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Stimulator of interferon genes (STING) is a cytosolic DNA sensor or directly recognizes bacterial cyclic dinucleotides, which is required for the detection of microbial infection. Extracellular traps (ETs) are known to be part of the antimicrobial defense system. However, the implication of STING in ETs formation during microbial infection remains unknown. Here, we showed that STING contributed to Staphylococcus aureus (S. aureus)-induced ETs formation through the ROS-ERK signaling. STING deficiency exhibited decreased cell-free DNA (cfDNA) level, reduced expression of citrullinated histone H3 (CitH3), and diminished DNA colocalization with CitH3 and myeloperoxidase (MPO). Interestingly, NADPH oxidase-derived reactive oxygen species (ROS) promoted ETs formation, accompanied by increased activation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) in S. aureus-stimulated bone marrow-derived macrophages (BMDMs). Corresponding to less ROS production, decreased ERK1/2 activation was shown in STING-/- BMDMs after S. aureus infection. Importantly, inhibiting the ROS-ERK signal reduced the ETs formation and the differences disappeared between WT and STING-/- BMDMs after S. aureus infection. Moreover, STING-/- BMDMs exhibited significantly increased levels of extracellular bacteria compared to WT BMDMs regardless of phagocytosis. In addition, such differences disappeared after DNase I treatment. DNase I treatment also facilitated pathogen colonization without affecting the inflammatory cells infiltration and pro-inflammatory factors secretion following pulmonary S. aureus infection. Furthermore, STING-/- mice presented decreased levels of cfDNA and CitH3, along with increased bacterial colonization compared to WT mice. Altogether, these findings highlighted that STING promoted ETs formation via the ROS-ERK signal for host defense against S. aureus infection.
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INTRODUCTION
Staphylococcus aureus (S. aureus) is not only a symbiotic bacterium persistently carried by both humans and domestic animals but also an opportunistic pathogen posing a threat to public health and agriculture (Lowy, 1998; Vanbelkum et al., 2009). Once the delicate balance between S. aureus and the host is disturbed, S. aureus can display its pathogenic potential, which relates to an extensive range of infections including pneumonia, meningitis, osteomyelitis, endocarditis, and toxic shock syndrome (Stapleton and Taylor, 2002). The emergence and rapid spread of methicillin-resistant Staphylococcus aureus (MRSA) has become a major focus for infection control efforts. Vancomycin is used as the last line of defense against S. aureus infection. However, resistance against this antibiotic is on the rise in some S. aureus strains, and no effective vaccine is currently available (Miller et al., 2020). Hence, understanding the interaction mechanism between host and pathogen is a prerequisite for designing successfully therapeutic strategies.
Recently, extracellular traps (ETs) have been characterized as a novel extracellular protective defense mechanism against various pathogens, a process is known as ETosis which is a mode of cell death that is different from necrosis or apoptosis (Fuchs et al., 2007). These weblike structures consist of DNA fibers and antimicrobial proteins, including histones, antimicrobial peptides, and proteases. These structures have been described for the first time in neutrophils as termed NETs by Brinkmann et al (Brinkmann et al., 2004). Similar phenomena were also reported in basophils, eosinophils, mast cells, monocytes, as well as macrophages (Aulik et al., 2012; von Köckritz-Blickwede et al., 2008; Yousefi et al., 2008; Schorn et al., 2012). ETs could capture and kill microorganisms and have been associated with aseptic inflammation and autoimmune disease.
To date, studies have shown that ETs formation is different by a variety of stimuli through distinct mechanisms (Burgener and Schroder, 2020). NETs formation is mainly classified into three models reported to date. In the classic model, PMA can be exemplified for NADPH oxidase-dependent suicidal NETosis, which leads to reactive oxygen species (ROS) production, myeloperoxidase (MPO) activation, neutrophil elastase (NE) release, chromatin decondensation, and the release of cytoplasmic contents into the extracellular space via GSDMD (Gasdermin D) pores (Sollberger et al., 2018). In contrast to suicidal NETosis, vital NETosis induces rapid NETs release that is dispensable of NADPH oxidase. Enhanced intracellular calcium signaling activates peptidylarginine deiminase 4 (PAD4) to trigger histone citrullination and DNA decondensation which represents the most specific biomarker for vital NETosis. For example, Shigella flexneri-infected neutrophils undergone vital NETosis in a PAD4-dependent manner (Li et al., 2010). The third type of NETosis is termed noncanonical NETosis, which needs the participation of caspase-4/11 and GSDMD. PAD4-induced histone citrullination occurred in the process of noncanonical NETosis but was not necessary for cell death or NET extrusion (Chen et al., 2018).
Innate immunity is crucial in the early recognition and defense against multiple pathogens. Highly evolved conservative components from pathogens are recognized by pattern recognition receptors (PRRs) of the host cells (Kaufmann and Dorhoi, 2016). Stimulator of interferon genes (STING) acts as a key cytosolic DNA sensor. STING’s function has been extensively studied on its induction of type I interferons (IFNs) (Ma and Damania, 2016). To our knowledge, only one study has reported that STING participated in NETs formation induced by mitochondrial DNA (mtDNA) (Liu et al., 2020). However, the role of STING in bacteria-induced ETs formation has been poorly investigated.
In our study, we showed that STING facilitated the formation of ETs following S. aureus infection. STING deficiency exhibited decreased cell-free DNA (cfDNA) release, diminished expression of citrullinated histone H3 (CitH3), and reduced ETs structures. More importantly, STING deficiency led to a defect in ETs formation owing to the impaired ROS-ERK signaling pathway. As expected, STING-mediated ETs formation enhanced host defense against S. aureus infection by improving the extracellular killing capacity. Collectively, these findings suggested that STING was essential for S. aureus-induced ETs formation through the ROS-ERK signaling pathway.
MATERIALS AND METHODS
Mice
STING-/- mice (Jackson Laboratory) were backcrossed for >8 generations with C57/BL/6J mice. Sex- and age-matched (6–8 weeks) wild-type (WT) controls were used for all the experiments. Mice were maintained on a standard laboratory chow diet and water ad libitum. Procedures were approved by the Animal Welfare and Research Ethics Committee at Jilin University (No. 20150601).
Pneumonia Model
The mouse pneumonia model was performed as we previously described (Liu et al., 2021). Briefly, mice were anesthetized intraperitoneally (i.p.) with pentobarbital sodium (50 mg/kg) and then infected intranasally (i.t.) with 20 μL volume of S. aureus strain USA300-TCH1516 (1 × 108 CFU/mouse). At 6 h or 24 h post infection (hpi), bronchoalveolar lavage fluid (BALF) was obtained by perfusing the lungs with phosphate buffered saline (PBS) for three times. Lungs were collected following BALF collection. Serial dilutions of both the BALF and lung homogenates were plated on tryptic soy broth (TSB) agar for quantification of bacterial burden. In other experiments, mice were treated i. t. with DNase I (4000 U/mouse, Yuanye Bio-Technology, Shanghai, China) every 8 h. BALF leukocytes were counted using a hemocytometer. We quantified protein content by ELISA for albumin (ML720151, Mlbio, Shanghai, China) detection according to instructions.
Cytokine Measurements
The expression levels of IL-1β, IL-6, and TNF-α in BALF and lung tissue homogenates were measured using the ELISA system according to the manuals. The ELISA kits were obtained from R&D Systems.
Cell Culture and Cell Infection
To prepare BMDMs, bone marrow cells were collected from femurs of mice (6-8-week-old) and then treated with erythrocyte-lysing buffer to remove red blood cells. The collected cells were cultured in RPMI 1640 (Gibco, Waltham, MA, United States) containing 25% L929 cell-conditioned medium for 7 days. Bone marrow-derived neutrophils (BMDNs) were isolated using the mouse neutrophil isolation kit (TBD2012NM, Haoyang, Tianjin, China). BMDMs or BMDNs were infected with S. aureus at a multiplicity of infection (MOI) of 20. At the indicated time points, the supernatants and cell lysates were collected, clarified, and analyzed by ETs quantitation or Western blotting assays.
Inhibition Assay
BMDMs were separately treated with an equal volume of DMSO, 10 µM of extracellular signal-regulated kinase 1 and 2 (ERK1/2) inhibitor U0126 (Sigma Aldrich, St. Louis, MO, United States), or 10 µM of NADPH oxidase inhibitor DPI (Sigma Aldrich) for 30 min before S. aureus (MOI: 20) stimulation. At 3 hpi, the samples were collected for corresponding assays.
ROS Detection Assay
WT and STING-/- BMDMs were infected with S. aureus at an MOI of 20 for 3 h. Then added 10 µM 2,7-dichlorofluorescin-diacetate (DCFH-DA, S0033S, Biyuntian, China), and the BMDMs were incubated at 37°C for 20 min in the dark. The plates were washed three times with RPMI 1640 to remove excess extracellular DCFH-DA. The samples were examined with a fluorometric reader (BioTek, United States). The excitation and emission wavelengths were 485 and 530 nm, respectively.
Quantitation of Extracellular Traps
The released ETs were quantified by analyzing the SYTOX Green intensity as described previously (Li et al., 2018). BMDMs or BMDNs obtained from WT and STING-/- mice were infected with S. aureus at an MOI of 20 for designed time points. In parallel experiments, before infection with S. aureus, BMDMs were pretreated with the inhibitors as described above. Besides, DNase I (100 U/mL) was used to eliminate the ETs structure for 20 min before S. aureus infection. The samples of culture supernatants were collected and centrifuged. A volume of 90 μL of each supernatant was transferred into 96-well plates. The cfDNA was stained with 5 μM SYTOX Green (Invitrogen, Carlsbad, CA, United States) and then quantified by a fluorescent reader. The excitation and emission wavelengths were 485 and 530 nm, respectively.
Extracellular Bacterial Killing Assay
WT and STING-/- BMDMs were infected with S. aureus at an MOI of 20 for 3 h. In parallel experiments, before infection with S. aureus, BMDMs were pretreated with cytochalasin D (CytD, 10 μM, Sigma Aldrich) for 20 min to inhibit phagocytosis or DNase I (100 U/mL) for 20 min to eliminate the ETs structure before S. aureus infection. The samples of culture supernatants were collected, serially diluted, and cultured on TSB agar plates for 18 h at 37°C.
Western Blotting Assay
BMDMs or lungs obtained from WT and STING-/- mice were lysed in cold RIPA lysis buffer containing protease inhibitor cocktail (P8340, Sigma-Aldrich). Samples were centrifuged and supernatants were used for immunoblotting. Nuclear and cytosolic proteins were extracted and separated from BMDMs using a nuclear protein extraction kit (BB-3102, Bestbio, Shanghai, China). Equal amounts of protein were resolved by 12% SDS-PAGE gels and transferred onto PVDF membranes. After blocking with 5% nonfat milk for 2 h, the membranes were incubated overnight with appropriate primary monoclonal antibodies against mouse p-ERK (9101, Cell Signaling Technology, Beverly, MA, United States), p-P38 (9211, Cell Signaling Technology), CitH3 (ab5103, Abcam, Cambridge, MA, United States), H3 (17168-1-AP, Proteintech, Wuhan, Hubei, China), p-STING (72971, Cell Signaling Technology) and GAPDH (10494-1-AP, Proteintech). The next day, membranes were washed and incubated with second antibodies at room temperature for 1 h, followed by ECL chemiluminescence reagent chromogenic.
Fluorescence Confocal Microscopy Analyses
For in vivo experiments, BALF from S. aureus-infected mice was collected, centrifuged, and replated onto poly-L-lysine (0.1 mg/ml, Sigma-Aldrich) coated coverslips at 37°C for 1 h. For in vitro experiments, BMDMs or BMDNs were stimulated with S. aureus (MOI: 20, 3 h) on poly-l-lysine pre-coated coverslips. For in vivo or in vitro experiments, after incubation, the cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 for 20 min, and washed with PBS for 10 min. After blocking with 5% goat serum for 1 h, the cells were incubated with monoclonal antibodies to CitH3 (ab5103, Abcam, 1:200) and MPO (ab9535, Abcam, 1:100) at 4°C overnight. Then, the cells were incubated with the CoraLite594-conjugated secondary antibody (SA00013-4, Proteintech) and stained with 5 μM SYTOX green for 10 min at room temperature. Finally, the specimens were mounted by anti-fluorescence quenching sealing tablets (Beyotime Biotechnology, China) and observed using fluorescence microscopy or laser confocal microscopy.
Statistical Analysis
Data are represented as the mean ± SEM. The statistical comparisons were performed using a one-way ANOVA with Dunnett’s multiple comparison test among multiple groups with a single control and two-way ANOVA with Bonferroni’s multiple comparison test among different groups. p values less than 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001) were considered to be statistically significant.
RESULTS
STING Facilitates S. aureus-Induced ETs Formation in vitro
In order to investigate ETs formation, WT BMDMs were determined the cfDNA levels after infection with S. aureus at various growth phases and different MOIs. The cfDNA release was increased at higher MOI values (Figure 1A). Compared to the log-phase, a decrease of cfDNA level was observed in the stationary-phase after S. aureus infection (Figure 1B). Therefore, to avoid the interference of other elements during ETs detection, the log-phase bacteria (MOI: 20) was used for subsequent studies. To investigate the impact of STING on ETs formation, we measured the cfDNA in supernatants following S. aureus infection by SYTOX green staining. Interestingly, the cfDNA level was distinctly decreased in STING-/- BMDMs relative to WT BMDMs (Figure 1C). Further, BMDNs were infected with S. aureus and we also observed a decreased level of cfDNA in STING-/- BMDNs compared to WT BMDNs (Figure 1D). Besides, we measured the expression of CitH3, marked CitH3 induction was observed both in total protein lysate and nuclear protein lysate after S. aureus stimulation. In line with the results described above, STING-/- BMDMs exhibited significantly decreased levels of CitH3 compared to WT BMDMs (Figures 1E,F). Meanwhile, p-STING protein levels were significantly up-regulated by bacteria challenge in WT BMDMs and absent from STING-/- BMDMs (Figure 1E). We set out to further characterize the colocalization of DNA and relevant proteins (CitH3 and MPO) by immunofluorescence (Fuchs et al., 2007). The results showed that STING-/- BMDMs or BMDNs presented less colocalization of DNA decorated with these proteins after S. aureus infection (Figure 2, Supplementary Figure S1). Taken together, these findings suggested that STING contributed to S. aureus-induced ETs formation.
[image: Figure 1]FIGURE 1 | STING promotes ETs formation in macrophages and neutrophils after S. aureus infection. WT BMDMs were infected with S. aureus at designed MOIs and different periods of growth. (A,B) The cfDNA in supernatants was stained with SYTOX Green and analyzed on a fluorescent reader. BMDMs or BMDNs from WT and STING-/- mice were infected with S. aureus (MOI: 20) at the designed time points. (C,D) Cells from WT and STING-/- mice were treated with DNase Ⅰ (100 U/mL) 20 min before infection with S. aureus. The cfDNA in supernatants was stained with SYTOX Green and analyzed on a fluorescent reader. (E) Whole cell lysates and (F) nuclear proteins were analyzed for CitH3, H3, p-STING, and GAPDH by Western blotting. Data are shown as mean ± SEM. Data were pooled from 3 independent experiments. Data were analyzed using two-way ANOVA with Bonferroni’s multiple comparison test. For all experiments in this figure: *p < 0.05.
[image: Figure 2]FIGURE 2 | STING-/− BMDMs present decreased colocalization of DNA decorated with CitH3 and MPO in S. aureus-induced ETs structures. WT and STING-/- BMDMs were infected with S. aureus (MOI: 20) for 3 h and then fixed with 4% paraformaldehyde. DNA decorated with CitH3 (A) and MPO (B) within ETs were detected using a scanning confocal microscope. DNA was stained with SYTOX green. METs structures were marked with white arrows. The experiments were repeated 3 independent times.
NADPH Oxidase-Derived ROS Contributes to S. aureus-Induced ETs Formation
To explore whether S. aureus-induced ETs formation depends on NADPH oxidase-derived ROS, specific inhibitor DPI was used and ETs generation was assayed. When DPI was added, S. aureus-induced cfDNA was significantly decreased (Figure 3A). The colocalization of extracellular DNA with CitH3 and MPO was also suppressed with the addition of DPI (Figures 3B,C). These findings concluded that NADPH oxidase-derived ROS contributed to S. aureus-induced ETs formation.
[image: Figure 3]FIGURE 3 | NADPH oxidase-derived ROS facilitates the S. aureus-induced ETs formation. WT BMDMs were pretreated with DPI (10 μM) and then infected with S. aureus (MOI: 20) for 3 h. (A) The cfDNA in supernatants was stained with SYTOX Green and analyzed on a fluorescent reader. DNA decorated with CitH3 (B) and MPO (C) within ETs were detected using a scanning confocal microscope. DNA was stained with SYTOX green. METs structures were marked with white arrows. Data were pooled from 3 independent experiments. Data were analyzed using one-way ANOVA with Dunnett’s multiple comparison test, *p < 0.05.
STING Promotes S. aureus-Induced Extracellular Traps Formation Depending on the Reactive Oxygen Species-Extracellular Signal-Regulated Kinase Signaling Pathway
We further characterized the ROS production in BMDMs derived from WT and STING-/- mice. Surprisingly, STING-/- BMDMs produced less ROS than WT BMDMs after S. aureus infection (Figure 4A). NADPH oxidase-derived ROS activate the p38 MAPK and ERK1/2 signaling pathways (Ma et al., 2018). To determine the role of ROS following S. aureus stimulation, WT BMDMs were pretreated with DPI, and phosphorylation levels of p38 and ERK were analyzed by Western blotting. Importantly, after pretreatment with DPI, there was no significant change of p38 MAPK activation whereas ERK1/2 signal was inhibited after S. aureus infection (Figure 4B). DPI inhibited S. aureus-derived ROS whereas U0126 did not inhibit ROS production (Figure 4C). Meanwhile, we found that the levels of p-ERK were markedly decreased in S. aureus-infected STING-/- BMDMs compared to WT BMDMs (Figure 4D). In order to confirm that the STING-regulated ROS-ERK signaling pathway participated in S. aureus-triggered ETs formation, U0126 or DPI was applied to analyze the expression of CitH3 and cfDNA release between WT and STING-/- BMDMs. The results showed that U0126 or DPI treatment resulted in significant inhibition of S. aureus-induced expression of CitH3, coupled with the decreased expression of p-ERK. U0126 or DPI treatment had no effect on p-STING protein expression (Figure 4E). Consistent with the above results, the difference of cfDNA release disappeared after the addition of U0126 or DPI between WT and STING-/- BMDMs challenged with S. aureus (Figure 4F). Collectively, these results indicated that STING deficiency led to a defect in ETs formation by impairing the ROS-ERK signaling pathway.
[image: Figure 4]FIGURE 4 | STING promotes ETs formation in a ROS-ERK-dependent manner upon S. aureus challenge. (A) Measurement of ROS production in BMDMs from WT and STING-/- mice after infection with S. aureus (MOI: 20) for 3 h (B) WT BMDMs were pretreated with DPI (10 μM), and the cells were then infected with S. aureus (MOI: 20) for 3 h. Whole cell lysates were analyzed for p-ERK, p-P38, CitH3, H3, and GAPDH by Western blotting. (C) WT BMDMs were pretreated with DPI (10 μM) or U0126 (10 μM) for 1 h before S. aureus (MOI: 20) treatment for 3 h. ROS production was detected by DCFH-DA. (D) BMDMs from WT and STING-/- mice were infected with S. aureus (MOI: 20) at the designed time points. Whole cell lysates were analyzed for p-ERK and GAPDH by Western blotting, and the gray intensity value was calculated using ImageJ software. WT and STING-/- BMDMs were pretreated with DPI (10 μM) or U0126 (10 μM) for 1 h before S. aureus (MOI: 20) treatment for 3 h. (E) Whole cell lysates were analyzed for p-ERK, CitH3, H3, p-STING, and GAPDH by Western blotting, and the gray intensity value of p-ERK was calculated using ImageJ software. (F) The cfDNA in supernatants was stained with SYTOX Green and analyzed on a fluorescent reader. Data are shown as the mean ± SEM. Data were pooled from 3 independent experiments. Significance calculated using two-way ANOVA with Bonferroni’s multiple comparison test, *p < 0.05.
STING Deficiency Reduces Extracellular Traps-Mediated Extracellular Killing Capacity by S. aureus Infection
To further determine whether STING-mediated extracellular structures could kill the entrapped S. aureus, WT and STING-/- BMDMs were infected with S. aureus, and the killing ability was identified by counting the number of extracellular bacteria. The results showed that STING-/- BMDMs presented a marked increased number of extracellular bacteria compared to WT BMDMs. Simultaneously, we specifically used DNase I to degrade ETs and we observed a significant increase in the number of extracellular bacteria after DNase I treatment. Meanwhile, we found that the difference of extracellular bacterial load disappeared between WT and STING-/- BMDMs in DNase I-treated groups (Figure 5A). In order to discriminate between bacteria killed by ETs or phagocytosis, phagocytosis was blocked by adding CytD. STING-/- BMDMs still exhibited a significantly increased number of extracellular bacteria compared to WT BMDMs, such differences disappeared after DNase I treatment (Figure 5B). In conclusion, STING-mediated ETs improved host defense against S. aureus infection by enhancing the extracellular killing capacity.
[image: Figure 5]FIGURE 5 | STING promotes ET-mediated extracellular bacterial killing by S. aureus infection. (A,B) WT and STING-/- BMDMs were pretreated with DNase I (100 U/mL) or CytD (10 μM) for 20 min before infection with S. aureus (MOI: 20) for 3 h. The supernatants were collected and diluted, and the number of extracellular bacteria was determined. Data are shown as the mean ± SEM. Data were pooled from 3 independent experiments. Significance calculated using two-way ANOVA with Bonferroni’s multiple comparison test, *p < 0.05.
ETs Degradation With DNase I Is Detrimental During S. aureus Pulmonary Infection
In order to investigate the role of ETs during S. aureus pulmonary infection. WT mice were treated i. t. with DNase I or diluent control at 2, 10, and 18 h after infection with S. aureus (Figure 6A). At 6 hpi or 24 hpi, we found that DNase I treatment effectively reduced the cfDNA level in BALF (Figure 6B) without affecting the infiltration of inflammatory cells (Figure 6C), as well as the release of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) (Supplementary Figure S2). Moreover, a significantly increased bacterial load was observed in the lungs but not in BALF after DNase I treatment (Figures 6D,E). Since the addition of DNase I would affect the measurement of BALF total protein, we instead measured BALF albumin as an index of alveolar barrier dysfunction. The results showed that DNase I treatment induced significantly increased levels of BALF albumin at 24 hpi (Figure 6F). This may be attributed to the increased colonization of S. aureus. Collectively, these results showed that ETs were beneficial during pulmonary S. aureus infection.
[image: Figure 6]FIGURE 6 | ETs degradation with DNase I is detrimental during S. aureus pulmonary infection. WT mice were challenged with S. aureus (1 × 108 CFU/mouse, i. t.) and treated with DNase I (4000 U, i. t.) or diluent control at 2, 10, and 18 hpi (n = 4–6/group) and then were euthanized at 6 and 24 hpi. (A) A schema of the experiment timeline. (B) cfDNA in BALF, (C) BALF WBC, (D) bacterial counts in BALF, (E) bacterial counts in lungs, and (F) BALF albumin concentration were quantified. All data are shown as mean ± SEM. Data pooled from 2 independent experiments. Data were analyzed using two-way ANOVA with Bonferroni’s multiple comparison test, *p < 0.05, ***p < 0.001.
STING-Deficient Mice Present Decreased ETs Formation and Reduced Bacterial Clearance Following Pulmonary S. aureus Infection
We further demonstrated the involvement of STING in ETs formation during pulmonary S. aureus infection. There may be a mutual cause-effect relationship between bacterial colonization and tissue damage. Therefore, we analyzed the initial host-bacteria interactions during the early phase of infection at 6 hpi. Our results showed that the cfDNA level in BALF from STING-/- mice was significantly decreased compared to WT mice (Figure 7A). Meanwhile, we visualized the colocalization of extracellular DNA with CitH3 in collected cells of BALF from WT and STING-/- mice. Utilizing fluorescence microscopy, we observed that STING deficiency significantly reduced ETs formation (Figure 7B). Furthermore, the expression of CitH3 in lung tissue was also markedly decreased in STING-/- mice compared with WT mice (Figure 7C). Besides, a significant increase of bacteria load was observed in the lungs but not in BALF of STING-/- mice compared to WT mice, such differences disappeared after DNase I treatment (Figures 7D,E). These findings suggested that STING-mediated ETs formation enhanced host resistance to S. aureus pneumonia.
[image: Figure 7]FIGURE 7 | STING-/− mice display decreased ETs production and reduced bactericidal ability during S. aureus pulmonary infection. WT and STING-/- mice (n = 4–7/group) were infected with S. aureus (1 × 108 CFU/mouse, i. t.) and samples were collected at 6 hpi. (A) cfDNA in BALF was quantified. (B) Cells of BALF were fixed ex vivo, DNA decorated with CitH3 was detected using a fluorescence microscope. DNA was stained with SYTOX green. (C) The lung tissue lysate was detected for the expression of CitH3 and GAPDH. WT and STING-/- mice were challenged with S. aureus (1 × 108 CFU/mouse, i. t.) and treated with DNase I (4000 U, i. t.) or diluent control at 2 hpi (n = 6–7/group) and then were euthanized at 6 hpi. (D) bacterial counts in BALF and (E) bacterial counts in lungs were quantified. All data are shown as mean ± SEM. Data pooled from 2 independent experiments. Data were analyzed using two-way ANOVA with Bonferroni’s multiple comparison test. For all experiments in this figure: *p < 0.05, **p < 0.01.
DISCUSSION
S. aureus infection harms both human health and the development of the aquaculture industry. Understanding the mechanisms of host defense against S. aureus is necessary to design novel therapeutic strategies. ETs formation is a relatively novel antimicrobial mechanism for invasive pathogens independent of phagocytosis. The importance of ETs in innate immunity has been studied extensively, but the mechanism remains controversial and in scientific dispute during S. aureus infection. Several virulence factors of S. aureus were reported to elicit ETs formation, including leukotoxin (Malachowa et al., 2013), leukocidins (Bhattacharya et al., 2018), phenol-soluble modulin α (PSMα) (Björnsdottir et al., 2017), and protein A (Hoppenbrouwers et al., 2018). Importantly, S. aureus has also evolved mechanisms to avoid ET-based immune clearance, either through ETs degradation, resistance to the intrinsic antimicrobial effectors within ETs, or the suppression of ETs production. This is mainly attributed to the production of nuclease (Berends et al., 2010). S. aureus nuclease production was found to be associated with delayed bacterial clearance in the lung and significantly increased mortality during S. aureus respiratory tract infections (Wardenburg et al., 2007). Besides the bacterial own factors, the innate immune system is more essential for host protection against S. aureus infection.
STING is a PRR for cyclic dinucleotides and also functions as an adaptor protein for multiple cytosolic receptors of dsDNA. We demonstrated previously that IFI204 (a DNA sensor) is crucial for the host defense against S. aureus infection through promoting ETs formation (Chen et al., 2019). We have also previously shown that blocking necroptosis in STING-/- mice possesses an intensified immune protection (Liu et al., 2021). There remains a significant gap between WT and STING-/- mice, suggesting that STING may contribute to host defense against S. aureus pneumonia via additional mechanisms. This result can likely be attributed to the involvement of STING in S. aureus-induced ETs formation.
In this study, we uncovered a new mechanism by which STING promoted S. aureus-induced ETs formation. We first demonstrated that a significant reduction of extracellular DNA was seen in STING-/- BMDMs or BMDNs compared with WT cells, as well as decreased expression of CitH3 in STING-/- BMDMs compared with WT BMDMs. Some studies regarded CitH3 formation as an important biomarker for NETosis (Jin et al., 2014; Claushuis et al., 2018). However, other reports showed that CitH3 was not universally required for NETosis exposed to different stimuli (Kenny et al., 2017). Therefore, the relationship between ETs formation and histone H3 citrullination is concomitant rather than causal. NETs are net-like structures including a DNA-based scaffold with embedded histones and cellular proteins, including MPO, NE, and cathelicidin (Wartha et al., 2007; von Köckritz-Blickwede and Nizet, 2009; Papayannopoulos and Zychlinsky, 2009). In our study, the colocalization of DNA with CitH3 and MPO in S. aureus-induced ETs was significantly decreased in STING-/- BMDMs compared to WT BMDMs. The above results indicated that STING serves an important function in S. aureus-induced ETs formation.
Previous studies have confirmed the effects of ROS production by NADPH oxidase in S. aureus-induced NETs formation (Fuchs et al., 2007). Thus, NADPH oxidase inhibitor DPI was performed to characterize the mechanisms of ROS in S. aureus-induced ETs formation in macrophages. Indeed, our results showed that DPI treatment reduced the formation of S. aureus-induced METs (macrophage extracellular traps), mainly characterized by decreased cfDNA level and diminished colocalization between DNA and relevant proteins (CitH3 and MPO). Hence, it suggested that S. aureus-induced ETs formation depended on the production of ROS. Previous studies have shown that NADPH oxidase-dependent ROS was involved in NETs formation induced by PMA and Streptococcus Suis Serotype 2, which then activated the ERK1/2 and p38 MAPK signaling pathways (Dusi et al., 1996; Keshari et al., 2013; Ma et al., 2018). Besides, neutrophils also experienced NADPH oxidase-dependent suicidal NETosis in a TLR4-JNK-dependent manner under LPS and Gram-negative bacteria stimulation (Khan et al., 2017). These studies indicated that ROS may function as an important second messenger to transmit diverse signals due to different stimuli. Moreover, STING has already been identified to participate in mtDNA‐induced NETs formation through p38 MAPK and ERK1/2 signals (Liu et al., 2020). Consequently, the relationship between ROS production and S. aureus-induced p38 MAPK or ERK1/2 activations was determined. In our study, ROS inhibition resulted in the suppression of ERK1/2 but not p38 MAPK. To clarify the role of STING in ROS-ERK mediated ETs formation, we detected the expression of p-ERK and ROS production. Compared with control cells, STING-/- BMDMs exhibited less production of ROS and decreased levels of p-ERK. Importantly, inhibiting the ROS-ERK signal with inhibitors reduced the ETs formation and the differences disappeared between WT and STING-/- BMDMs after S. aureus infection. Hence, our study emphasized the importance of STING in promoting S. aureus-induced ETs formation via the ROS-ERK signaling pathway.
The antimicrobial activity of ETs is mainly attributed to embedded histones and antimicrobial enzymes bound to the DNA backbone. To date, studies have shown that METs could catch and kill selected pathogens such as S. aureus, S. agalactiae, E. coli, and C. albicans (Liu et al., 2014; Vega et al., 2014; Bryukhin and Shopova, 2015; Shen et al., 2016). However, METs did not exhibit bactericidal capability on M. abscessus, instead of enhanced bacterial growth (Je et al., 2016). In our study, compared to WT BMDMs, STING-/- BMDMs had a remarkably lower bactericidal capacity against extracellular S. aureus. Importantly, the differences in extracellular bacterial killing ability disappeared between WT and STING-/- BMDMs after DNase I treatment. To distinguish the separate killing between MET-mediated and phagocytosis-mediated mechanisms, we used CytD to inhibit macrophage phagocytosis (Hellenbrand et al., 2013; Liu et al., 2014). STING-/- BMDMs exhibited significantly increased extracellular bacteria burden compared to WT BMDMs pretreatment with CytD, such differences also disappeared after DNase I treatment. Hence, our results indicated that STING-mediated ETs formation enhanced phagocyte killing capacity.
ET is a double-edged sword. NETs have both protective and deleterious effects on lung infection and disease pathogenesis. Appropriate NETs contribute to control infection but excessive NETs formation lead to tissue injury (Gray, 2018). Previous study has demonstrated that digesting NETs with DNase I promoted bacterial colonization in WT mice during Salmonella sifA infection (Chen et al., 2018). Genetically knocking out PAD4 resulted in increased bacterial colonization and reduced survival (Lefrançais et al., 2018). These data are consistent with a previous study that highlighted that NETs could trap invasive pathogens to prevent bacterial dissemination (Beiter et al., 2006). Experiments presented in the current study demonstrated that DNase I treatment effectively reduced cfDNA in BALF. Importantly, DNase I treatment facilitated S. aureus colonization without affecting inflammatory cells infiltration and pro-inflammatory factors secretion. Consistent with this, STING-/- mice presented decreased cfDNA level, diminished CitH3 expression, and reduced ETs structures compared to WT mice. Besides, STING-/- mice exhibited higher bacterial loads in the lungs compared with WT mice, which further supported the role of STING-mediated ETs in bacterial clearance.
In summary, our study reveals the implication of STING in the regulation of S. aureus-induced ETs formation. STING deficiency exhibits lower extracellular DNA release, decreased expression of CitH3, and reduced ETs structures. Importantly, STING deficiency leads to a defect in ETs formation owing to the ROS-ERK signaling pathway. STING-mediated ETs improve host defense against S. aureus infection by enhancing the extracellular killing capacity in vivo and in vitro. These results uncover a potentially novel function of STING in host defense against extracellular bacterial infection.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Welfare and Research Ethics Committee at Jilin University (No. 20150601).
AUTHOR CONTRIBUTIONS
Z-ZL, WC, and Y-JY designed experiments. Z-ZL, C-KZ, KM and YG performed the experiments and analyzed the data. Z-ZL wrote the manuscript. All authors read and approved the final manuscript.
FUNDING
This research was supported by grants from the National Natural Science Foundation of China (No. 31872457, No. 31972682).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.836880/full#supplementary-material
Supplementary Figure 1 | STING-/- BMDNs present decreased colocalization of DNA decorated with CitH3 in S. aureus-induced ETs structures. WT and STING-/- BMDNs were infected with S. aureus (MOI: 20) for 3 h and then fixed with 4% paraformaldehyde. DNA decorated with CitH3 within ETs was detected using a fluorescence microscope. DNA was stained with SYTOX green. The experiments were repeated 3 independent times.
Supplementary Figure 2 | The effect of degradation of ETs with DNase I on producing cytokines after pulmonary S. aureus infection. WT mice were infected with S. aureus (1 × 108 CFU/mouse, i.t.) and treated with DNase I (4000 U, i.t.) or diluent control at 2, 10, and 18 hpi (n = 4-6/group) and then were euthanized at 6 and 24 hpi. BALF and lung ho mogenates were collected for the analysis of indicated cytokines by ELISA. (A, D) IL-1β, (B, E) IL-6, (C, F) TNFα. Data are shown as the mean ± SEM. Data were pooled from 2 independent experiments. Significance calculated using two-way ANOVA with Bonferroni’s multiple comparison test.
ABBREVIATIONS
S. aureus, Staphylococcus aureus, STING: stimulator of interferon genes, MRSA: methicillin-resistant Staphylococcus aureus, ET: extracellular trap, cfDNA: cell-free DNA, CitH3: citrullinated histone H3, MPO: myeloperoxidase, NE: neutrophil elastase, ROS: reactive oxygen species, ERK1/2: extracellular signal-regulated kinase 1 and 2, LPS: lipopolysaccharide, PRRs: pattern recognition receptors, TLR: Toll-like receptor, GSDMD: Gasdermin D, PAD4: peptidylarginine deiminase 4, CytD: cytochalasin D, i. p.: intraperitoneally, i. t.: intranasally, PBS: phosphate buffered saline, TSB: tryptic soy broth, MOI: multiplicity of infection, BMDM: bone marrow-derived macrophage, BMDN: bone marrow-derived neutrophil.
REFERENCES
 Aulik, N. A., Hellenbrand, K. M., and Czuprynski, C. J. (2012). Mannheimia Haemolytica and its Leukotoxin Cause Macrophage Extracellular Trap Formation by Bovine Macrophages. Infect. Immun. 80 (5), 1923–1933. doi:10.1128/IAI.06120-11
 Beiter, K., Wartha, F., Albiger, B., Normark, S., Zychlinsky, A., and Henriques-Normark, B. (2006). An Endonuclease Allows Streptococcus Pneumoniae to Escape from Neutrophil Extracellular Traps. Curr. Biol. 16 (4), 401–407. doi:10.1016/j.cub.2006.01.056
 Berends, E. T. M., Horswill, A. R., Haste, N. M., Monestier, M., Nizet, V., and von Köckritz-Blickwede, M. (2010). Nuclease Expression by Staphylococcus aureus Facilitates Escape from Neutrophil Extracellular Traps. J. Innate Immun. 2 (6), 576–586. doi:10.1159/000319909
 Bhattacharya, M., Berends, E. T. M., Chan, R., Schwab, E., Roy, S., Sen, C. K., et al. (2018). Staphylococcus aureus Biofilms Release Leukocidins to Elicit Extracellular Trap Formation and Evade Neutrophil-Mediated Killing. Proc. Natl. Acad. Sci. USA 115 (28), 7416–7421. doi:10.1073/pnas.1721949115
 Björnsdottir, H., Dahlstrand Rudin, A., Klose, F. P., Elmwall, J., Welin, A., Stylianou, M., et al. (2017). Phenol-Soluble Modulin α Peptide Toxins from Aggressive Staphylococcus aureus Induce Rapid Formation of Neutrophil Extracellular Traps through a Reactive Oxygen Species-independent Pathway. Front. Immunol. 8, 257. doi:10.3389/fimmu.2017.00257
 Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., et al. (2004). Neutrophil Extracellular Traps Kill Bacteria. Science 303 (5663), 1532–1535. doi:10.1126/science.1092385
 Bryukhin, G. V., and Shopova, A. V. (2015). Characteristics of Mononuclear Extracellular Traps in the Offspring of Female Rats with Drug-Induced Hepatitis. Bull. Exp. Biol. Med. 159 (4), 435–437. doi:10.1007/s10517-015-2984-8
 Burgener, S. S., and Schroder, K. (2020). Neutrophil Extracellular Traps in Host Defense. Cold Spring Harb Perspect. Biol. 12 (7), a037028. doi:10.1101/cshperspect.a037028
 Chen, K. W., Monteleone, M., Boucher, D., Sollberger, G., Ramnath, D., Condon, N. D., et al. (2018). Noncanonical Inflammasome Signaling Elicits Gasdermin D-dependent Neutrophil Extracellular Traps. Sci. Immunol. 3 (26), 3. doi:10.1126/sciimmunol.aar6676
 Chen, W., Yu, S.-X., Zhou, F.-H., Zhang, X.-J., Gao, W.-Y., Li, K.-Y., et al. (2019). DNA Sensor IFI204 Contributes to Host Defense against Staphylococcus aureus Infection in Mice. Front. Immunol. 10, 474. doi:10.3389/fimmu.2019.00474
 Claushuis, T. A. M., van der Donk, L. E. H., Luitse, A. L., van Veen, H. A., van der Wel, N. N., van Vught, L. A., et al. (2018). Role of Peptidylarginine Deiminase 4 in Neutrophil Extracellular Trap Formation and Host Defense during Klebsiella Pneumoniae-Induced Pneumonia-Derived Sepsis. J.I. 201 (4), 1241–1252. doi:10.4049/jimmunol.1800314
 Dusi, S., Donini, M., and Rossi, F. (1996). Mechanisms of NADPH Oxidase Activation: Translocation of P40phox, Rac1 and Rac2 from the Cytosol to the Membranes in Human Neutrophils Lacking P47phox or P67phox. Biochem. J. 314 (Pt 2), 409–412. doi:10.1042/bj3140409
 Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, I., Wahn, V., et al. (2007). Novel Cell Death Program Leads to Neutrophil Extracellular Traps. J. Cel Biol 176 (2), 231–241. doi:10.1083/jcb.200606027
 Gray, R. D. (2018). NETs in Pneumonia: Is Just Enough the Right Amount?Eur. Respir. J. 51 (4), 1800619. doi:10.1183/13993003.00619-2018
 Hellenbrand, K. M., Forsythe, K. M., Rivera-Rivas, J. J., Czuprynski, C. J., and Aulik, N. A. (2013). Histophilus Somni Causes Extracellular Trap Formation by Bovine Neutrophils and Macrophages. Microb. Pathogenesis 54, 67–75. doi:10.1016/j.micpath.2012.09.007
 Hoppenbrouwers, T., Sultan, A. R., Abraham, T. E., Lemmens-den Toom, N. A., Hansenová Maňásková, S., van Cappellen, W. A., et al. (2018). Staphylococcal Protein A Is a Key Factor in Neutrophil Extracellular Traps Formation. Front. Immunol. 9, 165. doi:10.3389/fimmu.2018.00165
 Je, S., Quan, H., Yoon, Y., Na, Y., Kim, B.-J., and Seok, S. H. (2016). Mycobacterium Massiliense Induces Macrophage Extracellular Traps with Facilitating Bacterial Growth. PLoS One 11 (5), e0155685. doi:10.1371/journal.pone.0155685
 Jin, L., Batra, S., Douda, D. N., Palaniyar, N., and Jeyaseelan, S. (2014). CXCL1 Contributes to Host Defense in Polymicrobial Sepsis via Modulating T Cell and Neutrophil Functions. J.I. 193 (7), 3549–3558. doi:10.4049/jimmunol.1401138
 Kaufmann, S. H. E., and Dorhoi, A. (2016). Molecular Determinants in Phagocyte-Bacteria Interactions. Immunity 44 (3), 476–491. doi:10.1016/j.immuni.2016.02.014
 Kenny, E. F., Herzig, A., Krüger, R., Muth, A., Mondal, S., Thompson, P. R., et al. (2017). Diverse Stimuli Engage Different Neutrophil Extracellular Trap Pathways. Elife 6, 6. doi:10.7554/eLife.24437
 Keshari, R. S., Verma, A., Barthwal, M. K., and Dikshit, M. (2013). Reactive Oxygen Species-Induced Activation of ERK and P38 MAPK Mediates PMA-Induced NETs Release from Human Neutrophils. J. Cel. Biochem. 114 (3), 532–540. doi:10.1002/jcb.24391
 Khan, M. A., Farahvash, A., Douda, D. N., Licht, J.-C., Grasemann, H., Sweezey, N., et al. (2017). JNK Activation Turns on LPS- and Gram-Negative Bacteria-Induced NADPH Oxidase-dependent Suicidal NETosis. Sci. Rep. 7 (1), 3409. doi:10.1038/s41598-017-03257-z
 Lefrançais, E., Mallavia, B., Zhuo, H., Calfee, C. S., and Looney, M. R. (2018). Maladaptive Role of Neutrophil Extracellular Traps in Pathogen-Induced Lung Injury. JCI Insight 3 (3). doi:10.1172/jci.insight.98178
 Li, L., Li, X., Li, G., Gong, P., Zhang, X., Yang, Z., et al. (2018). Mouse Macrophages Capture and Kill Giardia Lamblia by Means of Releasing Extracellular Trap. Develop. Comp. Immunol. 88, 206–212. doi:10.1016/j.dci.2018.07.024
 Li, P., Li, M., Lindberg, M. R., Kennett, M. J., Xiong, N., and Wang, Y. (2010). PAD4 Is Essential for Antibacterial Innate Immunity Mediated by Neutrophil Extracellular Traps. J. Exp. Med. 207 (9), 1853–1862. doi:10.1084/jem.20100239
 Liu, L., Mao, Y., Xu, B., Zhang, X., Fang, C., Ma, Y., et al. (2020). Induction of Neutrophil Extracellular Traps during Tissue Injury: Involvement of STING and Toll‐like Receptor 9 Pathways. Cell Prolif. 53 (10), e12775. doi:10.1111/cpr.12775
 Liu, P., Wu, X., Liao, C., Liu, X., Du, J., Shi, H., et al. (2014). Escherichia coli and Candida Albicans Induced Macrophage Extracellular Trap-like Structures with Limited Microbicidal Activity. PLoS One 9 (2), e90042. doi:10.1371/journal.pone.0090042
 Liu, Z.-Z., Yang, Y.-J., Zhou, C.-K., Yan, S.-Q., Ma, K., Gao, Y., et al. (2021). STING Contributes to Host Defense against Staphylococcus aureus Pneumonia through Suppressing Necroptosis. Front. Immunol. 12, 636861. doi:10.3389/fimmu.2021.636861
 Lowy, F. D. (1998). Staphylococcus aureusInfections. N. Engl. J. Med. 339 (8), 520–532. doi:10.1056/NEJM199808203390806
 Ma, F., Chang, X., Wang, G., Zhou, H., Ma, Z., Lin, H., et al. (2018). Streptococcus Suis Serotype 2 Stimulates Neutrophil Extracellular Traps Formation via Activation of P38 MAPK and ERK1/2. Front. Immunol. 9, 2854. doi:10.3389/fimmu.2018.02854
 Ma, Z., and Damania, B. (2016). The cGAS-STING Defense Pathway and its Counteraction by Viruses. Cell Host & Microbe 19 (2), 150–158. doi:10.1016/j.chom.2016.01.010
 Malachowa, N., Kobayashi, S. D., Freedman, B., Dorward, D. W., and DeLeo, F. R. (2013). Staphylococcus aureusLeukotoxin GH Promotes Formation of Neutrophil Extracellular Traps. J.I. 191 (12), 6022–6029. doi:10.4049/jimmunol.1301821
 Miller, L. S., Fowler, V. G., Shukla, S. K., Rose, W. E., and Proctor, R. A. (2020). Development of a Vaccine against Staphylococcus aureus Invasive Infections: Evidence Based on Human Immunity, Genetics and Bacterial Evasion Mechanisms. FEMS Microbiol. Rev. 44 (1), 123–153. doi:10.1093/femsre/fuz030
 Papayannopoulos, V., and Zychlinsky, A. (2009). NETs: a New Strategy for Using Old Weapons. Trends Immunol. 30 (11), 513–521. doi:10.1016/j.it.2009.07.011
 Schorn, C., Janko, C., Latzko, M., Chaurio, R., Schett, G., and Herrmann, M. (2012). Monosodium Urate Crystals Induce Extracellular DNA Traps in Neutrophils, Eosinophils, and Basophils but Not in Mononuclear Cells. Front. Immun. 3, 277. doi:10.3389/fimmu.2012.00277
 Shen, F., Tang, X., Cheng, W., Wang, Y., Wang, C., Shi, X., et al. (2016). Fosfomycin Enhances Phagocyte-Mediated Killing of Staphylococcus aureus by Extracellular Traps and Reactive Oxygen Species. Sci. Rep. 6, 19262. doi:10.1038/srep19262
 Sollberger, G., Choidas, A., Burn, G. L., Habenberger, P., Di Lucrezia, R., Kordes, S., et al. (2018). Gasdermin D Plays a Vital Role in the Generation of Neutrophil Extracellular Traps. Sci. Immunol. 3 (26). doi:10.1126/sciimmunol.aar6689
 Stapleton, P. D., and Taylor, P. W. (2002). Methicillin Resistance in Staphylococcus aureus: Mechanisms and Modulation. Sci. Prog. 85 (Pt 1), 57–72. doi:10.3184/003685002783238870
 Vanbelkum, A., Melles, D., Nouwen, J., Vanleeuwen, W., Vanwamel, W., Vos, M., et al. (2009). Co-evolutionary Aspects of Human Colonisation and Infection by Staphylococcus aureus. Infect. Genet. Evol. 9 (1), 32–47. doi:10.1016/j.meegid.2008.09.012
 Vega, V. L., Crotty Alexander, L. E., Charles, W., Hwang, J. H., Nizet, V., and De Maio, A. (2014). Activation of the Stress Response in Macrophages Alters the M1/M2 Balance by Enhancing Bacterial Killing and IL-10 Expression. J. Mol. Med. 92 (12), 1305–1317. doi:10.1007/s00109-014-1201-y
 von Köckritz-Blickwede, M., Goldmann, O., Thulin, P., Heinemann, K., Norrby-Teglund, A., Rohde, M., et al. (2008). Phagocytosis-independent Antimicrobial Activity of Mast Cells by Means of Extracellular Trap Formation. Blood 111 (6), 3070–3080. doi:10.1182/blood-2007-07-104018
 von Köckritz-Blickwede, M., and Nizet, V. (2009). Innate Immunity Turned Inside-Out: Antimicrobial Defense by Phagocyte Extracellular Traps. J. Mol. Med. 87 (8), 775–783. doi:10.1007/s00109-009-0481-0
 Wardenburg, J. B., Patel, R. J., and Schneewind, O. (2007). Surface Proteins and Exotoxins Are Required for the Pathogenesis of Staphylococcus aureus Pneumonia. Infect. Immun. 75 (2), 1040–1044. doi:10.1128/iai.01313-06
 Wartha, F., Beiter, K., Normark, S., and Henriques-Normark, B. (2007). Neutrophil Extracellular Traps: Casting the NET over Pathogenesis. Curr. Opin. Microbiol. 10 (1), 52–56. doi:10.1016/j.mib.2006.12.005
 Yousefi, S., Gold, J. A., Andina, N., Lee, J. J., Kelly, A. M., Kozlowski, E., et al. (2008). Catapult-like Release of Mitochondrial DNA by Eosinophils Contributes to Antibacterial Defense. Nat. Med. 14 (9), 949–953. doi:10.1038/nm.1855
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Chen, Zhou, Ma, Gao and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-836880-g005.gif





OPS/images/fcell-10-836880-g006.gif
Y
f L






OPS/images/fcell-10-836880-g003.gif





OPS/images/fcell-10-836880-g004.gif





OPS/images/fcell-10-836880-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Stimulator of Interferon Genes (STING) Promotes Staphylococcus aureus-Induced Extracellular Traps Formation via the ROS-ERK Signaling Pathway		Introduction

		Materials and Methods		Mice

		Pneumonia Model

		Cytokine Measurements

		Cell Culture and Cell Infection

		Inhibition Assay

		ROS Detection Assay

		Quantitation of Extracellular Traps

		Extracellular Bacterial Killing Assay

		Western Blotting Assay

		Fluorescence Confocal Microscopy Analyses

		Statistical Analysis





		Results		STING Facilitates S. aureus-Induced ETs Formation in vitro

		NADPH Oxidase-Derived ROS Contributes to S. aureus-Induced ETs Formation

		STING Promotes S. aureus-Induced Extracellular Traps Formation Depending on the Reactive Oxygen Species-Extracellular Signal-Regulated Kinase Signaling Pathway

		STING Deficiency Reduces Extracellular Traps-Mediated Extracellular Killing Capacity by S. aureus Infection

		ETs Degradation With DNase I Is Detrimental During S. aureus Pulmonary Infection

		STING-Deficient Mice Present Decreased ETs Formation and Reduced Bacterial Clearance Following Pulmonary S. aureus Infection





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		Abbreviations

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Stimulator of Interferon Genes
(STING) Promotes
Staphylococcus aureus-Induced
Extracellular Traps Formation via
the ROS-ERK Signaling Pathway





OPS/images/fcell-10-836880-g001.gif





OPS/images/fcell-10-836880-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





