeanretrieval was performed
using citrate buffer. The samples were permealbilizeéh 0.1% Triton X-100 for 10
min, following by blocking with 3% bovine serum aliin (BSA). The sections were
incubated with primary antibodies, specificallytiantrullinated-histone H3 (Cit-H3,
rabbit, 1:100; Abcam) and anti-myeloperoxidase (MB@at, 1:100R&D Systems),
followed by detection with FITC-conjugated donkeytiaabbit IgG (H+L) (1:400;
Servicebio, Wuhan, Hubei, China) and Cy3-conjugatedkey anti-goat IgG (H+L)
(1:400; Servicebio) secondary antibodies, respelgtiat room temperature for 1 hour.
DAPI was applied to detect DNA. The slides wereualzed with an Olympus
FluoView 500 confocal microscope.

Flow cytometry. Murine lungs were lavaged 8 times with 0.8 ml oflM EDTA in
PBS. BAL cells were filtered with a 40m filter and then collected by centrifugation.
For immunostaining, the BAL was washed with 0.5%SF8\d 5 nM EDTA in PBS,

and cells were counted using a hemocytometer. €letpvas then incubated for 30



min at 4°C in the dark in 100 pL of fluorescencéxated cell sorting (FACS) buffer
with the following primary monoclonal antibodiesr fmyeloid immunophenotype
analysis: APC/CY7-labeled CD45, APC-labeled Sigleé#TC-labeled CD11C,
PE-labeled Ly6G, FITC-labeled CD11b, PerCP/Cy5telad CD54 and
PE/CY7-labeled CD206 (Biolegend, San Diego, CA, WUS¥ter centrifugation (350
rcf at 41 for 5 min), the pellet was resuspended in 500 fIIEACS buffer and
analyzed on a BD flow cytometer. AMs were markedGiy45+SiglecF+CD11C+;
CD54 and CD11C were M1 AM markers, and CD206 wasMih AM marker.
Neutrophils were identified by the marker LY6G+CDb31l CD45 is a marker of
leukocytes. Because mouse alveolar macrophagesessxg€D11C and SiglecF,
CD11C positive expression indicated both M1 and Mih the only difference
between them being the intensity of the expresdiwerefore, we choose CD11C as
the pan-marker of AM [25], [26]. Each flow cytometanalysis was run on at least
100,000 cells, and the data were analyzed usingJeloX.

Immunohistochemistry. The lungs of the mice were fixed with 4% PFA and
embedded in paraffin. Histo-clear was used to ddfmize the slices, and the slices
were then rehydrated by an ethanol gradient. BoieRH2 (Leica Microsystems,
Buffalo Grove, IL) was used for antigen retrievall@0 for 20 min. The sections
were incubated with anti-iNOS antibody (1:100, igbAbcam) for 30 min at 21,
and proteins were detected by the Leica Bond Palyp#e88 Refine, Peroxide Block
and Mixed Refine DAB system. Reinfection was detéatising Harris hematoxylin

(Leica Microsystems).



In vitro experiments

Isolation and purification of mouse bone marrow (BM neutrophils. BM cells
were harvested from the femurs and tibias of 6tGaveek-old C57BL/6 mice (SJA
Laboratory Animal Co., Ltd, Changsha, Hunan, ChimNgutrophils were separated
from mononuclear cells by Ficoll centrifugation & 1.084 g/L) (GE, USA).
Contaminating erythrocytes were removed by hypatdysis, and neutrophils were
resuspended in PBS (Gibco Life Technologies, Grasthnd, NY, USA)
supplemented with 5% FBS (Wisent Biomart, Nanjiligngsu, China).

NET production, isolation and quantification. BM neutrophils were seeded in
duplicate wells of a 6-cm flat tissue culture di§he cells were treated with PBS plus
PMA (100 nM) for 4 hours at 37 with 5% CQ. After 4 hours of stimulation, the
supernatant and NET layer were aspirated, and #ls avere removed by
centrifugation at 200 g for 5 min. Then, the sup&ant was divided into 1.5-ml
microcentrifuge tubes and centrifuged for 10 mii2#000 g at 4. The supernatant
was discarded, and all obtained pellets were resugul together in ice-cold PBS to a
concentration corresponding to 2 x’ b@utrophils per 100Ql of PBS. The DNA
concentration in the obtained sample was measwedescribed above. The NETs
were stored at -20 or -80°] for subsequent experiments.

Generation and activation of BM-derived macrophage¢BMDMs). BM cells were
harvested from the femurs and tibias of 6- to 1@kwveld C57BL/6 mice (SJA
Laboratory Animal Co., Ltd). The cells were culttii@ Dulbecco’s modified Eagle’s

medium (DMEM) (Gibco) supplemented with 10% FBS @it Biomart) and



recombinant mouse M-CSF (40 ng/ml; PeproTech, Rdditly NJ, USA). After 1
week, BMDMs were replated, and untreated (MO) maltages were then stimulated
with Escherichia coli LPS 0111:B4 (100 ng/ml; Sigma) and IFN(20 ng/ml;
PeproTech) for 24 hours (M1) or with IL-4 (20 ng/mReproTech) for 24 hours (M2).
In addition, we used 2000 ng/ml NETs with or with@uhours of LPS pre-stimulation
to stimulate MO and M2 separately, and the cellsewstimulated with LPS for 2
hours as a comparison. The same grouping methodseasfor AMs.

Isolation of AMs. Alveolar lavage was performed as described abowd. &ells
were collected by centrifugation. After red blooeéllclysis, BAL cells were
resuspended in DMEM containing 10% FBS and seed@d-well plates with cover
glass at a density of 5xi@ells/well for 1 hour. The cells were then thorblyg
washed with PBS to remove all unattached cells, atached macrophages were
stimulated with the same method described for BMDMs
Immunofluorescence.After fixation with 4% PFA for 20 min and permeabdtion
with 0.1% Triton X-100 for 2 min, the specimens &éfocked with PBS containing 5%
goat serum. The cells were incubated with primauybadies, specifically anti-iNOS
(2:50; mouse, Santa Cruz) and anti-CD206 (1:10hitaProteintech, Wuhan, Hubei,
China) antibodies. The next steps were the samethase for the tissue
immunofluorescence.

Quantitative RT-PCR. Total RNA from BMDMs was isolated with the RNeasy
Micro Mini kit (Qiagen, Valencia, CA, Germany) angtocessed as previously

described [27]. cDNA was synthesized from the RNsing the PrimeScript™ RT



reagent kit with gDNA Eraser (Takara Biotechnolo@y. Ltd., Dalian, China).
Real-time qPCR was performed using SYBR® Premixtaq ™ Il (Tli RNaseH Plus)
(Takara Biotechnology Co. Ltd., Dalian, China) on &ycler (ABI ViiIATM7;
Applied Biosystems, Carlsbad, CA, USA). The theryober parameters were set by
the ABI 7500 Fast Real-time PCR system (Applied sBstems)-associated SDS
software version 2.3 (Applied Biosystems). Data evgquantitated with the 2°“'
method.

For each gene, an amplification curve was generateglvaluate the amplification
efficiency. The sequences of the forward and revpraners were as follows: human

iINOS: forward 5'-TTCAGTATCACAACCTCAGCAAG -3 and werse

5-TGGACCTGCAAGTTAAAATCCC-3' human CD206: forward
5-GGGTTGCTATCACTCTCTATGC-3’ and reverse
S-TTTCTTGTCTGTTGCCGTAGTT-3’; human GAPDH: forward
5'-CAAATGGGATGAAGCACTGA-3' and reverse
5-CGTCAAAGGTGGAGGAGTG-3; mouse INOS: forward 5'-
GTTCTCAGCCCAACAATACAAGA-3 and reverse 5'-
GTGGACGGGTCGATGTCAC-3; mouse Argl: forward 5-
CTCCAAGCCAAAGTCCTTAGAG-3 and reverse 5'-

AGGAGCTGTCATTAGGGACATC-3; and mouse GAPDH: forward5'-
AGGTCGGTGTGAACGGATTTG-3’ and reverse 5'-
TGTAGACCATGTAGTTGAGGTCA-3'.

Detection of macrophage surface markers by flow cgimetry. BMDMs were



seeded in 6-well plates at a density of 8télls/well. Cells treated with drugs or
blank diluent were rinsed with warm PBS (37 The cell suspensions were washed
twice with ice-cold PBS before further processikdpw cytometric analysis was
performed as follows. The pellet was incubated2@min in 100 puL of FACS buffer
with the following primary monoclonal antibodiesr fonmunophenotype analysis.
The cells were surface stained with F4/80 (BiolejeicD11b, CD80, and CD86
(Biolegend), all diluted in PBS without Ca/Mg supplented with 2% FCS and 2 mM
EDTA [28]. The cells were fixed and permeabilizesing the Cytofix/Cytoperm
solution kit (Biolegend) according to the manufaetis instructions and then
subjected to intracellular staining for CD206 (Rigénd). F4/80 and CD11b are
pan-BMDM markers, CD80 and CD86 are M1-like macwgs markers, and CD206
is a M2-like macrophage marker.

ELISA. ELISA cytokine assays (NeoBioscience, Shenzhenn@deng, China) were
performed on the culture mediucollected from murine macrophage cell cultures.
The results are shown as concentrations derived &rstandard curve. TNék-IL-1,
IL-6 and IL-10 were analyzed according to the mantifrer’s instructions. TNE;
IL-1B8, and IL-6 are M1-like macrophage markers, IL-10M&-like macrophage
marker.

Western blot. Western blot assays were performed using whole Igsdltes. The
membranes were then incubated with antibodies fpefor CD206 (1:1000,
Proteintech), Argl (1:1000, Servicebio), INOS (DQQAbcam), oB-tubulin (1:2000,

Servicebio) as an internal control.



Statistical analysesThe data are presented as the mean + SD. Diffesdretsveen
two groups were assessed using a two-tailed Stsdetast, and differences among
three or more groups were assessed with one-wayMANGth Tukey’s post hoc test.
The tests were performed by GraphPad Prime 6 sadt(@raphPad, San Diego, CA,
USA). Differences between groups were consideratistally significant when a
confidence level of at least 95% (P<0.05) was olethi

Results

NET levels in ARDS patients positively correlate wih M1-like macrophage
polarization levels

BALF from healthy volunteers (control group) andigats with ARDS (within 48
hours) who were diagnosed in the central ICU argpiratory ICU of Xiangya
Hospital were collected. The baseline demograparampeters of the patients and the
healthy control group are shown in Table 1(See @5détails. cf-DNA/MPO and
IL-6, TNF-0, IL-1 and IL-10 levels in BALF supernatants were deticidie mRNA
levels of INOS, CD206 were also detected. Accordmgrig. 1A, the cf-DNA/MPO
level in BALF from ARDS patients (n=20) was signéntly higher than that in BALF
from control group (n=20), and the difference weaistically significant (P<0.01).
Fig. 1B shows that the levels of INOS (Fig. 1B) mRMN ARDS patients were
significantly increased compared with those in ttentrol group (P<0.01), and
although CD206 levels were decreased in ARDS patighese results were not
significant (Fig. 1C, P=0.0518). Pearson correfatimalysis was used to analyze the

correlations between cf-DNA/MPO content and iNOS &D206 mRNA levels in



ARDS patients. INOS mRNA levels were positively retated with cf-DNA/MPO
levels (Fig. 1D, R=0.8299, P<0.01). In additiore thvels of IL-6, TNFe, and IL-13
cytokines in BALF supernatants from ARDS patieneravsignificantly higher than
those in BALF supernatants from the control grobjg.(1F-H), and this difference
was statistically significant (P<0.01). There wasrarease in IL-10 levels in several
ARDS patients, but overall there was no differebeeveen ARDS patients and the
control group (Fig. 11). Fig. 1J-L show that IL-BNF-a, and IL-13 cytokine levels
were positively correlated with cf-DNA/MPO levels ARDS patients (R= 0.8448,
0.7767, and 0.8923, respectively). However, IL-H¥els (Fig. 1M) were not
associated with cf-DNA/MPO levels in ARDS patierfi3=0.5948). 1L-6, TNFe,
IL-1B8 and iINOS are M1 markers, and IL-10 and CD206 aenvarkers. Although
we cannot determine whether M2 macrophages areeddor not, we can speculate
that M1 macrophages ratio maybe increased duriegtute inflammatory phase of
ARDS, and its polarization levels correlate pogiywvith NET levels.

NET inhibitors attenuate LPS-induced ALI

Due to the increased cf-DNA/MPO production obsennedBALF from ARDS
patients, we further validated this phenomenomimal experiments. An ALI animal
model was established with LPS, and NET inhibit@s NE inhibitor (Alvelestat),
and a PAD4 inhibitor (BB-Cl-Amidine)) were admireseéd at the same time. The
cf-DNA/MPO level in the BALF was determined by tiecoGreen method. As
expected, the cf-DNA/MPO level of the LPS-ALI growas the highest of all tested

groups (Fig. 2A), while the cf-DNA/MPO levels ofdNET inhibitor groups were



significantly lower than that of the LPS group, ahé difference was statistically
significant (P<0.05). To further verify that neyttols recruited to the lungs during
ALI can produce NETSs, we also performed lung tissumunofluorescence (Fig. 2B).
Cit-H3 and MPO are the main components of NETgefloee, Cit-H3 and MPO were
selected as NET markers. Fig. 2B shows that the® wo Cit-H3 or MPO polymer
formation in the control group, while Cit-H3 and EPolymers were most abundant
in the LPS group; however, in the NET inhibitor gpg (NE inhibitor, and PAD4
inhibitor), levels of Cit-H3 and MPO polymers weszluced compared to those in the
LPS group. We conclude that NETs are producedenAhl animal model and that
NET inhibitors (an NE inhibitor and PAD4 inhibitocan inhibit NET formation. The
above results also confirmed the increased NETI lelserved in the clinical
experiments.

Next, we evaluated the impact of NET formation ®#SLALI. The mice were divided
into the control group, LPS group, LPS+NE inhibigwoup, and LPS+PAD4 inhibitor
group. Pulmonary edema, alveolar congestion, awvealeptal thickening and
leukocyte infiltration were most severe in the LB®up (Fig. 2C), and the lung
injury score (Fig. 2D), number of neutrophils (F&E), total protein concentration in
BALF (Fig. 2F) and pulmonary wet/dry (W/D) weightsig. 2G) were significantly
reduced in the NE inhibitor and PAD4 inhibitor gpsucompared with those in the
LPS group (P<0.001). These results suggest thahkfigition of tissue damage by an
NE inhibitor and PAD4 inhibitor may not only achex by decreasing NETs

generation, but also by reducing the infiltratidmeutrophils, or both.



NET inhibitors mitigate M1-like macrophage polarization levels in LPS-induced
ALl

Based on clinical data and the results of the alaowmeal experiments, we concluded
that NETs and macrophage polarization play impaértates in the pathogenesis of
ALI/ARDS, and NETs are positively correlated withLM\M polarization. Therefore,
we decided to explore the relationship between N AM polarization in animal
experiments. The animals were grouped as descaibede. Fig. 3A shows the results
of immunohistochemical staining for INOS in the duntissue. The
immunohistochemistry results demonstrate that tin@ber of INOS positive cells
was highest in the LPS group and lower in the NiTikitor groups than in the LPS
group. Fig. 3B-J show the flow cytometry results &M polarization detection.
CD45+SiglecF+CD11C+ are pan-AM markers. CD54 andlGDare M1 markers,
and CD206 is a M2 marker. After the AMs were lalelewith
CD45+SiglecF+CD11C+, the expression of markers aénzed macrophages was
compared. Fig. 3B-D show that the alveolar macrgpkan the LPS group accounted
for the lowest proportion in the lavage fluid, vehthe proportion in the NET inhibitor
groups increased (generally, the proportion of m@ltages was greater than 90% in
the control group; see S2 for details.), especiallthe NE inhibitor group. This also
indirectly reflects the possible inhibitory effeat inflammatory cell infiltration by
NET inhibitors. S3 shows the proportion of neutritgoin the BALF of the different
groups; the proportion of neutrophils in the LP8Sugr was greater than 90%, whereas

it was reduced in the NET inhibitor groups. Morepwke proportion of neutrophils in



the NE inhibitor group was slightly lower than tludtthe PAD4 inhibitor group (See
S3 for details). Besides, in the preliminary expemt of LPS groups, we found that
when the lung inflammation is lighter, the propontiof macrophages is higher, and at
the same time the proportion of neutrophils is lowée did not show this part of the
results in the article and in the supplementara.dahese above results indicate that
the NE inhibitor may have a greater inhibitory effen neutrophil infiltration than
the PAD4 inhibitor. This is probably because nepftits and macrophages account
for more than 90% of total BALF cells in ARDS; teére, the proportion of alveolar
macrophages in the NE inhibitor group is higheg(RC). The gray image indicates
the control group. Fig. 3E, 3F, 3H, and 3| showt t6®54 and CD11C had the
strongest right shift in the LPS group, while CD&4d CD11C levels in the NET
inhibitor group were lower than those in the LP8ugr but higher than those in the
control group. However, the expression levels oRG®showed the opposite pattern
(Fig. 3G, 3J). The LPS group and the NET inhibgooups were shifted to the left
compared to the control group, which indicated tta expression of CD206
decreased. In addition, the expression level wa®dsb in the LPS group, while the
degree of left shift was reduced when NET inhilstavere administered. These
results indicate that NET inhibition can inhibittpolarization of AMs to the M1 type.
According to Fig.2B, Fig.3B-D and S3, we hypothesthat the effect of NETs
inhibitors on macrophage polarization may be dusvtwreasons: one is to affect the
total number of cells that can produce NETs bycaiffigy the infiltration of neutrophils,

and the other may be some important components(dfEhit elastase and Cit-H3) of



NETSs being inhibited, so that neutrophils cannategate NETs. In a word, NETs may
play an important role in the acute inflammatorgp@nse of ALI/ARDS. We also
confirmed the proinflammatory role of M1 and théi-@amflammatory role of M2 AMs
in LPS induced-ALlI, and the detailed results amevedd in S1.

NETs promote M1-like macrophage polarization

In the above clinical experiments and animal expents, we learned that the
polarization of M1 AMs and the formation of NETsaplimportant roles in the
inflammatory response during ARDS/ALI. Moreover, NEcorrelate positively with
M1-like macrophage polarization. In animal expense we observed that NET
inhibitors have an inhibitory effect on M1 macrogbaolarization. Therefore, mouse
BM neutrophils were stimulated with PMA to generdligTs, which was quantified
by PicoGreen. The mouse AMs were divided into Gigso the MO group, M1 group
(AMs were polarized with LPS and IFNsimultaneously for 24 hours), M2 group
(AMs were polarized with IL-4 for 24 hours), NETsogp (AMs were stimulated with
NETSs for 24 hours), LPS group (AMs were stimulateth LPS for 2 hours, and then
LPS was removed and the AMs were further cultuce@®# hours), LPS+NETs group
(AMs were pre-stimulated with LPS for 2 hours, dhdn the LPS was removed and
NETs were added for continued stimulation for 24uris® Mouse BM-derived
monocytes were also extracted and stimulated witC3F for 7 days to obtain
mature MO macrophages. The BMDMs were divided gtgroups: the MO group,
M1 group (BMDMs were polarized with LPS and IFNsimultaneously for 24 hours),

M2 group (BMDMs were polarized with IL-4 for 24 ha), NETs group (BMDMs



were stimulated with NETs for 24 hours), LPS gr¢dBMDMs were stimulated with
LPS for 2 hours, and then LPS was removed and MBMs were further cultured
for 24 hours), LPS+NETs group (BMDMs were pre-stimbed with LPS for 2 hours,
and then the LPS was removed and NETs were addedrtinued stimulation for 24
hours), M2 (IL-4)-NETs group (M2 macrophages weimglated with NETs for 24
hours), M2 (IL-4)-LPS group (M2 macrophages wenmslated with LPS for 2 hours,
then removed LPS and continued culturing for 24repand M2 (IL-4)-LPS+NETs
group (M2 macrophages were pre-stimulated with f#< hours, and then the LPS
was removed and NETs were added for continued ktrono for 24 hours). Fig. 4A
shows the confocal microscopy results for AMs. iN&fsl CD206 are markers of M1
and M2 macrophages, respectively. The figure shibvasin AMs, the expression of
INOS increased after stimulation with NETs or LR8d when LPS and NETs were
combined, the increase in INOS levels was most quooed. Fig. 4B shows the
western blot results for BMDMs; CD206 and Argl ararkers of M2 macrophages.
The western blot results show that the proteinltegeCD206 and Argl were highest
in M2 macrophages, while the expression of CD20& Argl decreased after M2
macrophages were stimulated with NETs (M2-NETs) &aR& (M2-LPS), and the
expression of CD206 and Argl decreased most inMRE.PS+NETs group. The
difference of CD206 between the M2-LPS+NETs and ¢@ups was statistically
significant (P=0.0067), as well as Arg1(P=0.02@¥fjer stimulation with LPS, NETs
and LPS+NETSs, the CD206 expression and Argl exiores$ M2 macrophages were

significantly lower than those of unstimulated M2acrophages, and the greatest



decrease was observed in the M2-LPS+NETs group .eMeryvthe expression level of
INOS showed the opposite pattern. The expressioN@E in M1 macrophages was
significantly increased. In M2 macrophages, the resgion of INOS in the
M2-LPS+NETs group was higher than that in the MAtaa group. This difference
was statistically significant (P=0.0065).

We also conducted flow cytometry to further vetiifie above results. Fig. 5A shows
the results of BMDM flow cytometry. F4/80+CD11b+eapan-BMDM markers,
CD206 is a marker of M2 macrophages, and CD80 an86Care markers of M1
macrophages. The gray pattern shows the expressittre MO macrophage marker.
To identify the expression of CD206, CD80 and CD@&®, calculated the MFI of
CD206, CD80 and CD86 (Fig. 5B-D). The expressiolcbB0 and CD86 in the M1
(LPS+IFN+<) group was significantly higher than that in thed Mroup, and the
expression of CD206 was slightly decreased; inrasit CD206 in the M2 (IL-4)
group was significantly increased, and the expoessf CD80 and CD86 was slightly
reduced. After stimulating MO and M2 macrophagehWNETs in the presence or
absence of LPS, the expression levels of CD80 an86Cwere all significantly
increased compared with those in the MO and M2mgpand CD206 expression was
slightly decreased in MO macrophages (LPS, NETH, ldAS+NETSs); however, the
decreased level of CD206 expression was more prmeolin M2 macrophages
(M2-LPS, M2-NETs, M2-LPS+NETSs). This phenomenon wasst significant in the
LPS+NETs and M2-LPS+NETs groups. Fig. 5E-H showBhéA and PCR results.

TNF-o and IL-6 were mainly secreted by M1 macrophagé#--& and IL-6 levels in



M1 macrophages were significantly higher than tho9d0 and M2 macrophages. In
terms of MO macrophages, TNFand IL-6 levels were also increased most in the
LPS+NETs group. The same result was observed wieeMB-LPS+NETs group was
compared to the other M2 macrophages groups. The @&nd iINOS results in Fig. 5G
and 5H were consistent with the western blot resuitl above results indicate that
NETSs polarize macrophages to the M1 phenotype pagdtimulation with LPS has a
synergistic effect.

Discussion

A growing number of studies have shown that themity of AMs is a key regulator
of the development and recovery of ALI/ARDS, anfiedent subtypes play different
roles at different stages [29], [30]. AMs are cifisd into two types, namely, classical
activated macrophages (M1) and noncanonically aidt/ macrophages (M2),
according to their expression of surface markerenkines, secreted cytokines and
transcription factors. M1 macrophages can secneimffammatory factors, such as
TNF-o and IL-6, express INOS and upregulate CD54 or @Ddfarkers. In contrast,
M2 macrophages can downregulate proinflammatorytofacand express Argl,
CD206, CD71 and other proteins [30].

There are many studies on macrophage subpopulatiang the markers of
macrophages in different organs or tissues arerdifit. Some subsets lack specific
markers and need to be labeled with a combinatibrmarkers. For in vivo
experiments, CD45+CD11C+Siglec F+ are currentlyfgored for labeling mouse

AMs [30], mostly for flow cytometry. However, there no good set of markers for



labeling human AMs for flow cytometry. Most studidmve been limited to

immunohistochemistry for subgrouping [3], [31], [3fh general, simply dividing the

AMs into MO, M1, and M2 subtypes by one or sevararkers is not rigorous.

Macrophage plasticity causes dynamic changes, awtaphages can easily switch
types. A variety of heterozygous phenotypes carumbt@sed on changes in the
microenvironment in the lungs [3], [4], [33]. Inishcase, simply using markers to
divide different subgroups may be inaccurate. Ttglies on the overall functional
changes of AMs, such as changes in cytokine levsdischanges in functional protein
levels, may be more meaningful for analyzing change macrophage subtypes
during different stages of the disease. Theretbejn vivo experiments in this study
did not investigate the changes in the proportimisAMs during the acute

inflammation stage of ALI/ARDS but focused on ovkeghenotypic changes and
functional changes from a macro perspective.

Our previous animal studies have shown that nebiiogan produce NETs during
the acute inflammatory reaction of ARDS [20], [34ETs are known to be a
double-edged sword; appropriate NET production @mihance the ability of

neutrophils to capture and kill pathogens, but ssise NET production often causes
severe inflammatory reactions and tissue damagde [3%. In ARDS, NETs tend to

be excessive, so their destructive effect outwetgbs bactericidal effect. Moreover,
NETs are complex, and many associated factors, aschlL37 and MPO, can

promote M1-like polarization of macrophages, furthggravating the inflammatory

response [18].



According to our clinical findings, the mRNA levets iINOS in AMs and the
cytokine levels of TNFy, IL-6, and IL-13 were higher in the acute inflammatory
response period of ALI/ARDS than in the healthytcolngroup; however, the mRNA
levels of CD206 and the IL-10 level in BALF did nohange significantly; this
finding indirectly reflects the predominance of MMs in the early stage of ARDS,
which is consistent with previous studies [29],][3® addition, we found that the
level of cf-DNA/MPO (NETs level) in BALF was alsagsificantly increased during
the inflammatory response. A Pearson correlatiodystevealed that the NET levels
in ARDS patients were positively correlated with@Land TNFee mMRNA levels and
with IL-6, TNF-u, and IL-3B cytokine levels in BALF. Interestingly, in sometigats
with ARDS, IL-10 levels were elevated, possibly aagesult of a large release of
pro-inflammatory factors that activate anti-inflamory responses. However, this
increase in IL-10 levels is less than the locadpition of inflammatory factors, and
thus is unable to exert sufficient biological aitiy therefore, the inflammatory
mediators IL-6, TNFx and IL-13 were still increased. We conclude that there may b
a relationship between NETs and the polarizatiorMdflike AMs. According to
relevant reports in the literature [18], we spetmulthat NETs may play a role in
promoting macrophage M1-like polarization. In anigperiments, we observed that
two types of NET inhibitors (the NE inhibitor Ahedtat, and the PAD4 inhibitor
BB-CIl-Amidine) can reduce lung damage, alveolarneglealveolar cavity protein
deposition, neutrophil infiltration and the levdlinoflammatory factors. These results

demonstrate that the inhibition of lung inflammaticaused by NET inhibitors may



be through NET inflammation inhibition as well asdirectly by decreasing the
infiltration of neutrophils. In addition, we fourtdat NET inhibitors (the NE inhibitor
Alvelestat, and the PAD4 inhibitor BB-Cl-Amidine)ar inhibit M1 macrophage
polarization. Immunohistochemistry showed that tiepression of INOS was
significantly increased in the LPS-ALI group butcteased in the inhibitor group.
Flow cytometry also showed that the M1 markers CBbd CD11C increased in the
LPS-ALI group, and the elevated levels in the intbibgroups were lower than those
in the LPS group. However, the CD54 and CD11C kwelthe inhibitor group were
still higher than those in the control group, ahd tevel of the M2 marker CD206
showed the opposite pattern. Interestingly, CDWbtteer marker of M2 macrophages,
did not change significantly between the LPS graumga the inhibitor group (not
shown in this article; the details are shown in.SBhus, we cannot judge the
polarization state of macrophages based on a singtker change.

By removing AMs from ALI mice and adoptively trapsfing M1 AMs and M2 AMs,
we found that the M1 AM adoptive transfer group hatcreased lung
histopathological damage compared to that in ther&Moved LPS group (the details
are shown in S1). These results indicate that whegs develop an inflammatory
reaction, AMs can polarize to the M1 phenotypeddipipate in the proinflammatory
response. Compared with the AM-removed group, tH& AM adoptive transfer
group showed a significantly reduced lung injurgrec a marked reduction in lung
edema (W/D), a marked decrease in protein condéent,a decrease in inflammatory

factor expression in BALF when LPS was used to @ite the lungs. We conclude



that M2 AMs mainly play a role in alleviating lurdamage and promoting tissue
repair during this process.

The above results demonstrate that AMs play an itapb regulatory role in the
pathogenesis of LPS-induced ALI, in which M1 AMe @mvolved in aggravating the
degree of inflammatory infiltration into the lungdue in ALI mice, whereas M2 AMs
have the opposite effect. These findings were stersi with existing research [11],
[37]. In addition, NET inhibitors may attenuate duissue inflammation by inhibiting
the conversion of AMs to the M1 phenotype.

To verify the phenomenon observed in the in vivgesknent, in vitro cell
experiments were performed. In cell experimentsmwhigh concentrations of NETs
(2000 ng/ml) were used to stimulate mouse BMDMs )si®d AMs (MO0), especially
after pre-stimulation with LPS for 2 hours, the mugphages began to exhibit M1
characteristics. We can refer to such macrophag®&4lalike macrophages. When M2
macrophages were exposed to NETs (2000 ng/ml), N2rophages were more
sensitive than MO macrophages, and the inflammaraligators increased more than
in the stimulated MO macrophages. In addition, Aid CD206 levels were
significantly lower than those in the control grougspecially after LPS
pre-stimulation for 2 hours, and the changes inlAagd CD206 protein levels were
the greatest. We conclude that M2 macrophages are susceptible to NETs than
MO macrophages in terms of the ability to polarigeinflammatory macrophages,
indicating that when the ARDS inflammatory respons@nnot be effectively

controlled, the M2 macrophages present during ¢fpair phase are easily converted



to M1 macrophages; as a result, the acute inflammaesponse period is prolonged.
These findings also show that during the recovenop, when the lungs are exposed
to external stimuli, such as bacteria and woundgcand time, it is easy to reproduce
the inflammatory reaction; as a result, the tistaimage is aggravated.

In conclusion, during the acute inflammatory resmomeriod of ARDS, the M1
polarization level is increased, and the NET lew®l often excessive during
ALI/ARDS, which can polarize macrophages to the ptenotype. At the cellular
level, when LPS is used to pre-stimulate macrophage mimic the in vivo
environment, high concentrations of NETs can sfiitand M2 macrophages toward
M1 macrophages, which may aggravate ALI/ARDS Ilumgsue damage. The
transformation to M1 macrophages aggravates thenmmhatory response. MO
macrophages are reactive at rest, even if M1 alaoin is reduced, but there is no
increase in the M2 phenotype, which is also notdacive to the repair of damaged
lung tissue. This study demonstrates that NETsptamote inflammatory responses
by affecting the polarization of macrophages, esfigcin the presence of LPS;
however, no specific pathways have been studied. NAee completed RNA
sequencing and will continue to conduct pathwaeeting studies in subsequent
research to provide a more empirical basis fornmation regulationThe reason why
the NE inhibitor Alvelestat has a greater inhibjteffect on neutrophil inflammatory
infiltration than the PAD4 inhibitor BB-CI-Amidindas not been studied in this
experiment, and there is currently no relevantditgre exploring these effects, which

may be related to their different statuses in mgtils. Thus, we will explore this



issue further in future research.
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Figure legends

Figure 1. NET levels in ARDS patients correlate positivelytwiM1-like macrophage
polarization levels. (A) The cf-DNA/MPO level in BA& from ARDS patients (n=20)
was significantly higher than that in BALF from tleentrol group (n=20), and this
difference was statistically significant (P<0.0B, C) Real-time qPCR showed that

the mMRNA levels of INOS (B) in ARDS patients wagrsficantly increased compared



with those in the control group (P<0.01), but themee no significant differences in
CD206 (C) levels (P=0.0518). (D-E) Pearson con@haanalysis. The INOS mRNA
levels correlated positively with the cf-DNA/MPOvids (R=0.8299, P<0.01). (F-I)
ELISA. The IL-6, TNFe, and IL-B cytokine levels in BALF supernatants from
ARDS patients were significantly higher than thaséBALF supernatants from the
control group, and these differences were statiffisignificant (P<0.01). There was
an increase in IL-10 levels in several ARDS pateriut overall there was no
difference between the ARDS and control group (Eiy. (J-M) Pearson correlation
analysis. The IL-6, TNF, and IL-13 cytokine levels correlated positively with the
cf-DNA/MPO levels in ARDS patients (R=0.8448, 0.77@&nd 0.8923, respectively,
P<0.01); however, IL-10 levels (Fig. 1M) were naseciated with cf-DNA/MPO
levels (P=0.5948) (n=20).

Figure 2. NET inhibitors attenuate LPS-induced ALI in mic@) (The PicoGreen
method showed that the cf-DNA/MPO level of the LRIS-group was the highest of
all the tested groups, while the cf-DNA/MPO levefgshe NET inhibitor groups were
significantly lower than that of the LPS group, ahés difference was statistically
significant (P<0.05). (B) Lung tissue immunofluaresce showed that there was no
Cit-H3 or MPO polymer formation in the control gmuwhile Cit-H3 and MPO
polymers were most abundant in the LPS group; hewav the NET inhibitor groups
(NE inhibitor and PAD4 inhibitor), the levels of &3 and MPO polymers were
reduced compared to those in the LPS group. (C3tdiaing of lung sections (200x).

(D) Lung injury scores. (E) The number of alveaiautrophils in the BALF. (F) Total



protein concentration in the BALF. (G) Lung watemtent. n=5 mice/group. The
results are representative of five separate inddgrgrexperiments.

Figure 3. NET inhibitors mitigate M1-like macrophage polation levels in
LPS-induced ALI. (A) Immunohistochemistry of iINO& lung tissue. The number of
INOS positive cells was highest in the LPS group lower in the NET inhibitor
groups than in the LPS group. (B-G) Flow cytome@{p45+SiglecF+CD11C+ were
pan-AM markers, CD54 and CD11C are M1 markers, @b@206 is a M2 marker.
The gray image indicates the control group. CD5d @@11C had the strongest right
shift in the LPS group, while CD54 and CD11C levieigshe NET inhibitor group
were lower than those in the LPS group but highantthose in the control group.
However, the expression levels of CD206 showed dpposite pattern. (H-J) To
identify changes in the expression of CD54, CD1h@ €D206, we calculated the
mean fluorescence intensity (MFI) of CD54, CD11@ &b206 (n=4).

Figure 4. NETs promote M1-type macrophage polarization. Cadnfocal results for
AMs. INOS and CD206 are markers of M1 and M2 makages, respectively. In
AMs, the expression of INOS increased after stithmmawith NETs or LPS, and
when LPS and NETs were combined, the increase @SiNevels was the most
pronounced. (B) Western blot results for BMDMs. @BZand Argl are markers of
M2 macrophages. The western blot results showedthleaprotein levels of CD206
and Argl were the highest in M2 macrophages, whieexpression of CD206 and
Argl decreased after stimulation with NETs (M2-NE&hd LPS (M2-LPS), the

expression of CD206 and Argl decreased the moshanM2-LPS+NETs group.



These differences were statistically significart@®5). n=3.
Figure 5. NETs promote M1-type macrophage polarization. (FgwFcytometry of
BMDMs. F4/80+CD11b+ is a pan-BMDM marker, CD206 as marker of M2
macrophages, and CD80 and CD86 are markers of Mdroplaages. (B-D) To
identify the expression of CD206, CD80 and CD86 cakeulated the MFI of CD206,
CD80 and CD86. (E, F) We used M1 as a positiverognand the ELISA results
showed that TNFe and IL-6 levels in M1 macrophages were signifibahigher than
those in MO and M2 macrophages. In the present®8fand NETs, TNk-and IL-6
levels increased compared to those of MO macroghased similar results were
obtained when comparing M2-LPS+NETs to M2 macropbka#<0.05). (G, H) RNA
results for Argl and iINOS. n=3.
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