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Autophagy Protects Against Developing Increased Lung Permeability and Hypoxemia by Down Regulating Inflammasome Activity and IL-1β in LPS Plus Mechanical Ventilation-Induced Acute Lung Injury
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Targeting inflammasome activation to modulate interleukin (IL)-1β is a promising treatment strategy against acute respiratory distress syndrome and ventilator-induced lung injury (VILI). Autophagy is a key regulator of inflammasome activation in macrophages. Here, we investigated the role of autophagy in the development of acute lung injury (ALI) induced by lipopolysaccharide (LPS) and mechanical ventilation (MV). Two hours before starting MV, 0.2 mg/kg LPS was administered to mice intratracheally. Mice were then placed on high-volume MV (30 ml/kg with 3 cmH2O positive end-expiratory pressure for 2.5 h without additional oxygen application). Mice with myeloid-specific deletion of the autophagic protein ATG16L1 (Atg16l1fl/fl LysMCre) suffered severe hypoxemia (adjusted p < 0.05) and increased lung permeability (p < 0.05, albumin level in bronchoalveolar lavage fluid) with significantly higher IL-1β release into alveolar space (p < 0.05). Induction of autophagy by fasting-induced starvation led to improved arterial oxygenation (adjusted p < 0.0001) and lung permeability (p < 0.05), as well as significantly suppressed IL-1β production (p < 0.01). Intratracheal treatment with anti-mouse IL-1β monoclonal antibody (mAb; 2.5 mg/kg) significantly improved arterial oxygenation (adjusted p < 0.01) as well as lung permeability (p < 0.05). On the other hand, deletion of IL-1α gene or use of anti-mouse IL-1α mAb (2.5 mg/kg) provided no significant protection, suggesting that the LPS and MV-induced ALI is primarily dependent on IL-1β, but independent of IL-1α. These observations suggest that autophagy has a protective role in controlling inflammasome activation and production of IL-1β, which plays a critical role in developing hypoxemia and increased lung permeability in LPS plus MV-induced acute lung injury.
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INTRODUCTION

Acute respiratory distress syndrome (ARDS) is the acute onset of non-cardiogenic pulmonary edema caused by increased pulmonary vascular permeability (1). ARDS is a major cause of respiratory failure in critically ill patients with basic inflammatory diseases, such as pneumonia, sepsis, and severe trauma (2). Mechanical ventilation (MV) is the most critical intervention in ARDS treatment, which decreases respiratory load in ARDS patients by maintaining ability of gas exchange (3). Although MV has an obvious advantage in supporting these patients, MV has also been associated with significant complications aggravating lung injury which results in increased mortality (4). This injury has been termed ventilator-induced or -associated lung injury (VILI/VALI). Reducing VILI/VALI is believed to be the key to decrease mortality in ARDS, thus elucidating the mechanisms of VILI/VALI remains a high priority research (4).

Targeting interleukin (IL)-1β is a promising treatment strategy against ARDS since IL-1β is one of the most biologically active proinflammatory cytokine in the lungs of ARDS patients (5). However, the biological mechanisms that activate the IL-1β pathway in acute lung injury (ALI) are still elusive. Alveolar macrophages (AMs) are responsible for IL-1β production in ALI (6–8). Production of IL-1β is strictly regulated and involves a two-step activation pathway (9). The ligation of pattern-recognition receptors (e.g., Toll-like receptors [TLRs]) by conserved microbial structures (e.g., lipopolysaccharide [LPS]) is the first signal which leads to production of inactive precursor of IL-1β (pro-IL-1β) (9). This pro-IL-1β then needs to be cleaved by active caspase-1 to be released in mature, biologically active form of IL-1β (9). The nucleotide binding domain and leucin-rich repeat pyrin domain containing 3 (NLRP3) inflammasome plays a crucial role for the activation of caspase-1 to produce IL-1β (9). Various groups have demonstrated that NLRP3 inflammasome is strongly associated with the development of VILI/VALI models (10–13).

Autophagy is a highly conserved, fundamental intracellular system associated with cellular homeostasis, recycling, and elimination of defective organelles, and intracellular pathogens (14, 15). The role of autophagy in the mechanism of ALI has been controversial with studies that have suggested both protective and detrimental effects of autophagy (14, 16–18). On the other hand, numerous studies have demonstrated in various settings that autophagy plays an inhibitory role in secretion of IL-1β through downregulation of the NLRP3 activation (15). These conflicting data suggest that the role of autophagy in ALI may be context dependent and should be further investigated in relevant experimental models.

During the common clinical scenario of sepsis or pneumonia plus MV, the “two-hit” lung injury model in which two independent insults (typically, bacterial lipopolysaccharide [LPS] and MV) acts synergistically to amplify the lung injury that leads to ALI/VILI (19–26). Indeed, sepsis is the main independent risk factor for ARDS in patients on MV (27). We have recently demonstrated that the LPS-plus-MV induced-mouse model of ARDS triggers extracellular ATP and subsequent NLRP3 activation followed by IL-1β release in the lungs that led to lung inflammation, severe hypoxemia as well as increased lung permeability (12). We also reported that this LPS/MV-induced hypoxemia model was dependent on NLRP3 inflammasome, and was attenuated by the IL-1R antagonist (Anakinra) which blocks both IL-1α and IL-1β (12). Since we have shown the key role of IL-1 in the induction of hypoxemia in this LPS plus MV “two-hit” lung injury model (12), and since several other prior studies have demonstrated that autophagy inhibits NLRP3 inflammasome activation and IL-1β release by LPS/ATP-treated macrophages (28–31), we then hypothesized that autophagy would play a beneficial role in the LPS plus MV ALI model.

In this study we found that mice that lack of autophagy gene Atg16l1 specifically in macrophages, developed significantly more severe ALI; including severe hypoxemia, increased lung permeability, and greater IL-1β production in the alveolar space. On the other hand, inducing autophagy by fasting mice prior to LPS plus MV, protected the mice from ALI and hypoxemia. Finally, we observed that, while IL-1β played a critical role in developing hypoxemia in LPS + MV induced ALI, IL-1α was dispensable.



MATERIALS AND METHODS

Mice

Wild-type (WT) C57BL/6J male mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Atg16l1fl/fl mice were kindly provided by Dr. D. Q. Shih (Cedars-Sinai Medical Center, CA, USA) and bred with LysMCre mice (The Jackson Laboratory) (32). Littermate Atg16l1fl/fl controls male mice were used in all Atg16l1fl/fl LysMCre male mice experiments. Deletion of Atg16l1 in addition to functional autophagy deficiency in macrophages was previously described and validated by the lack of Atg16l1 mRNA and protein, and by the lack of conversion of LC3-I to LC3-II, respectively (32, 33). Il1α−/− mice were kindly provided by Dr. Y. Iwakura (The University of Tokyo, Tokyo, Japan) and its production was well described (34). Additional genotyping of these animals by our hands is shown in Figure S1. All mice used in vivo experiments were male and 8-13 weeks of age (n = 64 for WT mice; n = 12 for Atg16l1fl/fl LysMCre mice; n = 12 for Atg16l1fl/fl controls; n = 8 for Il1α−/− mice). All animals were housed under specific pathogen-free conditions at the Comparative Medicine Facility of Cedars-Sinai Medical Center.



Ethics Statement

All experiments were performed according to Cedars-Sinai Medical Center Institutional Animal Care and Use Committee (IACUC) guidelines.



LPS/MV-Induced ALI Model

In this study, we utilized the LPS plus MV induced “two-hit” acute lung injury models, as we previously described (12) with minor modifications. Briefly, 2 h before starting MV, 0.2 mg/kg of LPS (O111:B4, ultrapure; InvivoGen, San Diego, CA, USA) was administered intratracheally. After anesthetized with intraperitoneal injection of 50 mg/kg of ketamine (Vedco Inc., Saint Joseph, MO, USA) and 0.5 mg/kg of dexmedetomidine (Pfizer, Irvine, CA, USA), mice were orotracheally intubated (35) and ventilated for 2.5 h using VentElite (Harvard Apparatus, Holliston, MA, USA) with a tidal volume of 30 ml/kg and a respiratory rate of 35 per minute, with 3 cmH2O PEEP. Inspiratory to Expiratory ratio was set as 3:7. No additional oxygen was applied. Mice were kept warm on a heating pad (Hallowell EMC, Pittsfield, MA) to maintain body temperature around 37°C.



Anti-IL-1 Treatment

In some experiments of this study, mice were treated with different intervention in addition to the protocol described above to evaluate these effects in two-hit lung injury model. In some studies WT mice were treated with anti-IL-1α monoclonal antibody (InVivoMAb anti-mouse IL-1α mAb; clone ALF-161; 2.5 mg/kg; Bio X Cell, West Lebanon, NH, USA) or control IgG (InVivoMAb Armenian hamster IgG, Bio X Cell) intratracheally with LPS 2 h before starting MV. In other studies WT mice were treated with anti-IL-1β monoclonal antibody (InVivoMAb anti-mouse IL-1β mAb; clone B122; 2.5 mg/kg; Bio X Cell) or control IgG (InVivoMAb Armenian hamster IgG, Bio X Cell) intratracheally with LPS 2 h before starting MV. Antibody dose was chosen based on a previously published study (36, 37).



Fasting and Trehalose Treatment

WT C57BL/6J male mice were fasted for 20 h prior to MV with free-access water (38, 39). Some mice were administered trehalose (1 g/kg, MP Biochemicals, Solon, OH, USA) intraperitoneally at the time point of 48, 24, and 2 h before starting MV. Trehalose dose was chosen based on a previously published studies (40, 41).



Bone Marrow Derived Macrophages

Femurs and tibiae of 8–10 weeks old Atg16l1fl/fl and Atg16l1fl/fl LysMCre male mice were flushed with RPMI 1640 medium. Bone marrow cells were cultured in RPMI 1640 medium containing 10% FBS and 15% L929 cell conditioned medium with 2 media changes. BMDM were harvested on day 7 and were stimulated with LPS (1 μg/ml) for 4 h, then exposed to ATP (5 mM; Sigma-Aldrich) or Nigericin (10 μM; Enzo Life Sciences) for 45 min. The concentration of IL-1β, TNF-α, and IL-6 in the culture supernatant were determined by ELISA (eBiosciences, San Diego CA, USA and BD, Becton Dickinson, Franklin Lakes, NJ, USA).



Arterial Blood Gas Analysis

Arterial partial pressure of oxygen was measured using the i-STAT Analyzer (Abbot Laboratories, Lake Bluff, IL, USA) at two time points during MV (30 and 150 min after MV installation). Blood was collected from anesthetized mice via the tail artery by nicking the tail with a blade. Approximately, 100 μL of whole arterial blood was collected using a heparinized capillary tube. Over-bleeding is prevented by applying a bandage.



Bronchoalveolar Lavage (BAL)

BAL fluid (BALF) was obtained after 2.5 h MV with 0.5 mL of PBS with 2 mM EDTA by inserting a standard disposable intravenous catheter (BD Insyte Autoguard, 20GA 1.00 in., Becton Dickinson Infusion Therapy Systems Inc.) into the trachea. Cells were isolated from supernatant and analyzed for cell counts (Cellometer Auto2000, Nexcelcom Bioscience, Lawrence, MA) and differentiation by flow cytometry (SA3800 Spectral Analyzer, Sony, Tokyo, Japan). The levels of albumin and cytokines in BALF were measured using commercially available ELISA kits (albumin: Bethyl Laboratories, Montgomery, TX, USA; IL-1α: ELISA MAX, BioLegend, San Diego, CA, USA; IL-1β and TNF-α: eBioscience; IL-6: BD OptEIA, Becton Dickinson; IL-18: Sino Biological, Beijing, China) as previously described (12).



Western Blotting

The lungs were harvested from mice and homogenized in ice-cold lysis buffer consisting of 10 mM KCl, 10 mM HEPES, 1 mM EDTA, and 1% Triton-X100. Lung homogenates were then centrifuged (10,000 g for 10 min at 4°C) to remove unbroken cells and debris. Protein quantification was performed on supernatants using bicinchoninic copper assay (Invitrogen, Carlsbad, CA). Equal masses of protein were loaded in 10–20% SDS page gels (Invitrogen) and transferred to PVDF membrane (ThermoFisher Scientific, Waltham, MA). Anti-LC3A/B (Cell Signaling Technology, Danvers, MA) and anti-β-Actin (Sigma) antibodies were diluted at a concentration of 1:1,000 and 1:10,000, respectively, in blocking buffer consisting of 5% nonfat dry milk (Bio Rad, Hercules, CA) dissolved in TBS-T. HRP-conjugated goat anti-mouse (Jackson ImmunoResearch, West Grove, PA) and anti-rabbit (Jackson ImmunoResearch) secondary antibodies were diluted at a concentration of 1:10,000 in blocking buffer. Chemiluminescent substrate (ThermoFisher Scientific) was applied to membranes, and bands were imaged via Bio-Rad Chemidoc (Bio-Rad). Densitometry of bands was performed using ImageJ 1.52q software (National Institute of Health, USA).



Statistical Analysis

All data were analyzed with Prism 7 (GraphPad Software Inc., La Jolla, CA, USA). Comparisons were performed with the Mann-Whitney U-test, one-way ANOVA with Holm-Sidak's multiple comparison test, or two-way ANOVA with Sidak's multiple comparison test where appropriate. A p < 0.05 was considered statistically significant.




RESULTS

IL-1β Is Required for LPS/MV-Induced ALI

We have previously reported that LPS/MV-induced hypoxemia is dependent on NLRP3 inflammasome, and is attenuated by anakinra, the antagonist of IL-1 receptor which binds both IL-1α and IL-1β (12). Accordingly, we first sought to gain insight on the role of IL-1α in this LPS/MV-induced experimental ALI model. Intriguingly, although neutrophil infiltration into alveolar space was significantly attenuated in Il1α−/− mice, albumin leakage in BALF was significantly higher and arterial oxygenation was worse in Il1α−/− mice (Figures 1A–E). However, intratracheal anti-IL-1α mAb treatment had no effect on ALI-associated hypoxemia, while it showed a trend toward a reduction in albumin leakage (Figures 1F–J). The reason for these differences observed between the Il1α−/− mice and the use of anti-IL-1α mAb treatment is unknown, although IL-1α has been proposed to have intracellular effects separate from its secretion and signaling as a cytokine (42–45). Unlike anti-IL-1α mAb, intratracheal anti-IL-1β mAb treatment significantly improved arterial oxygenation as well as albumin level in BALF (Figures 1K–O). Importantly, IL-1β level in BALF from Il1α−/− mice or anti-IL-1α mAb-treated mice did not change compared with control mice (Figures 1E,J). Moreover, IL-1α level in BALF from anti-IL-1β-mAb treated mice was significantly lower than that from control mice (Figure 1O). These findings demonstrate that in this experimental “two-hit” ALI model, developing hypoxemia predominanatly depends on IL-1β rather than IL-1α.
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FIGURE 1. IL-1β plays a greater role in mediating lung permeability increase and hypoxemia than IL-1α. (A–E) The effect of conventional IL-1α deficiency in two-hit lung injury model. (F–J) The effect of intratracheal (i.t.) anti-IL-1α monoclonal antibody (αIL-1α) treatment in two-hit lung injury. (K–O) The effect of i.t. anti-IL-1β monoclonal antibody (αIL-1β) treatment in two-hit lung injury. (A,F,K) Study protocol. Mice were anesthetized and placed on high volume mechanical ventilation (HVV) with tidal volumes of 30 ml/kg with 3 cmH2O positive end-expiratory pressure (PEEP) for 2.5 h. Antibodies (2.5 μg/g) were administered i.t. at the same time with i.t. LPS. (B,G,L) Arterial partial pressure of oxygen (PaO2). PaO2 was measured at 30 and 150 min after starting MV. (B,L) **indicates significant difference (adjusted P < 0.01), determined by two-way ANOVA followed by Sidak's multiple comparisons test. (G) No significance was detected in PaO2 control lgG and αlL-1α mice by two-way ANOVA followed by Sidak's multiple comparisons test. (C,H,M) Lung permeability determined by albumin in BALF. (D,l,N) Absolute counts of neutrophils and macrophages in BALF. (E,J) IL-1β or (O) IL-1α levels determined in BALF. (C,D,M) *,***indicates P < 0.05, and P < 0.001, respectively, determined by Mann-Whitney U-test. N.S., not significant.




Myeloid Cell-Specific Autophagy Deficient Mice Develop Severe Hypoxemia in LPS/MV-Induced ALI With Increased IL-1β

Autophagy removes damaged mitochondria generated by reactive oxygen species (ROS) and suppresses inflammasome-mediated IL-1β/IL-18 production (46). Thus, we hypothesized that inhibition of autophagy would enhance the production of IL-1β by AMs and therefore aggravate the lung injury in LPS/MV-induced ALI mice model. To test the role of myeloid specific autophagy deficiency, we induced ALI with the LPS + MV model (Figure 2A) in the Atg16l1fl/fl LysMCre mice, whose loxP-flanked Atg16l1 gene exon 3 were deleted in LysMcre expressing cells including macrophages (32, 33). Atg16l1fl/fl LysMCre mice developed more severe hypoxemia compared with Atg16l1fl/fl littermate control mice (Figure 2B), as well as a significant increase in BALF albumin (Figure 2C), indicating increased lung vascular leakage. However, while we observed increased lung permeability and increased hypoxemia in the Atg16l1fl/fl LysMCre mice, we did not observe any significant changes in airway neutrophil or macrophage numbers (Figure 2D), nor any difference in gross pathology of inflammation in the lungs compared with littermate controls (Figure S2). We did observe significantly increased amounts of IL-1β and IL-6 in BALF in Atg16l1fl/fl LysMCre mice compared with Atg16l1fl/fl control mice, which supports the key role of IL-1β in this model (Figure 2E). Since IL-6 and TNF-α production was not enhanced (Figures S3B,C) while IL-1β production was increased (Figure S3A) in Atg16l1fl/flLysMcre macrophages in vitro, the increase of IL-6 in BALF most likely represents down-stream responses to the increased IL-1β in Atg16l1fl/flLysMcre mice. Moreover, although we observed a tendency for increased IL-1α and IL-18 in Atg16l1fl/fl LysMCre mice, we did not find any statistical significant differences for IL-1α, TNF-α, and IL-18 levels in BALF (Figure 2E). These results suggest that autophagy plays an important regulatory role in myeloid cells in proinflammatory cytokines secretion, primarily IL-1β, lung vascular leakage, and subsequent hypoxemia during LPS/MV-induced lung injury.
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FIGURE 2. Myeloid cell-specific autophagy deficient mice developed worse lung permeability and oxygenation. (A) Study protocol. Two hours before starting mechanical ventilation (MV), 0.2 mg/kg of intratracheal (i.t.) LPS was administered to Atg16l1fl/fl mice and to Atg16l1fl/fl LysMcre mice. Mice were then anesthetized and placed on high volume mechanical ventilation (HVV) with tidal volumes of 30 ml/kg with 3 cmH2O positive end-expiratory pressure (PEEP) for 2.5 h. (B) The effect of conditional knockout of Atg16l1 on arterial partial pressure of oxygen (PaO2). PaO2 was measured at 30 and 150 min after starting MV. *indicates significant difference (adjusted P < 0.05), determined by two-way ANOVA followed by Sidak's multiple comparisons test. (C) Lung permeability determined by albumin in BALF. (D) Absolute counts of neutrophils and macrophages in BALF. (E) Cytokine levels determined in BALF. (C–E) *,***indicates P < 0.05, and P < 0.001, respectively, determined by Mann-Whitney U-test. N.S., not significant.




Fasting Attenuates Hypoxemia in LPS/MV-Induced ALI With Decreased IL-1β Level

As our LPS plus MV induced “two-hit” ALI model was IL-1β dependent, and autophagy deficiency in macrophages led to worsened hypoxemia and increased IL-1β production, we hypothesized that induction of autophagy would be beneficial in this experimental mouse model. We first employed fasting, a well-accepted model to induce autophagy. Fasting and starvation induce a rapid and strong induction of autophagy in mice (38) and 24 h fasting induces autophagy in the lung and ameliorates lung inflammation (39). We also confirmed that our fasting protocol induced autophagy in the lung (Figure S4). We therefore fasted WT mice for 20 h before starting MV and found a dramatic attenuation in the development of hypoxemia (Figures 3A,B), as well as a significant decrease in albumin, IL-1β, IL-6, and TNFα in BALF (Figures 3C,E) following the LPS plus MV injury model. Moreover, while neutrophil infiltration into alveolar space was not affected by fasting, AM numbers were significantly increased (Figure 3D). Thus, fasting-induced autophagy inhibited IL-1β release and suppressed LPS/MV-induced lung permeability as well as lung BALF cytokine levels, resulting in improved arterial oxygenation.


[image: Figure 3]
FIGURE 3. Fasting rescues two-hit acute lung injury. (A) Study protocol. Before starting mechanical ventilation (MV), one group of wild type (WT) mice were fasted with free-access of water, while the other was fed ad libitum. Two hours before starting MV, 0.2 mg/kg i.t. LPS was administered. Then, mice were anesthetized and placed on high volume mechanical ventilation (HVV) with tidal volumes of 30 ml/kg with 3 cmH2O positive end-expiratory pressure (PEEP) for 2.5 h. (B) The effect of starvation on arterial partial pressure of oxygen (PaO2). PaO2 was measured at 30 and 150 min after starting MV. ****indicates significant difference (adjusted P < 0.0001), determined by two-way ANOVA followed by Sidak's multiple comparisons test. (C) Lung permeability determined by albumin in BALF. (D) Absolute counts of neutrophils and macrophages in BALF. (E) Cytokine levels determined in BALF. (C–E) *,**,***indicates P < 0.05, P < 0.01, and P < 0.001, respectively, determined by Mann-Whitney U-test. N.S., not significant.




Trehalose, an mTOR-Independent Autophagy Enhancer, Does Not Attenuate Hypoxemia in LPS/MV-Induced ALI

We next hypothesized that use of another known autophagy inducer would also decrease the production of IL-1β by AMs and therefore provide a potential protection against hypoxemia in this experimental ALI model. Trehalose, a naturally occurring disaccharide, has been proposed as an mTOR-independent autophagy enhancer (47) and was reported to have therapeutic effects against atherosclerosis, myocardial infarction, spinal cord injury, traumatic brain injury, and Alzheimer's disease (40, 48–51). Therefore, we investigated the therapeutic effect of this mTOR-independent autophagy activator in our two-hit ALI mouse model. However, we observed that trehalose treatment had no protective effect on arterial oxygenation and instead had increased BALF albumin (increased permeability), increased IL-1β, and IL-6 (Figures 4A–C,E) although we confirmed that our trehalose treatment induced autophagy in the lung (Figure S4). Additionally, while there was no difference in neutrophil infiltration, trehalose treatment did lead to increased AMs in BALF (Figure 4D). These data indicated that contrary to fasting induced mTOR-dependent autophagy, the mTOR-independent autophagy activation by trehalose was either not effective in inhibiting inflammasome activation and IL-1β release, or instead had a detrimental off-target effect.
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FIGURE 4. Trehalose treatment does not rescue two-hit acute lung injury. (A) Study protocol. Forty eight, twenty four, and two hours before starting mechanical ventilation (MV), 1 g/kg of intraperitoneal trehalose or PBS was administered. Two hours before starting MV, 0.2 mg/kg i.t. LPS was administered. Then, mice were anesthetized and placed on high volume mechanical ventilation (HVV) with tidal volumes of 30 ml/kg with 3 cmH2O positive end-expiratory pressure (PEEP) for 2.5 h. (B) The effect of trehalose on arterial partial pressure of oxygen (PaO2). PaO2 was measured at 30 and 150 min after starting MV. No significance was detected in PaO2 between vehicle and trehalose groups by two-way ANOVA followed by Sidak's multiple comparisons test. (C) Lung permeability determined by albumin in BALF. (D) Absolute counts of neutrophils and macrophages in BALF. (E) Cytokine levels determined in BALF. (C–E) *,**indicates P < 0.05 and P < 0.01, respectively, determined by Mann-Whitney U-test. N.S., not significant.





DISCUSSION

It is recognized that NLRP3 inflammasome activation in AM mediates lung inflammatory responses during MV (13). The role of autophagy in ALI, including VILI, has been controversial with some studies suggesting a protective and others a detrimental role of autophagy (17, 18). In this study we found that autophagy in myeloid cells plays a protective role in the experimental LPS/MV-induced “two-hit” ALI model. Mice lacking the myeloid cell-specific Atg16l1, an essential autophagy gene, developed significantly increased lung permeability and more severe hypoxemia in this LPS/MV-induced ALI model, and this aggravation was related to increased IL-1β production in alveolar space. Supporting the protective role of autophagy in this LPS plus MV model, we also observed that induction of autophagy by fasting attenuated lung permeability and hypoxemia. Importantly, the severity of lung injury and hypoxemia were associated with the level of IL-1β release into alveolar space, which is dependent on inflammasome activation in AMs.

ATG16L1 is a critical component of a complex that lipidates LC3, the ubiquitin-like molecule, to enhance autophagosome formation. Genetic loss of this protein in macrophages was shown to enhance inflammasome activation and production of IL-1β in vitro by LPS plus ATP or nigericin (28–31). Indeed, using myeloid specific Atg16l1 autophagy KO mice, we found that IL-1β production in alveolar space was increased during the LPS plus MV induced “two-hit” ALI model. Additionally, we found that fasting, a powerful inducer of autophagy, led to decreased intraalveolar IL-1β production and better oxygenation of the mice during LPS/MV-induced ALI. While fasting led to an increase in AM numbers, it inhibited IL-1β production and led to a reduction in lung permeability in two-hit ALI model. Fasting activates autophagy by hindering mammalian target of rapamycin (mTOR) (52). Shi et al. clearly demonstrated that augmenting autophagy in THP-1 cells by amino acid starvation in vitro attenuates inflammasome activity, resulting in less IL-1β production after treatment with LPS plus poly(dA-dT) or nigericin (53). Although we employed fasting as a reliable and established method to enhance systemic autophagy by starvation, we did not evaluate the other systemic metabolic effects of starvation. Indeed, we observed that 20 h fasting also inhibited the TNF-α as well as IL-1β levels in BALF in this two-hit ALI model, while Atg16l1fl/fl LysMCre did not alter BALF TNF-α concentrations. This raises the possibility that decreased IL-1β level in BALF in the fasting group might be also affected by regulation of transcription as well as regulation of NLRP3 inflammasome activation. Indeed, starvation can lead to reduced TNF-α and IL-1β transcription (29, 30). On the other hand, Atg5 KO macrophages increased M1 polarization and produced more TNF-α, IL-6 at both mRNA and protein levels under the M1 polarization conditions (12 h LPS + IFN-γ) (54). However, we observed no changes in the TNF-α levels in the BALF from Atg16l1fl/fl LysMCre mice during LPS+MV, indicating that the nitric oxide pathway, a master regulator of M1 polarization, may not be induced or may not be regulated by autophagy in this short time window used in our experimental model. Thus, LPS-stimulated inflammasome-independent pro-inflammatory cytokines may not be altered by autophagy in macrophages, or reduced correlatedly in autophagy deficient macrophages by cell death (33).

Cellular stress, its dampening by autophagy, and apoptosis are highly interregulated as part of normal cellular homeostasis. Thus, autophagy and inflammasome activation occur nearly simultaneously (28, 55). Therefore, the interrelationship of these various pathways can lead to inconclusive or confounding interpretations depending on the experimental models used (56). Dupont et al. previously demonstrated that starvation induces more NLRP3 inflammasome activation and IL-1β secretion in BMDM (57), however, they treated LPS-primed BMDM with starvation buffer (EBSS) for only 1 h with NLRP3 inflammasome activators, which is an extremely short duration to induce starvation. Zhang et al. reported that high tidal MV activated autophagy in AMs, but this resulting in aggravated inflammatory responses (17). They found that inhibition of autophagy by systemic 3-MA treatment, and Atg5 silenced BMDM adaptive transfer to clodronate-treated mice, significantly attenuated activation of the NLRP3 inflammasome during only MV-induced ALI (17). In our study we have demonstrated the opposite role of autophagy in IL-1β production and protection of inflammation, injury and hypoxemia in LPS plus MV-induced ALI. Our study used LPS plus MV as a “two-hit” model, while the study by Zhang et al. was only for MV (17). Indeed, whether autophagy is protective or detrimental in lung inflammation and injury likely depends on the specific model used and thus specific stimuli, on the extent of its activation, and the specific cell type (17, 18, 58). Nevertheless, most studies agree that autophagy negatively regulates NLRP3 inflammasome activation (15, 59). Multiple previous studies demonstrated that high volume MV or mechanical stretch enhances the effect of TLR4 agonist (e.g., LPS) on lung cells such as AMs (19, 60–63). It is also established that autophagy attenuates TLR4-dependent IL-1β production (15). TIR-domain-containing inducing interferon-β (TRIF)-mediated ROS production is greatly aggravated in autophagy-deficient macrophages, which then leads to higher NLRP3 inflammasome activation and IL-1β release. LPS-induced ALI is exacerbated by inhibiting autophagy (64), and treatment with rapamycin, a major autophagy inducer, attenuates LPS-induced IL-1β secretion from macrophages (29). Thus, our findings agree with these previous studies and indicate that MV promotes the sepsis-activated NLRP3 inflammasome, which is negatively regulated by autophagy.

Interestingly, we observed dissociative results beween IL-1β and IL-18, both of which are inflammasome-dependent cytokines, in our “two-hit” model using Atg16l1fl/fl LysMCre mice (i.e., significantly increased IL-1β but no IL-18 difference in Atg16l1fl/fl LysMCre mice). A possible explanation for the dissociation between these cytokines can be the unique IL-18 production in lung epithelial cells. A previous study (65) demonstrated that epithelial cells constitutively express pro-IL-18 without additional stimuli, and that mature IL-18 is released through a caspase-1-dependent pathway without priming. We have demonstrated that (1) Casp1−/− mice in our ALI model were rescued from developing hypoxemia along with significantly low amounts of IL-18 as well as IL-1β in BAL (Figures S5A,B); (2) a high volume ventilation (HVV) “single-hit” model can also produce equal amounts of IL-18 as the LPS plus HVV “two-hit” model (Figures S5C,D), while the production of IL-1β requires the two-hit (12). These data indicate that IL-18 in our VILI model is likely derived from epithelial cells through caspase-1-dependent manner. Therefore, as autophagy function in epithelial cells is intact in Atg16l1fl/fl LysMCre mice, overall IL-18 secretion was not altered in myeloid cell-Atg16l1 KO mice.

We observed that trehalose treatment aggravated ALI with increased intra-alveolar IL-1β, which was contrary to our expectation. Trehalose has received attention as an mTOR-independent autophagy activator (47). Mice treated with trehalose (2% in the drinking water for 6 weeks or aerosolized trehalose administration for 24 h) prior to chlorine exposure demonstrated increased bioenergetic function and attenuated lung inflammation (66). Likewise, trehalose blunted LPS-induced ALI (41). In contrast, however, there is still controversy surrounding the role of trehalose as an autophagy inducer (67). Some in vitro studies demonstrated that trehalose treatment inhibits autophagic flux from autophagosome to autolysosome (68). Lee et al. proposed an indirect mechanism of trehalose on its neuroprotective effects through regulating gut microbiota (68). Therefore, whether trehalose is protective or harmful in lung injury models may depend on the dose and route of administration, or the extent of injurious burden of the model.

We have previously reported that in the LPS plus MV-induced “two-hit” model developed hypoxemia in a NLRP3 inflammasome dependent manner, and was attenuated by the IL-1R antagonist, anakinra, which inhibits both IL-1α and IL-1β (12). Therefore, in the current study we determined the relative role of IL-1α vs. IL-1β in this ALI model. We found that IL-1β but not IL-1α is critical in the development of the LPS plus MV-induced “two-hit” model of ALI. Our data showed that IL-1α release into alveolar space was significantly inhibited by intratracheal anti-IL-1β mAb treatment whereas IL-1β release into alveolar space was not suppressed in Il1α−/− mice, or by anti-IL-1α mAb treatment. These results indicate the predominant role of IL-1β in the development of LPS/MV-induced hypoxemia.

While this study shows the importance of autophagy in myeloid cells in our two-hit model of ALI, there are a few limitations as a result of our approach. First, we have only focused on the functional parameters of the lung (PaO2) and the inflammation (e.g., cytokines, cell counts) as readouts for our study. Systemic metabolic effects by these interventions should be evaluated in the future studies. Second, while we demonstrated the crucial involvement of IL-1β in the development of VILI/ALI by treating mice with anti-IL-1β mAb at the same point as LPS administration, we did not test the effect of late administration of anti-IL-1β mAb (i.e., anti-IL-1β antibody administration after LPS treatment) from a translational point of view. However, since the onset of VILI is predictable, and early mediators such as IL-1β and TNF-α can be modulated preventively (69, 70), prophylactic treatment against VILI may be the clue for a successful approach. In this context, a cytokine-targeting strategy, including anti-IL-1β, may be promising in the management of VILI, although a number of clinical trials in (predominantly sepsis) patients targeting a specific cytokine failed to show the effectiveness (69).

In summary, our data demonstrated that autophagy in myeloid cells plays a protective role in the development of LPS/MV-induced ALI through modifying IL-1β production. Although trehalose, a proposed mTOR-independent autophagy inducer, did not improve LPS/MV-induced ALI, fasting induced mTOR-dependent autophagy led to significantly improved arterial oxygenation and lung permeability, through significantly suppressed IL-1β production. Our observations confirmed that induction of mTOR-dependent autophagy and inhibition of IL-1β production, or the subsequent IL-1R signaling may be a promising treatment targets for LPS plus MV-induced ARDS and ALI. Further studies are required to better understand the mechanisms involved between mTOR-dependent and mTOR-independent autophagy inducers to thoroughly comprehend how they modulate lung injury in various experimental models.
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