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1 | INTRODUCTION

Abstract

Objectives: Neutrophils are thought to release neutrophil extracellular traps (NETs)
to form in response to exogenous bacteria, viruses and other pathogens. However,
the mechanisms underlying NET formation during sterile inflammation are still un-
clear. In this study, we would like to identify neutrophil extracellular traps formation
during sterile inflammation and tissue injury and associated pathways and its
mechanism.

Materials and methods: We identified different injuries such as chemical-induced
and trauma-induced formation of NETs and investigated mechanism of the formation
of NETs in vitro and in vivo during the treatment of mtDNA.

Results: Here, we find the release of mitochondrial DNA (mtDNA) and oxidized
mtDNA in acute peripheral tissue trauma models or other chemically induced lung
injury, and moreover, endogenous mtDNA and oxidized mtDNA induce the formation
of NETs and sterile inflammation. Oxidized mtDNA is a more potent inducer of NETs.
Mitochondrial DNA activates neutrophils via cyclic GMP-AMP synthase (cGAS)-
STING and the Toll-like receptor 9 (TLR9) pathways and increases the production of
neutrophil elastase and extracellular neutrophil-derived DNA in NETs. Mitochondrial
DNA also increases the production of reactive oxygen species (ROS) and expression
of the NET-associated proteins Rac 2 and peptidylarginine deiminase 4 (PAD4).
Conclusions: Altogether, these findings highlight that endogenous mitochondrial
DNA inducted NETs formation and subsequent sterile inflammation and the mecha-

nism associated with NET formation.

proteases into the extracellular environment; these structures are known

as neutrophil extracellular traps.? Neutrophil extracellular traps thereby

Neutrophil extracellular traps (NETs) were discovered in 2004 and have
been described as a potential bacterial-capturing and killing mechanism.!
In inflammatory conditions, stimulated neutrophils release intracellu-
lar structures composed of nuclear or mitochondrial DNA as a back-

bone with embedded antimicrobial peptides, histones and cell-specific

provide a matrix to entrap and kill microbes and induce the contact sys-
tem.® Mitochondrial DNA is the major structural component of NETs,*®
and it induced the postinjury inflammation and activated neutrophils.®
Furthermore, NETs have been shown to contribute to sev-
eral non-infectious disease conditions when released by activated
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neutrophils during inflammation. The identification of NETs in tissues

could serve as a prognostic marker. In vitro, there are a variety of
protocols to detect and quantify NETs.”” The NETosis neutrophil-
produced products, including extracellular DNA, histones and gran-
ular enzymes, act as damage-associated molecular pattern molecules
(DAMPs), inducing a subsequent immune response and also contrib-
uting to coagulopathy, tissue injury, cancer and barrier dysfunction.
The immunostimulation induced by extracellular histones, dsSDNA
and nucleosomes has gained attention.’®*! Mitochondrial DNA is
generally known as an immune stimulatory molecule and is released
from necrotic cells after traumatic injury or surgery to activate the
innate immune response.>'2% Mitochondrial DNA, similar to that of
its bacterial ancestor, consists of a circular loop and contains many
regions of unmethylated DNA, which are known as CpG islands.'*
Mitochondrial DNA (mtDNA) activates several innate immune path-
ways involving STING and TLR9. Additionally, mtDNA appears to
play a key role in the innate immune system, which contributes to
inflammatory diseases following cellular damage and stress.*

2 | MATERIAL AND METHODS

2.1 | Mitochondria and mitochondrial DNA
preparation

The Qproteome Mitochondria Isolation Kit (Qiagen, Hilden,
Germany) was used to isolate mitochondria from mouse lungs.
Mitochondria were isolated under sterile conditions. Mitochondrial
DNA was isolated using a mitochondrial DNA isolation Kit (Abcam,
Cambridge, MA, USA) following the standard procedure under
sterile conditions. No protein contamination was found. The mito-
chondrial DNA was diluted in sterile water and stored at -80°C. The

endotoxin levels were below 0.25 EU/mL for all samples.

2.2 | Oxidized mitochondrial DNA preparation

The isolated mitochondrial DNA was suspended in sterile H,O and
irradiated with a Biolink BLX-254 cross linker for 30 minutes.

2.3 | Neutrophils isolation

Bone marrow cells were obtained, and the suspensions were filtered
through 70-pm nylon mesh. The cells were carefully layered onto
the Histopaque-1083 gradient solutions (Sigma, St. Louis, MO, USA)
and centrifuged at 700 g for 30 minutes. After centrifugation, neu-
trophils were in the “granulocytes” layer. The cells were collected,
washed twice with sterile PBS, and cultured in RPMI 1640 supple-
mented with 10% FBS, penicillin and streptomycin.

2.4 | Treatment of neutrophils with mtDNA,
LPS and DNasel

Mouse neutrophils were stimulated for 2 hours with 5 pg/mL mtDNA,
1 pg/mL LPS (Sigma) or 5 pg/mL mtDNA in the presence of 25 nmol/L

DNasel (Invitrogen, Carlsbad, CA, USA) at 37°C and 5% CO, in RPMI
1640 supplemented with 10% FBS, penicillin and streptomycin.

2.5 | Acute peripheral tissue trauma model and skin
injury model

The acute peripheral tissue trauma model in mice was generated as
previously described.’® The bone marrow solution was prepared by
harvesting the long bones from an age- and weight-matched synge-
neic donor mouse. The bone marrow cells were then crushed and
suspended in phosphate-buffered saline to create the bone marrow
solution. A muscle crush injury to the hindlimb was made, followed by
the injection of the bone marrow solution into these injured muscles.
After 24 hours, the injured muscles were removed for examination.

The skinincision injury model was generated as previously described.’”

2.6 | Chemical-induced lung injury models

Mice were administered a single intratracheal instillation of bleo-
mycin sulphate dissolved in saline (5 mg/kg body weight; Melone
Pharmaceutical Co., Ltd, Dalian, China), while an equal volume of
saline was injected into the mice from the control group. For the
pristane-induced necrosis model, mice received a single 0.5-mL ip
injection of pristane (Sigma-Aldrich, St. Louis, MO, USA) or saline
as a control.

2.7 | Visualization of NETs by
fluorescence microscopy

Neutrophils grown on coverslips in the lower chamber were incu-
bated in 1x blocking buffer (5% bovine serum albumin in PBS) for
30 minutes. Cells were stained with an anti-neutrophil elastase pri-
mary antibody (1:200; Abcam) in blocking buffer for 2 hours at room
temperature, and then an AlexaFluor 647-conjugated goat anti-rab-
bit IgG antibody (1:200; Abcam) for 1 hour in the dark at room tem-
perature. Then, the cells were fixed with 4% PFA for 30 minutes,
permeabilized with 0.5% Triton X-100 in phosphate-buffered saline
(PBS) for 30 minutes, and incubated with primary antibodies against
histone H3 (1:200; Abcam) overnight at 4°C, followed by incubation
with an AlexaFluor 488-conjugated goat anti-rabbit IgG antibody
(1:200; Abcam) for 2 hours in the dark at room temperature. DAPI
was used to stain DNA. Images were acquired using a confocal mi-
croscope (Zeiss LSM 510 Meta, Carl Zeiss, Jena, Germany).

2.8 | Tissue immunohistochemistry

Mitochondrial DNA (5 pg/mouse) was injected into mice through the
tail veins, and 2 hours later, the lung tissues were removed and frozen
for examination. The frozen lung tissues were cut into 5-pm-thick sec-
tions, which were incubated in acetone at 4°C for fixation. Then, the
sections were incubated in 1x blocking buffer (5% bovine serum albu-
min in PBS) for 30 minutes and stained with an anti-neutrophil elastase
(1:200; Abcam) primary antibody in blocking buffer using for 2 hours
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at 37°C, and then an AlexaFluor 647-conjugated goat anti-rabbit IgG
antibody (1:200; Abcam) for 30 minutes at 37°C in the dark. The sec-
tions were permeabilized using 0.5% Triton X-100 and for 30 minutes
and incubated with a primary antibody against histone H3 (1:200;
Abcam) overnight at 4°C, followed by incubation with an AlexaFluor
488-conjugated goat anti-rabbit 1gG antibody (1:200; Abcam) for
30 minutes at 37°C in the dark. DAPI was used to stain DNA. Images

were acquired using a confocal microscope (Zeiss LSM 510 Meta).

2.9 | Quantification of NETs

Sytox Green (5 pmol/L; Life Technologies, Gaithersburg, MD, USA)
was used to detect extracellular DNA. The released NETs DNA was
quantified by analysing the Sytox Green (Life Technologies) inten-
sity using a plate reader (Synergy 2; BioTek, Winooski, VT, USA)
as described previously.* Neutrophils were plated in 96-well plates

Proliferatio

(Corning Fisher Scientific, Corning, NY, USA) in the presence or ab-
sence of the following NET-inducers: synthetic peptide N-formyl-
Met-Leu-Phe (fMLF) (1 pmol/L), mtDNA (5 pg/mL) or mitochondria
(100 pg/mL) for 2 hours. Fluorescence was quantified using the
BIOTEK plate reader Synergy HTX. Mitochondrial DNA (5 pg/mL)
was stained with Sytox Green, and samples treated with mtDNA

were deducted with the fluorescence intensity.

2.10 | 8-OHdG flow cytometry and
fluorescence microscopy

Neutrophils grown on coverslips in the lower chamber were fixed
with 4% PFA for 30 minutes, permeabilized with 0.5% Triton X-100
in phosphate-buffered saline (PBS) for 30 minutes, and incubated in
1x blocking buffer (5% bovine serum albumin in PBS) for 30 min-
utes. Oxidized DNA was detected by incubation with a biotinylated
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FIGURE 1 Inflammatory neutrophil recruitment after trauma- and chemical-induced necrosis. The mice were administered a single

intratracheal instillation of bleomycin sulphate dissolved in saline (5 mg/kg body weight). The necrotic cells in the bronchoalveolar lavage
fluid (BAL) were examined by flow cytometry, n = 7 (A). The numbers of infiltrated CD45*CD11b*Ly6G" inflammatory neutrophils in lung
tissues, n = 7 (B). In the acute peripheral tissue trauma model mice, 24 h after treatment, tissues were removed for a flow cytometric
analysis of CD45"CD11b"Ly6G" inflammatory neutrophils infiltrated in the tissues, n = 7 (C). The expression of TNF-a was detected in the
CD45*CD11b*Ly6G" inflammatory neutrophils in tissues, n = 7 (D, E). Data are representative of three independent experiments, and the
results are expressed as the means + SEM. Statistical comparisons were performed using Student’s t test or Dunnett’s t test (*P < 0.05;

**P < 0.01; ***P < 0.005)
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anti-8-OHdG antibody (1:200; Abcam) overnlght at 4°C followed by
incubation with an AlexaFluor 488-conjugated donkey anti-goat IgG
antibody (1:200; Abcam) for 2 hours in the dark at room tempera-
ture. DAPI was used to stain the DNA, and images were acquired
using a confocal microscope (Zeiss LSM 510 Meta). Alternatively,
after the incubation with the AlexaFluor 488-conjugated donkey
anti-goat IgG antibody (1:200; Abcam) for 30 minutes in the dark at
room temperature, the cells were analysed with an Aria Il flow cy-
tometer (BD), and the results were analysed using FlowJo software
(Tree Star, Inc., Ashland, OR, USA).
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2.11 | Oxidized mitochondrial DNA
fluorescence microscopy

Neutrophils grown on coverslips in the lower chamber were fixed
with 4% PFA overnight, permeabilized in 0.5% Triton X-100 in
phosphate-buffered saline (PBS) for 30 minutes, and incubated in
1x blocking buffer (5% bovine serum albumin in PBS) for 30 min-
utes. Oxidized DNA was detected with a biotinylated anti-8-OHG
antibody (ab10802; Abcam) used at 1 pg/mL, and mitochondria
(TOMMZ20) were detected using rabbit mAb EPR15581 (1:250,
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FIGURE 2 Neutrophil extracellular trap formation during different injury models. C57BL/6 mice were administered a single intratracheal
instillation of bleomycin sulphate dissolved in saline (5 mg/kg body weight). C57BL/6 mice received a single 0.5-mL ip injection of pristane
or saline as a control. The acute peripheral tissue trauma model was generated in C57BL/6 mice. Twenty-four hours after these treatments,
tissues were removed and frozen, and human surgical incision tissue was cut for frozen sections. Esterase was detected via stained with a
Naphthol AS-D Chloroacetate Kit (Sigma), and the procedure was performed according to the manufacturer’s instruction, n = 8 (A). Sections
were stained with anti-neutrophil elastase (Red) and anti-histone H3 (Green) antibodies. DAPI (Blue) was used to stain DNA. Images were
acquired using a confocal microscope (Zeiss LSM 510 Meta), n = 5 (B-D). The mtDNA in the serum of mice treated with pristane, or the acute
peripheral tissue trauma model or bleomycin were determined at 24 h after treatments by gPCR, n = 6 (E, F, G). Data are representative of
three independent experiments, and the results are expressed as the means + SEM. Statistical comparisons were performed using Student’s
t test or Dunnett’s t test (*P < 0.05; **P < 0.01; ***P < 0.005)
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ab186734; Abcam), followed by incubation with AlexaFluor 488-
conjugated and AlexaFluor 647-conjugated donkey anti-goat and
rabbit-conjugated antibodies at 1:200 (Abcam), and DAPI was used
to stain the DNA. Images were acquired using a confocal microscope
(Zeiss LSM 510 Meta).

Data were analysed by FlowJo (Tree Star, Inc.). For detection of
neutrophils or intracellular TNF-a, cells were stained with APC-
labelled rat anti-mouse CD45 antibody (1:100; BD Biosciences,
Franklin Lakes, NJ, USA), PerCP-Cy5.5-labelled rat anti-mouse
CD11b antibody (1:100; BD Biosciences) and FITC-labelled rat

anti-mouse Ly6G antibody (1:100; BD Biosciences) for 30 minutes
in PBS at 4°C and then washed twice with PBS. Then, the cells
were fixed in 4% paraformaldehyde solution for 20 minutes, per-
meabilized with 0.5% Tritox-100 for 30 minutes at 4°C and washed
with PBS. Next, the cells were stained with a PE-labelled rat anti-
mouse TNF-a antibody (1:100; BD Biosciences) for 2 hours at 4°C
and then washed. Data acquisition was performed on an Aria Il

2.12 | Quantification of ROS production and
neutrophil activation

The total ROS production was detected by H2DCFDA, according
to the manufacturer’s instructions (Invitrogen). Cells were quan-
tified by flow cytometry following manufacturer’s instructions.
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FIGURE 3 Mitochondrial DNA induces neutrophil extracellular trap formation. Bone marrow neutrophils from C57BL/6 mice were
obtained and stimulated with mitochondrial DNA (5 pg/mL) and mitochondria (100 pg/mL) for 2 h. Cells were stained with an anti-histone
H3 primary antibody and the appropriate second antibody. DAPI was used to stain DNA. Images were acquired using a confocal microscope
(Zeiss LSM 510 Meta) (A). Neutrophils were cultured (1 x 10° cells/well) and stimulated with fMLF (1 pumol/L), mtDNA (5 pg/mL) or
mitochondria (100 pg/mL) for 2 h in 6-well plate at 37°C. The elastase production in the supernatant was measured by ELISA, n = 6 (B). Sytox
Green (5 pmol/L; Life Technologies) was used to detect extracellular DNA. Fluorescence intensity was quantified using the BIOTEK plate
reader Synergy HTX, n = 6 (C). Neutrophils were stimulated for 2 h with 5 pg/mL mtDNA, 1 ug/mL LPS and 25 nmol/L DNasel. The change
in neutrophil morphology was observed by Giemsa staining (D). The freshly isolated neutrophils were cultured with mitochondrial DNA

(5 pg/mL) at a concentration of 2 x 10°% cell/ml for 2 hours. Western blot analysis was performed (e). Blot intensities were analysed by Image
J (F-I). Data are representative of three independent experiments, and the results are expressed as the means + SEM. Statistical comparisons
were performed using Student’s t test or Dunnett’s t test (*P < 0.05; **P < 0.01; ***P < 0.005)
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flow cytometer, and the results were analysed by Flowjo, Version
7.6.1; Treestar, Ashland, OR, USA.

2.13 | Quantitative determination of
neutrophil elastase

Neutrophils isolated from bone marrow were cultured (1 x 106
cells/well) and stimulated with fMLF (1 pmol/L), mtDNA (5 pg/mL)
or mitochondria (100 pug/mL) for 2 hours in a 6-well plate at 37°C.
The elastase production in the supernatant was measured by en-
zyme-linked immunosorbent assay (ELISA) using a Mouse neutrophil
elastase ELISA Kit (CUSABIO Life Science, Wuhan, China).

2.14 | Quantitative real-time PCR for
mitochondrial DNA

The mtDNA in the plasma was purified using the QlAamp
DNA Blood Mini Kit (Qiagen) and quantified by gPCR per-
formed with Tagman probes. The PCR primers and probes
were designed as described previously.'® The following prim-
ers were designed and synthesized by Invitrogen: Sense primer,
5'-ACCTACCCTATCACTCACACTAGCA-3', antisense
5'-  GAGGCTCATCCTGATCATAGAATG-3', FAM-labelled TAMRA-
5-ATGAGTTCCCCTACCAATACCACACCC-3'.
The standard curve was created by analysing serial dilutions of plas-
mid DNA inserted with the target PCR product (J01420, positions
2891- 3173).

primer,

quenched probes,

2.15 | Western blot assay

Freshly isolated neutrophils were cultured at a concentration of 2 x
10° cell/mL and simultaneously stimulated with mitochondrial DNA
(5 pg/mL). The inhibitors PD98059 (30 pmol/L; MedChem Express,
Monmouth Junction, NJ, USA), SB203580 (10 pmol/L; EMD Chemicals)
and 2-APB (20 pmol/L; Abcam) were added to the culture medium, and
the cells were incubated for 2 hours at 37°C. After the incubation, the
neutrophils were lysed and protein samples were prepared as previ-
ously described.” Cells were homogenized in RIPA lysis buffer con-
taining 1 mmol/L phenylmethyl-suphonyl fluoride. The lysates were
collected and stored at -80°C. For the Western blot analysis, samples
containing equal amounts of protein (50 pg) were electrophoresed on a
10% Bis-Tris Gel (Invitrogen Nupage Novex), transferred onto a PVDF
membrane and then incubated in TBST buffer (150 mmol/L NaCl,
20 mmol/L Tris-HCI, 0.02% Tween 20 [pH 7.4]) containing 5% non-fat
milk. Antibodies against phospho-p38 MAPK (Thr 180/Tyr 182; Cell
Signaling Technology, Danvers, MA, USA), p38 MAPK (Cell Signalling
Technology), phospho-p44/42 extracellular signal-regulated kinase
(ERK) 1/2 (Thr 202/Tyr 204) (Cell Signalling Technology), p44/42 ERK
1/2 (Cell Signalling Technology), pAKT (phosphorylation at Ser 473)
(Cell Signalling Technology), Rac2 (Santa Cruz Biotechnology, Inc),
PAD4 (Abcam), pIRF3 (Abcam), IRF3 (Abcam) and GAPDH (Abcam,
Cambridge, MA, USA) were used. Proteins were incubated with specific
primary antibodies and then incubated with HRP-conjugated secondary

Histone-H3

(A) Elastase DAPI

" . .
- . .

DAPI

Merge

Con

wT

(B) Histone-H3

FIGURE 4 Neutrophil extracellular trap formation induced by
mitochondrial DNA depends on the TLR9 and STING pathways.
WT mice and Sting’/’, TIr9™" mice were intravenously injected with
mitochondrial DNA (5 pg/mice) for 24 h. The lung tissue sections
were stained with anti-neutrophil elastase and anti-histone H3
antibodies, and DAPI was used to stain DNA. Images were acquired
using a confocal microscope (Zeiss LSM 510 Meta), n = 6 (A).

Bone marrow neutrophils from WT mice and Sting'/', TIr9™" mice
were cultured with mitochondrial DNA (5 pg/mL) for 2 h. Cells
were stained for NETs, n = 6 (B). Data are representative of three
independent experiments

antibodies. Immunoreactivity was detected using a SuperSignal West
Dura Substrate (Thermo Fisher Scientific, Walthan, MA, USA).

2.16 | Statistical analyses

Groups were compared with Prism software (GraphPad Prism,
Version 6; La Jolla, CA, USA) using a two-tailed unpaired Student’s
t test or Dunnett’s t test. Data are presented as the mean + SEM.



LIU ET AL.

3 | RESULTS
3.1 | Inflammatory neutrophil recruitment after
trauma and chemical-induced injury

Mice were administered a single intratracheal instillation of bleo-
mycin sulphate dissolved in saline (5 mg/kg body weight), while an
equal volume of saline was intratracheally instilled into mice in the
control group. Cell necrosis was induced by bleomycin, which caused
the number of necrotic cells to increase significantly in the bron-
choalveolar lavage fluid (BAL) (Figure 1A). The inflammation caused
by the administration of bleomycin was also confirmed by the flow
cytometric analysis of CD45'CD11b*Ly6G" inflammatory neutro-
phils in the lung tissues, and we found that an increased number of
inflammatory neutrophils were recruited in the lungs 24 hours after
the bleomycin administration (Figure 1B). It is known that cell ne-
crosis can be greatly induced during trauma and released mtDNA.¢
In the acute peripheral tissue trauma model, CD45*CD11b*Ly6G*
inflammatory neutrophils also increase dramatically in the tissues
(Figure 1C). A severe inflammatory response accompanied with a
large influx of inflammatory TNF-a* neutrophils was observed in
both the bleomycin-induced and acute peripheral tissue trauma
model (Figure 1D,E).

(A) wT

3.2 | Neutrophil extracellular traps were induced
during different injury models

Neutrophil extracellular traps containing mtDNA have been re-
ported after major trauma and subsequent surgery, and these NETs
represent a novel marker of heightened innate immune activation.?°
During uterine smooth muscle resection, we detected the infiltration
of neutrophil-like cells that stained positive for esterase in the surgi-
cal incision tissue sections (Figure 2A). Moreover, the esterase-posi-
tive cells in each high-power field (HPF) of mouse lung section were
dramatically increased after the injection of pristane and bleomycin
and in the acute peripheral tissue trauma mouse model (Figure 2A).
After amplification, we observed a significant change in the neutro-
phil morphology, similar to extracellular traps. Then, NETs were visu-
alized by the immunofluorescent staining of histone H3, neutrophil
elastase and DNA in the lung of pristine-treated mice (Figure 2B). The
acute peripheral tissue trauma model was also used to confirm the
formation of NETs (Figure 2C), and additionally, NETs were confirmed
in the skin incisions of injured mice (Figure 2D). Histological stain-
ing of the sections clearly revealed extracellular fibrous material that
contained the following NET components: histones H3, DNA and

neutrophil elastase. Additionally, the free plasma mtDNA levels were
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significantly increased in pristine-treated mice, bleomycin-treated
mice and acute peripheral tissue trauma model mice (Figure 2E-G).
These findings are supported by previous studies. Neutrophils re-
lease mitochondrial DNA to form neutrophil extracellular traps,* and
it was reported that the free plasma mtDNA levels were increased in
trauma patients compared with healthy controls at all time points.?!
We speculated that the mitochondrial DNA released during trauma

and injury may induce NET formation and activate immune responses.

3.3 | Mitochondrial DNA induces neutrophil
extracellular trap formation in vitro

To confirm whether DMAPs (mitochondria and mtDNA) were en-
dogenous inducer of NETs, neutrophils were stimulated with mito-
chondria (100 pg/mL) or mitochondrial DNA (5 pg/mL) for 2 hours,
whereupon immunostaining for NETs was conducted. Neutrophils
were stained for histone H3 and DNA, and NETs were visualized
(Figure 3A). We measured the release of elastase from isolated
mouse neutrophils in the culture supernatant after the treatment
of mitochondria, mtDNA or synthetic peptide N-formyl-Met-Leu-
Phe (fMLF). The addition of mitochondria and mtDNA both signifi-
cantly induced the release of elastase from neutrophils, whereas

(A)
mtDNA - + + + +
PD98059 - - - =
SB203580 - - - 4+ =
2-APB - - - - 4

fMLF exerted only minor effects compared with the control group
(Figure 3B). After incubation, samples were analysed for extracel-
lular DNA by quantifying the Sytox Green fluorescence intensity,
mitochondrial DNA (5 pg/mL) was stained with Sytox Green, sam-
ples treated with mtDNA were deducted with the fluorescence
intensity, and mtDNA was found to significantly induce the re-
lease of extracellular DNA (Figure 3C). To confirm the induction of
NETs by mtDNA, LPS, which is a known inducer of NET release,??
was used as positive control. Neutrophils were, indeed, induced
morphology change by these structures, but they were prevented
by preincubation with DNase | (Figure 3D). We further studied
the possible pathways through which mtDNA triggers NETs. We
found a significant involvement of AKT phosphorylation at Ser
473 and ERK1/2 phosphorylation in mtDNA-triggered neutrophils.
Additionally, mtDNA also increased the expression of Rac2 and
PADA4 (Figure 3E-I).

3.4 | NET formation induced by mitochondrial DNA
depends on the STING and TLR9 pathways

The mechanisms underlying mtDNA-induced neutrophil NET for-
mation are still unknown. We further investigated the possible
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FIGURE 6 MAPK pathways and store-operated Ca®* entry (SOCE) are necessary for the formation of mtDNA-induced neutrophil
extracellular traps. The neutrophils from C57/BLé mice were cultured with mitochondrial DNA (5 pg/mL) at a concentration of 2 x 10° cell/
mL. The inhibitors PD9805 (30 pmol/L), SB203580 (10 pmol/L) and 2-APB (10 pmol/L) were added to culture medium and incubated for

2 h at 37°C, and Western blot analysis was performed (A). Blot intensities were analysed by Image J (B-E). Data are representative of three
independent experiments, and the results are expressed as the means + SEM. Statistical comparisons were performed using Student’s t test

or Dunnett’s t test (*P < 0.05; **P < 0.01; ***P < 0.005)
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pathways through which mtDNA triggered NETs. We previously
reported that the injection of isolated mtDNA caused a severe in-
flammatory response in mouse Iungs.18 Moreover, Toll-like receptor
9 (TLR9) has already been identified to play a key role in the activa-
tion of neutrophils in mtDNA-induced inflammation. Here, we found
that the intravenous injection of mtDNA (5 pg/mouse) induced NET
formation from neutrophils in the lung (Figure 4A). This mtDNA-in-
duced NET formation was attenuated in Sting’/’mice and TIr9’/'mice,
suggesting that the TLR? and STING pathways may contribute to
the induction of NETs by mtDNA (Figure 4A). In addition, the bone
marrow neutrophils from Sting” mice and TIr9” mice displayed
decreased percentages of NETs after treatment with mtDNA in

vitro (Figure 4B). Taken together, these findings confirmed that the
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activation of NET-formation pathways by mtDNA was associated
with STING and TLR9.

Next, we investigated whether the activation of NET-formation
pathways by mtDNA was dependent upon STING or TLR9. Sting”~
and TIr9”" neutrophils exhibited decreased phosphorylation of
ERK1/2 and p38 MAPK, and decreased levels of PAD4 and Rac2 in
response to mtDNA (Figure 5A). Additionally, mtDNA was confirmed
to play a role in the activation of STING by increasing the phosphory-
lation of IRF3 in mtDNA-stimulated neutrophils (Figure 5A,C). mtDNA
induced the phosphorylation of ERK1/2 and p38 MAPK, which are
known to be important components of the TLR9-induced signalling
pathways (Figure 5A,B,F). As shown in Figure 5, the phosphorylation
of ERK1/2 and p38 MAPK and the expression of PAD4 and Rac2
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from C57BL/6 mice were obtained and stimulated with mitochondrial DNA (5 pg/mL) for 30 minutes, and ROS production was determined,
n = 7 (A). Neutrophils were cultured (1 x 10° cells/well) and stimulated with mtDNA (5 pg/mL) for 2 hin 6-well plates at 37°C. Oxidized DNA
was detected with a biotinylated 8-OHdG antibody, n = 7 (B). Neutrophils were stimulated with mitochondrial DNA (5 pg/mL) or oxidized
mitochondrial DNA (5 pg/mL) for 30 minutes, and ROS production was determined, n = 8 (C). Neutrophils were stimulated for 2 h with

5 pg/mL mtDNA or oxidized mtDNA, in the presence or absence of 25 nM DNasel. The change in neutrophil morphology was observed by
Giemsa staining (D). Freshly isolated neutrophils were cultured with mitochondrial DNA (5 pg/mL) at a concentration of 2 x 10° cell/mL for

2 h. 8-OHdG fluorescence microscopy was performed (E). The 8-OHdG fluorescence microscopy analysis of pristine-treated mice, skin-
injured mice and human surgical incision (F-H). Data are representative of three independent experiments, and the results are expressed as
the means + SEM. Statistical comparisons were performed using Student’s t test or Dunnett’s t test (*P < 0.05; **P < 0.01; ***P < 0.005)
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= O
decreased significantly in Sting”™ and TIr9™~ neutrophils when treated
with mtDNA (Figure 5B,D-F). Taken together, these findings con-
firmed that the formation of neutrophil extracellular traps stimulated
by mitochondrial DNA depended on the STING and TLR? pathways.

3.5 | The proteins involved in NET formation

The ERK1/2 and p38 MAPK proteins are downstream in the STING
and TLRY pathways. To determine the role of mtDNA-induced
ERK1/2 and p38 MAPK activation in NET formation and NET-asso-
ciated protein expression and to confirm whether mtDNA-induced
NET formation is dependent on store-operated Ca2+entry (SOCE),

inhibitors were used to investigate these pathways. The ERK1/2 in-
hibitor PD98059, p38 MAPK inhibitor SB203580, and 2-APB, known
to be a potent SOCE inhibitor, all resulted in a significant reduction
of mtDNA-triggered PAD4 and Rac2 expression (Figure 6A). These
data emphasized the importance of ERK1/2, p38 MAPK and SOCE
for functional mtDNA-induced NET formation. Moreover, a Western
blot assay revealed that mtDNA-induced NET-associated protein
expression was significantly inhibited by PD98059, SB203580 and
2-APB (Figure 6B-E). We also determined the phosphorylation of
ERK1/2 and p38 MAPK and confirmed the effects of the inhibitors
on mtDNA-induced ERK1/2 and p38 MAPK activation. Taken to-
gether, these data clearly showed that mtDNA-induced NETs were

(A) (B) (©)
_:_,"? 50 *k x 16 i X Kk
T 512 I 20
S 30 <] Q 15
@ 5 8 ©
@ 20 o & 10
I =z I
s 10 }',', 4 2 5
3 9 9 =
[ x o o 0
Con mtDNA mtDNA Con mitDNA mtDNA = Con mtDNA mtDNA
+NAC +NAC +NAC
(D) 8-OHG TOMM20 DAPI Merge
) . .
) . .
(E) N ()
= 16 o 7,;100 Con mtDNA oxi-mtDNA
+ 2
£ 12 5% 25 kD ®e. Rac2
= ac.
Q g 60 : N
o] [
£ & 8 40 67 kD
< 2 PAD4
= Y 2 20
=
o T o 37KD 4 M\ @ GAPDH
Con mtDNA mtDNA 0 05 1 5 10pg/mL

+NAC

FIGURE 8 Reactive oxygen species scavenger inhibits the production of oxidized mitochondrial DNA and NETs. Bone marrow
neutrophils were stimulated with mitochondrial DNA (5 pg/mL) for 2 h. Sytox Green (5 umol/L; Life Technologies) was used to detect
extracellular DNA. Fluorescence intensity was quantified using the BIOTEK plate reader Synergy HTX, n = 8 (A). Neutrophils were
stimulated with mitochondrial DNA (5 pg/mL) for 30 minutes, and ROS production was determined, n = 7 (B). Neutrophils were stimulated
with mtDNA (5 pg/mL) or in the presence of 5 mmol/L NAC for 30 minutes, and oxidized mitochondrial DNA was detected with biotinylated
TOMM20 and 8-OHdG antibodies, n = 7 (C). Primary lung cells were stimulated with bleomycin (20 pg/mL) or in the presence of 5 mmol/L
NAC for 24 h. TOMM20 and 8-OHdG fluorescence microscopy (D) or by flow cytometry was performed, n = 8 (E). Freshly isolated
neutrophils were cultured with mitochondrial DNA or oxidized mitochondrial DNA (0.5-10 pg/mL) for 2 h. Fluorescence intensity of Sytox
Green was quantified using the BIOTEK plate reader Synergy HTX, n = 8. Black for mitochondrial DNA and red for oxidized mitochondrial
DNA (F). Neutrophils were cultured with mitochondrial DNA or oxidized mitochondrial DNA (5 ug/mL) for 2 h. Western blots for detecting
the proteins PAD4 and Rac2 were performed (G). Data are representative of three independent experiments, and the results are expressed
as the means + SEM. Statistical comparisons were performed using Student’s t test or Dunnett’s t test (*P < 0.05; **P < 0.01; ***P < 0.005)
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FIGURE 9 Outline of the pathways involved in mtDNA-induced
neutrophil extracellular traps. Chemical-induced and trauma-
induced acute cell necrosis caused the release of the mitochondria
and mtDNA from the necrotic cells. The endogenous mitochondrial
DNA induced neutrophil extracellular trap formation. Here, we
show the underlying mechanisms. Mitochondrial DNA mediated
the activation of the p38 MAPK and ERK1/2 signalling responses,
which depended on the STING and TLR9 pathways. This activation
induced the increased production of NET-associated proteins Rac2
and PAD4 and the release of ROS, elastase and histone 3 through
STING- or TLR9-mediated p38 MAPK and ERK1/2 pathways

mediated by the activation of the ERK1/2 and p38 MAPK signalling
pathways.

3.6 | Trauma tissues and neutrophil extracellular
traps are enriched with oxidized mitochondrial DNA

The formation of neutrophil extracellular traps is dependent on the
generation of mitochondrial ROS,%® and we found that mtDNA sig-
nificantly induced ROS production within 30 minutes (Figure 7A). To
examine the potentially adverse effects of mitochondrial ROS gen-
eration, we examined whether mtDNA induced DNA oxidation using
anti-8-Oxo-2'-deoxyguanosine (8-OHdG) antibodies. Following
mtDNA activation, staining revealed the strong presence of 8-
OHdG both on the neutrophil cell (Figure 7B) and on the extruded
NETs (Figure 7E). When we oxidized the mtDNA in vitro through UV-
irradiation,?* the oxidized mtDNA strongly induced ROS production
and NETs formation (Figure 7C,D), and we observed that oxidized
mtDNA was a more potent inducer of NETs compared with non-oxi-
dized mtDNA. We detected the release of oxidized mitochondrial
DNA in acute skin injury models, human surgical incisions and pris-
tine-induced lung injury (Figure 7F-H).

Proliferatio

3.7 | The production of oxidized mitochondrial
DNA and NETs was inhibited by a ROS scavenger

The addition of mtDNA significantly induced the release of extra-
cellular DNA, and based upon the quantification of Sytox Green
fluorescence intensity, a ROS scavenger inhibited the production
of extracellular DNA and ROS (Figure 8A,B). The production of oxi-
dized mitochondrial DNA in bone marrow neutrophils can also be
inhibited by a ROS scavenger (Figure 8C). In the case of the bleomy-
cin-induced production of oxidized mitochondrial DNA in primary
lung cells in vitro, a ROS scavenger suppressed the production of
oxidized mitochondrial DNA (Figure 8D,E). We also compared the
ability of mtDNA and oxidized mtDNA to induce extracellular DNA
in neutrophils by quantifying the Sytox Green fluorescence inten-
sity, and the data showed that oxidized mitochondrial DNA induced
more extracellular DNA release compared with non-oxidized mito-
chondrial DNA (Figure 8F). Moreover, oxidized mitochondrial DNA
induced higher expression levels of the NET-associated proteins
PAD4 and Rac2 (Figure 8G).

4 | DISCUSSION

Thus, we conclude that the STING and TLR9 pathways are responsi-
ble for the induction of NETs caused by mtDNA. Altogether, these re-
sults demonstrated that mtDNA triggers NET formation through the
activation of STING and TLR9 and the ERK1/2 and p38 MAPK signal-
ling pathways. Additionally, mtDNA induced NET formation though
store-operated calcium entry (SOCE) signalling transduction. The
outline of the involved pathways of mtDNA-induced NETs is shown
in Figure 9. However, more studies are warranted to further elucidate
the pathways involved in the mtDNA-stimulated induction of NETSs.

PMA, LPS, IL-8%2% and nitric oxide (NO)?® were also found to
promote the release of NETs. Treatment of human neutrophils with
mtDNA also induced NET formation.?” However, the mechanisms
involved in the mtDNA-induced NETs formation are still unknown.
Studies on the signalling pathways involved in NET formation have
revealed that the formation of NETs depends on the production of
ROS,?8 PAD4%’ or calcium influx.%°

Here, we confirmed that mtDNA resulted in NET formation
in vitro and in vivo through many parallel studies. Additionally, it
should be noted that this study examined only the fact that mtDNA
and oxidized mtDNA induced NETs and NET-associated pathways.
Future studies are warranted to investigate other possible mech-
anisms involved in this process to help prevent NET formation

during injury and trauma and the consequent immune response.

4.1 | Study approval

All animal experiments were performed according to the guidelines of
the Institutional Animal Care and Use Committee of Sichuan University
(Chengdu, Sichuan, China), and the protocols were approved by the
Institutional Animal Care and Use Committee of Sichuan University.
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urgical incision tissue from clinical ovarian cancers was pro-

vided by the West China Second University Hospital. A written

infor

med consent was received from participants prior to inclusion

in the study. The present study was performed in strict accordance

with
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