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Editorial on the Research Topic 


NLRP3 activation and regulation in innate immune responses


The NLRP3 inflammasome is a multiprotein complex involved in the regulation of the immune system and inflammation (1). It comprises three main proteins: NLRP3 (Nod-like receptor protein 3), ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), and caspase-1. When activated, NLRP3 recruits the adaptor protein ASC and caspase-1 to form the inflammasome. Caspase-1 cleaves pro-inflammatory cytokines, such as interleukin-1β (IL-1β) and interleukin-18 (IL-18), into their active forms, which help recruit and activate immune cells to remove the stressor. Gasdermin D (GSDMD) is another inflammasome effector protein cleaved by caspase-1 downstream of inflammasome activation Magnani et al. The cleavage of GSDMD releases its N-terminal domain, which can form pores in the cell membrane, leading to a type of programmed cell death called pyroptosis.

Excessive or chronic activation of the N LRP3 inflammasome can contribute to various inflammatory diseases, including autoinflammatory diseases, such as cryopyrin-associated periodic syndrome (CAPS), autoimmune diseases, cancer, cardiovascular diseases, and neurological disorders (Alehashemi and Goldbach-Mansky) (2, 3). Understanding how NLRP3 inflammasome works and how its activation is regulated is important for developing new ways to prevent or treat inflammatory diseases.

This Research Topic brings together original articles related to the identification of new danger signals and pathways that activate the NLRP3 inflammasome. Moreover, some contributions highlight new mechanisms of inflammasome activation in human primary cells, like macrophages and neutrophils. Furthermore, some studies implicate chronic NLRP3 inflammasome activation in the pathogenesis of diseases, like chronic and acute pulmonary inflammation, spinal cord injury and liver fibrosis.

The NLRP3 inflammasome is known to sense a wide range of stimuli, including pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs). PAMPs are molecular patterns associated with pathogens, such as bacteria, viruses, and fungi; on the other hand, DAMPs are molecules released from damaged or dying cells and tissues. These can include ATP, uric acid, or cholesterol crystals. Original articles in this Research Topic identify new endogenous activators and repressors of the NLRP3 inflammasome. The finding that the internalization of membrane attack complex (MAC), a component of the complement system, drives NLRP3 inflammasome activation and IL-1β secretion is highlighted by Diaz-del-Olmo et al. Upon endocytosis, the colocalization of MAC with NLRP3-ASC proteins leads to the assembly of the NLRP3 inflammasome. Wisitpongpun et al. describe that oleamide, a natural oleic acid derivative, can induce NLRP3 inflammasome-mediated release of IL-1β, potentiating the polarization of primary human macrophages toward a pro-inflammatory M1 phenotype. Kienes et al. report a new mechanism of how NLRP11, a member of the Nod-like receptor family, inhibits the activation of the NLRP3 inflammasome. They identified the ATP-dependent RNA helicase DDX3X as a protein binding to NLRP11. Therefore, by sequestering DDX3X, NLRP11 negatively regulates NLRP3-mediated caspase-1 activation, thereby, limiting inflammasome activation.

The tight regulation of the NLRP3 inflammasome pathway is crucial for maintaining proper immune function and preventing excessive inflammation. The mechanisms of NLRP3 inflammasome activation may depend on the specific context and cell type. While priming is a well-established step for NLRP3 inflammasome activation in many cell types, including murine macrophages, Gritsenko et al. report that priming might be dispensable for NLRP3 inflammasome activation in human monocytes in vitro. When human monocytes are treated with nigericin, it induces K+ and Cl- efflux, which triggers the assembly of the NLRP3 inflammasome complex, leading to IL-1β and IL-18 release. Inflammasome activation is also peculiar in neutrophils in several ways. Inflammasome activation in neutrophils is often associated with NETosis, a specialized form of programmed cell death in which neutrophils release net-like structures called neutrophil extracellular traps (NETs). Münzer et al. show that, under sterile conditions, neutrophils can assemble and activate the NLRP3 inflammasome with the support of the enzyme PAD4 (peptidyl arginine deiminase 4), which is involved in chromatin decondensation and NET formation. In addition, Keitelman et al. reveal that serine proteases support caspase-1 in the processing and secretion of IL-1β in human neutrophils via the autophagic pathway. Son et al. present another key feature of inflammasome activation in neutrophils. When exposed to a milieu enriched in DAMPs, neutrophils are resistant to pyroptosis and mitochondrial depolarization in response to a NLRP3 inflammasome activator. In contrast, macrophages are desensitized via a mechanism leading to mitochondrial depolarization and pyroptosis. Based on these results, they propose that neutrophils are the primary source of IL-1β released in DAMP-rich inflammatory districts.

On this Research Topic, some articles emphasize the contribution of excessive and chronic inflammasome activation in the pathogenesis of various inflammatory diseases. Huot-Marchand et al.demonstrate that the NLRP3 inflammasome and GSDMD are key players in pulmonary inflammation and remodeling upon acute or sub-chronic mouse exposure to cigarette smoke. Li et al. report that a 4-benzene-indol derivative ameliorates LPS-induced sepsis-related acute lung injury by disrupting NLRP3-NEK7 interaction and the subsequent inflammasome assembly and activation. Wang et al. focus on the role of the inflammasome-induced IL-1 release in the development and progression of spinal cord injury. Inhibition of caspase-4 (involved in NLRP3 inflammasome activation) and IL-1-mediated pathway attenuate inflammation and promote repair of the injured spinal cord by inhibiting NF-kB signaling, NLRP3 inflammasome, and GSDMD-mediated pyroptosis. The potential role of inflammasomes and pyroptosis in relation to liver fibrosis is reviewed in Gan et al. They particularly focus on the effect of inflammasome activation in various liver cells (i.e., hepatocytes, cholangiocytes, hepatic stellate cells, hepatic macrophages, and liver sinusoidal endothelial cells) and how the pharmacological treatment of inflammasomes can be exploited as a potential strategy for attenuating liver fibrosis.

To summarize, this Research Topic, with a variety of articles, has provided important new insights into the activation mechanisms of the NLRP3 inflammasome and its link with a number of diseases and conditions.
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Interleukin (IL)-18 and IL-1β are potent pro-inflammatory cytokines that contribute to inflammatory conditions such as rheumatoid arthritis and Alzheimer’s disease. They are produced as inactive precursors that are activated by large macromolecular complexes called inflammasomes upon sensing damage or pathogenic signals. NLRP3 inflammasome activation is regarded to require a priming step that causes NLRP3 and IL-1β gene upregulation, and also NLRP3 post-translational licencing. A subsequent activation step leads to the assembly of the complex and the cleavage of pro-IL-18 and pro-IL-1β by caspase-1 into their mature forms, allowing their release. Here we show that human monocytes, but not monocyte derived macrophages, are able to form canonical NLRP3 inflammasomes in the absence of priming. NLRP3 activator nigericin caused the processing and release of constitutively expressed IL-18 in an unprimed setting. This was mediated by the canonical NLRP3 inflammasome that was dependent on K+ and Cl− efflux and led to ASC oligomerization, caspase-1 and Gasdermin-D (GSDMD) cleavage. IL-18 release was impaired by the NLRP3 inhibitor MCC950 and by the absence of NLRP3, but also by deficiency of GSDMD, suggesting that pyroptosis is the mechanism of release. This work highlights the readiness of the NLRP3 inflammasome to assemble in the absence of priming in human monocytes and hence contribute to the very early stages of the inflammatory response when IL-1β has not yet been produced. It is important to consider the unprimed setting when researching the mechanisms of NLRP3 activation, as to not overshadow the pathways that occur in the absence of priming stimuli, which might only enhance this response.
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Introduction

Inflammasomes are molecular complexes formed by immune cells such as macrophages and monocytes in response to tissue injury or infection (1). Inflammasomes are required to process proinflammatory cytokine precursors of the Interleukin (IL-1) family, such as pro-IL-1β and pro-IL-18, into their mature and secreted active forms (mIL-1β and mIL-18), thus initiating inflammation (2). NOD-like receptor pyrin domain-containing protein 3 (NLRP3) is the best studied inflammasome sensor, the activation of which can occur in sterile inflammation. Its dysregulation is suggested to play a role in the progression of non-communicable diseases such as rheumatoid arthritis, Alzheimer’s disease, and cancer (3).

Classical or canonical NLRP3 inflammasome activation is considered to be a two-step process. The first or priming step is achieved through the activation of the nuclear factor kappa B (NF-κB) pathway, leading to the upregulation of NLRP3 and pro-IL-1β proteins (4) and to changes in NLRP3 post-translational modifications (PTMs) such as ubiquitination (5) and phosphorylation (6) that licence NLRP3 and promote inflammasome assembly. This step can be initiated by pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) binding toll like receptors (TLRs), or IL-1β and TNF-α binding to their respective receptors (7). The second or activating step leads to changes in NLRP3 conformation (8) and PTMs (9, 10) that allow NLRP3 oligomerization and consequently inflammasome activation. This step can be induced by a broad range of factors including PAMPs and DAMPs, e.g. nigericin toxin, extracellular ATP, as well as lysosomal destabilization agents such as silica and cholesterol crystals (1). Upon activation, oligomerized NLRP3 polymerizes the adaptor protein ASC, recruiting pro-caspase-1, which undergoes proximity-dependent auto-activation and as a result cleaves pro-IL-18 and pro-IL-1β into their mature forms. Simultaneously, mature caspase-1 induces the cleavage of gasdermin-D (GSDMD) (11) into N-terminal fragments that form lytic pores, facilitating the release of mature IL-1β and IL-18 as well as promoting pyroptotic cell death (12). GSDMD dependent lytic cell death also leads to the release of damage associated molecules such as high-mobility group box 1 (HMGB1), ATP, DNA and even inflammasome components themselves, e.g. ASC, which are able to propagate inflammation (13).

Although the current dogma is that the formation of an active NLRP3 inflammasome is a two-step process (14), this is not always the case. Human monocytes, in response to just the priming signal LPS, can induce the release of IL-1β in a NLRP3 dependent manner in a process that has been described as the alternative NLRP3 inflammasome (15). While pro-IL-1β is not expressed basally, pro-IL-18 is constitutively expressed in different cell types including macrophages, monocytes, dendritic cells, astrocytes and microglia (16). There are several reports that have described caspase-1 activation and IL-18 release in the absence of a priming step and just in response to the second or activating signal, especially in human cells (17–21). Despite this evidence, whether this process is dependent on the NLRP3 inflammasome has not been explored. Here, we report that primary human monocytes are equipped with a ready to assemble NLRP3 inflammasome that leads to the processing and release of constitutively expressed caspase-1 substrates such as IL-18 and GSDMD in response to just an activating signal in a sterile setting. This pathway is dependent on NLRP3, ion efflux and PTMs, which are hallmarks of the classical primed inflammasome activation. These results highlight the fact that priming might not be as necessary as initially thought for the assembly of an active inflammasome although it is required to potentiate the inflammasome response and generate IL-1β dependent inflammatory pathways.



Experimental Procedures 

LPS (Escherichia coli 026:B6); nigericin sodium salt (N7143); protease inhibitor cocktail (P8340); penicillin-streptomycin (Pen/Strep, P4333); MCC950 (PZ0280); Punicalagin (P0023), 5Z-7-Oxozeaenol (O9890), Ca-074-Me (C5857), SB220025 (S9070), and Z-VAD-FMK (V116-2MG) were obtained from Sigma. JSH-23 (CAY15036) was sourced from Cambridge Bioscience. Fetal bovine serum (FBS) was purchased from Gibco. 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB, 0593) was sourced from Calbiochem.

Primary antibodies for Western blot assays and their final concentrations were as follows: anti‐human IL-18 (0.5 μg/ml, rabbit polyclonal, LifeSpan BioSciences, LS‐C313397), anti-human IL‐1β (0.1 μg/ml, goat polyclonal, R&D Systems, AF‐201‐NA), anti‐human caspase‐1 p20 (1:1000, mouse monoclonal, Cell Signalling Technology, 3866), anti‐NLRP3 (1 μg/ml, mouse monoclonal, Adipogen, AG‐20B‐0014), anti-NLRP3 (1:1000, Sigma, HPA012878), anti‐β‐actin‐HRP (0.2 μg/ml, mouse monoclonal, Sigma, A3854), anti-human UBE2L3 (0.2 μg/ml, mouse monoclonal, Santa Cruz, sc-390032), anti-human GSDMD (0.07 μg/ml, Novus Biologicals, NBP2-33422), anti-human IκBα (1:1000, Cell Signalling Technology, 4812). HRP conjugated secondary antibodies used for Western blotting were anti‐rabbit‐HRP (0.25 μg/ml, goat polyclonal, Dako, P0448), anti‐mouse‐HRP (1.3 μg/ml, rabbit polyclonal, Dako, P0260), and anti‐goat‐HRP (0.13 μg/ml, rabbit polyclonal, Sigma, A5420). We used the Adipogen (AG‐20B‐001) anti-NLRP3 antibody to detect NLRP3 in THP-1 cells and the anti-NLRP3 from Sigma (HPA012878) to detect NLRP3 from human blood monocytes by western blot.


Cell Culture and Treatments

THP‐1 cells were cultured in complete media (RPMI-1640 supplemented with 2 mM L-glutamine, 10% FBS and Pen/Strep (100 U/ml)) and plated at a density of 1 × 106 cells/ml. Leukocyte cones were obtained from the National Blood Transfusion Service (Manchester, UK) with full ethical approval from the Research Governance, Ethics, and Integrity Committee at the University of Manchester (ref. 2018-2696-5711). Fresh blood was isolated from healthy volunteers following approval from Ethics Committee 05/Q0401/108 and 2017-2551-3945 (University of Manchester). In both cases, PBMCs were isolated from blood by density centrifugation using a 30% Ficoll gradient. The PBMC layer was separated and washed with MACS buffer (PBS, 0.5% BSA, 2 mM EDTA) to remove platelets. Monocytes were positively selected from PBMCs from leukocyte cones with magnetic CD14+ MicroBeads (Miltenyi, 130‐050‐201) for 15 min at 4°C and eluted using a LS column (Miltenyi, 130‐042‐401). To differentiate monocyte‐derived macrophages (MDMs), monocytes were plated for 7 days (at a concentration of 5 × 105 cells/ml) in RPMI-1640 supplemented with 2 mM L-glutamine, 10% FBS, Pen/Strep (100 U/ml) and 0.5 ng/ml M‐CSF (Peprotech, 300‐25). On day 3, half of the media was removed and replaced with fresh media.

GSDMD knockout THP-1 cells were lentivirally generated using guide RNA oligonucleotide sequences 5’-CACCGACCAGCCTGCAGAGCTCCAC-3’ and 5’-AAACGTGGAGCTCTGCAGGCTGGTC-3’ (22) by utilizing the lentiCRISPR v2 plasmid system. lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid #52961; http://n2t.net/addgene:52961; RRID : Addgene_52961). NLRP3 deficient THP-1 cells were a gift from Prof Veit Hornung (Ludwig Maximilian University of Munich).

When comparing primed and unprimed inflammasome responses, cells were seeded in the presence/absence of LPS (1 μg/ml) for 4 h in complete media. The priming stimulus was then removed and replaced with ET buffer (147 mM NaCl, 10 mM HEPES, 13 mM d-glucose, 2 mM KCl, 2 mM CaCl2, and 1 mM MgCl2). When priming experiments were not performed in parallel, cells were plated directly into ET buffer. Cells were then treated with nigericin toxin (10 μM, 45 min or 2 h as indicated) to activate the NLRP3 inflammasome.



Cell Death Assay

Cell death was measured using quantitative assay for the release of lactate dehydrogenase (LDH) into cell supernatants. The supernatant was gently centrifuged for 5 min at 500g at 4°C to remove any remaining cells. LDH release in cell supernatants were measured using CytoTox 96® Non-Radioactive Cytotoxicity Assay (G1780, Promega), according to the manufacturer’s instructions. Absorbance values were recorded at 490 nm and the results were expressed as a percentage of LDH release normalized to total lysis.



Enzyme‐Linked Immunosorbent Assay (ELISA)

Levels of human IL‐1β (DY201) and IL‐18 (DY318) were measured in the cell supernatants using ELISA kits from R&D Systems. Human IL-6 (# 88-7066-86) and TNF-α (# 88-7346-86) were detected using Invitrogen ELISA kits. ELISAs were performed following the manufacturer’s instructions.



Western Blot

Cells were lysed on ice using a RIPA lysis buffer (50 mM Tris–HCl, pH 8, 150 mM NaCl, 1% NP‐40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulphate [SDS]), supplemented with a protease inhibitors cocktail (Sigma-Aldrich, P8340, 1:100). Lysates were then clarified at 21,000g for 10 min in order to remove the insoluble fraction. Protein concentrations of each sample were measured using BCA assays (Thermo Scientific Pierce, 23225), following the manufacturer’s guidelines, so an equal amount of protein was loaded for each sample. Cell supernatants were centrifuged at 500g for 5 min to remove dead cells and concentrated using 10 kDa MW cut‐off filters (Amicon, Merck Millipore), as described by the manufacturer. Supernatants and whole‐cell lysates were diluted in 1× reducing Laemmli buffer containing 1% β‐mercaptoethanol. Samples were boiled at 95°C for 5 min and separated by Tris-glycine SDS-PAGE. Proteins were transferred onto nitrocellulose membranes (0.2 µm) and blocked in PBS‐Tween (PBS-T, 0.1%) containing 5% skimmed milk for 1 h at room temperature. Membranes were then incubated overnight with the specific primary antibody in blocking buffer at 4°C. following day, membranes were labeled with a horseradish peroxidase‐conjugated secondary antibody for 1 h at room temperature. Membranes were then washed, developed and captured digitally using Clarity™ Western ECL Blotting Substrate (Bio‐Rad, 1705061) in a ChemiDoc™ MP Imager (Bio‐Rad).



ASC Oligomerization Assay

After inflammasome stimulation, undifferentiated WT and NLRP3 KO THP-1 cells and monocytes were placed on ice. 1% (v/v) NP-40 and protease inhibitor cocktail were added directly to wells. Cell total lysates were separated into NP-40 soluble and insoluble fractions using differential centrifugation at 6,800g for 20 min at 4°C. The soluble fraction containing cell supernatant and lysates was utilized for western blotting analysis, whereas the NP-40 insoluble pellets were chemically crosslinked with 2 mM disuccinimidyl suberate (DSS) (Thermo Fisher) for 30 min at RT. Crosslinked pellets were further centrifuged at 6,800g for 20 min and resuspended in boiled 1× Laemmli buffer for standard SDS-PAGE.



Caspase-Glo® 1 Inflammasome Assay

Caspase-1 activity was measured in the supernatants using Caspase-Glo® 1 Inflammasome Assay (Promega). Briefly, cell supernatants were combined with Z-WEHD aminoluciferin substrate and illuminescence measured following 1 h incubation.



Cell Vitality Assay

Cells were stimulated as required, washed in 1× PBS, and resuspended at 1 × 106 cells/ml in PBS. Cells were then stained with LIVE/DEAD Cell Vitality Assay Kit (L34951) with C12-Resazurin and SYTOX ® Green Stain (Thermo Scientific) as per manufacturer’s instructions. 100,000 cells per sample were acquired using a 3-laser Fortessa with BD FACSDiva software and analyzed with FlowJo software (version 10, TreeStar).



Statistical Analysis

GraphPad Prism 8 software was used to carry out all statistical analysis. Differences between 2 groups were analyzed using t-test. Differences between 3+ groups were analyzed using one‐way ANOVA with the post hoc Dunnett’s test or two‐way ANOVA with the post hoc Tukey’s test for multiple comparisons. Data was shown as mean +/- standard deviation (S.D.). Accepted levels of significance were *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




Results


Priming Is Not Required for NLRP3 Inflammasome Activation in Human Monocytes In Vitro

To determine if NLRP3 inflammasome activation occurs in human monocytes in the absence of priming, we first compared the release of mIL-18 and mIL-1β, as pro-IL-18 gene expression is constitutive, while pro-IL-1β requires upregulation by priming (23). Undifferentiated THP-1 cells were primed with LPS (1 µg/ml) for 4 h, or left unprimed, followed by treatment with the NLRP3 activator nigericin (10 µM, 45 min). Nigericin induced mIL-18 release and cell death in both primed and unprimed cells to the same extent, while it only induced mIL-1β release in LPS primed THP-1 cells (Figures 1A, B). In line with this, caspase-1 cleavage into its active form (p20) was also detected in both primed and unprimed cells, as well as IL-18 processing and release (Figure 1B). Nigericin treatment, with or without priming, led to GSDMD cleavage, detected by the appearance of a GSDMD fragment of 31 kDa, corresponding to the pore-forming N-terminus (GSDMD NT) (Figure 1B). GSDMD cleavage is a consequence of caspase-1 activation and is required for pyroptosis (11). However, we could not detect statistically significant elevated levels of cell death following nigericin treatment by measuring LDH release (Figure 1A) or by uptake of the SYTOX Green nuclear dye (Figure S1). Caspase-1 activation leads to the direct or indirect processing of substrates other than IL-1β, IL-18, and GSDMD (24–26). For example, caspase-1 can mediate the degradation of the E2 ubiquitin-conjugating enzyme UBE2L3 involved in NF-κB activation and pro-IL-1β turnover (27). To assess if active caspase-1 in unprimed cells can be involved in other cellular processes, we investigated whether the second signal alone was sufficient to induce degradation of UBE2L3. Nigericin treatment alone was enough to reduce UBE2L3 levels, suggesting that caspase-1 is active and able to cleave substrates other than IL-1β and IL-18 (Figure 1B). The NLRP3 protein was detected in THP-1 cells without any treatment, and was upregulated following exposure to LPS (Figure 1B). Despite this, caspase-1 and GSDMD cleavage, UBE2L3 degradation and mIL-18 release were not potentiated by LPS stimulation in THP-1 cells suggesting that changes in NLRP3 expression are not solely responsible for intensity of inflammasome activation. Overall, this highlights that inflammasome activation without prior priming can lead to the cleavage of a number of constitutively expressed caspase-1 substrates.




Figure 1 | Priming is not required for NLRP3 inflammasome activation in human monocytes in vitro. (A, B) Undifferentiated THP-1 cells (n=6 independent biological replicates) and (C, D) primary CD14+ monocytes (n=6 independent biological replicates (each point represents a different blood donor)) were left untreated or primed with LPS (1 µg/ml, 4 h) prior to treatment with nigericin (10 µM, 45 min) to activate the NLRP3 inflammasome. (A, C) IL-1β and IL-18 were measured by ELISA and cell death was measured by LDH assay and shown as percentage relative to total cell death, mean ± S.D., *P < 0.05; **P < 0.01; ***P < 0.001; ns (non significant) using one-way ANOVA comparing all groups. (B, D) Western blot analysis for mIL-18 (18 kDa), pro-IL-18 (24 kDa), mIL-1β (17 kDa), pro-IL-1β (34 kDa), mCaspase-1 (20 kDa), pro-Caspase-1 (45 kDa), GSDMD full length (FL, 53 kDa), GSDMD N-terminus (NT, 31 kDa), UBE2L3 (17.9 kDa), NLRP3 (113 kDa), as well as loading control β-actin (42 kDa). Blots are representative of at least 3 independent biological experiments and in case of monocytes 3 different blood donors.



Next we tested whether unprimed inflammasome activation occurred in freshly isolated primary human CD14+ monocytes from healthy donors. We observed that the treatment of CD14+ human monocytes with nigericin alone was sufficient to trigger significant mIL-18 secretion (Figures 1C, D). Western blot analysis revealed that, like THP-1 cells, unprimed monocytes responded to nigericin treatment with caspase-1 activation, GSDMD cleavage, UBE2L3 degradation and the release of IL-18, but not IL-1β (Figures 1C, D). We observed that priming human monocytes with LPS, unlike THP-1 cells, potentiated nigericin-induced secretion of mIL-18 and cell death, although this was not significantly different to the unprimed response (Figure 1C). We also observed a slight increase in NLRP3 levels after LPS priming, as was also the case in THP-1 cells (Figure 1D).

To exclude the possibility of a priming effect by engagement of CD14 receptor during monocyte purification, we also analyzed IL-18 release and cell death in response to nigericin in the CD14 negative peripheral blood mononuclear cell (PBMC) fraction in the absence of LPS priming. Similarly to CD14+ monocytes, we also found mIL-18 release in response to nigericin, although at much lower levels likely due to the lower number of inflammasome forming cells in this fraction (Figure S2A). As most experiments were carried out on cells isolated from leukocyte cones, we wanted to ensure that packaging and storing blood in these cones did not prime the cells. We therefore tested freshly isolated PBMCs from healthy volunteers. When stimulated with nigericin, these PBMCs showed unprimed IL-18 release (Figure S2B). This suggests that inflammasome activation occurs in recently isolated, not previously packaged cells that also have not undergone CD14+ magnetic separation. Small levels of IL-1β release were detected in unprimed PBMCs, which could be explained by higher pro-IL-1β expression in human PBMCs compared to monocytes and macrophages (28).

To determine whether unprimed NLRP3 inflammasome assembly is unique to monocytes, we also carried out parallel experiments in human monocyte derived macrophages (MDMs). We observed non-significant mIL-18 release from MDMs in the absence of priming (Figure S3A). The levels of secreted mIL-18 released by LPS primed cells activated with nigericin were significantly higher than in unprimed MDMs. Unlike in primary monocytes, the cleavage of caspase-1 by inflammasome activation without LPS stimulation was also much lower than in LPS primed cells (Figures S3B, C). The cleavage of GSDMD and maturation of IL-18 occurred without priming at lower levels than in LPS primed cells (Figure S3B). UBE2L3 did not appear to be degraded without LPS priming. Therefore, although there is a small response to inflammasome activation in human macrophages, unlike monocytes, priming is required for a full response.



TAK1 and NF-κB Differentially Contribute to Unprimed Inflammasome Activation

TAK1 (transforming growth factor beta-activated kinase 1) is an upstream regulator of the crucial intracellular kinases: I-kappa B kinase complex (IKK), p38, and JNK that mediate activation of the transcription factors NF-κB and AP-1, thus contributing to the priming step of NLRP3 inflammasome formation (4, 29). TAK1 is also activated in response to inflammasome activating signals such as the lysosomotropic agent Leu-Leu-O-methyl ester (LLMe) (30) or hypotonic stress-induced cell volume change (31) and mediates TLR induced non-transcriptional activation of the NLRP3 inflammasome (32). However, whether TAK1 controls NLRP3 inflammasome activation in the absence of TLR4 sensitization has not been explored. To test whether TAK1 was involved in unprimed NLRP3 activation, we pre-treated human monocytes with an inhibitor of TAK1 catalytic activity: 5z-7-oxozeaenol (5z-7) (0.5 µM) for 15 min prior to nigericin stimulation. We found that TAK1 inhibition significantly impaired mIL-18 release in primary human monocytes (Figures 2A, B) as well as reduced the cleavage of caspase-1 into its mature form (p20) (Figure 2B). However, TAK1 inhibition did not alter unprimed inflammasome activation in THP-1 cells (Figure S4A).




Figure 2 | TAK1 and NF-κB differentially contribute to unprimed inflammasome activation in human monocytes. (A, B) Primary human monocytes were pre-incubated with 5z-7-Oxozeaenol (0.5 µM) for 15 min prior to treatment with nigericin (10 µM, 45 min). (A) Secreted IL-18 was measured by ELISA and cell death was measured by LDH assay and shown as percentage relative to total cell death. n=5 independent biological replicates (each point represents a different blood donor). Error bars represent mean ± S.D., *P < 0.05 using one-way ANOVA comparing each sample to the nigericin only treated sample. (B) Supernatants and lysates were analyzed for mIL-18 (18 kDa), pro-IL-18 (24 kDa), mCaspase-1 (20 kDa), pro-Caspase-1 (45 kDa), as well as loading control β-actin (42 kDa). Blots are representative of at least 3 independent experiments. (C) Primary human monocytes were left untreated or pre-treated with JSH-23 (40 µM, 13 h) or SB220025 (20 µM, 30 min) followed by treatment with nigericin (10 µM, 45 min). Cell supernatants were assayed for the release of IL-18, cell death by LDH release and caspase-1 activity by caspase-1-Glo assay. n=4 independent biological replicates (each point represents a different blood donor). Error bars represent mean ± S.D., * = P < 0.05; ** = P < 0.01; ns (not significant) using one-way ANOVA comparing each sample to the nigericin only treated sample. (D, E) Primary human monocytes were left untreated or pre-treated with JSH-23 (40 µM, 13 h) or SB220025 (20 µM, 30 min) following treatment with LPS (1 µg/ml, 4 h) or left untreated. (D) Cell supernatants were assayed for TNF-α and IL-6 release. n=5 independent biological replicates (each point represents a different blood donor). Error bars represent mean ± S.D., *P < 0.05 using one-way ANOVA comparing each sample to the LPS only treated sample. (E) Lysates were analyzed for proIL-18 (24 kDa) and NLRP3 (113 kDa) as well as loading control β-actin (42 kDa). (F) Western blot analysis of human monocyte lysates for IκBα (39 kDa) and loading control β-actin (42 kDa) from cells left untreated or treated with nigericin (10 µM, 45 min). All blots are representative of 2 independent biological experiments (each from a different blood donor).



To assess if TAK1 contributed to unprimed inflammasome activation through NF-κB or p38 pathways, we treated human monocytes with either the NF-κB nuclear translocation inhibitor JSH-23 (33) (40 µM, 13 h) or p38 inhibitor SB220025 (34) (20 µM, 30 min) followed by nigericin or vehicle treatment (10 µM, 45 min). We found that in human monocytes, JSH-23 treatment did not significantly affect IL-18 release, cell death or caspase-1 activity (Figure 2C) in response to nigericin. However, JSH-23 treatment in THP-1 cells led to a reduction in IL-18 release, cell death and caspase-1 activation (Figure S4B). As expected, LPS treatment (1 μg/ml, 4 h) induced the release of IL-6 and TNF-α in primary monocytes and TNF-α in THP-1 cells. Minimal levels of IL-6 and TNF-α were found in the supernatants of untreated cells, suggesting that the isolated monocytes and THP-1 cells are unprimed without LPS treatment (Figure 2D, Figure S4C). Pre-treatment with JSH-23 reduced LPS induced IL-6 and TNF-α release in both cell types although this was not statistically significant in human monocytes given the high variability among monocytes from different donors (Figure 2D, Figure S4C). When we normalized the data to the maximum IL-6 or TNF-α release induced by LPS alone in each donor, we observed that the levels of IL-6 were reduced to 67.4% ±; 21.4% (mean ±; S.D.; p=0.02) and the levels of TNF-α release reduced to 4.7% ±; 4.3% (mean ±; S.D.; p=0.054) (Friedman test, post hoc Dunn’s test), indicating a clear effect of JSH-23 in these cells. JSH-23 did not affect NLRP3 levels in either human monocytes nor THP-1 cells. However, while JSH-23 reduced pro-IL-18 levels in human monocytes (Figure 2E), it did not alter proIL-18 levels in THP-1 cells (Figure S2D). This could explain why we observed reduced levels of nigericin-induced IL-18 release in several donors compared to untreated cells. To exclude the possibility that nigericin itself was activating NF-κB, we assessed the degradation of IκBα in the presence or absence of nigericin or LPS. While LPS treatment reduced IκBα levels, nigericin stimulation resulted in no changes in IκBα levels in either human monocytes or THP-1 cells (Figure 2F, Figure S4E). Inhibition of p38 with SB220025 did not affect IL-18 release in response to nigericin in human monocytes or THP-1 cells despite impairing IL-6 and TNF-α release induced by LPS (1 μg/ml, 4 h) treatment (Figures 2C, D; Figures S4B, C). In this case, when we normalized the data to the maximum IL-6 or TNF-α release level induced by LPS alone in each donor, we observed that SB220025 reduced IL-6 levels to 65.2% ±; 21.4% (mean ±; S.D.; p=0.054) and TNF-α release to 3% ±; 2.5% (mean ±; S.D.; p=0.02) (Friedman test, post hoc Dunn’s test), validating that the inhibitor works on human monocytes. These results suggests that TAK1 and NF-κB might be active at basal levels in human monocytes and THP-1s and differentially contribute to the unprimed inflammasome response, while MAPK p38 activity may not be necessary.



mIL-18 Release in the Absence of Priming Is NLRP3-Dependent

Unprimed release of mIL-18 in response to nigericin has initially been described, prior to discovery of the NLRP3 inflammasome, as a necrosis dependent pathway mediated by cathepsin B and lysosomal disruption but independent of caspase-1 activity (17). As cathepsin B and lysosomal destabilization have been closely linked to inflammasome activation, we first tested the effect of cathepsin B inhibitor Ca-074-Me on unprimed IL-18 release in THP-1 cells. However, we did not observe any inhibition of nigericin induced mIL-18 release in the presence of cathepsin B inhibitor (Figure S5). Upon treating THP-1 cells (Figures 3A, B) or primary monocytes (Figures 3C, D) with NLRP3 inhibitor MCC950 (1 μM, 15 min) prior to the addition of nigericin (10 μM, 45 min), we found that MCC950 inhibited nigericin-induced mIL-18 release, caspase-1 cleavage into its active form, and cell death in both cell types. Similar effects were observed when either human monocytes or THP-1 cells were pre-treated with an irreversible pan-caspase inhibitor Z-VAD-FMK (ZVAD, 50 μM, 15 min) (Figures 3A–D). To further confirm the involvement of NLRP3 in this process, we utilized NLRP3 knock out (KO) THP-1 cells and revealed that IL-18 processing and release, caspase-1 activation and cell death following unprimed inflammasome activation did not occur in NLRP3 deficient cells compared to WT (Figures 3E, F).




Figure 3 | mIL-18 release in the absence of priming is NLRP3 dependent. THP-1 cells (A, B) and monocytes (C, D) were pre-incubated with MCC950 (1 µM) or Z-VAD (50 µM) for 15 min prior to treatment with nigericin (10 µM, 45 min). (A, C) Secreted IL-18 was measured by ELISA and cell death was measured by LDH assay and shown as percentage relative to total cell death, n=3 independent biological replicates for THP-1 and n=6 independent blood donors for human monocytes, mean ± S.D., *P < 0.05; **P < 0.01; ns (not significant) using one-way ANOVA comparing each sample to the nigericin only treated sample. (E, F) Unprimed WT or NLRP3 KO THP-1 were treated with nigericin (10 µM, 45 min). (E) Secreted IL-18 was measured by ELISA and cell death was measured by LDH assay and shown as percentage relative to total cell death, n=3 independent biological replicates, mean ± S.D., * = P < 0.05; ns (not significant) using two-way ANOVA comparing nigericin treated WT and NLRP3 KO THP-1s. (B, D, F) Western blot analysis for mIL-18 (18 kDa), pro-IL-18 (24 kDa), mCaspase-1 (20 kDa), pro-Caspase-1 (45 kDa), and in some cases NLRP3 (113 kDa), as well as loading control β-actin (42 kDa). Blots are representative of at least 3 independent biological experiments and blood donors.





Unprimed NLRP3 Inflammasome Activation Has the Same Requirements as the Canonical Inflammasome

NLRP3 inflammasome activation in monocytes can occur through different pathways (35). In primed monocytes, nigericin is a trigger of canonical NLRP3 inflammasome activation, which is characterized by the oligomerization of ASC (36). We therefore tested whether ASC oligomerization also occurred in unprimed monocytes. We found that nigericin treatment (10 μM, 2 h) of unprimed THP-1 cells resulted in ASC oligomerization that was detected in the crosslinked NP-40 insoluble fraction of the total lysate, and that this was absent in NLRP3 KO cells (Figure 4A). Similarly, unprimed primary human monocytes formed ASC oligomers following stimulation with nigericin and this did not occur in monocytes pre-treated with the NLRP3 inhibitor MCC950 (10 μM, 15 min) (Figure 4B).




Figure 4 | Unprimed NLRP3 inflammasome activation has the same requirements as the canonical inflammasome. (A) WT and NLRP3 KO THP-1 cells were left unprimed prior to treatment with nigericin (10 µM, 2 h) to activate NLRP3 inflammasome. (B) Primary human monocytes were pre-incubated with MCC950 (1 µM) for 15 min prior to treatment with nigericin (10 µM, 45 min). The NP-40 soluble fraction and DSS crosslinked insoluble fraction were immunoblotted for ASC monomers, dimers and oligomers. Blots are representative of 3 independent biological experiments and blood donors. (C, D) THP-1 cells were left unprimed and pre-incubated with high K+ buffer, NPPB (50 µM) or NBC19 (25 µM) for 15 min prior to treatment with nigericin (10 µM, 45 min). (E, F) THP-1 cells were left unprimed pre-incubated with P22077 (2.5 µM, 15 min) prior to treatment with nigericin (10 µM, 45 min). n=3 independent biological replicates, mean ±; S.D., ***P < 0.001; ****P < 0.0001; ns (not significant) using one-way ANOVA comparing each sample to nigericin only treated sample. (D, F) Supernatants and lysates were analyzed for mIL-18 (18 kDa), pro-IL-18 (24 kDa), mCaspase-1 (20 kDa), pro-Caspase-1 (45 kDa), as well as loading control β-actin (42 kDa). Blots are representative of at least 3 independent experiments and in the case of primary monocytes, blood donors.



As well as ASC oligomerization, the classical primed canonical NLRP3 inflammasome activation in response to nigericin is dependent on potassium (K+) (37) and chloride (Cl−) (38) efflux. This is unlike the alternative NLRP3 inflammasome that occurs in human monocytes and assembles following prolonged priming signals in a K+ (15) and Cl− independent manner (38). We tested the requirement of K+ and Cl− efflux during unprimed inflammasome activation in response to nigericin. We incubated unprimed THP-1 cells either in high K+ containing media or pre-treated these cells with broad-spectrum chloride channel inhibitor NPPB (50 μM), or NBC19: a recently described NLRP3 inhibitor (25 μM) (39), as a positive control, for 15 min prior to nigericin treatment (Figures 4C, D). This revealed that unprimed mIL-18 release, caspase-1 cleavage and cell death following nigericin stimulation were dependent on K+ efflux and were also sensitive to Cl− channel inhibitor NPPB (Figures 4C, D), as they were reduced to the same extent as in the presence of inflammasome inhibitor NBC19.

Deubiquitination of NLRP3 by the priming and activating step has been described as necessary for the formation of an active NLRP3 inflammasome (5). We have recently shown that deubiquitinases USP7 and USP47 mediate canonical NLRP3 inflammasome activation in human macrophages independently of transcriptional priming (9). Hence we hypothesized that DUBs might also mediate inflammasome activation in an unprimed context. To test this, we investigated the effect of the dual USP7/USP47 inhibitor P22077 (9) on inflammasome activation without priming. We found that pre-incubation of THP-1 cells with P22077 (2.5 µM, 15 min) prior to nigericin treatment significantly reduced IL-18 release (Figure 4E). This was accompanied by a reduction in caspase-1 maturation (Figure 4F), although no significant reduction in cell death was observed. Similar results were found in primary human monocytes (Figure S6). These data show that USP7 and USP47 can control inflammasome activation independently of the priming step.



mIL-18 Release From Unprimed Monocytes Is Dependent on GSDMD

NLRP3 inflammasome mediated IL-1 release, membrane permeabilization and pyroptotic cell death are closely associated, and these events are tightly linked to GSDMD cleavage and pore formation. However, certain NLRP3 activators such as changes in cell volume can induce mIL-1β and mIL-18 release in the absence of pyroptosis. As we observed that levels of cell death triggered by nigericin in unprimed cells were lower and more variable than those expected from murine cells, we set out to determine whether inflammasome-induced membrane permeabilization in unprimed monocytes was involved in the release of mIL-18. We first tested the effect of the polyphenolic compound punicalagin, known to inhibit plasma membrane permeability, as well as mIL-1β and mIL-18 release induced by inflammasome activation, while allowing caspase-1 activity (40, 41). In unprimed THP-1 cells, 15 min pre-treatment with 50 µM punicalagin prior to nigericin significantly blocked IL-18 release (Figure 5A). Western blot analysis revealed that punicalagin treated cells still displayed caspase-1 activation, indicating inflammasome activation, but the release of mature caspase-1 (p20) was blocked (Figure 5B). Similarly, pro-IL-18 was cleaved into its mature form but its release was inhibited by punicalagin.




Figure 5 | mIL-18 release from unprimed monocytes is dependent on GSDMD. (A, B) Unprimed THP-1 cells pre-incubated with punicalagin (50 µM, 15 min) prior to treatment with nigericin (10 µM, 45 min). (C, D) Unprimed WT and GSDMD KO THP-1s were treated with nigericin (10 µM, 45 min). (A, C) Secreted IL-18 was measured by ELISA and cell death was measured by LDH assay and shown as percentage relative to total cell death, n=3 independent biological replicates, mean ± S.D., *P < 0.05; ***P <0.001; ****P <0.0001; ns (not significant) using one-way ANOVA comparing each sample to nigericin only treated sample (A) or two-way ANOVA comparing UT to nigericin treated WT THP-1s as well as nigericin treated WT THP-1s to nigericin treated GSDMD KO THP-1s. (C). (B, D) Western blot analysis of THP-1 cells for mIL-18 (18 kDa), pro-IL-18 (24 kDa), mCaspase-1 (20 kDa), pro-Caspase-1 (45 kDa), GSDMD full length (FL, 53 kDa), GSDMD N-terminus (NT, 31 kDa), as well as loading control β-actin (42 kDa). Blots are representative of at least 3 independent experiments.



The effect of punicalagin on inflammasome activation resembles that of GSDMD KO (40–42). Similar to pro-IL-18, GSDMD is constitutively expressed in unprimed THP-1 and human monocytes. As the GSDMD pore has been proposed as a mediator of mIL-1β release (42) and we observed GSDMD cleavage in unprimed monocytes, we investigated if GSDMD was required for mIL-18 release. IL-18 release caused by nigericin was significantly lower in cells lacking GSDMD compared to WT control (Figure 5C). Like with punicalagin treatment, GSDMD deficient cells where still able to activate caspase-1 and process pro-IL-18 into its mature form (Figure 5D) but its released was impaired. Overall, these data suggest that caspase-1 cleavage of GSDMD and subsequent pyroptosis may be a key mechanism for the release of inflammasome regulated cytokines following inflammasome assembly in the absence of priming.




Discussion

Our work shows that human monocytes are able to assemble a functional NLRP3 inflammasome in response to an activating signal even in the absence of a priming step. The priming step has long been regarded as an essential stage for the assembly of an active NLRP3 inflammasome. Initially, it was believed that priming was only required to upregulate NLRP3 and pro-IL-1β proteins in response to the activation of NF-κB signaling (4). In recent years, however, a role for priming independent of transcriptional regulation has been uncovered and is believed to be mediated by PTMs such as changes in the ubiquitination or phosphorylation of NLRP3 (5, 43). Our data shows that an initial priming step is not required for the formation of an active NLRP3 canonical inflammasome but might be required to enhance inflammasome activation and the inflammatory response, depending on the cell type.

Evidence linking the ability of human monocytes to activate caspase-1 and induce the release of mIL-18 in the absence of priming was first described by Perregaux et al. (18) and Mehta et al. (20). The first group reported that ATP treatment of human blood in the absence of LPS priming leads to IL-18 release, while Mehta et al. showed that ATP treated human PBMCs activate caspase-1 in the absence of LPS priming but do not release IL-18 (20). It was later shown, in THP-1 cells and human monocytes, that lysosomal rupture induced by nigericin contributes to caspase-1 activation and IL-18 release in what was thought to be necrosis (17). In this report, IL-18 release was impaired with a cathepsin B inhibitor but not by caspase-1 inhibition. Here, we have further characterized the release of IL-18 in unprimed human monocytes and THP-1 cells and showed that it is dependent on the activation of the canonical NLRP3 inflammasome as it is a process blocked by preventing K+ efflux and by Cl− channel inhibition. This results in the formation of ASC oligomers, caspase-1 activation and GDSMD cleavage and pyroptosis. Although we cannot completely rule out an unknown priming effect of monocytes in vivo, our data on THP-1 cells, human PBMCs, CD14+ monocytes and human CD14- PBMC fraction, as well as previous reports using human blood, purified PBMCs (17, 18) and human derived DCs (19), all show the dispensability of priming for inflammasome activation in vitro. Moreover, primary human monocytes that were seeded and stimulated directly in serum free buffer behaved the same as those cultured in complete media, ruling out any priming effect of serum (Figures 1C, D vs Figures 3C, D). Together, this evidence suggests that unprimed inflammasome assembly is not an effect of sample preparation or cell culture conditions.

It has been previously evidenced that certain mouse cells are activated by signal 2 alone. For example, unprimed primary murine peritoneal macrophages from both LPS-sensitive FVBN mice and from LPS-unresponsive C3H/HeJ mice secrete significant levels of IL-18 in response to nigericin treatment, also suggesting inflammasome activation (17). Unprimed monocytes from C57BL/6 mice have been shown to respond to nigericin with elevated LDH release, suggesting possible inflammasome activation and pyroptosis but whether this leads to inflammasome activation has not been directly tested (15). On the contrary, mouse BMDMs appear to require a priming signal for NLRP3 inflammasome assembly, as demonstrated in a number of studies (6, 44). Taken together, this evidence suggests that both human and murine monocytes are capable of TLR independent NLRP3 activation, whereas human MDMs and murine BMDMs, but not murine peritoneal macrophages, do not have this ability. Whether this is a product of culturing cells ex vivo for prolonged periods of time or due to differences between cell types remains to be explored.

A feature of the canonical NLRP3 inflammasome is its regulation by kinases such as TAK1, JNK (c-Jun N-terminal kinase) and protein kinase D (PKD) (6, 45, 46) and phosphatases such as protein phosphatase 2A (PP2A), protein tyrosine phosphatase non-receptor type 22 (PTPN22) (47) and PTEN (48). Whether these enzymes contribute to the NLRP3 priming, licencing, or activating step is not clear. TAK1 kinase is described to regulate the canonical NLRP3 inflammasome at the priming level by either mediating transcriptional priming through its role in NF-κB signaling downstream of TLR4 (29) or via non transcriptional priming (32). TAK1 activation is also induced by NLRP3 activating signals such as hypotonicity, ATP or lysosomotropic agents (30, 31, 49) in macrophages that have been previously engaged with TLR activators. Lysomal destabilization has been previously linked to an unprimed inflammasome response and is an established activator of TAK1, downstream of which JNK regulates the NLRP3 inflammasome through the oligomerization of ASC (49). Whether TAK1 plays a role in inflammasome activation in a setting where TLR4 is not engaged has not been explored. We found that TAK1 inhibition significantly reduced inflammasome activation in unprimed human monocytes but not in THP-1 cells. TAK1 activation can be induced by only osmotic stress in mouse embryonic fibroblasts (MEFs) (50) and is closely linked to lysosomal destabilization. It is hence plausible that in human monocytes, nigericin and potentially other activating signals induce TAK1 activation independently of priming but dependent on lysosomal rupture and hence contribute to NLRP3 inflammasome assembly. It has recently been suggested that in human myeloid cells, NLRP3 inflammasome can form in the absence of NEK7, which was once considered an essential component of this inflammasome (51). This work proposes that NEK7 contributes to inflammasome activation as a priming factor, required at the initial stages of the response. This requirement is bypassed after prolonged priming by active TAK1 (51). However the roles of NEK7 and TAK1 in NLRP3 activation were not explored in an unprimed setting.

Constitutive NF-κB activation by tonic signals, independent of IL-1R, TNFR, or TLR priming, occurs in the bone marrow (52) and has also been found in human monocytes as well as mouse peritoneal and bone marrow derived macrophages. However, the mechanisms that control this basal activation are not clear (53). High constitutive NF-κB levels are also a feature of acute myeloid leukemia (AML) (54) and hence this might be reflected in THP-1 cells. We found that preventing NF-κB nuclear translocation with the inhibitor JSH-23 did not alter NLRP3 levels, but differentially affected IL-18 in human monocytes and THP-1 cells. In human monocytes, inhibition of NF-κB nuclear translocation led to a reduction in basal pro-IL-18 levels but had no effect on inflammasome activation (cell death and caspase-1 activity) while in THP-1 cells it blocked inflammasome activation without affecting IL-18 protein levels. It is possible that high basal activation of NF-κB contributes to higher levels of IL-18 and inflammasome activation observed in THP-1 cells. Our results however differ from previous work (32) that found that TAK1 inhibition impaired inflammasome activation but JSH-23 did not. These differences can be explained by the fact that our THP-1 cells have not been differentiated with PMA and primed with LPS as done by Gong et al. (32) and that we did a long pre-treatment with JSH-23 (13 h) while Gong et al. added the inhibitor at the same time as the NLRP3 activating stimuli nigericin or ATP (30 min). Our data also showed no degradation of IκBα in response to nigericin, indicating that contribution of NF-κB to unprimed inflammasome is not mediated by the activating signal as previously shown for LLME (55). Despite the regulation of p38 activity downstream of TAK1 and the contribution of p38 activity to NLRP3 inflammasome activation (56, 57), we observed no effect of p38 inhibition on unprimed NLRP3 inflammasome activation. Our data highlight an important role for TAK1 and basal NF-κB activity in unprimed inflammasome activation. However the mechanisms by which they do so remain unknown.

It is now evident that changes in PTMs such as ubiquitination or phosphorylation induced by priming or activating signals are essential for the assembly of an active NLRP3 inflammasome (5, 43). Both human and mouse NLRP3 have been described to require TLR4 priming for rapid deubiquitination to be able to respond to the subsequent activating signal (5). Juliana et al. also reported that cell lines overexpressing NLRP3 do not require TLR signaling to respond to an inflammasome activator. However, our results showed that human monocytes and THP-1 cells have basal NLRP3 protein levels, suggesting that this is not the reason why TLR4 engagement is needed for inflammasome assembly. Moreover, our THP-1 data reveals that increased NLRP3 protein expression is not associated with enhanced inflammasome activation. The same study also reported that in the absence of LPS, ATP (signal 2) can cause the deubiquitination of NLRP3 (5). Several deubiquitinases such as USP7, USP47, and BRCC3 have been reported to licence NLRP3 (9, 10). USP7 and USP47 upregulate their activity in response to inflammasome activating signals, even in the absence of priming, and their activity is required to form a canonical NLRP3 inflammasome independently of transcriptional priming (9). Our new data takes this a step further by showing that inhibition of USP7 and USP47 activity prevents the canonical NLRP3 inflammasome activation in unprimed human monocytes. This highlights the role of USP7 and USP47 in sensing danger independently of the priming state of the cell and their ability to mediate inflammasome formation, hence facilitating a fast inflammatory response. Further characterization of basal NLRP3 modifications, especially ubiquitination, as well the activity of various deubiquitinases across species and cell types would greatly expand our understanding of the mechanisms of inflammasome activation.

Pyroptotic cell death is a very well established feature of NLRP3 inflammasome activation. It is mediated by caspase-1 and GSDMD cleavage. Our results, however showed that cell death levels induced by nigericin in both primed and unprimed human cells (monocytes and macrophages) were lower than those traditionally observed in murine cells. This was not just due to a sensitivity issue of the LDH detection assay as cell death measured by nuclear dye uptake showed very similar results. This could be explained by some mouse to human differences, however this has not been addressed in this study and will require further investigation.

Caspase-1 has a broad range of substrate specificity and its activation by the inflammasome regulate cellular responses beyond those attributed to IL-1β and IL-18 activation (58). These include the release of alarmins such as HMGB1 and ASC via pyroptosis (13), FADD (Fas-Associated Death Domain) release via microvesicle shedding (59) or the degradation of UBE2L3 (E2 ubiquitin-conjugating enzyme L3) involved in NF-κB activation and pro-IL-1β turnover (27). We have shown that UBE2L3 degradation occurs in the absence of TLR-priming, as does FADD release (59), indicating the ability of active caspase-1 to cleave the same substrates independently of its priming state. This suggests that inflammasome activation can contribute to the amplification of the inflammatory response by mechanisms other than IL-18 signaling in an unprimed setting. This is not yet fully explored and needs to be further researched.

IL-18, unlike IL-1β, is constitutively expressed and is an important initiator of the inflammatory response through driving neutrophil recruitment, and further cytokine and chemokine release (60). IL-18 is involved in the progression of sterile inflammatory diseases including atherosclerosis, metabolic and neuro-inflammatory disorders (61). In these conditions, IL-18 mediates the activation of the NF-κB pathway and upregulation and secretion of TNF-α, adhesion molecules and chemokines (62). IL-18 is a key player in autoinflammatory syndromes, such as familial Mediterranean fever (FMF) caused by pyrin mutations (63) and the Macrophage Activation Syndrome (MAS) caused by NLRC4 gain of function mutations (64) that are characterized by systemically elevated IL-18 levels. IL-18 also plays a key role in the autoinflammatory Cryopyrin-associated periodic syndromes (CAPS) caused by mutations of NLRP3 (65), as IL-18R deletion lessens the disease phenotype to a greater extent than IL-1R deletion in a CAPS mouse model (66). Moreover, the release of damage associated signals such as ATP in transplantation can lead to P2X7R-mediated activation of the inflammasome, inducing the release of IL-18, but not IL-1β, which in turn plays an important role in allograft rejection through IFN-γ production and CD8+ T cell proliferation (67). This highlights the importance of IL-18 release by the rapid assembly of NLRP3 inflammasome in the initiation and progression of the inflammatory response.

Based on our results, we propose that the NLRP3 inflammasome in human monocytes is a “ready to assemble” complex, capable of propagating inflammatory responses at the early stages of inflammation when IL-1β has not yet been produced. The definition of priming in inflammasome research refers to transcriptional or post-translational changes required for NLRP3 to form an active inflammasome in response to a second signal. Based on our results it is possible that the second signal alone provides the licensing step required to allow NLRP3 oligomerization and consequent activation if NLRP3 is already present in the cell. However, we still know very little about what triggers this licensed state and the level of priming that cells present in vivo. Specifically what contributes to basal TAK1 and NF-κB activities is poorly characterized. Therefore, it is important to investigate the molecular mechanisms of NLRP3 activation in the absence of priming signals as this might reveal core regulatory mechanisms otherwise overshadowed by the different cellular processes and inflammatory status provided by diverse priming stimuli. We have shown the extent of NLRP3 activation varies between cell types; whether this is different between species, especially human and mouse has not been explored. One possible explanation to our results could be that humans are exposed to pathogenic and non-pathogenic danger signals throughout life and hence monocytes could exist in a basal primed state, allowing the inflammasome to assemble rapidly in response to danger. However, this remains poorly understood and requires further research in the future.
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Tight regulation of inflammatory cytokine and interferon (IFN) production in innate immunity is pivotal for optimal control of pathogens and avoidance of immunopathology. The human Nod-like receptor (NLR) NLRP11 has been shown to regulate type I IFN and pro-inflammatory cytokine responses. Here, we identified the ATP-dependent RNA helicase DDX3X as a novel binding partner of NLRP11, using co-immunoprecipitation and LC-MS/MS. DDX3X is known to enhance type I IFN responses and NLRP3 inflammasome activation. We demonstrate that NLRP11 can abolish IKKϵ-mediated phosphorylation of DDX3X, resulting in lower type I IFN induction upon viral infection. These effects were dependent on the LRR domain of NLRP11 that we mapped as the interaction domain for DDX3X. In addition, NLRP11 also suppressed NLRP3-mediated caspase-1 activation in an LRR domain-dependent manner, suggesting that NLRP11 might sequester DDX3X and prevent it from promoting NLRP3-induced inflammasome activation. Taken together, our data revealed DDX3X as a central target of NLRP11, which can mediate the effects of NLRP11 on type I IFN induction as well as NLRP3 inflammasome activation. This expands our knowledge of the molecular mechanisms underlying NLRP11 function in innate immunity and suggests that both NLRP11 and DDX3X might be promising targets for modulation of innate immune responses.
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Introduction

In mammals, viral infections are detected by anti-viral pattern-recognition receptors (PRRs), including RIG-I-like receptors (RLRs), cytosolic DNA receptors, and endosomal Toll-like receptors (TLRs). Their activation induces antiviral cytokine responses dominated by release of type I interferons (IFNs), which are crucial for limiting replication of most viruses (1–4). Hence, failure to initiate an effective IFN response correlates with higher pathogenicity in many viral infections (5–7). Thus, robust early IFN induction is crucial for controlling viral replication, but failure to resolve this response can result in severe immunopathology in the host (8–10). In particular an altered balance between type I IFN responses and pro-inflammatory cytokine release can lead to pathology in the host, as seen for example in COVID-19 disease (11, 12). It is therefore critical to understand how type I IFN and pro-inflammatory cytokine responses are balanced during viral infections.

RLRs, most prominently RIG-I, are essential sensors for cytosolic viral RNA (13). Following the binding of viral RNAs, RIG-I oligomerizes and binds to the mitochondrial antiviral signaling protein (MAVS) via CARD-CARD interactions (14). MAVS then recruits downstream signaling proteins, such as TNF-associated factor 2 (TRAF2) (15), TRAF6 (16), and TRAF3 (17), which ultimately lead to induction of pro-inflammatory cytokines and type I IFNs. IFN induction is dependent on phosphorylation of the transcription factors interferon regulatory factor 3 (IRF3) and IRF7 (18–21) mediated by two related kinases, inhibitor of NF-κB kinase subunit epsilon (IKKϵ) and TANK binding kinase 1 (TBK1) (22, 23). TBK1 is necessary for IFN-β induction and ubiquitously expressed in different cell types, while IKKϵ may not be essential for IFN-β induction and has been suggested to directly regulate a subset of interferon-stimulated genes (ISGs) (24).

NOD-like receptors (NLRs) are another important group of PRRs and a total of 22 human NLR proteins have been discovered (25), many of which remain to be functionally characterized. NLRs consist of an N-terminal effector domain, a central NACHT domain, and a C-terminal leucine-rich repeat region (LRRs), and can be subcategorized by their effector domains into pyrin-domain (PYD) containing NLRP proteins, CARD-domain containing NLRC proteins, baculovirus inhibitor of apoptosis (BIR)-domain containing NLRB proteins, and CARD-transcriptional activation-domain (CARD-AD) containing NLRA proteins (26).

Signaling pathways induced by NLRs are heterogeneous. While NOD1 and NOD2 induce NF-κB activation upon recognition of bacterial ligands (27–29), NLRP1, NLRP3 and NLRC4 activation leads to formation of a large multiprotein signaling platform called the inflammasome (30–32). Inflammasome formation starts with recruitment of the adaptor protein apoptosis-associated speck-like protein (ASC), which then recruits and activates pro-caspase-1, enabling maturation and release of IL-1β and IL-18. Other NLRP proteins including NLRP6, NLRP7, NLRP12, and possibly NLRC5 might also form inflammasomes (33–36). However, not all mammalian NLR proteins act as PRRs. For example, NLRC5 and CIITA are transcriptional enhancers for MHC class I and class II genes, respectively (37, 38), and some NLRs have been identified as negative regulators of innate immune responses. An example is NLRC3 that negatively regulates DNA sensing-PRRs by interfering with the adaptor molecule stimulator of interferon genes (STING) (39). Furthermore, NLRP4 (40–42), NLRP12 (43, 44) and NLRP14 (45), were reported to modulate IFN responses (for an overview see (46)).

We and others have previously shown that NLRP11 can negatively regulate both NF-κB activation (47) and type I IFN induction (48, 49). It was shown that NLRP11 interferes with the MAVS signaling complex (47, 49), but it can also block type I IFN induction downstream of TBK1 (48), suggesting that NLRP11 might intervene at multiple levels in the RLR pathway.

A well-established positive regulator of the RLR-pathway is the human DEAD-box protein 3 (DDX3X). DDX3X physically interacts with MAVS (50), IKKϵ (51), TBK1 (52), TRAF3 (53) and IRF3 (54), resulting in enhanced type I IFN production (50, 51, 53, 54). DDX3X might also be directly involved in recognition of viral RNA (50). Activation of the RIG-I pathway triggers binding of DDX3X to IKKϵ, which leads to enhanced IKKϵ activation (51, 54) and IKKε-mediated phosphorylation of DDX3X in its N-terminal region, which enables recruitment of IRF3 into the complex, resulting in enhanced activation of IRF3 by IKKϵ phosphorylation (54). TBK1 can also phosphorylate DDX3X and enhance IFNβ production (52). The physiological importance of DDX3X’s role in anti-viral immune signaling is underlined by the fact that several viruses, including Vaccinia virus, Hepatitis B virus and Influenza A virus, evolved immune evasion mechanisms targeting DDX3X (51, 55–59). Thus DDX3X is a central regulator of the RIG-I anti-viral signaling pathway, where it interacts with signaling intermediates in a complex manner that is still not completely understood.

Recently, a further role for DDX3X as a positive regulator of NLRP3 inflammasome activation was reported. Sequestration of DDX3X into cytosolic stress granules during cellular stress results in reduced NLRP3/caspase-1 activation and suppression of IL-1β and IL-18 release (60).

A better understanding of the complex molecular circuits that control innate immune responses will advance our understanding of host-pathogen interactions and help to identify novel targets for therapeutic intervention. Here we provide evidence that NLRP11, via its leucine-rich repeats (LRRs), interacts with DDX3X. This interaction inhibited IKKϵ-induced phosphorylation of DDX3X and type I IFN induction. Using caspase-1 activation assays and ASC speck formation assays, we revealed that NLRP11 can also counteract the positive effect of DDX3X on NLRP3 inflammasome activation. Taken together, our work identified DDX3X as a novel target of NLRP11 that contributes to the inhibitory effects on both type I IFN induction and IL-1β release.



Materials and Methods


Plasmids and Reagents

Myc-NLRP11 and myc-NLRP11 domain constructs were previously described (48). The plasmids pcDNA5/FRT/TO-NLRP11-eGFP and pEGFP-DDX3X were generated by molecular cloning from myc-NLRP11 or myc-DDX3X respectively. The Myc-DDX3X construct is described in (51). piGLuc caspase-1 reporter plasmid, pCI-caspase-1 and pCI-ASC-HA were kindly provided by Veit Hornung and are described in (61, 62). FLAG-IKKϵ was kindly provided by Eliane Meurs (63). Myc-DDX3X mutants were previously described in (54). All plasmids (inserts, tags and flanking regions) were verified by Sanger sequencing.



Cell Culture

HEK293T cells (ATCC, CRL-3216) were grown in DMEM supplemented with 10% heat-inactivated FBS. HEK Blue IFN-α/β (hkb-ifnab, InvivoGen) were maintained in DMEM, supplemented with 10% heat-inactivated FBS, 30 μg/ml blasticidin and 100 μg/ml zeocin. THP1 cells with a doxycycline inducible shRNA targeting DDX3X and non-silencing controls (NSC) are described in (64). Cells were grown in RPMI 1640 supplemented with 10% heat-inactivated FBS, gentamycin and puromycin. Knock-down of DDX3X was induced by 1 µg/ml doxycycline for 48 h.

Stable, inducible cell lines expressing NLRP11-eGFP were generated by co-transfection of pOG44 and pcDNA5/FRT/TO-NLRP11-eGFP at 9:1 ratio into Flp-In T-REx HEK293 (Invitrogen/ThermoFischer, R78007) and HeLa FlpIn T-REx cells (kindly provided by the Hentze Lab, EMBL Heidelberg) using Lipofectamin 2000 (Thermo Fisher Scientific) and selected with 10 µg/ml blasticidin and either 100 µg/ml (HEK) or 600 µg/ml (HeLa) hygromycin. Single clones were selected, and expression was induced by 1 µg/ml doxycycline for at least 16 h prior to further experiments. All cell culture media were supplemented with penicillin and streptomycin. Cells were routinely monitored for absence of mycoplasma infection by PCR.

For viral infection, cells were incubated with 160 hemagglutination units (HAU)/ml Sendai virus (Cantell Strain in allantoic fluid, Charles River).



siRNA- and shRNA Mediated Silencing

THP1 and THP1shDDX3X cells were differentiated with 100 nM PMA for 16 h. Medium was changed and cells were incubated for 24 h prior to siRNA-mediated knock-down with 100 nM siRNA, transfected using HiPerFect transfection reagent (Qiagen) according to (65). AllStars negative control siRNA and siNLRP11_6 CACGACCTTGCAGCTGTCGAA (48) (Qiagen) were used. Knock-down of NLRP11 was performed for 72 h. For double knock-down of NLRP11 and DDX3X, 24 h after transfection of the siRNA, THP1 shDDX3X cells were induced with 1 µg/ml doxycycline for 48 h.

Knock-down efficiency of NLRP11 was monitored with endpoint PCR as described in (48). Knock-down of DDX3X was monitored by end-point PCR using the following primer pair: fwd: TGCTGGCCTAGACCTGAACT rev: TTGATCCACTTCCACGATCA.



Co-Immunoprecipitation and Protein Binding Assays

Co-immunoprecipitation of NLRP11-eGFP, from HEK293 and HeLa FlpIn eGFP and NLRP11-eGFP cell lines, or of eGFP-DDX3X from HEK293T cells, transiently transfected with Lipofectamine 2000 (Thermo Fisher Scientific), was performed with GFP-Trap Agarose resin (Chromotek). Cells were lysed in Triton buffer [50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1% Triton-X100, 1% Na-Deoxycholate, 100 nM β-glycerophosphate, 100 nM sodium orthovanadate, 1 mM NaF and cOmplete Mini Protease inhibitor Cocktail (Roche)]. Lysates were cleared by centrifugation (15 min, 4°C, 21000 x g) before the supernatants were loaded onto the matrix. Precipitation was performed at 4°C for 3 h, before the matrix was washed with washing buffer (50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1% Na-Deoxycholate).



NanoLC-MS/MS Analysis

Proteins were digested on beads using trypsin (Roche, Germany) in 6 M urea, 50 mM Tris-HCl pH 8.5. Cysteines were reduced using 1,4-dithiothreitol (DTT) and then alkylated by chloroacetamide. Samples were then diluted to a final concentration of 2 M urea. 750 ng trypsin were added, and samples were digested overnight at 25°C. The digests were stopped by adding trifluoroacetic acid (TFA). Next, peptide mixtures were concentrated and desalted on C18 stage tips and dried under vacuum. Samples were dissolved in 0.1% TFA and were subjected to nanoLC-MS/MS analysis on an EASY-nLC 1000 system (Thermo Fisher Scientific, Germany) coupled to a Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific, Germany) using an EASY-Spray nanoelectrospray ion source (Thermo Fisher Scientific, Germany). The system was controlled by Xcalibur 3.0.63 software. Tryptic peptides were directly injected to a 25 cm x 75 µm EASY-Spray analytical column (2 μm, 100 Å, PepMap C18) operated at 35°C. Peptides were separated at a flow rate of 250 nL/min using a 120 min gradient with the following profile: 3% - 10% solvent B in 50 min, 10% - 22% solvent B in 40 min, 22% - 45% solvent B in 30 min, 45% - 90% solvent B in 10 min, 15 min isocratic at 90% solvent B, followed by 90% - 3% solvent B in 10 min and re-equilibration at 3% solvent B for 15 min. (solvent A: 0.5% acetic acid; solvent B: acetonitrile/H2O (80/20, v/v), 0.5% acetic acid).

MS spectra (m/z = 300-1600) were detected at a resolution of 70000 (m/z = 200) using a maximum injection time (MIT) of 100 ms and an automatic gain control (AGC) value of 1 × 106. MS/MS spectra were generated for the 10 most abundant peptide precursors using high energy collision dissociation (HCD) fragmentation at a resolution of 17500, normalized collision energy of 27 and an intensity threshold of 1.3 × 105. Only ions with charge states from +2 to +5 were selected for fragmentation using an isolation width of 1.6 Da. For each MS/MS scan, the AGC was set at 5 × 105 and the MIT was 100 ms. Mascot 2.6 (Matrix Science, UK) was used as search engine for protein identification. Spectra were searched against the human UniProt database (66). Scaffold 4.8.6. (Proteome Software, USA) was used to evaluate peptide identifications. These were accepted with a peptide probability greater than 80% as specified by the Peptide Prophet algorithm (67). Proteins had to be identified by at least one unique peptide and a protein probability of at least 99% to be accepted.



Reporter Assays

For iGLuc caspase-1 reporter assays, HEK293T cells were seeded in a 96-well plate (Greiner) at a density of 35,000 cells per well and transiently transfected using Xtreme Gene 9 transfection reagent (Sigma Aldrich) with 8.6 ng β-galactosidase plasmid, 42 ng of the iGLuc reporter plasmid (61), and expression plasmids of NLRP3, NLRP11, ASC, caspase-1 and DDX3X, DDX3X S102A, or DDX3X 4A as indicated. 20 h after transfection, cells were stimulated with 15 μM nigericin (InvivoGen) for 3 h. Cells were then lysed in 100 µl passive lysis buffer (Promega) per well. 50 µl of the cell lysate were transferred into a non-transparent 96-well plate. Luciferase activity was measured in a multiplate reader (Enspire, PerkinElmer LifeSciences) after addition of 100 μl of 3.33 μM Coelenterazine (Carl Roth) per well. 100 µl of 1 mg/ml O-nitrohpenyl-β-D-galactoryranoside in 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl and 1 mM MgSO4 were added to the remaining 50 µl lysate, incubated at 37°C and absorption was measured at 405 nm (620 nm reference) as β-galactosidase activity. Luciferase activity was normalized to β-galactosidase activity.

Ifnβ luciferase reporter assays were performed as described in (48), with 5 ng FLAG-IKKϵ plasmid for activation.

Assays were performed in technical triplicates and repeated independently three times unless indicated otherwise.



Indirect Immunofluorescence

HeLa FlpIn cells were seeded into 24-well plates at a density of 75,000 cells per well on glass coverslips, HEK FlpIn cells at 100,000 cells per well on poly-L-lysin pretreated glass coverslips and expression of eGFP or eGFP-NLRP11 was induced with 1 µg/ml doxycycline. After overnight expression, cells were either infected with 160 hemagglutination units (HAU)/ml Sendai virus (SeV) for different durations, or directly fixed with 4% PFA in PBS, permeabilized with 0.5% Triton X-100 and blocked with 5% FBS in PBS. Cells were then incubated with primary and secondary antibody sequentially. Antibodies used: Primary: DDX3X (A300-474A Bethyl Laboratories), AIF (Cell Signalling # 4642). Secondary: Alexa-546 goat anti-rabbit IgG, Alexa-405 goat anti-mouse (Molecular Probes). DNA was stained with Hoechst 33258 (Sigma). Images were captured with a Leica DMi8 microscope using a HCX PL FL L 40X/0.60 or a HC PL APO 63X/1.40-0.60 OIL objective and processed using the Leica LasX software and ImageJ. For 3D deconvolution, Z-stacks of 4.05 µm depth were captured, with individual planes every 0.2 µm. Blind 3D-deconvolution was performed using the Leica LasX software, performing 10 iterations at a refractive index of 1.52. For quantitative analysis, sample pictures were blinded and counted by eye.



Immunoblotting

Immunoblotting was performed as described in (65). Antibodies used: β-actin (C-4; Santa Cruz sc-47778), GFP (Roche 11 814 460 001), myc (9E10; Sigma Aldrich M4439), DDX3X (Bethyl Laboratories A300-474A), FLAG (Sigma Aldrich F7425), GAPDH (Santa Cruz sc-25778), pIRF3 (Cell Signalling #29047T).



Measurement of Cytokines

IL-1β and IFNβ release was measured in cell supernatants by ELISA (DY201, DY814, R&D Systems) according to the manufacturer’s instructions. A bioassay for type I interferons was performed using HEK Blue IFN-α/β cells (Invivogen). HEK Blue IFN-α/β cells were stimulated for 20 h with supernatant from SeV infected THP1 cells and SEAP activity in the supernatant was measured by Quantiblue solution (rep-qbs, InvivoGen) according to the manufacturer’s conditions.



Statistical Analysis

Data were analyzed by unequal variances t-test (Welch test) and plotted using GraphPad Prism version 7.05. p < 0.05 was regarded as significant.




Results


NLRP11 Interacts With the ATP-Dependent RNA Helicase DDX3X

We recently demonstrated that NLRP11 is a negative regulator of inflammatory cytokine induction (48). In order to study the underlying molecular mechanism, we generated an eGFP-tagged NLRP11 (NLRP11-eGFP) expression construct and confirmed that NLRP11-eGFP retained its negative regulatory effect on IKKϵ induced ifnβ-reporter gene expression in comparison to our previously used myc-NLRP11 construct (Figure 1A). Stable cell lines allowing for inducible expression of NLRP11-eGFP were generated using the doxycycline inducible single site recombination system Flp-In T-REx. We obtained stable HeLa and HEK293 lines that showed inducible expression of NLRP11-eGFP after doxycycline treatment, as well as control cell lines expressing eGFP only. We selected for cell lines with tight regulation, uniform expression in all cells, and well detectable expression upon induction (Figure 1B). We noticed that NLRP11-eGFP tended to form high molecular weight SDS-stable aggregates in both HEK293 and HeLa cells (Figure 1B, upper band), which we also observed for myc-NLRP11 (data not shown). However, we always also detected monomeric NLRP11 in SDS-PAGE, and fluorescent microscopy also confirmed that NLRP11-eGFP was distributed in the cytoplasm without formation of larger aggregates, consistent with earlier reports (48, 49). Nonetheless, we noticed that NLRP11 was not completely evenly distributed in the cytosol, suggesting it might associate with cellular organelles (Figure 1C).




Figure 1 | NLRP11 interacts with DDX3X. (A) ifnb luciferase reporter assay in HEK293T cells overexpressing FLAG-IKKϵ (5 ng) and either empty vector (ev), myc-NLRP11, or NLRP11-eGFP. Means of three independent experiments conducted in triplicates, relative to the mean of 0 ng NLRP11, ± SEM are shown. **p < 0.01; Welch’s two-sided t-test. (B) Immunoblot of protein lysates of HEK293- and HeLa-eGFP and -NLRP11-eGFP cells, induced overnight with doxycycline. Probing for GFP and actin, or GAPDH as loading control is shown. Monomeric NLRP11-eGFP is marked by an arrow and aggregated NLRP11 by an asterisk. (C) Immunofluorescence micrographs of HeLa-NLRP11-eGFP cells. Cells were induced with doxycycline overnight, fixed and nuclei were stained. 3D-deconvolution of z-stacks of the signal of DNA (lower images) and eGFP (upper images) are shown. Stack size = 0.2 µm. Scale bar = 10 µm. (D) Immunoblots from anti-GFP immunoprecipitations (IP) from HEK293T-eGFP and HEK293-NLRP11-eGFP cells induced over night with doxycycline. IPs were probed for DDX3X and GFP, whole cell lysates (WCL) were probed for DDX3X and GAPDH as loading control. Representative blots for two independent experiments are shown. (E) Immunoblots from anti-GFP IPs from HEK293T cells expressing empty vector, or eGFP-DDX3X and the indicated myc-NLRP11 construct. IP lysates were probed for myc and GFP, whole cell lysates were probed for myc, GFP and actin as a loading control. Representative blots of two independent experiments are shown. *, NLRP11 aggregate; ∆, unspecific bands.



Next, we used these stable cell lines to identify interaction partners of NLRP11. NLRP11-eGFP protein complexes were immunoprecipitated from the HeLa-NLRP11-eGFP cells using anti-GFP antibody. Co-immunoprecipitated proteins were identified by mass spectrometry. We obtained several putative NLRP11 interactors that were not detected in two independent control immunoprecipitation experiments conducted with the corresponding eGFP-expressing HeLa cell line (Supplementary Table 1). Due to its well-described functions in anti-viral innate immune signaling (51, 52, 68), we selected the DEAD-box protein DDX3X as the most interesting candidate for further analysis. To validate the interaction, we used a specific antibody directed against DDX3X. In independent experiments we could confirm the presence of endogenous DDX3X in co-immunoprecipitations from HEK293-NLRP11-eGFP cells, while it was absent in co-immunoprecipitations conducted with HEK293-eGFP control cells (Figure 1D). Unfortunately, due to lack of a specific antibody against human NLRP11, we could not assess the interaction with endogenous NLRP11.

To map the interaction domain for DDX3X in NLRP11, we expressed myc-tagged NLRP11 truncation mutants in HEK293T cells together with eGFP-DDX3X or empty vector and performed immunoprecipitations using anti-GFP antibody. We also confirmed binding of myc-NLRP11 to DDX3X in these experiments (Figure 1E). Deletion of the NLRP11 PYD did not influence binding, nor was the PYD sufficient to facilitate binding to DDX3X. While the LRR domain alone showed a strong interaction with DDX3X, we only observed limited binding of the NACHT domain to DDX3X (Figure 1E). This finding is in line with results obtained in our previous work, where we showed that the LRR domain of NLRP11 is sufficient for inhibition of TBK1-induced type I IFN (48).

We next set out to analyze the functional relevance of the DDX3X-NLRP11 interaction. First, we tested whether the NLRP11-DDX3X complex formation changed during Sendai virus (SeV) infection. Starting at 4 h post infection, we observed increased expression levels and co-immunoprecipitation of endogenous DDX3X with NLRP11-eGFP in HEK293 cells that was strongest at 6 h and 16 h post infection (Figure 2A). We next analyzed the subcellular localization dynamics of NLRP11 and DDX3X during infection with SeV by indirect immunofluorescence microscopy. In HEK293-NLRP11-eGFP cells we confirmed co-localization of NLRP11 and DDX3X in the cytosol. This co-localization was maintained and appeared slightly enhanced during SeV infection with more pronounced co-localization at 16 h post infection compared to steady state levels (Figure 2B). Co-localization of DDX3X and NLRP11-eGFP was also observed in HeLa-NLRP11-eGFP cells, where NLRP11-eGFP continued to stably co-localize with DDX3X over the course of 16 h of infection in the majority of cells (Figure 2C). However, NLRP11 was not recruited to distinct DDX3X clusters that appeared at 16 h post infection in a minority of cells (Figure 2D). The formation of these structures was also not influenced by the presence, or absence of NLRP11-eGFP (Figure 2D). These structures likely represent stress granules that DDX3X is known to be recruited into (60, 69, 70) and were only present in a minority of the cells. In line with data previously published by Qin et al. (49), HEK293-NLRP11-eGFP cells showed no co-localization of NLRP11-eGFP with the mitochondrial marker apoptosis-inducing factor (AIF) at steady state conditions, but we observed recruitment of NLRP11 to mitochondria at 16 h post infection (Figure 2E). In HeLa NLRP11-eGFP cells, NLRP11 was localized in proximity to mitochondria in untreated cells and this localization pattern persisted during 16 h of SeV infection, with partial co-localization observed at 16 h post infection (Figure 2F).




Figure 2 | Interaction and co-localization of NLRP11 and DDX3X upon infection. (A) Co-immunoprecipitation of NLRP11-eGFP from HEK293-eGFP and HEK293-NLRP11-eGFP cells after induction with doxycycline overnight and infection with SeV for the indicated time. Immunoblots of the IPs and whole cell lysates (WCL) were probed for DDX3X and GFP. The blots are representative of two independent experiments. (B–F) Indirect immunofluorescence micrographs of HEK293 (B, E), or HeLa- (C, D, F), eGFP or NLRP11-eGFP cells induced with doxycycline overnight and infected with SeV for the indicated time. 3D deconvolution of DDX3X (B–D), or AIF (E, F) staining (red), together with the eGFP signal (green) are shown. Nuclei are stained with Hoechst (blue). Scale bars = 10 µm.



Taken together, we identified DDX3X as a novel binding partner of NLRP11. Mapping of the interaction domain in NLRP11 identified that the LRR region was sufficient for DDX3X binding. We further demonstrated that the interaction between NLRP11 and DDX3X occurred in the cytosol in proximity to mitochondria.



NLRP11 Prevents the Post-Translational Modification of DDX3X by IKKϵ

Gu et al. reported that IKKϵ can phosphorylate DDX3X and that this is a prerequisite for the interaction of DDX3X with IRF3 and subsequent activation of the Ifnb promotor (54). We therefore investigated whether NLRP11 influences this posttranslational modification of DDX3X. As shown before, co-expression of IKKϵ and DDX3X in HEK293T cells induced a change in the electrophoretic mobility of DDX3X, which is indicative of phosphorylation (54). This up-shift of DDX3X was clearly suppressed by co-expression of NLRP11 (Figure 3A).




Figure 3 | NLRP11 inhibits the phosphorylation of DDX3X by IKKϵ. (A, B) Immunoblot of whole cell lysates from HEK293T cells expressing FLAG-IKKϵ, myc-DDX3X and either myc-NLRP11 (A), or myc-NLRP11 deletion constructs (B) as indicated. Blots were probed for myc, FLAG, pIRF3 and actin as loading control. Representative blots of at least two independent experiments are shown. *, myc-NLRP11 ΔPYD (C) IFNβ release from macrophage-like differentiated shDDX3 THP1 cells. DDX3X targeting shRNA was expressed by induction with doxycycline (Dox) for 48 h and NLRP11 was targeted by siRNA transfection for 72 h, as indicated. Cells were infected with SeV for 16 h. IFNβ quantification by ELISA (left graph) and bioassay (right graph) are shown as means ± SEM (IFNβ: n = 5, SEAP: n = 3, ± SEM). *p < 0.05; **p < 0.01 Welch’s, two-sided t-test. Knock-down efficiency of NLRP11 and DDX3X was validated by endpoint PCR, and protein levels of DDX3X by immunoblot (upper panels). Immunoblots were probed for DDX3X and actin as loading control. n.s., not stimulated.



We have previously shown that the ability of NLRP11 to inhibit TBK1-induced IFNβ production is dependent on its LRRs (48). Given that the LRR region also interacted with DDX3 (Figure 1E), we tested whether this domain is required and sufficient to inhibit IKKϵ-mediated DDX3X phosphorylation and, consequently, downstream activation of IRF3 (54). Expression of full-length NLRP11, NLRP11-ΔPYD and NLRP11-LRR reduced the IKKϵ-induced upshift of DDX3X, while this was not observed for the PYD or NACHT domain of NLRP11. Consistent with this data, activation of IRF3, assessed by serine 396 phosphorylation, was also strongly reduced when NLRP11 full length, ΔPYD or the LRRs were expressed (Figure 3B).

Next, in order to interrogate the consequences of the DDX3X-NLRP11 interaction on IFNβ induction, we performed siRNA-mediated knock-down of NLRP11 in macrophage-like differentiated human THP1 cells in which DDX3X expression can be suppressed by Tet-inducible expression of a specific short hairpin RNA (shRNA) (THP1 shDDX3X) (64). THP1 cells were used for these experiments because they express higher levels of endogenous NLRP11 and IKKϵ compared to HeLa and HEK293T cells (48). In accordance with recent data (48, 49), knock-down of NLRP11 led to significantly increased IFNβ production in response to SeV infection (Figure 3C). As reported previously (51), shRNA-mediated knock-down of DDX3X had the opposite effect and reduced SeV-induced IFNβ expression (Figure 3C). However, DDX3X depletion resulted in a similar ratio of IFNβ reduction compared to control (-Dox) in both siCtrl cells and siNLRP11 treated cells (Figure 3C). Qualitatively similar results were obtained when measuring IFNβ activity in a bioassay (Figure 3C).

Overall, our data suggest that NLRP11 represses type I interferon responses by affecting IKKϵ-mediated posttranslational modification of DDX3X.



NLRP11 Counteracts the Effect of DDX3X on NLRP3 Inflammasome Activation

Considering the recent identification of DDX3X as a positive regulator of NLRP3 inflammasome formation (60), we next investigated whether NLRP11 affects DDX3X’s function in this context. We previously showed that NLRP11 cannot induce caspase-1 activation itself, nor does NLRP11 recruit the inflammasome adaptor ASC (48), suggesting that NLRP11 does not form a classical inflammasome when ectopically expressed in cells. Instead, we observed a trend towards reduced caspase-1 activation when NLRP11 was overexpressed (48). We therefore now investigated whether NLRP11 interferes with NLRP3 inflammasome activation, conceivably via sequestration of DDX3X. In line with the report from the Kanneganti lab (60), DDX3X enhanced nigericin-induced pro-caspase-1 cleavage, as measured by the iGLuc reporter assay, where a luciferase protein gets activated by caspase-1 cleavage in HEK293T cells (61) (Figure 4A). Expression of increasing amounts of myc-NLRP11 did not significantly affect NLRP3 inflammasome activation in the absence of exogenous DDX3X expression but led to a dose-dependent reduction of caspase-1 activation back to baseline levels in DDX3X overexpressing cells (Figure 4A).




Figure 4 | NLRP11 suppresses NLRP3 inflammasome activation by DDX3X. (A, B) iGLuc caspase-1 reporter assay in HEK293T cells expressing myc-NLRP3 (15 ng), HA-ASC, and caspase-1 (10 ng each) together with the indicated proteins. Cells were treated with 15 µM nigericin for 3 h. Means of three independent experiments (each conducted in triplicates) ± SEM are shown. *p < 0.05; **p < 0.01 Welch’s, two-sided t-test. (B), values relative to the mean of three independent experiments conducted in triplicates of cells, transfected with the reporter plasmid, NLRP3, ASC and caspase-1, not treated with nigericin, are shown. (C) Indirect immunofluorescent micrographs of HeLa-eGFP or HeLa-NLRP11-eGFP cells, induced with doxycycline overnight and transfected with HA-ASC and myc-NLRP3. Staining for HA and myc, as well as eGFP-signal is shown. Images representative of three independent experiments are shown. Scale bar = 50 µm. HA-ASC expressing cells without speck-formation are indicated with white arrow heads. Right panels: Quantification of cells with myc-NLRP3 specks and quantification of cells with HA-ASC staining (blinded counting of 150 cells per condition from n = 3). (D) iGLuc caspase-1 reporter assay in HEK293T cells expressing myc-NLRP3 (15 ng), HA-ASC, and caspase-1 (10 ng each) together with the indicated proteins. Cells were treated with 15 µM nigericin for 3 h. Means of three independent experiments (each conducted in triplicates) ± SEM are shown. (E) IL-1β release from macrophage-like differentiated THP1 cells after 72 h of siRNA-mediated knock-down. Cells were primed for 4 h with 100 ng/ml LPS followed by stimulation with 10 µM nigericin for 2 h. Means of five independent experiments ± SEM are shown. Inlay: endpoint PCR for NLRP11 and GAPDH of a representative experiment for validation of knock-down efficiency. n.s., not stimulated.



To determine whether the LRRs of NLRP11 were involved in the negative regulation of the NLRP3 inflammasome, we performed caspase-1 activation assays with our different NLRP11 truncation mutants. Expression of full-length NLRP11 or the LRRs led to a significant reduction of nigericin-induced caspase-1 activation. The same trend was observed in cells expressing only endogenous DDX3X (Figures 4A, B). NLRP11, NLRP11-ΔPYD and NLRP11-LRRs also caused a significant decrease in baseline caspase-1 activity (in the absence of nigericin) both in the presence and absence of exogenous DDX3X (Figure 4B). Taken together, this data shows that the LRRs of NLRP11 are both necessary and sufficient to dampen NLRP3 inflammasome activation, which might be a result of DDX3X recruitment and sequestration via the LRR domain of NLRP11. To provide further evidence we performed ASC speck-formation assays. When we co-expressed HA-ASC together with myc-NLRP3 in our HeLa cell lines, we found fewer ASC specks in NLRP11-eGFP-expressing cells compared to eGFP-expressing cells that served as control. Quantitative analysis revealed a reduction from about 51% speck-containing cells for HeLa-eGFP cells to about 31% for HeLa-NLRP11-eGFP cells (Figure 4C). Equal transfection efficiency of both cell lines was confirmed by blinded counting of HA-ASC positive cells (Figure 4C). This data strongly suggests that NLRP11 can inhibit assembly of NLRP3 inflammasomes.

In Figures 3A, B, we showed that NLRP11 suppresses IKKϵ-mediated phosphorylation of DDX3X. We next asked whether this phosphorylation plays a role in the regulation of NLRP3 inflammasome activation by DDX3X. To this end, we performed iGLuc reporter assays with the S102A mutant of DDX3X lacking the IKKϵ-phosphorylation site shown to be critical for IRF3 recruitment to DDX3X and IFNβ induction. We also tested another DDX3X mutant in which three further IKKϵ-phosphorylation sites in the N-terminus of DDX3X (S71A, S82A, S83A) are mutated in addition to S102 (54). We did not observe any differences in the capacity of these DDX3X mutants to enhance caspase-1 activation both in presence and absence of NLRP11 expression (Figure 4D), suggesting that these DDX3 phosphorylation events do not regulate its effect on inflammasome formation.

Finally, to corroborate a negative regulatory role for NLRP11 in inflammasome induced caspase-1 activation, we knocked down endogenous NLRP11 expression in macrophage-like differentiated THP1 cells using a specific siRNA (48). We first primed the differentiated THP1 cells with LPS and then induced NLRP3 inflammasome activation with nigericin. IL-1β secretion, a well-established read-out for NLRP3 inflammasome activation, was measured. Knock-down of NLRP11 resulted in increased IL-1β secretion (Figure 4E), albeit this effect was not significant (p=0.1086).

Taken together, these data provide evidence that NLRP11 can negatively regulate NLRP3 inflammasome activation and suggest that this is mediated via its interaction with DDX3X.




Discussion

Tight control and coordinated resolution of pro-inflammatory signaling pathways is an essential part of the immune response. While insufficient activation of innate immunity might provide pathogens the opportunity to thrive, an overshooting immune response can result in immunopathology. Many control mechanisms have therefore evolved that meticulously regulate the activation level of innate immune responses. We and others previously showed that NLRP11 can act as a negative regulator of antiviral type I IFN expression (48, 49) and NF-κB-dependent pro-inflammatory cytokine responses (47). Here we expand the mechanistical understanding of NLRP11’s regulation of antiviral responses by showing that it interacts with and inhibits the DEAD-box protein DDX3X (Figure 5). DDX3X has previously been shown to enhance the RIG-I-mediated antiviral response at multiple levels (50–54). Interestingly, other DEAD-box helicases have also been shown to form complexes with NLR family members: In mice, Nlrp9b uses the DEAD-box protein Dhx9 as a sensor for double-stranded RNA to induce inflammasome activation and pyroptosis following infection with dsRNA viruses (71). Dhx15 has also been shown to sense viral RNA and to bind to Nlrp6, mediating its interaction with MAVS (72). Sensing of viral and bacterial RNA by DHX33 has been shown to induce an interaction with NLRP3, enhancing inflammasome formation and caspase-1 activation (73). The latter interaction was shown to be dependent on the NACHT domain of NLRP3. Similarly, the DDX3X interaction with NLRP3 was also mediated by the NACHT domain, resulting in enhanced activation of caspase-1 (60). In contrast, we demonstrated that the interaction between NLRP11 and DDX3X is mediated by the LRRs of NLRP11. This difference in binding domains might explain why some interactions between DExD/H-box proteins and NLR proteins result in increased activation of immune signaling pathways, whereas the interaction we describe here has a negative regulatory effect. The LRR domain of NLRP11 has already been shown to inhibit type I IFN induction upon viral challenge (48, 49). Here we show that the LRR domain is also sufficient to inhibit hyperphosphorylation of DDX3X induced by IKKϵ (51, 54). This supports our hypothesis that NLRP11’s repression of IFN induction is at least partially mediated by targeting DDX3X.




Figure 5 | Schematic overview of the functional interplay of DDX3X and NLRP11 in innate immunity. The role of NLRP11 in attenuating RIG-I-induced type I interferon responses (left side) and in the activation of the NLRP3 inflammasome (right side) is depicted. NLRP11 interacts with DDX3X via its LRR domain. NLRP11 reduces type I interferon responses downstream of RIG-I activation by negative regulation of the activity of DDX3X in type I interferon induction. NLRP11 can also interfere with DDX3X-mediated NLRP3 inflammasome activation, leading to reduced IL-1β processing.



DDX3X is known to positively regulate the RIG-I pathway by interacting with multiple downstream signaling molecules. RIG-I signals via its mitochondrial adaptor protein MAVS to induce type I IFN transcription (50). Previously, NLRP11 was shown to be recruited to MAVS via its LRRs to modulate TRAF6 function and stability (49). However, no direct physical interaction between NLRP11 and MAVS was shown in this study. This raises the possibility that DDX3X could be involved in mediating this NLRP11-MAVS interaction. In our HEK293-NLRP11-eGFP cell line, we confirmed recruitment of NLRP11 to mitochondria 16 h post infection, as visualized by co-staining with AIF, however, the cellular morphology was heavily disturbed after 16 h of virus infection. The physiological relevance of the change in subcellular localization of NLRP11 in this cell type thus remains elusive.

Surprisingly, NLRP11 knock-down still increased IFNβ induction in DDX3X knock-down cells (Figures 3C, D). However, our DDX3X knock-down was only partial as DDX3X is required for cell viability, and therefore residual DDX3X protein levels might have affected the outcome of this experiment. It is also possible, that the NLRP11-DDX3X interaction more strongly perturbs the function of IKKϵ in ISG induction (74, 75) than IFNβ induction which is more TBK1-mediated (23, 76). This would explain why NLRP11 interferes with antiviral signaling at multiple steps downstream of RIG-I, enabling it to negatively regulate expression of both IFN (47–49) and ISGs that are directly regulated by IKKϵ.

In addition to this role in regulating antiviral gene expression, we provide evidence that NLRP11 can act as a negative regulator of the NLRP3 inflammasome. We confirmed that DDX3X is a positive regulator of the NLRP3 inflammasome, as reported recently (60) and show that expression of NLRP11 counteracts this effect of DDX3X. We also observed a trend towards higher IL-1β secretion upon NLRP11 knock-down in macrophage-like differentiated THP1 cells, but the rather low NLRP11 expression levels in THP1 cells (48) might limit the effect of siRNA-mediated knock-down.

The PYD domain of NLRP11 was not required for blocking the DDX3X effect on the NLRP3 inflammasome, instead expression of the NLRP11 LRRs was sufficient. Samir et al. proposed that recruitment of DDX3X by NLRP3 is critical for functional inflammasome formation (60). This is in line with our data, which suggests that NLRP11 binding to DDX3X via its LRRs reduces caspase-1 activation. It would be interesting whether this effect results from DDX3X sequestration by NLRP11 or competition between NLRP3 and NLRP11 for binding sites on DDX3X. When overexpressing NLRP11-eGFP in HeLa cells, we did not observe an obvious change in the subcellular localization of endogenous DDX3X, arguing against the sequestration mechanism. Another possibility is that NLRP11 inhibits posttranslational modifications of DDX3X that are important for its involvement in the NLRP3 inflammasome. This hypothesis is based on our finding that the NLRP11 LRRs inhibited the NLRP3 inflammasome and prevented IKKϵ-mediated hyperphosphorylation of DDX3X. Although we were unable to implicate the phosphorylation sites of DDX3X that are involved in IRF3 activation (54) in its regulatory effect on the NLRP3 inflammasome, it is likely that other DDX3X post-translational modifications could also be affected by NLRP11.

In summary, we show that NLRP11 is an NLR family member that negatively regulates NLRP3 inflammasome activity and interferes with the induction of antiviral type I IFN. For both regulatory effects, we identified a novel role for DDX3X, which we discovered as a novel binding partner of NLRP11, putting a further spotlight on this interesting DEAD-box protein.
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Neutrophil extracellular trap formation (NETosis) and the NLR family pyrin domain containing 3 (NLRP3) inflammasome assembly are associated with a similar spectrum of human disorders. While NETosis is known to be regulated by peptidylarginine deiminase 4 (PAD4), the role of the NLRP3 inflammasome in NETosis was not addressed. Here, we establish that under sterile conditions the cannonical NLRP3 inflammasome participates in NETosis. We show apoptosis-associated speck-like protein containing a CARD (ASC) speck assembly and caspase-1 cleavage in stimulated mouse neutrophils without LPS priming. PAD4 was needed for optimal NLRP3 inflammasome assembly by regulating NLRP3 and ASC protein levels post-transcriptionally. Genetic ablation of NLRP3 signaling resulted in impaired NET formation, because NLRP3 supported both nuclear envelope and plasma membrane rupture. Pharmacological inhibition of NLRP3 in either mouse or human neutrophils also diminished NETosis. Finally, NLRP3 deficiency resulted in a lower density of NETs in thrombi produced by a stenosis-induced mouse model of deep vein thrombosis. Altogether, our results indicate a PAD4-dependent formation of the NLRP3 inflammasome in neutrophils and implicate NLRP3 in NETosis under noninfectious conditions in vitro and in vivo.




Keywords: Neutrophils, NETs, NLRP3 inflammasome, MCC950, deep vein thrombosis, PAD4



Introduction

Initially described as part of the innate immune response to microbes (1), there is now increasing evidence that neutrophil extracellular traps (NETs) are produced under sterile conditions. They are implicated in a wide variety of inflammatory, (auto)immune, and thrombo-occlusive disorders. In particular, NETs are known to foster thrombosis (2, 3), contribute to ischemia/reperfusion injury (4), and age-related tissue fibrosis (5). NETs also likely contribute to the severe side effects of a COVID-19 infection (6). Moreover, NET formation is stimulated by diseases, such as diabetes (7) and cancer (8), and contributes to cancer progression (9, 10).

NETs are decondensed chromatin meshworks ejected by neutrophils upon inflammatory stimulation or hypoxia. A key characteristic of the extracellular neutrophil chromatin is the inclusion of pro-thrombotic, pro-inflammatory, and cytotoxic components, in particular histones and microbicidal proteases (3, 11). While the clinical relevance of NETs is recognized, the underlying cellular mechanisms of their induction are poorly defined. Recently, NET formation (NETosis) was determined to be a well-orchestrated sequence of cellular events, including disassembly of the cellular cytoskeletons, endomembrane fragmentation, nuclear rounding, plasma membrane permeabilization, and finally nuclear and plasma membrane rupture (12).

A major prerequisite for NETosis is the peptidylarginine deiminase 4 (PAD4)-dependent post-translational modification of histones (13, 14). In general, PAD enzymes are calcium-dependent enzymes which deiminate the positively charged arginine residue of proteins, thus transforming arginine to a neutral citrulline. PAD4 is mainly expressed in granulocytes and transferred into an enzymatic active conformation upon calcium binding. Moreover, since PAD4 is the only PAD isoform that contains a nuclear localization sequence, it is required for nuclear histone citrullination (12, 15). During the course of NETosis, it is thought that citrullination of histones reduces their DNA/histone binding ability which causes chromatin decondensation and subsequently culminates in chromatin expulsion.

Effective inducers of NETosis in vitro are the calcium ionophore ionomycin, the protein kinase C activator phorbol 12-myristate 13-acetate (PMA), and the potassium ionophore nigericin (16, 17). Interestingly, nigericin is widely used in macrophages to induce assembly of the NLR family pyrin domain containing 3 (NLRP3) inflammasome, which is also expressed in neutrophils (18, 19). In neutrophils the NLRP3 inflammasome was found to be activated after bacterial infection (20, 21) or after lipopolysaccharide (LPS) pretreatment with subsequent ATP stimulation (22). In addition, an activating mutation (A352V) in NLRP3 leading to Muckle Wells syndrome is associated with excessive neutrophil granule exocytosis (23) and a gain-of-function mutation in NLRP3, which results in Familial Mediterranean Fever (FMF) is subsequently linked to augmented NETosis (24, 25).

Inflammasomes are multiprotein signaling platforms, described mainly in macrophages, that mediate pivotal responses of innate immunity after activation by pathogen- and danger-associated molecular patterns (PAMPs and DAMPs). The most prominent and best studied inflammasome is NLRP3 (26, 27). Assembly of the NLRP3 inflammasome in macrophages in vitro requires a two-step mechanism. First, protein expression levels of NLRP3 have to be increased transcriptionally by priming macrophages with lipopolysaccharide (LPS) and, second, subsequent stimulation for example with pore-forming toxins (nigericin), results in a prominent NIMA (never in mitosis gene a)-related kinase 7 (NEK7)-dependent oligomerization of NLRP3 (28, 29). Successively, apoptosis-associated speck-like protein containing a CARD (ASC) is recruited, polymerized, and crosslinked with pro-caspase-1 leading to the formation of a macromolecular multiprotein structure designated ASC speck (30). ASC speck formation results in activation of caspase-1 (31), which in turn allows processing of the pro-inflammatory cytokines IL-1ß and IL-18, as well as the pore-forming protein gasdermin D (GSDMD) (32). Specific inhibition by the small molecule MCC950, an established NLRP3 inhibitor that binds to NLRP3 (33), results in impaired ATP hydrolysis with a subsequent blockade of NLRP3 inflammasome formation (34, 35).

Interestingly, neutrophils also have been described as a source of NLRP3/ASC-dependent IL-1ß production after Staphylococcus aureus infection (36). NLRP3-linked disorders, like hypoxia-induced venous thromboembolism (37), atherosclerosis (27), and tissue damage after ischemia/reperfusion (38) have an inflammatory thrombo-occlusive pathology in common that is associated with PAD4 and NETosis. So far, NLRP3 assembly and ASC speck formation have been described in neutrophils only after pathogen-induced infections (19, 20) or in the presence of LPS (22). Nothing is known about NLRP3 inflammasome assembly in neutrophils in sterile inflammation or their potential role in NETosis.

Here, we demonstrate that the formation of the NLRP3 inflammasome supports NETosis in the absence of LPS both in vitro and in vivo, and that PAD4, in addition to its known role in chromatin decondensation, also regulates NLRP3 inflammasome assembly in neutrophils. Our studies provide an important link between NETosis and the NLRP3 inflammasome, explaining, at least in part, the overlapping features of disorders in which both components are involved.



Materials and Methods


Materials

A detailed list of used material and corresponding ordering informations can be found in the Supplementary Informations.



Animals

Nlrp3–/– (stock no. #021302) and corresponding wild-type (C57BL/6J; stock no. #000664) mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Padi4–/– mice were originally generated by Y. Wang (13) and back-crossed with C57BL/6J in the Wagner laboratory. All mouse lines were housed in the animal facility of Boston Children’s Hospital.

Padi4fl/fl mice (stock no. #026708), previously described by Hemmers and colleagues (39), and Vav1-iCre mice (stock no #008610) were purchased from Jackson Laboratory and intercrossed by the Wagner laboratory to generate mice lacking PAD4, specifically in the hematopoietic lineage (Padi4Vav1Cre/+). ASC-deficient mice (C57BL/6J background) used for antibody validation were a kind gift of A. Yazdi (Aachen University, Germany) and were previously described (40). All offsprings were housed in the according institutional animal facility, and mice of both sexes were randomly assigned for experiments. Data analysis was blinded to the identity of the sample.

All experimental animal procedures in this study were approved by the Institutional Animal Care and Use Committee of Boston Children’s Hospital under the protocol numbers 20-01-4096R or 20-02-4097R or the Regierungspräsidium Tübingen and were performed under the ARRIVE guidelines.



Flow Restriction Model (DVT)

Flow restriction of the inferior vena cava (IVC) was performed as described elsewhere (41). Briefly, the IVC of 8-week-old male Nlrp3–/– and corresponding wild-type mice was exposed, and the renal and iliac veins were ligated. Subsequently, the IVC was partially (90%) ligated with a 7-0 polypropylene suture using a 30-gauge needle as a spacer. After removal of the spacer, the peritoneum and skin were closed by monofilament sutures, and mice were euthanized 6 or 48 hours after surgery. Formed thrombi were harvested for weight and length measurements and cryo-embedded in Tissue-Tek® O.C.T.™.



Immunofluorescence Staining of Thrombi

Cryo-embedded thrombi were cryo-sectioned into 10 µm sections and fixed in 4% paraformaldehyde (PFA) overnight at 4°C. After being washed once with phosphate-buffered saline (PBS), thrombi sections were permeabilized (0.1% Triton X-100, 0.1% sodium citrate) for 10 minutes at 4°C and subsequently incubated with blocking buffer (2.5% BSA, 0.5% Tween-20 in 1x PBS) at 37°C for 1 hour. Following incubation with the primary antibodies H4Cit (1:250) and Ly6G (1:500) at 4°C overnight, the sections were washed 3 times with PBS and incubated with the secondary antibodies (1:1,500) for 2 hours at room temperature (RT). After another 3 washes with PBS, the coverslips were mounted using mounting medium containing 4′,6-diamidin-2-phenylindol (DAPI) and visualized on an Olympus confocal laser scanning microscope (FluoView FV1000) using a 20x air objective with a tile and stitching mode. Images were identically acquired and processed with Fiji/ImageJ to calculate the percentage of H4Cit and Ly6G positive area.



Mouse Neutrophil Isolation

Blood was collected from the retro-orbital plexus of anesthetized mice in 1 mL of ethylenediaminetetraacetic acid (EDTA) anticoagulated buffer supplemented with 1% endotoxin-free BSA in sterile PBS, and peripheral blood neutrophils were subsequently isolated. Bone marrow–derived neutrophils were obtained by flushing the mouse femur 3-4 times with phenol red-free RPMI 1640 medium supplemented with 10 mM HEPES. The bone marrow–cell suspension was strained using a 40 µm cell strainer, and cells were pelleted by 10 minutes of 500 x g centrifugation before finally being resuspended in PBS.

Subsequently, peripheral or bone marrow–derived neutrophils were isolated by Percoll gradient centrifugation, as described elsewhere (7). Neutrophils were then resuspended in phenol red-free RPMI 1640 medium supplemented with 10 mM HEPES, and cell purity was assessed by Wright-Giemsa stain. After the neutrophil count was determined, the required cell density was adjusted by adding HEPES supplemented RPMI 1640 medium.



Human Neutrophil Isolation

The experimental procedure was approved by the Office of Clinical Investigations at Boston Children’s Hospital (protocol number IRB-P00003283). Informed consent was provided by donors. Blood was drawn from healthy donors in EDTA-coated vacutainers, and blood samples were de-identified prior to isolation. Neutrophils were isolated using gradient centrifugation, as described elsewhere (7). Cells were resuspended in phenol red free RPMI 1640 medium supplemented with HEPES, assessed for purity by Wright-Giemsa stain, and adjusted to the desired cell density.



Cell Culture of iBMDM Cells

Immortalized mouse bone marrow–derived macrophages (iBMDM) (42) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and supplemented with L-glutamine and sodium pyruvate. Cells were split every 3 days in a 1:10 ratio by detaching them in PBS (pH 7.4) containing 2 mM EDTA.



Gene Editing of iBMDM Cells Overexpressing PAD4

PAD4 overexpressing construct was generated using a murine PAD4-mScarlet vector, which was produced by inserting mScarlet cDNA into the pLV-eGFP plasmid (a gift from Pantelis Tsoulfas, Addgene no: 36083) between XbaI and BamHI sites. The mouse full-length PAD4 insert was amplified and ligated between the AgeI and SalI sites rom he cDNA using the following primers: forward primer of 5’-ACCTCCATAGAAGACACCGACTCTAGAATGGCCCAAGGCGCGGTGATCCA-3’, and reverse primer of 5’-CTTGCTCACCATTGAGCCGCTACCGGTGGGCACCATGTGCCACCACTTGA-3’.



Generation of Stable Cell Lines

Stable PAD4-mScarlet overexpressing iBMDM cell lines were generated by a lentiviral transfection approach. To this end, HEK293T cells were co-transfected with 1 μg of pLV plasmid containing the corresponding gene, 750 ng psPAX2 packaging plasmid, and 250 ng pMD2.G envelope plasmid (both plasmids were a gift from Didier Trono, Addgene no: 12260 and 12259, respectively) on day 0 and incubated overnight. On day 1, the medium was removed, replenished with 1 mL fresh medium, and the cells were incubated for another day. On day 2, the supernatant containing the virus was filtered using a 0.45 μm filter and used directly to infect iBMDM cells by spinfection at 2,500 x g for 90 minutes at RT using 8 μg/mL polybrene. Subsequently, cells were incubated in the corresponding culture medium for 24 hours, and positively infected cells were sorted by flow cytometry using mScarlet (PAD4) wavelengths. Positive cell colonies were validated at protein and functional level.



Western Blot

For western blot analysis, cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors, according to the manufacturer’s protocol, and incubated for 30 minutes on ice. After centrifugation at 20,000 x g for 15 minutes at 4°C, the protein concentration in the supernatant was measured using Bradford reagent. The protein samples were then denatured in LDS buffer and reducing agent for 5 minutes at 95°C. Lysates were separated by 4-12% Bis-Tris gradient gels, and proteins were electrotransferred on a PVDF membrane using the iBlot system. Membranes were blocked with 5% BSA in TBS-T buffer (0.05% Tween-20 in 1x TBS) for 1 hour at RT and incubated overnight at 4°C with anti ASC (1:800), anti NLRP3 (1:1,000), anti caspase-1 (1:1,000), anti PAD4 (1:200) or anti GAPDH (1:5,000) antibodies. For probing with the PAD4 antibody, the membranes were stripped for 20 minutes at RT using 0.5 M NaOH solution, blocked with 5% BSA TBS-T buffer, and incubated for 4 hours at RT using a custom-made mouse-specific PAD4 antibody (Thermo Fisher Scientific) directed against mouse PAD4 peptide DKEDPQASGMDFEDDKILD that does not cross react with mouse PAD2. After incubation with primary antibodies, membranes were washed 3 times with TBS-T buffer before incubation with HRP-conjugated secondary antibodies (1:10,000) and were incubated for 2 hours at RT. Then the membranes were washed 3 more times with TBS-T and subsequently probed with enhanced chemiluminescence (ECL) detection solution.



IL-1ß ELISA

IL-1ß was measured according to the manufacturer’s instruction. A 96-well plate was coated with the capturing antibody overnight at 4°C. The following day, the plate was washed 3 times with buffer (PBS + 0.05% Tween-20) and then blocked at RT for 1 hour under gentle shaking. Subsequently, after 3 further washing steps, 100 µL of iBMDM supernatant or standard solution was added per well and incubated for 2 hours at RT under gentle shaking. The plate was again washed 3 times before the addition of the detection antibody. After incubation of the detection antibody for 1 hour at RT, avidin-HRP was added and incubated for 0.5 hours at RT. After final washing steps, TMB solution was supplemented, and 2N H2SO4 was used as stop solution. The absorbance was read at 450 and 570 nm. To obtain final values, the 570 nm values were subtracted from the 450 nm values.



qRT-PCR

Total RNA was extracted using the PureLink™ RNA Mini Kit (ThermoFisher) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized using All-In-One RT MasterMix following the manufacturer’s instructions. Quantitative PCR of specific genes was performed using SYBR Green SuperMix in the StepOnePlus RealTime PCR System. Cycling conditions were as follows: initial denaturation at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 sec, 55°C for 30 sec, and 70°C for 15 sec. For amplification, the following primer pairs were used (5`- >3`orientation): β-actin: fwd: CGGTTCCGATGCCCTGAGGCTCTT; rev: CGTCACACTTCATGATGGAATTGA for isolated peripheral neutrophils and fwd: CATTGCTGACAGGATGCAGAAGG; rev: TGCTGGAAGGTGGACAGTGAGG for iBMDM cells; ASC: fwd: CAGAGTACAGCCAGAACAGGACAC, rev: GTGGTCTCTGCACGAACTGCCTG; NLRP3: fwd: GTTCTGAGCTCCAACCATTCT, rev: CACTGTGGGTCCTTCATCTTT; IL1ß: fwd: TGGACCTTCCAGGATGAGGACA; rev: GTTCATCTCGGAGCCTGTAGTG​.

To confirm the equal RNA input, β-actin mRNA expression and the relative expression of inflammasome mRNA were calculated with the △△Ct method. Specificity of the amplification was checked by melting curve analysis, and data were recorded and analyzed using StepOne Software v2.1.



In Vitro NET Assay

1.5x104 mouse or human neutrophils per well were resuspended in HEPES supplemented phenol red-free RPMI 1640 medium and plated in a 96-well plate. After allowing the cells to adhere for 30 minutes at 37°C and 5% CO2 in the absence or presence of 1 µM MCC950, the cells were stimulated with vehicle control, nigericin (15 µM), or ionomycin (4 µM) for 4 hours. Fixation was performed in 2% PFA containing Hoechst 33342 (1:10,000) at 4°C overnight. Cells were washed 3 times with PBS the next day before imaging on a Zeiss Axiovert 200M microscope. The percentage of NETs was analyzed from 8 non-overlapping and randomized visual fields per well by quantifying cells with a web-like chromatin structure and positive citrullinated histone H4 staining. The average percentage of NETing cells was taken from duplicates in each experiment.



Immunofluorescence Staining of ASC Speck in Neutrophils

6x104 mouse or 1x105 human neutrophils per condition were plated on a sterilized coverslip in a 6-well plate and allowed to adhere for 30 min at 37°C and 5% CO2 before stimulating the cells with nigericin (15 µM), ionomycin (4 µM), or PMA (50 nM) for 4 hours. The cells were fixed with 4% PFA for 1 hour at RT, washed once with PBS, permeabilized (0.1% Triton X-100, 0.1% sodium citrate) for 10 minutes at 4°C, and incubated with blocking buffer (2.5% BSA, 0.5% Tween-20 in 1x PBS) at 37°C for 1 hour. Samples were incubated at 4°C ON with the primary antibodies against ASC (1:800, mouse neutrophils or 1:200, human neutrophils) and subsequently washed 3 times with PBS before incubation with the secondary antibody (1:1,500) for 2 hours at RT. After another 3 washing steps with PBS, the coverslips were mounted using mounting medium containing DAPI and visualized on a confocal Nikon Eclipse Ti2 microscope using a 60x oil immersion objective (mouse neutrophils) or an Olympus confocal laser scanning microscope FluoView (FV1000) using a 40x air objective (human neutrophils). Images were identically acquired and processed with Fiji/ImageJ. ASC speck frequency was determined by capturing 37 Z-stacks of 0.1625 µm size from 6 by 6 tiles on a Nikon Eclipse Ti2 A1R confocal microscope (mouse neutrophils) and by 5 non-overlapping and randomized visuals fields on an Olympus FluoView (FV1000) confocal microscope (human neutrophils) in the center of the coverslip. The percentage of neutrophils forming ASC speck was quantified.



Immunofluorescence Staining of ASC Speck in iBMDM

iBMDMs were plated on a 35 mm glass-bottom dish and primed for 4 hours with LPS from E.coli (1 µg/mL) at 37°C and 5% CO2 before stimulating the cells with nigericin (20 µM) for 30 minutes. iBMDMs were fixed in 3% PFA containing 1:10,000 Hoechst 33342 for 30 minutes at RT, washed twice with PBS for 5 minutes, and permeabilized (0.1% Triton X-100, 0.1% sodium citrate) for 7 minutes at RT, followed by a washing step. Afterwards, cells were blocked for 1 hour at RT with blocking buffer (3% BSA in PBS) and subsequently incubated with the primary antibody ASC (1:1,000) overnight. Followed by extensive washing steps, cells were incubated with the corresponding secondary antibody (1:2,000) the next day for 2 hours at RT. Finally, cells were visualized with an Olympus confocal laser scanning microscope FluoView (FV1000). Images were captured using a 60x water immersion objective with Olympus FluoView version 3.0 viewer software. The images were identically acquired and processed using ImageJ software, and the percentage of iBMDMs developing an ASC speck was quantified.



Time-Lapse Visualization by Spinning Disc Confocal and DIC Microscopy

Time-lapse microscopy was performed using isolated peripheral neutrophils from Nlrp3+/+ and Nlrp3–/– mice. To this end, 1x106 mouse neutrophils were stained for 30 min at 37°C and 5% CO2 using 2 µM SiR-DNA to visualize chromatin and 1 µM ER-tracker red dye to visualize the endoplasmic reticulum and nuclear envelope. Subsequently, cells were washed and resuspended in 300 µL of imaging media (phenol red-free RPMI 1640, 25 mM HEPES, 1% penicillin/streptomycin) before the cell suspension was added and allowed to adhere for 5 min in a non-coated, 24-well glass-bottom plate located on a 37°C pre-warmed microscope stage. 3-10 random fields per well were visualized using a Nikon Eclipse Ti2 microscope equipped with Perfect Focus™, a Yokogawa CSU-X1 spinning disc scanhead, a Nikon motorized stage with XY linear encoders containing a Nano-Z100 piezo insert, and a Hamamatsu Orca-flash 4.0 v3 camera with a Plan Apo Tirf 60x oil 1.49 NA DIC Nikon objective lens. Confocal and DIC images were acquired every 2 minutes for the first 80 minutes and every 5 minutes for the rest of the visualization up to 4 hours. Three images were acquired of unstimulated cells, followed by addition of imaging medium containing ionomycin to achieve a final ionomycin concentration of 4 µM.



Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism. Significance was tested with unpaired t-test or, for experiments with more than two groups, with two-way ANOVA multiple comparison test. p<0.05 was considered statistically significant.




Results


Neutrophil Activation Induces NLRP3-Dependent ASC Speck Formation Under Sterile Conditions

NLRP3 is expressed in human and mouse neutrophils (22, 23). To investigate whether NLRP3 inflammasome assembles in neutrophils under sterile conditions, human peripheral neutrophils were activated with PMA or nigericin for 4 hours. Both agents induced inflammasome assembly, observed in a subset of cells by immunostaining for ASC speck formation, which was absent in unstimulated neutrophils (Figure 1A). Like human neutrophils, isolated peripheral mouse neutrophils displayed ASC speck formation when stimulated with ionomycin or nigericin (Figure 1B) and stained with an antibody specific for ASC (Figure S1) subsequently. Interestingly, ASC speck formation occurred in NET-forming human or mouse neutrophils upon stimulation with nigericin or ionomycin, respectively (Figure 1C). After ionomycin- or nigericin- stimulated NET release, a fraction of neutrophils undergoing NETosis also showed ASC speck or its fragments associated with the expelled extracellular chromatin (Figure 1C; red arrowheads).




Figure 1 | NLRP3 inflammasome-dependent ASC speck formation and release on NETs by stimulated neutrophils (A) Confocal microscopy images of immunostained human neutrophils in the absence (unstimulated) or presence of PMA (50 nM) or nigericin (15 µM) for 4 hours. Blue, DNA (DAPI); grey, ASC antibody staining. Red arrows indicate ASC speck. Scale bar equals 10 µm in the overview and 2.5 µm in the zoom panel. Representative of n=4 experiments. (B) Confocal microscopy images of immunostained mouse neutrophils in the absence (unstimulated) or presence of ionomycin (4 µM) or nigericin (15 µM) for 4 hours. Blue, DNA (DAPI); grey, ASC antibody staining. Red arrows indicate ASC speck. Scale bar equals 10 µm in the overview and 2.5 µm in the zoom panel. Representative of n=5 experiments. (C) Confocal microscopy images of ASC speck formation in NETting cells and associated with NETs in human (left panel) or mouse neutrophils (right panel) in the presence of nigericin (15 µM) or ionomycin (4 µM). Blue, DNA (DAPI); green, H4Cit antibody stain; grey, ASC antibody staining. Red arrows indicate ASC speck. Scale bar equals 10 µm in the overview and 2.5 µm in the zoom panel. Representative of n=4-5 experiments. (D) Western blot of caspase-1 cleavage (antibody clone: Casper-1) in neutrophils from wild-type mice in the absence or presence of nigericin (15 µM) or ionomycin (4 µM) for 0.5 hours. Representative of n=3 experiments. (E) Representative confocal microscopy images (left panel) and arithmetic means ± SEM (right panel; n=4-5 mice) of ASC speck formation in neutrophils from wild-type (Nlrp3+/+) or Nlrp3–/– mice in the absence (unstimulated, open bars) or presence of nigericin (15 µM, black bars) or ionomycin (4 µM, grey bars) for 4 hours. Blue, DNA (DAPI); grey, ASC antibody staining. Red arrows indicate ASC speck. Scale bar equals 10 µm. *p<0.05, **p<0.01 and ***p<0.001.



Next, since activation of pro-caspase-1 upon ASC speck formation is an established hallmark of inflammasome activation, caspase-1 cleavage products were investigated in mouse neutrophils. Stimulation with nigericin or ionomycin caused generation of the characteristic p32 and p20 caspase-1 fragments (Figure 1D).

To confirm that the observed ASC speck formation in neutrophils is due to NLRP3 assembly, we treated circulating neutrophils from wild-type (Nlrp3+/+) and NLRP3-deficient (Nlrp3–/–) mice with nigericin or ionomycin. As shown in Figure 1E, nigericin or ionomycin stimulation induced ASC speck formation in approximately 10% of wild-type neutrophils. By contrast, this activation-dependent increase in ASC speck formation was significantly reduced in neutrophils from Nlrp3–/– mice, indicating that the majority of observed ASC speck in the mouse neutrophils was part of the NLRP3 inflammasome (Figure 1E).

Taken together, these results demonstrate that neutrophils can assemble a physiologically active inflammasome/ASC speck in the absence of bacteria or LPS.



PAD4 Supports ASC Speck Formation by Regulation of ASC and NLRP3 Protein Levels

ASC speck forms in stimulated neutrophils, where PAD4 is a prerequisite for NET formation (15). We wondered whether PAD4 may promote ASC speck assembly as well. Since PAD4 can be synthesized by many cell types and can be found in plasma, a hematopoietic cell-specific Padi4 knockout mouse was generated using Cre-Lox recombination by intercrossing Padi4fl/fl with Vav1-iCre mice (Figure S2A). The resulting PAD4 wild-type (Padi4fl/fl) and hematopoietic cell-specific knockout (Padi4Vav1Cre/+) mice showed no differences in blood cell counts (Figure S2B) and, in agreement with global Padi4–/– mice, Padi4Vav1Cre/+ mice displayed significantly reduced NETosis (Figure S2C).

Immunostaining of unstimulated Padi4fl/fl or Padi4Vav1Cre/+ neutrophils detected ASC speck formation in approximately 2% of the cells. However, nigericin or ionomycin stimulation resulted in ASC speck formation in about 15% of Padi4fl/fl cells, while only 6-8% of neutrophils from Padi4Vav1Cre/+ mice showed ASC speck formation (Figure 2A), which shows that neutrophil PAD4 is needed to fully stimulate ASC speck assembly. Since no LPS pretreatment was needed for induction of ASC speck formation in neutrophils, we decided to compare the protein levels of NLRP3 and ASC in these cells. Interestingly, peripheral neutrophils lacking PAD4 (Padi4Vav1Cre/+) displayed decreased ASC and NLRP3 protein levels when compared with PAD4-positive neutrophils from Padi4fl/fl mice (Figure 2B), while LPS pretreatment equalized the ASC and NLRP3 protein levels in these neutrophils (Figure S2D). Although protein levels of the NLRP3 inflammasome are transcriptionally regulated by NFκB in macrophages (43), neutrophils from Padi4fl/fl and Padi4Vav1Cre/+ mice showed no difference in NLRP3 and ASC mRNA levels (Figure 2C).




Figure 2 | ASC speck formation in neutrophils is, in part, directed by PAD4-dependent regulation of ASC and NLRP3 protein levels (A) Representative confocal microscopy images (left panel) and arithmetic means ± SEM (right panel, n=4-6 mice) of ASC speck formation in neutrophils from wild-type (Padi4fl/fl, black bars) or hematopoietic cell-specific Padi4-deficient mice (Padi4Vav1Cre/+, grey bars) in the absence (unstimulated) or presence of ionomycin (4 µM) or nigericin (15 µM) for 4 hours. Blue, DNA (DAPI); grey, ASC antibody staining. Red arrows indicate ASC speck. Scale bar equals 10 µm. *p<0.05. (B) Representative western blots (upper panel) and arithmetic means ± SEM (lower panel, n=4 mice) of ASC and NLRP3 protein levels in naive neutrophils from wild-type (Padi4fl/fl, black bars) or hematopoietic specific Padi4-deficient mice (Padi4Vav1Cre/+, grey bars). **p<0.01. (C) Arithmetic means ± SEM (n=3 mice) of relative mRNA levels in naive neutrophils from wild-type (Padi4fl/fl, black bars) or hematopoietic specific Padi4-deficient mice (Padi4Vav1Cre/+, grey bars).



These results indicate that PAD4 has the ability to upregulate NLRP3 inflammasome components in a post-transcriptional manner without de novo mRNA synthesis in neutrophils.



Overexpresion of PAD4 Bypasses LPS Priming During NLRP3 Inflammasome Assembly in Bone Marrow–Derived Macrophages

To study whether PAD4 also plays a role in ASC speck formation in other cell types, we prepared primary bone marrow–derived macrophages (BMDM) from wild-type and Padi4Vav1Cre/+ mice. While inhibition of citrullinating activity of several PAD enzymes by Cl-amidine almost completely abrogated ASC speck formation in primary wild-type BMDMs (Figures S3A, B), there was no statistically significant difference in ASC speck formation in primary bone marrow–derived macrophages from Padi4Vav1Cre/+ mice when compared with Padi4fl/fl BMDMs after LPS and nigericin exposure (Figure S3C). This observation confirms a previous report (44) and indicates that in mouse macrophages, as in neutrophils, citrullination is necessary for ASC speck formation. However, other PAD enzymes may compensate for the lack of PAD4 in macrophages.

To further investigate the role of PAD4 in NLRP3 inflammasome assembly in macrophages, we generated PAD4 overexpressing immortalized bone marrow–derived macrophages (iBMDM). While these cells exhibited a 4-fold increased PAD4 protein level compared with wild-type iBMDM (Figures S4A, B), PAD4 overexpression had no effect on IL-1ß mRNA levels in iBMDM (Figure S4C). Although in vitro stimulation of NLRP3 assembly in iBMDMs requires pretreatment with LPS and subsequent stimulation with nigericin, we observed that nigericin alone was able to induce ample ASC speck formation and IL-1ß production in PAD4 overexpressing iBMDMs (Figures 3A, B). Stimulation of control iBMDMs (empty vector-treated cells) with nigericin or LPS alone did not induce ASC speck formation or IL-1ß production (Figures 3A, B). In agreement with the observation in neutrophils, PAD4 overexpression in iBMDMs resulted in significantly increased NLRP3 protein levels and a small but significant increase in ASC levels when compared with empty vector expressing cells, without a significant change in the corresponding mRNA levels (Figures 3C, D).




Figure 3 | PAD4 overexpression leads to priming-independent ASC speck formation and IL-1ß secretion with an increase in ASC and NLRP3 protein levels in immortalized bone marrow–derived murine macrophages (A) Confocal microscopy images of immunostained native mouse immortalized bone marrow–derived macrophages (iBMDM; control, left panel) and PAD4 overexpressing iBMDM (right panel) in the absence (unstimulated) or presence of LPS only (1 µg/mL), nigericin only (15 µM), or LPS and nigericin (15 µM, 0.5 hours). Blue, DNA (Hoechst); green, NLRP3 antibody staining; grey, ASC antibody staining. Scale bar equals 5 µm. Representative of n=4 experiments. (B) Arithmetic means ± SEM (n=4) of percentage of ASC speck formation (left panel) and IL-1ß production (right panel) in native iBMDM (control, black bars) or PAD4 overexpressing iBMDM (grey shaded bars) in the absence (unstim.) or presence of LPS only (1 µg/mL), nigericin only (15 µM), or LPS (1 µg/mL) and nigericin (15 µM, 0.5 hours). **p<0.01 and ***p<0.001. (C) Representative western blots (upper panel) and arithmetic means ± SEM (lower panel, n=4) of ASC and NLRP3 protein levels in native iBMDM (ctrl.) or PAD4 overexpressing (P4 oe) iBMDM. *p<0.05 and **p<0.01. (D) Arithmetic means ± SEM (n=4) of relative mRNA levels in native iBMDM (control) or PAD4 overexpressing iBMDM.



These results show the importance of PAD4 activity in inflammasome/ASC speck assembly in iBMDM cells under sterile conditions.



NLRP3 Inflammasome Supports NETosis by Promoting Nuclear Envelope and Plasma Membrane Breakdown

Since ASC speck formation was observed in neutrophils forming NETs, we addressed the importance of the NLRP3 inflammasome assembly on NETosis. To this end, we examined the effects of inflammasome perturbations on NETosis in in vitro assays. Neutrophils isolated from Nlrp3–/– mice showed significantly decreased NETosis after nigericin or ionomycin stimulation when compared with neutrophils from wild-type mice (Figure 4A). The role of NLRP3 was further substantiated both in mouse and human neutrophils by pharmacological inhibition of the NLRP3 inflammasome. Pretreatment for 30 minutes with the specific small molecule NLRP3 inhibitor MCC950 (33) resulted in significantly decreased NETosis after nigericin or ionomycin stimulation than observed in vehicle-treated neutrophils (Figures 4B, C). Thereby, the inhibition was more pronounced in mouse than human neutrophils, but was statistically significant in both cases. In line with results from NLRP3 perturbations, we found that pharmacological inhibition of the NLRP3 inflammasome effector molecule caspase-1 also revealed markedly reduced NETosis in human neutrophils (Figure S5), indicating that NLRP3-mediated caspase-1 activation is needed for efficient NETosis.




Figure 4 | The NLRP3 inflammasome promotes activation-dependent NET formation through nuclear envelope and plasma membrane breakdown in primary neutrophils. (A) Overview (left panel) and arithmetic means ± SEM (right, n=5-7 mice) of NET formation by neutrophils from wild-type (Nlrp3+/+, black bars) or Nlrp3–/– mice (grey bars) in the absence (unstimulated) or presence of nigericin (15 µM) or ionomycin (4 µM) for 4 hours. Blue, DNA (DAPI); green, H4Cit antibody stain. Red arrows indicate NETs. Scale bar equals 50 µm. *p<0.05, **p<0.01 and ***p<0.001. (B) Overview (left panel) and arithmetic means ± SEM (right, n=5-6 mice) of NET formation in untreated (solvent control, black bars) or MCC950 pretreated (1 µM, grey bars) mouse neutrophils in the absence (unstimulated) or presence of nigericin (15 µM) or ionomycin (4 µM) for 4 hours. Blue, DNA (DAPI); green, H4Cit antibody stain. Red arrows indicate NETs. Scale bar equals 50 µm. *p<0.05 and **p<0.01. (C) Overview (left panel) and arithmetic means ± SEM (right, n=4-8 donors) of NET formation in untreated (solvent control, black bars) or MCC950 pretreated (1µM, grey bars) human neutrophils in the absence (unstimulated) or presence of nigericin (15 µM) or ionomycin (4 µM) for 4 hours. Blue, DNA (DAPI); green, H4Cit antibody stain. Red arrows indicate NETs. Scale bar equals 50 µm. *p<0.05, **p<0.01 and ***p<0.001. (D) Representative time-lapse differential interference contrast (DIC) spinning-disk confocal microscopy images at indicated time intervals (left panel) and arithmetic means ± SEM (center/right panel; n=5 mice) of percentage of total (middle) and time course (right) of plasma membrane rupture (NETosis) in neutrophils from wild-type (Nlrp3+/+, black bars) or Nlrp3–/– mice (grey bars) in the presence of ionomycin (4 µM). Blue, DNA (siR-DNA); red, nuclear envelope (ER-tracker). Red arrows indicate area of plasma membrane rupture. Scale bar equals 5 µm. **p<0.01. (E) Arithmetic means ± SEM (n=5 mice) of percentage of total (left panel) and time course (right panel) of nuclear rounding in neutrophils from wild-type (Nlrp3+/+, black bars) or Nlrp3–/– mice (grey bars) in the presence of ionomycin (4 µM). (F) Arithmetic means ± SEM (n=5 mice) of percentage of total (left panel) and time course (right panel) of nuclear envelope rupture in neutrophils from wild-type (Nlrp3+/+, black bars) or Nlrp3–/– mice (grey bars) in the presence of ionomycin (4 µM). *p<0.05.



To determine the underlying NLRP3-dependent cellular processes in NETosis, we performed time-lapse microscopy of ionomycin-stimulated neutrophils from Nlrp3+/+ and Nlrp3–/– mice. Spinning disk confocal and DIC microscopy of cells stained with SiR-DNA as a marker of chromatin and ER-tracker as a marker of the endoplasmic reticulum (ER) and nuclear envelope confirmed a significantly impaired NET formation in neutrophils from Nlrp3–/– mice when compared with wild-type neutrophils. While neutrophils from Nlrp3+/+ mice showed a robust breakage of the plasma membrane (NETosis) starting 60 minutes after stimulation, Nlrp3-deficient neutrophils displayed four-fold reduced plasma membrane rupture (Figure 4D). While nuclear rounding, another described cellular characteristic of NETosis (45), occurred both in neutrophils from Nlrp3+/+ and Nlrp3–/– mice, most Nlrp3–/– neutrophils arrested the NETosis process at this stage (Figure 4E and Videos S1, S2). Accordingly, the rupture of the nuclear envelope was significantly impaired in neutrophils from Nlrp3-/- mice when compared with wild-type controls (Figure 4F).

The above observations demonstrate an important role of the NLRP3 inflammasome in nuclear envelope and plasma membrane breakdown after sterile inflammation, thus pointing to a central role of the NLRP3 inflammasome in NETosis.



NLRP3 Inflammasome Promotes NETosis In Vivo and Supports Venous Thrombus Progression in Mice

We next sought to verify that NLRP3 also regulates NETosis in deep vein thrombosis (DVT) to unravel the physiological importance of our findings. To this end, we applied a mouse model of stenosis-induced DVT, which is an acknowledged murine model for sterile thrombo-inflammation, in wild-type (Nlrp3+/+) and Nlrp3–/– mice. In our previous work with PAD4-deficient mice, we noted that NETs likely stabilize the thrombus, since lack of NETosis displayed a more important phenotype at later timepoints of venous thrombus progression (14). Therefore, we induced vascular stenosis for 6 or 48 hours to monitor thrombus progression. While the incidence of formed thrombi in Nlrp3+/+ and Nlrp3–/– mice was similar at both time points (Figure 5A), there was a significant NLRP3-dependent difference in thrombus progression. Interestingly, thrombus length and weight did not differ between Nlrp3+/+ and Nlrp3–/– mice 6 hours after stenosis. By contrast, a significant reduction in thrombus size was observed in Nlrp3–/– mice after 48 hours when compared with Nlrp3+/+ mice. Furthermore, although the thrombi from Nlrp3+/+ mice increased in weight and length over the 48-hour period, thrombi from NLRP3-deficient mice reached their final small size already after only 6 hours, resulting in smaller thrombi in NLRP3–/– mice when compared with thrombi from wild-type mice (Figure 5B). This observation points to a role of NLRP3 in venous thrombosis progression under sterile conditions.




Figure 5 | NLRP3 deficiency decreases NETosis and thrombus growth in a stenosis-induced model of deep vein thrombosis. (A) Thrombus incidence in wild-type (Nlrp3+/+, open bars) or Nlrp3–/– mice (grey bars) after 6 or 48 hours of stenosis of the inferior vena cava (IVC). (B) Thrombus weight (left panel) and thrombus length (right panel) of thrombi from wild-type (Nlrp3+/+, black) or Nlrp3–/– mice (white) after 6 or 48 hours of stenosis of the IVC. Each dot represents a thrombus. *p<0.05, **p<0.01 and ***p<0.001. (C) Representative composite images of thrombi by confocal microscopy (upper panels) and zoom images (lower panels) of thrombi from wild-type (Nlrp3+/+) or Nlrp3–/– mice after 48 hours of stenosis of the IVC. Blue, DNA (DAPI); green, H4Cit antibody stain; red, Ly6G antibody staining. Overview images were composed of several photographs. Scale bar equals 300 µm (thrombus overview), 50 µm (upper panel) or 10 µm (lower panel) in the zoom panels. (D) Percentage of thrombus area covered by H4Cit in thrombi from wild-type (Nlrp3+/+, black) or Nlrp3–/– mice (white) after 48 hours of stenosis of the IVC. Each dot represents a thrombus. *p<0.05. (E) Percentage of thrombus area covered by Ly6G positive cells in thrombi from wild-type (Nlrp3+/+, black) or Nlrp3–/– mice (white) after 48 hours of stenosis of the IVC. Each dot represents a thrombus.



Since thrombus growth in the DVT model is substantially dependent on NETosis, we finally investigated the density of citrullinated histone H4 (H4Cit) in thrombi from Nlrp3+/+ and Nlrp3–/– mice after 48 hours of stenosis as a direct marker for the presence of NETs. As shown in Figures 5C, D, NET density, and thus their formation, was significantly reduced in thrombi from Nlrp3–/– mice when compared with wild-type controls (Figures 5C, D). Neutrophil density in the corresponding thrombi were comparable between Nlrp3+/+ and Nlrp3–/– mice (Figure 5E), emphasizing an NLRP3-dependent enhancement of NETosis with subsequent increase in venous thrombus growth in vivo.

Our results demonstrate that, at least in the mouse, NLRP3 inflammasome is critical for NETosis in vivo.




Discussion

NETs and NLRP3 inflammasome are formed in a similar set of human disorders and infectious diseases. Among these pathologies, noninfectious diseases such as cancer, immunothrombosis, myocardial infarction, and stroke are the main causes of death (46). In particular, it is known that neutrophils and NETosis are major inducers of venous thrombosis (47) and hypoxia-induced venous thrombosis is linked to elevated IL-1ß and NLRP3 levels in thrombi (37, 48). However, it was not known if canonical inflammasome assembly takes place in neutrophils under these noninfectious conditions, and if inflammasome assembly contributes to NETosis.

In 2018, two groups of investigators clearly demonstrated that GSDMD pore formation is implicated in NETosis in an NLRP3 inflammasome–independent manner. They proposed that GSDMD is activated either by neutrophil proteases that play a role in NETosis and can cleave GSDMD to its active fragments (49) or by caspase-11-mediated GSDMD cleavage after cytosolic infection by gram-negative bacteria (50). However, as our experiments were exclusively performed under sterile conditions, the observed effects are most likely mediated by caspase-1-dependent mechanisms. In macrophages the cleaved N-terminal GSDMD fragment is established as pore-forming compound (51), while in neutrophils, the elastase (NE)-dependent activation of GSDMD can lead to alternative GSDMD cleavage and localization resulting in pyroptosis-independent signaling (52). Nevertheless, caspase-11 as well as NE-dependent GSDMD processing affect nuclear extension (49) and nuclear permeabilization (50) in neutrophils. In this context, the importance of caspase-1 or 11 in NETosis is consistent with our collaborative observations showing that caspase-1/11-deficient mice do not expel NETs (53) and that pharmacological perturbation of caspase-1 activity using a specific caspase-1 inhibitor resulted in impaired NET formation (Figure S5). Interestingly, all types of sterile stimulation that we tested produced significant ASC speck/inflammasome assembly (Figure 1). However, further research is needed to clarify the exact roles of caspase-1 and GSDMD in neutrophil activation. Since occasional speck formation was observed in resting neutrophils and not in naive mononuclear cells, it appears that neutrophils are already primed for inflammasome formation (Figure 6).




Figure 6 | Schematic representation of the proposed mechanism of NLRP3/PAD4-induced NETosis in the absence of infection. PAD4 is present both in the nucleus and cytoplasm (15). In the nucleus, PAD4 orchestrates chromatin decondensation, whereas in the cytoplasm, PAD4 increases NLRP3 and ASC protein levels post-transcriptionally, thus favoring NLRP3 inflammasome/ASC speck assembly. The NLRP3 inflammasome activates caspase-1, which is known to generate the N-terminal fragment of GSDMD pore that facilitates nuclear expansion (49) and nuclear permeabilization (50). In addition to GSDMD, caspase-1 has many other intracellular substrates (54) and therefore its activation could support the cytoskeletal and nuclear disassembly necessary for NETosis (12).



Apart from NLRP3, other inflammasomes present in neutrophils, such as the NLRC4, NLRP1 and AIM2 inflammasomes, are also known to induce ASC speck-dependent caspase-1 activation (19, 26, 55). NLRP3 and NLRP1 expression levels in neutrophils are higher than in macrophages (56) and especially NLRP1 was recently described as mediator of anthrax lethal toxin induced neutrophil activation (55). Additionally, the AIM2 inflammasome is vastly activated by cytosolic dsDNA, which is a characteristic of NETosis. These observations by others may explain why residual ASC speck formation is still observed in Nlrp3–/– (Figure 1E) or MCC950-treated neutrophils (Figures 4B, C). Further investigations are needed to determine the role of inflammasomes other than NLRP3 in NETosis.

PAD4-dependent citrullination events are important in NETosis (12, 15). PAD4 deficiency protects mice from thrombosis, ischemia reperfusion injury, and age-related tissue fibrosis (5, 15). The observation that NLRP3 is linked to similar conditions and functional decline in aging (57, 58) suggested to us that PAD4 could also be regulating the NLRP3 inflammasome. Indeed, we found an impaired ASC speck formation in neutrophils from PAD4-deficient mice when compared with wild-type neutrophils (Figure 2A). Recently, a study was published showing that PAD enzymes were also necessary for NLRP3/ASC speck formation in macrophages. While Cl-amidine treatment fully inhibited ASC speck formation, PAD4 deficiency alone, however, had no effect on ASC speck formation (44) (Figure S3), showing that PAD4 is more important in neutrophil inflammasome assembly than in macrophages. These observations point to a compensatory effect of other PAD enzymes in macrophages, such as PAD2, which is the main PAD isoform in these leukocytes (59). Since post-translational modifications such as phosphorylation, ubiquitination, or the change in the charge of a single amino acid are known to modify the oligomerization or stability abilities of the NLRP3 inflammasome (60, 61), citrullination of arginine residues by PAD4 could regulate NLRP3 inflammasome oligomerization. Particularly, treatment with the calcium ionophore ionomycin increases intracellular calcium levels and thus likely induce the enzymatic activity of PAD4 with subsequent citrullination of inflammasome components. The same mechanisms is assumed for the potassium ionophore nigericin, by indirectly increasing cytosolic calcium concentrations with subsequent inflammasome activation (62). Another way by which PAD4 could promote inflammasome assembly is the upregulation of NLRP3 production (26, 43). PAD4-dependent citrullination of the NFκB subunit p65 has been described as a mediator of its nuclear translocation (63). Thus, PAD4 elevation in disease (15) could regulate NLRP3 and ASC protein levels in neutrophils and, when overexpressed, also in iBMDMs, as we observed in our study (Figures 2B, 3C). Although nigericin rarely induces caspase-1 activation in unprimed macrophages and monocytes (64, 65), PAD4 overexpression results in LPS-independent inflammasome activation upon stimulation with nigericin (Figures 3A, B) without affecting IL-1ß mRNA levels (Figure S4C). Remarkably, relative mRNA levels of ASC or NLRP3 were not different in wild-type or PAD4-deficient neutrophils as well as in empty vector or PAD4 overexpressing iBMDMs (Figures 2C, 3D). The post-transcriptional effect of PAD4 on NLRP3 and ASC protein levels was further substantiated, as induction of transcription by LPS priming showed similar ASC and NLRP3 protein levels between wild-type and PAD4-deficient neutrophils (Figure S2D). Consequently, these findings show that the inflammasome protein levels are most likely regulated by an increase in translation or a reduced clearance of NLRP3. Indeed, it will be interesting to investigate the mechanism by which citrullination controls NLRP3 inflammasome in the future.

We examined how NLRP3 deficiency impaired NETosis by using time-lapse microscopy. This revealed that initiation of NETosis appeared normal, including plasma membrane vesiculation and nuclear rounding (45); however, following rounding there was diminished rupture of the nuclear envelope and, importantly, almost absent plasma membrane rupture (Figures 4D, F). While GSDMD was shown to induce nuclear membrane permeability in neutrophils, it has been suggested that this could promote nuclear membrane breakdown (50). However, plasma membrane rupture during pyroptotic cell death is a well-established event of GSDMD activity after inflammasome activation (51). Since we observed that plasma membrane permeabilization occurs prior to plasma membrane rupture in NETosis (12), inflammasome-dependent GSDMD pore likely prepares the plasma membrane for rupture. In neutrophils, subjected to sterile stimulation, this process is NLRP3 dependent.

Our data point to an important connection between inflammasome/ASC speck and NETosis (Figure 6) and thereby possibly promoting inflammatory noninfectious disorders. Diseases that are associated with increased PAD4 expression in neutrophils and elevated susceptibility to NETosis could possibly be linked to elevated NLRP3 inflammasome assembly in both neutrophils and macrophages, as we observed. Neutrophils from diabetic patients for instance showed a four-fold increase in PAD4 levels leading to augmented NETosis (7), and NLRP3 inflammasome is long well-known in type 2 diabetes (66). PAD4-dependent NETosis is also a crucial part of venous thrombosis (14). Thus it is not surprising that we observed that NLRP3 deficiency also diminished venous thrombosis (Figure 5). Moreover, considering the clinical importance of excessive IL-1ß generation in a wide variety of thrombo-inflammatory disorders, as shown by the CANTOS trial (67, 68), PAD-dependent regulation of NLRP3 protein levels could be an important mechanism in inflammasome-driven diseases and makes PADs promising new targets in the therapy of cardiovascular diseases (15, 69, 70).

It is likely that inflammasome-driven chronic diseases could be promoted further by neutrophilic inflammasome, as we found ASC speck expelled with extracellular chromatin on NETs (Figure 1C). These ASC specks could be taken up by other cells and propagate inflammation. Indeed, ASC has been described as a “prionoid”, that, when phagocytosed by macrophages, induce inflammasome assembly (27, 71, 72).

To conclude, here we have evaluated the link between canonical inflammasome and NETosis in sterile environment (Figure 6). Our results show inflammasome-dependent signaling is part of NETosis and PAD4 regulates ASC speck formation. These observations open many new avenues that may provide a base for new approaches in the prevention and treatment of inflammatory diseases. Finally, this work revealed additional positive effects of known drugs in development. We show that an inhibitor of NLRP3 will also reduce the toxic effects of NETs and propose that PAD inhibitors may improve inflammasome-driven human disorders, including cardiovascular disease and thrombosis.
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Interleukin 1β (IL-1β) plays a major role in inflammation and is secreted by immune cells, such as macrophages, upon recognition of danger signals. Its secretion is regulated by the inflammasome, the assembly of which results in caspase 1 activation leading to gasdermin D (GSDMD) pore formation and IL-1β release. During inflammation, danger signals also activate the complement cascade, resulting in the formation of the membrane attack complex (MAC). Here, we report that stimulation of LPS-primed human macrophages with sub-lytic levels of MAC results in activation of the NOD-like receptor 3 (NLRP3) inflammasome and GSDMD-mediated IL-1β release. The MAC is first internalized into endosomes and then colocalizes with inflammasome components; adapter protein apoptosis associated speck-like protein containing a CARD (ASC) and NLRP3. Pharmacological inhibitors established that MAC-triggered activation of the NLRP3 inflammasome was dependent on MAC endocytosis. Internalization of the MAC also caused dispersion of the trans-Golgi network. Thus, these data uncover a role for the MAC in activating the inflammasome and triggering IL-1β release in human macrophages.
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Introduction

Interleukin 1β (IL-1β) is a pro-inflammatory cytokine with multiple roles in inflammation. When dysregulated, however, IL-1β also underlies the pathology observed in several inflammatory diseases including toxic shock syndrome, rheumatoid arthritis, and type 2 diabetes (1). Thus, production of its active form is tightly regulated by a multi-protein complex termed the inflammasome. The best studied inflammasome is the NOD-like receptor pyrin domain-containing protein 3 (NLRP3) inflammasome and is canonically activated by the detection of two consecutive signals: a priming signal, such as exogenous lipopolysaccharide (LPS), followed by an activation signal, such as the toxin nigericin. Oligomerization of the NLRP3 inflammasome results in the recruitment of multiple proteins to the complex, including the adaptor protein ASC and the effector protease caspase 1, resulting in the activation of caspase 1 (2–4). Active caspase 1 processes gasdermin D (GSDMD) to form pores in the cell membrane and cleaves pro-IL-1β into its mature active form to be secreted from the cell (5–7).

The complement system is also activated upon recognition of damage-associated and pathogen-associated molecular patterns (DAMPs and PAMPs), such as LPS. This acts in a cascade of protein interactions which results in the formation of the membrane attack complex (MAC), also known as terminal complement complex (TCC) (8). The MAC is formed by the complement proteins C5b, C6, C7, C8 and C9 and has traditionally been studied for its ability to form pores in the membrane of pathogens and dysfunctional cells in order to clear them.

Healthy host cells have mechanisms to prevent lysis by MAC pores. During homeostasis, CD59 blocks MAC insertion into the cell membrane. However, this receptor can become exhausted during prolonged inflammation, allowing MAC pore formation (9). Additionally, nucleated cells are able to remove the MAC from the cell membrane by endocytosis, exocytosis or ectocytosis, also known as outward vesiculation (10–13). In murine cells and human epithelial and endothelial cells, sub-lytic levels of the MAC can activate caspase 1 and trigger IL-1β secretion (14–16). This is important because multiple inflammatory diseases are characterized by increased levels of both IL-1β and complement (17–20). However, it is not clear whether the MAC can directly impact inflammasome activation in human myeloid cells, a primary source of IL-1β. Here, we show that LPS-primed human macrophages internalize the MAC into EEA1+ endosomes, which leads to dispersion of the trans-Golgi network, activation of the NLRP3 inflammasome and secretion of IL-1β to the extracellular milieu.



Materials and Methods


Cell Culture and Differentiation

Human primary macrophages were differentiated from monocytes isolated from blood provided by the National Blood Transfusion Service (Manchester, UK) with ethical approval from the Research Governance, Ethics, and Integrity Committee at the University of Manchester (REC 05/0401/108). In brief, peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte cones by ficoll gradient centrifugation. Monocytes were isolated using the human CD14 MACS separation kit (Miltenyi Biotec) and cultured at a concentration of 5 x 105 cells/mL for 7 days in complete RPMI media containing RPMI-1640 (Sigma), 10% FBS (Gibco), 1% L-glutamine (Gibco), 1% penicillin/streptomycin (Gibco). Media was supplemented with 50 ng/mL M-CSF (Peprotech) for differentiation into monocyte-derived macrophages (MDMs).

The THP1 cell lines were cultured using complete RPMI media at a density of 5 x 105 cells/mL and, differentiated towards a macrophage-like phenotype using 0.5 µM phorbol-12-myristate 13-acetate (PMA, Sigma) for 16 hrs. Cells were rested for 24 hrs in RPMI complete media before cell activation. THP1 wild type cells (TIB-202) were obtained from ATTC and THP1nlrp3-/- cells were a gift from Prof. Veit Hornung (Gene Center Munich) (21). These cells were used to generate THP1nlrp3-/-/eGFP-NLRP3 cells as indicated below.



Virus Production and Transduction of THP1nlrp3-/-/eGFP-NLRP3

Human NLRP3 was cloned by the Gateway cloning system in a lentiviral destination vector, pLNT-UbC-eGFP-#, generated by Dr Pawel Pazek (University of Manchester) (22). Packaging plasmids psPAX2 and pMD2.G were a gift from Didier Trono (Addgene plasmid #12260 and #12259). HEK293T cells were plated at a concentration of 3.5 × 105 cell/mL for 24 hrs and transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions. In short, 8 µl Lipofectamine, 1.2 µg pMD2.G, 0.4 µg psPAX2 and 1.5 µg of pLNT-UbC-eGFP-NLRP3 were used per reaction. The following day, the media was replaced, and cells were further incubated for 2 days. Supernatants were then filtered with a 0.45-µm filter to obtain a cell-free extract of viral particles. Viral particles containing our vector of interest were used to transduce 5 × 104 THP1nlrp3-/- cells, with 8 µg/mL polybrene (Sigma). Cells, together with both the viral particles and polybrene, were centrifuged at 1000 g for 1 hr at 30°C. Pelleted cells were then re-suspended in fresh complete RPMI media.



Cell Stimulation

For inflammasome activation, MDMs or THP1 cells were primed with 1 µg/mL LPS (lipopolysaccharide from Escherichia coli O26:B6, Sigma) in complete media for 3 hrs, washed with serum-free RPMI media, and treated with 10 µM nigericin for 45 mins or the Membrane Attack Complex (MAC) for the indicated time in serum free RPMI media. To form the MAC, cells were treated for 15 mins with 10 µg/mL C5b6, unless otherwise specified, and 10 µg/mL anti-CD59 mAb followed by treatment with 10 µg/mL C7, 10 µg/mL C8 and 10 µg/mL C9 (Complement Technologies). NLRP3 inflammasome activation was impaired using 1 µM MCC950 (Pepreotech). GSDMD processing was blocked using 10 µM NSA (Calbiochem). Endocytosis was blocked with 0.1 µg/mL nystatin (Merck), 10 µM cytochalasin D (Merck), or 10 µM dynasore (Calbiochem), unless otherwise specified. All inhibitors were used for 30 mins before and during stimulation with nigericin or the MAC in serum free RPMI media.



Cell Death Assay

Cell death was established by measuring lactate dehydrogenase (LDH) release in supernatants. Upon treatment, supernatants were collected, centrifuged at 500 g to remove cell debris and LDH release was assessed using a quantitative colorimetric assay (CytoTox96® Non-Radioactive Cytotoxicity Assay, Promega), following manufacturer’s instructions. Results were expressed as cell death percentage, relative to a lysis control representing 100%.



Caspase-Glo® 1 Inflammasome Assay

The activity of caspase 1 was assessed using a quantitative luminescence assay (Caspase-Glo® 1 Inflammasome kit, Promega). In brief, cell supernatants were combined with the aminoluciferin substrate Z-WEHD for 1 hr and luminescence was measured. Results were expressed as fold-increase relative to vehicle-only treated cells.



Enzyme‐Linked Immunosorbent Assay (ELISA)

Cytokine release was measured in supernatants using the Human IL-1β or IL-18 DuoSet ELISA kit (R&D) following manufacturer’s instructions.

The amount of MAC, also known as terminal complement complex (TCC), was measured in cell lysates using a human TCC ELISA kit (HycultBiotech) following manufacturer’s instructions.



Immunoblot

Cell lysates were prepared in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl and 1 mM EDTA in miliQ dH2O) supplemented with protease inhibitor cocktail (Calbiochem) for 30 mins on ice. Lysates were centrifuged at 18,000 g for 20 mins at 4°C to eliminate the insoluble fraction. Protein concentration in cell lysates was determined using a Bicinchoninic Acid Protein Assay (Pierce™ BCA Protein Assay Kit, Life Technologies) and samples were diluted to an equal protein amount of 30 µg. Cell supernatants were centrifuged at 500 g for 5 mins to remove cell debris and concentrated using centrifugal cellulose filters (10 kDa MW Amicon centrifugal filter devices, Merck Millipore), as indicated by the manufacturer. Cell lysates and supernatants were diluted to 1x reducing Laemmli buffer containing 10 mM 1,4-Dithiothreitol (Sigma), heated at 95°C for 10 mins, and separated by 4-12% Bis-Tris NuPAGE gels (Invitrogen) in NuPAGE MES buffer (Invitrogen) at 165 V for 35 mins. A color protein standard (P7719, New England Biolabs or Precision Plus, Bio-Rad), was used for MW references. Proteins were transferred onto 0.2 µm PVDF membranes (GE Healthcare), blocked with 5% Bovine Serum Albumin (BSA, Sigma) in TBST (10 mM Tris-HCl, 15 mM NaCl, 0.05% Tween® 20 at pH 7.5) for 1 hr at room temperature and incubated with the indicated primary antibody in blocking buffer overnight at 4°C. Membranes were washed and incubated for 1 hr at room temperature with the appropriate HRP-conjugated secondary antibody. Membranes were washed and developed using the Clarity Western ECL Substrate (Bio-Rad) and protein bands were visualized using a ChemiDoc™ MP Imager (Bio‐Rad).

The primary antibodies used for immunoblotting and their final concentrations were goat Ab anti-human IL‐1β (0.1 µg/mL, R&D Systems), rabbit Ab anti-human GSDMD (0.14 µg/mL, Novus Biologicals), rabbit mAb anti‐human caspase‐1 (1:1000, D7F10, Cell Signalling Technology), mouse mAb anti‐human NLRP3 (1 μg/mL, Cryo-2, Adipogen), mouse mAb anti‐β‐actin‐HRP (0.2 μg/mL, AC-15, Sigma). HRP conjugated secondary antibodies used were rabbit Ab anti‐goat‐HRP (0.13 µg/mL, Sigma), goat Ab anti‐rabbit‐HRP (1:3000, Bio-Rad), and goat Ab anti‐mouse‐HRP (1:3000, Bio-Rad).



Confocal Imaging

Cells were cultured in chambered coverglasses (Nunc™ Lab-Tek™ II, Thermo Scientific™) at a concentration of 2 x 105 cells/mL. Cells were differentiated, primed with LPS and activated with the MAC or nigericin, as above, fixed with 4% PFA for 15 mins, blocked and permeabilized with 2% BSA and 0.1% Triton (Sigma) in PBS for 30 mins and stained overnight at 4°C with the indicated primary antibody in 2% BSA in PBS. Cells were washed, and matched secondary antibodies were added for 1 hr in 2% BSA in PBS when needed. Samples were then washed 3 times with PBS before being imaged. For all imaging experiments C9 was conjugated in-house with Janelia Fluor 549 NHS ester (Tocris, 6147) or Alexa Fluor 647 NHS ester (Thermo Fisher Scientific, A20006). In brief, 50 µl of C9 (1 mg/mL) was mixed with 5 µl of Janelia Fluor 549 or Alexa Fluor 647 NHS ester (1 mg/mL) in 100 µM NaHCO3 in PBS and incubated for 1 hr at room temperature on a rotator. The excess dye was removed using size-exclusion chromatography (7K MWCO Zeba™ Spin Desalting Column Thermo Scientific) by centrifugation at 1500 g for 2 mins. Protein concentration and degree of labelling were measured by absorption and calculated according to the manufacturer’s instructions. Imaging was performed with an inverted confocal microscope (Leica TCS SP8) using a 100x/1.40NA oil-immersion objective or a 63x/1.20NA oil-immersion objective. Excitation was performed with a pulsed white-light laser and emission was detected using time-gated HyD detectors functioning in standard mode. Images were exported and analyzed using ImageJ (23). The proportion of NIK fluorescence within the cytoplasm was calculated by subtracting the nuclear fluorescence from the cell total fluorescence and expressing this relative to the fluorescence of NIK within the entire cell. Nuclei and cell outlines were identified manually using brightfield images.

The primary antibodies used for immunostaining and their final concentrations were as follows: mouse IgG1 mAb anti-human ASC (2 µg/mL, O93E9, BioLegend), mouse IgG2a mAb anti-human TCC (5 µg/mL, aE11, Abcam), sheep Ab anti-human TGN46 (1.25 µg/mL, Bio-Rad), rabbit mAb anti-human EEA1 (1:200, C45B10, Cell Signaling Technology), rabbit Ab anti-NIK (1:200, Cell Signaling Technology). The secondary antibodies used were goat Ab anti-mouse IgG2a Alexa Fluor 488 (2 µg/mL, Invitrogen), goat Ab anti-mouse IgG1 Alexa Fluor 568 or 647 (2 µg/mL, Invitrogen), donkey Ab anti-sheep Alexa Fluor 488 (2 µg/mL, Abcam) and goat Ab anti-rabbit Alexa Fluor 488 (2 µg/mL, Invitrogen).



Statistical Analysis

The normality of the results was analyzed by the Shapiro-Wilk normality test. Normally distributed results were analyzed by parametrical one-way ANOVA and non-normally distributed results using Friedman test. Results were expressed as the mean ± standard deviation (SD). Significant differences between samples were established where p<0.05 (*), p<0.01(**), p<0.001 (***), and p<0.0001 (****). Graphpad Prism v9 was used to analyze and graphically represent all results.




Results


The Membrane Attack Complex Activates the Inflammasome in Human Macrophages

It is well-established that complement deposition is highly increased in IL-1β-driven diseases and thus, we set out to test whether IL-1β secretion may be triggered from human macrophages by the terminal complement complex, the MAC. Initially, we used the human monocyte-like cell line, THP1, which was differentiated with PMA to obtain a macrophage-like phenotype. Cells were then primed with LPS for 3 hrs and treated with the complement components C5b6, C7, C8 and C9 added sequentially to form the MAC, and incubated for a further 3 hrs. To permit MAC deposition on the cell membrane, C5b6 treatment was carried out in the presence of an anti-CD59 mAb (15). As a positive control, cells were primed with LPS and then treated with nigericin (Nig) for 45 mins, a widely used potent activator for the NLRP3 inflammasome.

Treatment with the MAC resulted in extracellular release of IL-1β (Figure 1A). In agreement with this, a p17 fragment corresponding with mature IL-1β was detected in cell supernatants, by immunoblotting (Figure 1B). Stimulation of LPS-primed cells with the MAC also led to GSDMD processing as shown by the detection in cell lysates of a p31 fragment, corresponding with the pore-forming N-terminal subunit (NT-GSDMD; Figure 1C). Cell death, as measured by LDH release from cells, was not significantly increased in MAC-stimulated cells, establishing that cells were not lysed by the complex (Figure 1D). Thus, the inflammasome can be activated in PMA-differentiated THP1 cells by the MAC.




Figure 1 | The Membrane Attack Complex induces inflammasome activation in human macrophages. (A–K) THP1 cells (A–D) and human MDMs (E–K) were treated with vehicles or primed with 1 µg/mL LPS for 3 hrs followed by stimulation with 10 µM nigericin (Nig) for 45 mins or with 10 µg/mL anti-CD59 mAb, 10 µg/mL C5b6, unless otherwise specified, C7, C8 and C9 (MAC) for 3 hrs. (A, E, J) IL-1β secretion was measured by ELISA. (B, F) IL-1β cleavage was analyzed in supernatants by immunoblot. (C) GSDMD processing was analyzed in lysates by immunoblot. (D, H, K) LDH release was measured as a proxy for cell death. (F) Pro-IL-1β production was analyzed in supernatants and cell lysates by immunoblot. (G) Caspase 1 activity was measured in cell supernatants and expressed as fold increase vs untreated cells. (I) TCC (MAC) amount in cell lysates was measured by ELISA. (A, D, E, G–K) Data is plotted as mean ± SD and is representative of three (D, G, I–K), six (A), seven (E) or eight (H) independent experiments. (E, G–K) Each color represents a matched donor. (A, D) Each dot represents a repeat. (A, D, E, G–K) Statistical significance was measured by one-way ANOVA (A, D, G–K) or Friedman test (E) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B, C, F) Blots are representative of two independent experiments with similar results.



We next set to test whether MAC-mediated inflammasome activation occurs in primary human cells. To test this, human monocyte-derived macrophages (MDMs) were activated with LPS and the MAC, which led to processing and secretion of IL-1β (Figures 1E, F and Supplementary Figure 1A). Furthermore, pro-IL-1β was also detected in lysates of MDMs treated with the MAC alone, indicating that the MAC can regulate IL-1β production (Figure 1F). A p20 fragment of IL-1β was also released in LPS-primed MDMs upon MAC activation which could indicate a caspase 1-independent cleavage of this cytokine (Figure 1F) (24). To directly test whether stimulation with the MAC triggered caspase 1 activation, treated cells were assayed for caspase 1 activity using a luminescence assay in cell supernatants. Caspase 1 activity was significantly increased upon stimulation with the MAC, as expected (Figure 1G and Supplementary Figure 1B). Similar to THP1 cells, the MAC did not increase cell death in human MDMs indicating that this complex had a sub-lytic effect (Figure 1H). Thus, stimulation of human MDMs with sub-lytic levels of the MAC triggered IL-1β secretion and caspase 1 activation indicating inflammasome activation.

To test the dose-dependency of MAC-mediated inflammasome activation, LPS-primed MDMs were stimulated with concentrations from 1 to 20 µg/mL of C5b6, which is the limiting component for MAC formation, in the presence of 10 µg/mL anti-CD59 and followed by 10 µg/mL of C7, C8 and C9 for 3 hrs. The amount of terminal complement complex (TCC or MAC) was measured in cell lysates by ELISA. As expected, the amount of MAC detected in cell lysates increased with increasing concentration of C5b6 (Figure 1I). The greatest levels of IL-1β release were observed when 10 µg/mL C5b6 was used (Figure 1J). Cell death was not significantly increased with any of the concentrations used, indicating that MAC formation was always sub-lytic (Figure 1K). Subsequent experiments were carried out with 10 µg/mL C5b6.



MAC-Mediated IL-1β Secretion Is Dependent on Both NLRP3 and GSDMD

We next set out to establish whether inflammasome activation triggered by the MAC was dependent on NLRP3. To test this, MDMs were primed with LPS and stimulated with nigericin or the MAC as mentioned previously, in the presence or absence of the NLRP3 inflammasome inhibitor MCC950 (25). The use of MCC950 significantly reduced IL-1β secretion (Figure 2A). In contrast, there was no statistically significant change in LDH release produced by the MAC in the presence of MCC950, establishing that cell death was not affected by the inhibitor (Figure 2B). For an alternative approach to test the role of NLRP3 in MAC-mediated inflammasome activation, we used THP1nlrp3-/- cells, generated using CRISPR-Cas9 technology as previously described (21). The lack of NLRP3 in these cells was confirmed by immunoblotting (Figure 2C). Following LPS and MAC stimulation, IL-1β secretion was impaired in THP1nlrp3-/- cells (Figure 2D). As in wild-type THP1 cells, the MAC did not trigger cell death in THP1nlrp3-/- cells, evidenced by no change in LDH release (Figure 2E). Thus, NLRP3 is essential for IL-1β secretion triggered by the MAC in human macrophages.




Figure 2 | MAC-mediated IL-1β secretion is dependent on NLRP3 and GSDMD. (A–H) Human MDMs (A, B, F–H) and wild-type THP1 or THP1nlrp3-/- (C–E) cells were treated with vehicles or primed with 1 µg/mL LPS for 3 hrs followed by stimulation with 10 µM nigericin (Nig) for 45 mins or with 10 µg/mL anti-CD59 mAb, C5b6, C7, C8 and C9 (MAC) for 3 hrs. (A, B, F–H) MAC treatment was carried out in the presence or absence of 1 µM MCC950 (A, B) or 10 µM NSA (F–H). (A, D, G) IL-1β secretion was measured by ELISA. (B, E, H) LDH release was measured as a proxy for cell death. (C, F) NLRP3 (C) and GSDMD (F) production were analyzed in cell lysates by immunoblot. (A, B, D, E, G, H) Data is plotted as mean ± SD and is representative of five (A, B) or three (D, E, G, H) independent experiments. (A, B, G, H) Each color represents a matched single donor. (D, E) Each color represents a repeat. (A, B, D, E, G, H) Statistical significance was measured by Friedman test (A) or one-way ANOVA (B, D, E, G, H) (*p < 0.05, **p < 0.01, ***p < 0.001). (C, F) Blots are representative of two independent experiments with similar results.



Given the importance of GSDMD for IL-1β secretion upon canonical activation of the NLRP3 inflammasome and the fact that GSDMD cleavage was detected in MAC-stimulated THP1 cells (Figure 1C), we next investigated whether GSDMD is involved in MAC-mediated IL-1β release in MDMs. To test this, LPS-primed human MDMs were treated with the MAC in the presence or absence of the GSDMD pore inhibitor necrosulfonamide (NSA) (26). Stimulation with the MAC resulted in the cleavage of GSDMD, and GSDMD processing was impaired by NSA, evidenced by a lack of NT-GSDMD detection by immunoblotting (Figure 2F). Crucially, NSA-treated MDMs released significantly less IL-1β upon stimulation with the MAC (Figure 2G). Cell death, on the other hand, was not significantly affected (Figure 2H). These data are consistent with the idea that GSDMD processing, and therefore pore formation, is important for MAC-mediated IL-1β release in MDMs.



The MAC Localizes With the NLRP3 Inflammasome in Human Macrophages

As MAC-mediated IL-1β secretion in human macrophages is dependent on NLRP3 (Figures 2A–E), we next set out to establish the localization of NLRP3 and the MAC within human macrophages. The MAC is formed by a single subunit of C5b6, C7 and C8 and multiple C9 subunits (27). Therefore, to visualize this complex, C9 was directly conjugated to a fluorescent dye (C9-AF647 or C9-JF549). Using confocal imaging, C9 was observed at the cell periphery, indicative of membrane localization, within minutes of stimulation with the MAC (Supplementary Figures 2A, B), but after 30 mins C9 was mainly detected intracellularly (Supplementary Figures 2A, B), indicating that the MAC was rapidly internalized upon deposition in the cell membrane.

Given that canonical NLRP3 activation is characterized by the oligomerization of the adaptor protein ASC into a speck, cells were stained with an anti-ASC mAb to visualize the inflammasome complex after stimulation with the MAC using C9-JF549. Confocal microscopy revealed ASC speck formation in LPS-primed MDMs after 90 mins of MAC stimulation, indicative of inflammasome assembly (Figures 3A, B). The percentage of cells with ASC specks increased over 3 hrs following stimulation (Figures 3A, B). Likewise, the percentage of cells with readily detectable intracellular C9 was also increased over 3 hrs (Figures 3A, C). Surprisingly, C9 accumulated in specific regions of the cell interior and formed structures with a similar appearance to the ASC specks (Figures 3A, D). Further research using specific markers is needed to determine the intracellular trafficking of C9, but strikingly, after 3 hrs of MAC-stimulation, ASC and C9 colocalized in the majority of cells containing ASC specks (Figures 3D, E). The MAC is formed by multiple complement components and thus, an accumulation of C9 does not necessarily indicate that fully formed MAC structures remain present intracellularly in the macrophages. To investigate whether the fully formed MAC is internalized, MDMs were also stained with a mAb targeting the TCC. This anti-TCC mAb binds a neoepitope of the MAC, which is only present when C5b6, C7 and C8 are assembled in the complex. Indeed, this mAb also marked regions where both C9 and ASC were detected (Figure 3D), establishing that the complete MAC complex is internalized by macrophages. Considering that MAC formation and internalization occurs within minutes of treatment with C5b6, C7, C8 and C9 (Supplementary Figure 2A) and that inflammasome assembly occurs 90 mins after stimulation, this implies that the MAC triggers downstream events that over time activate the inflammasome.




Figure 3 | The MAC triggers inflammasome assembly and localizes to the NLRP3-ASC speck. (A–F) Human MDMs (A–E) and THP1nlrp3-/-/eGFP-nlrp3 cells (F) were treated with vehicles or primed with 1 µg/mL LPS for 3 hrs followed by stimulation with 10 µg/mL anti-CD59 mAb, C5b6, C7, C8 and C9 labelled with JF-549 (MAC) for the indicated time (A–C) or 3hrs (D–F). (A) Representative confocal images of C9 (red) and ASC (cyan) overtime. (B) Percentage of cells with ASC specks over time. (C) Percentage of cells with C9 over time. (D) Confocal imaging of C9 (red), ASC (cyan) and TCC (green). (E) Percentage of ASC speck positive cells with C9 in the speck. (F) Confocal imaging of C9 (red), ASC (cyan) and NLRP3 (green). (A, D, F) Dashed lines represent the outline of the cell, arrows point to specks, magenta lines correspond to the plotted line profiles and scale bars are 10 µm (A) and 5 µm (D, F). (B, C, E) Data is plotted as mean ± SD, each color represents a matched donor. (B, C) Statistical significance was measured by one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (A–F) Data is representative of 3 independent experiments.



To further test whether NLRP3 oligomerization could be directly triggered upon stimulation with the MAC, we generated a THP1 cell line that stably expressed eGFP-NLRP3 in a nlrp3-/- background by transducing THP1nlrp3-/- cells with lentiviral particles containing the vector pLNT-UbC-eGFP-NLRP3. Expression of eGFP-NLRP3 in these cells, which otherwise lacked NLRP3, restored their ability to form an active inflammasome upon stimulation with nigericin as shown by IL-18 secretion (Supplementary Figure 3A), increased cell death (Supplementary Figure 3B), and NLRP3 and ASC speck formation (Supplementary Figures 3C, D). Moreover, the use of the NLRP3 inhibitor MCC950 impaired IL-18 secretion, cell death and ASC speck formation (Supplementary Figures 3A, B, D). Stimulation with LPS and nigericin led to caspase 1 (Casp-1) and IL-1β processing (Supplementary Figure 3E). These results demonstrate that eGFP-NLRP3 is functionally active. More importantly, treatment of these cells with the MAC led to ASC speck formation. At the speck, there was also an accumulation of C9 and NLRP3 (Figure 3F). This provides further evidence that the MAC triggers ASC oligomerization and NLRP3 inflammasome assembly in human macrophages.



The MAC Is Internalized in EEA1 Positive Endosomes

The observation that the MAC is internalized, led us to investigate how this complex is taken up by macrophages. To study this, LPS-primed MDMs were treated with all components of the MAC including C9-AF647. After 30, 90 or 180 mins, cells were fixed and co-stained with an Ab against EEA1 to mark early endosomes. Following 30 mins of MAC treatment, multiple C9 puncta were distributed in the cytosol of the cell (Figure 4A and Supplementary Figure 2A). These puncta were encircled by the early endosomal marker EEA1 (Figures 4A, B). This suggests that C9 is internalized by MDMs via EEA1+ endosomes. At later time points, colocalization of C9 and EEA1 was reduced, concurrent with C9 accumulating in larger puncta resembling the structure of inflammasome specks (Figures 4A, B). Thus, the MAC is initially internalized into early endosomes before being trafficked to the inflammasome.




Figure 4 | Internalization of the MAC is required for inflammasome activation. (A, B) LPS-primed human MDMs were treated with 10 µg/mL anti-CD59 mAb, C5b6, C7, C8 and C9 labelled with AF-647 (MAC) for the indicated time. (A) Confocal imaging of EEA1(green) and C9 (red). Yellow squares represent zoom regions and scale bars are 10 µm in full cell pictures and 1 µm in zoom regions. (B) Pearson’s correlation coefficient of C9 compared to EEA1. (C–G) Human MDMs were treated with vehicles or primed with 1 µg/mL LPS for 3 hrs followed by stimulation with 10 µg/mL anti-CD59 mAb, C5b6, C7, C8 and C9 for 3 hrs (C–E) or 10 µM nigericin (Nig) for 45 mins (F, G) in the presence or absence of 0.1 µg/mL nystatin (Nys), 10 µM cytochalasin D (Cyt) or 10 µM dyanasore (Dyn). (C, F) IL-1β secretion was measured by ELISA. (D, G) LDH release was measured as a proxy for cell death. (E) GSDMD processing was analyzed in cell lysates by immunoblot. (C, D, F, H) Data is plotted as mean ± SD, each color represents a matched donor and statistical significance was measured by one-way ANOVA (B–D, G) or Friedman’s test (F) (*p < 0.05, **p < 0.01, ***p < 0.001). (A–G) Data is representative of 3 (A–E) or 5 (F, G) independent experiments.





MAC-Mediated Inflammasome Activation Is Dependent on Endocytosis

Ion fluxes produced by pore formation in the cell membrane can trigger activation of the NLRP3 inflammasome (28). Therefore, we next investigated whether pore formation by the MAC in the cell membrane is what activates the inflammasome or alternatively, if internalization of the MAC triggers this process. To test this, LPS-primed MDMs were stimulated with the MAC for 3 hrs in the presence or absence of different endocytosis inhibitors: nystatin (Nys), cytochalasin D (Cyt) or dynasore (Dyn) (29–32). Strikingly, all three inhibitors abrogated IL-1β secretion triggered by the MAC (Figure 4C), while cell death was unaffected (Figure 4D).

Previous work showed that lysis of K562 cells treated with human serum increases in the presence of 40-100 µM dynasore (32). Here, treatment of LPS-primed MDMs with 40-160 µM dynasore, in the absence of the MAC, induced IL-1β secretion but did not trigger cell death (Supplementary Figures 4A, B). On the other hand, 10-20 µM dynasore did not result in cytokine secretion by itself, and did not trigger cell death, but significantly reduced MAC-mediated IL-1β release (Supplementary Figures 4C, D).

The NT-GSDMD fragment was not detected in cell lysates of cells treated with any of the endocytosis inhibitors (Figure 4E). This shows that inhibition of endocytosis reduced downstream caspase 1 activity and prevented processing of GSDMD. Endocytosis inhibitors did not impair IL-1β secretion in general, since neither IL-1β secretion nor cell death were affected by these inhibitors when cells were stimulated with nigericin (Figures 4F, G). Thus, IL-1β secretion following complement-mediated inflammasome activation is specifically dependent on endocytosis of the MAC.

In endothelial cells, endocytosis of the MAC results in the recruitment of various proteins including NF-κB inducing kinase (NIK) that can phosphorylate and activate the NLRP3 sensor to assemble the inflammasome complex (16, 17, 33). To investigate whether NIK is involved in inflammasome activation in MDMs, cells were treated with LPS for 3 hrs, followed by the MAC incorporating C9-AF647 for the indicated time (Supplementary Figure 5A). Treatment with the MAC resulted in a change of localization of NIK (Supplementary Figures 5A, B). Specifically, the relative abundance of NIK in the cytoplasm increased from early time points after stimulation with the MAC and was decreased after 90 mins, reaching similar levels to cells treated only with LPS (Supplementary Figures 5A, B). Whilst NIK localization clearly changed over time, we did not detect colocalization with C9 (Supplementary Figure 5C) suggesting that the MAC and NIK may not directly associate.



MAC-Internalization Results in Disruption of the TGN

The dispersion of the trans-Golgi network (TGN) and the recruitment of NLRP3 to the dispersed TGN have been described as upstream events to NLRP3 inflammasome assembly, with multiple inflammasome activators, including nigericin (34). Thus, we next tested if MAC-mediated inflammasome activation is also preceded by dispersion of the TGN. MDMs were treated with LPS followed by the MAC, including the labelled form of C9 (C9-AF647) as previously, for 30, 90 or 180 mins, or nigericin for 45 mins. Cells were then fixed and stained with an Ab against TGN46, a resident membrane protein of the TGN. Different structures of the TGN were revealed by this stain and thus, we classified each cell as exhibiting one of three specific conformations: (i) an intact TGN (iTGN), characterized by a compact single structure; (ii) a fragmented TGN (fTGN), characterized by various stranded structures; or (iii) a dispersed TGN (dTGN), characterized by multiple granular-like dispersed formations (examples shown in Figure 5A).




Figure 5 | Endocytosis of the MAC triggers disruption of the TGN. (A–D) Human MDMs were treated with vehicles or primed with 1 µg/mL LPS for 3 hrs followed by stimulation with 10 µg/mL anti-CD59 mAb, C5b6, C7, C8 and C9 labelled with AF-647 (MAC) for the indicated time or nigericin (Nig) for 45 mins. (E, F) Human MDMs were treated with vehicles or primed with LPS and the MAC for 3 hrs in the presence or absence of 0.1 µg/mL nystatin (Nys) or 1 µM MCC950. (A) Representative confocal images of the different TGN conformations: intact TGN (iTGN), fragmented TGN (fTGN) and dispersed TGN (dTGN). (B, E) Percentage of cells with dTGN. (C) Representative confocal images of the results analyzed in panel (B). (F) Representative confocal images of the results analyzed in panel (E). (C, F) TGN46 (green) and C9 (red) and brightfield images (gray). Dashed lines represent cell outlines and scale bars are 10 µm. (D) Pie charts representing the percentage of cells with dTGN, fTGN and iTGN in each condition. (B, E) Data is plotted as mean ± SD, each color represents a matched donor and statistical significance was measured by Friedman’s test (*p < 0.05, **p < 0.01, ***p < 0.001). (B–E) Data is representative of 3 (E, F) or 4 (B–D) independent experiments.



The dispersed TGN structure was observed in LPS-primed MDMs treated with either the MAC or nigericin but not in unstimulated cells (Figures 5B, C). This establishes that either type of stimulation triggers this phenomenon for inflammasome activation, and indeed provides further evidence of the MAC to be able to activate the NLRP3 inflammasome. Except in cells stimulated with nigericin, the percentage of cells with fTGN was very similar across conditions (Figure 5D). The percentage of cells exhibiting a dTGN was increased in MAC-treated cells from 30 mins of stimulation, although not to the same extent as nigericin-treated cells (Figure 5B). The percentage of cells with dTGN remained similar after 90 mins of stimulation (25.5 ± 9% at 30 mins, 25.8 ± 18.9% at 90 mins) and was reduced by 180 mins (18.7 ± 7.3%) (Figure 5B). This suggests that dispersion of the TGN occurs soon after internalization of the MAC. Inhibition of MAC endocytosis using nystatin (Nys) reduced dispersion of the TGN (Figures 5E, F). However, TGN dispersion did not decrease with the use of the NLRP3 inhibitor MCC950 (Figures 5E, F). Thus, TGN dispersion occurs downstream of MAC internalization and upstream of NLRP3 inflammasome assembly. Together, these data establish that the MAC can be internalized by human macrophages into EEA1+ endosomes, which results in disruption of the TGN, the assembly of the NLRP3 inflammasome, caspase 1 activation, GSDMD processing and secretion of IL-1β (Figure 6).




Figure 6 | A proposed model for MAC-mediated NLRP3 inflammasome activation in human macrophages. Formation of the MAC in the cell membrane triggers its internalization via EEA1+ endosomes. Endocytosis of the MAC leads to dispersion of the trans-Golgi network (TGN) and to the assembly of the NLRP3 inflammasome. The roles of TGN dispersion as well as any direct involvement of MAC components on inflammasome assembly remain to be elucidated. Within the NLRP3 complex, caspase 1 (Casp-1) becomes active and cleaves GSDMD into its pore-forming subunit, NT-GSDMD, and pro-IL-1β into its active form IL-1β. Multiple NT-GSDMD subunits assemble in the cell membrane to form GSDMD pores resulting in the release of IL-1β to the extracellular milieu.






Discussion

The terminal pathway of the complement system plays an important role in the development of multiple IL-1β-mediated diseases. For instance, C5b-9 is significantly increased in the serum of patients with bacterial sepsis (19, 20) and in the plasma and synovial fluid of patients with rheumatoid arthritis and osteoarthritis (18, 35, 36). However, whether the terminal complement complex directly impacts macrophage secretion of IL-1β has not been established. Here, we show that formation of the MAC triggers NLRP3-dependent IL-1β secretion providing a link between the terminal pathway of the complement system and IL-1β release in human macrophages. As inflammation and complement activation are intricately linked, this mechanism is likely to be involved in a range of acute and chronic inflammatory diseases.

Specifically, we found that sequential addition of the complement proteins C5b6, C7, C8 and C9 in serum-free media triggered NLRP3-dependent IL-1β release in human macrophages demonstrating that the MAC can activate the inflammasome. MAC-mediated NLRP3 inflammasome activation has been previously described in lung epithelial cells, endothelial cells and myeloid cells (14–16, 37). As well as using different cell types, these prior studies used serum as a source of complement. Bioactive molecules and growth factors present in serum, such as complement component 5a or fibroblast growth factor (38, 39), could enhance MAC-mediated inflammasome responses. Thus, our data clarifies that the MAC can activate the inflammasome independently of other serum components and more importantly, that human macrophages are activated in this way, being a vital source of this cytokine in the human body.

Phagocytosis of particles opsonized by complement-containing serum can trigger IL-1β release in human macrophages (37). However, our data show that deposition of the MAC can directly trigger caspase 1 activation, GSDMD processing and IL-1β secretion in the absence of phagocytosis. This gives a broader role for this complex in promoting proinflammatory responses, including in the context of sterile inflammation when inflammasome priming is provided by endogenous DAMPs such as amyloids aggregates and cholesterol crystals (40). Moreover, the MAC triggers IL-1β secretion in the absence of cell death, suggesting that it drives macrophages into a state of hyperactivation, in which they secrete IL-1β while maintaining viability (5). Hyperactive macrophages secrete less IL-1β than macrophages undergoing pyroptosis, which fits with our observation that IL-1β secretion upon stimulation with the MAC occurs to a lesser extent than in nigericin-stimulated cells. Importantly, low levels of IL-1β are able to activate downstream signaling pathways in target cells (41–45) suggesting that the levels of MAC-mediated inflammasome activation and IL-1β release seen in our experiments can be biologically important.

Pro-IL-1β is not considered biologically active. However, proteases derived from neutrophils and pathogens such as S. aureus are able to process pro-IL-1β into active molecules (46, 47). Specifically, in models of acute arthritis, proteinase 3 from neutrophils can cleave pro-IL-1β (48) and MAC deposition is known to be elevated in the context of arthritis (17, 18). Thus, the high levels of pro-IL-1β secretion observed after stimulation with the MAC can be relevant both in the context of sterile inflammation and during infection.

Intracellular LPS can activate caspases 4 and 5 that in turn activate the NLRP3 inflammasome (49, 50). Here, macrophages were primed with LPS prior to MAC treatment. LPS was washed off before MAC stimulation. However, residual levels of LPS could feasibly enter the cell through the MAC and activate caspases 4 and 5. LPS from gram-negative bacteria can activate the complement cascade (51, 52). Therefore, determining whether the entrance of LPS through MAC pores leads to the activation of caspases 4 and 5 and downstream signaling pathways would be interesting to explore further in the context of infection.

In general, mechanisms by which complement activates cells are complex, multi-faceted and vary by cell type. MAC formation in human lung epithelial cells triggers increased cytosolic Ca2+ and loss of membrane potential in the mitochondria, with both processes being suggested to be responsible for the activation of the NLRP3 inflammasome (15). Here, we found that, in human macrophages, the MAC is internalized in EEA1+ endosomes from early time points and that endocytosis is required for inflammasome activation. This suggests that ion fluxes caused by MAC deposition in the cell surface membrane might not be sufficient to activate the inflammasome in macrophages but may trigger the internalization of the complex that in turn initiates inflammasome activation. In support of this, dispersion of the trans-Golgi network (TGN), an event that occurs with canonical NLRP3 inflammasome assembly (34), is triggered only upon internalization of the MAC. Previous work has established that other pore-forming toxins including α-haemolysin and streptolysin activate the NLRP3 inflammasome (53). These toxins are also known to be removed from the cell membrane through different mechanisms, including endocytosis (40, 54). Thus, it is possible that internalization of a pore-forming complex is, broadly, able to trigger inflammasome activation.

In response to antibody-mediated complement activation, endothelial cells internalize the MAC in Rab5+ and EEA1+ early endosomes, which results in the recruitment of NLRP3 in a process involving NF-κB–inducing kinase (NIK) (16, 17, 33). We did not observe colocalization of NIK and C9 at time points where C9 localized to early endosomes or to the inflammasome speck. However, the observation of a change in localization of NIK, going from the nucleus to the cytoplasm after stimulation with the MAC could reflect a role for NIK in MAC-mediated NLRP3 inflammasome assembly in human macrophages as shown in endothelial cells (16, 17, 33).

In retinal epithelial cells, MAC internalization in endosomes and subsequent migration to lysosomes for degradation contributes to the reduction of lytic effects of membrane-bound MAC (29). Podocytes target the MAC for degradation through the autophagic-lysosomal pathway, with the expression of the autophagy markers LC3 and p62 enhanced during this process (55). In THP1 cells, LC3, p62 and ASC are found together upon NLRP3 inflammasome stimulation (56, 57). Overall, this suggests a crosslink between the autophagic-lysosomal pathway in the NLRP3 and the MAC signaling cascades. In addition, internalization of particulate matter such as silica or alum can lead to lysosomal disruption and K+ efflux, leading to assembly of the inflammasome (58, 59). Given that MAC endocytosis is key to triggering inflammasome assembly in human macrophages and that the level of intracellular C9 is reduced over time, this indicates that the MAC could be targeted for degradation through the lysosomal pathway as in podocytes and retinal epithelial cells. As such, MAC internalization could result in lysosomal damage and subsequent activation of the inflammasome.

It is also possible that disruption of the TGN triggered by MAC internalization plays a role in inflammasome assembly. Endosomes constantly exchange cargo with the TGN and EEA1 can localize to the TGN in various cell types (60). In HeLa cells expressing exogeneous NLRP3 and EEA1, these proteins colocalized with the TGN protein TGN38 upon stimulation with NLRP3 activators (34) indicating the interaction between the endosomal compartment, the TGN and the NLRP3 sensor. NLRP3 can be recruited to the TGN by interaction with phosphatidylinositol-4-phosphate that is exposed in the dispersed TGN (34). In macrophages, NLRP3 activators also trigger the recruitment of mitochondria-associated endoplasmic reticulum membranes (MAMs) to the Golgi. At these MAMs, NLRP3 is phosphorylated leading to its activation (61, 62). Then, upon activation at the MAMs, NLRP3 sensors can be transported to the centrosome where inflammasome assembly occurs upon recruitment of ASC and caspase 1 (56). Considering that our findings show that dispersion of the TGN occurs before inflammasome activation, interaction of MAC-containing EEA1+ endosomes with the TGN may trigger its dispersion leading to NLRP3 recruitment and the consequent assembly of the inflammasome complex. However, further investigation using specific cell compartment markers is needed to determine precisely where the MAC locates within the cell.

These details are important because the complement system plays a role in the pathogenesis of multiple pro-inflammatory diseases characterized by increased levels of IL-1β, including septic shock and rheumatoid arthritis (17–20, 63). Direct or indirect blocking of IL-1β using drugs, such as anakinra or canakinumab, has been used in the treatment of such inflammatory diseases (1). However, the effectiveness of IL-1β blockade is context dependent, varying among patients and diseases (1). Considering that the complement system plays a role in the development of these pathologies and that the MAC triggers IL-1β secretion in human macrophages, one of the main sources of this cytokine, future therapies for IL-1β-mediated diseases could consider targeting the upstream events that trigger cytokine secretion. Specifically, the growing mechanistic evidence of how the MAC modulates inflammation through activation of the inflammasome may lay the foundations for a broader application of anti-MAC therapies in the treatment of inflammatory diseases in which the complement system and IL-1β play an important role, including osteoarthritis, rheumatoid arthritis, and diseases of the central nervous system.
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Aberrant inflammasome activation contributes to various chronic inflammatory diseases; however, pyroptosis of inflammasome-active cells promptly terminates local inflammasome response. Molecular mechanisms underlying prolonged inflammasome signaling thus require further elucidation. Here, we report that neutrophil-specific resistance to pyroptosis and NLRP3 desensitization can facilitate sustained inflammasome response and interleukin-1β secretion. Unlike macrophages, inflammasome-activated neutrophils did not undergo pyroptosis, indicated by using in vitro cell-based assay and in vivo mouse model. Intriguingly, danger-associated molecular patterns (DAMP)-rich milieu in the inflammatory region significantly abrogated NLRP3-activating potential of macrophages, but not of neutrophils. This macrophage-specific NLRP3 desensitization was associated with DAMP-induced mitochondrial depolarization that was not observed in neutrophils due to a lack of SARM1 expression. Indeed, valinomycin-induced compulsory mitochondrial depolarization in neutrophils restored inflammasome-dependent cell death and ATP-induced NLRP3 desensitization in neutrophils. Alongside prolonged inflammasome-activating potential, neutrophils predominantly secreted interleukin-1β rather than other proinflammatory cytokines upon NLRP3 stimulation. Furthermore, inflammasome-activated neutrophils did not trigger efferocytosis-mediated M2 macrophage polarization essential for the initiation of inflammation resolution. Taken together, our results indicate that neutrophils can prolong inflammasome response via mitochondria-dependent resistance to NLRP3 desensitization and function as major interleukin-1β-secreting cells in DAMP-rich inflammatory region.
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Introduction

Neutrophils are the first and most abundant cells that infiltrate inflamed sites following microbial invasion or tissue injury (1). Upon microbial infection, neutrophils play a key role in host defense by phagocytosing microbes and releasing granule-contained antimicrobial factors and neutrophil extracellular traps (1, 2). Although neutrophils have relatively short lifespan, their sustained antimicrobial activity is detrimental to host cells or tissues (3). During the progression of inflammation, inflammatory cells such as neutrophils infiltrate into the inflamed region, where high levels of damage-associated molecular patterns (DAMPs) or danger signals from injured cells are present. Therefore, the effects of DAMP- or danger signals-rich milieu on the inflammatory potential of infiltrating cells warrant careful investigation.

Of interest, neutrophils also contribute to the resolution of inflammation. The phagocytosis of apoptotic neutrophils by resident macrophages, known as efferocytosis, triggers anti-inflammatory signaling by macrophages to resolve inflammation (4). Defective efferocytosis is a primary cause of prolonged inflammation and subsequent inflammatory diseases (5, 6). Since abnormal neutrophil activity is thought to play an important role in the pathogenesis of chronic inflammatory disorders (3), such as rheumatoid arthritis, neutrophil function must be optimally regulated to avoid unnecessary collateral damage to the host.

The inflammasome is a key molecular complex, mainly present in myeloid cells, to initiate inflammatory responses by inducing inflammatory mediator secretion, like interleukin (IL)-1β or IL-18 (7). In response to microbe- or tissue injury-derived factors, inflammasome sensor molecules, such as NOD-like receptor family, pyrin domain-containing 3 (NLRP3), are converted into their active form and assemble adaptor molecule apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and procaspase-1 to form the inflammasome complex (8). The assembled inflammasome promptly leads to caspase-1 activation, which then induces pro-IL-1β and gasdermin D (GSDMD) cleavage into their active forms (9).

Unlike other inflammasome sensor molecules, NLRP3 can be exclusively activated by a broad spectrum of stimuli, ranging from microbial toxins to endogenous metabolites (8). These results suggest that NLRP3 can act as a typical sensor to initiate inflammation in response to diverse abnormalities. Recent studies have closely implicated NLRP3 inflammasome activation in the pathogenesis of many chronic metabolic or degenerative diseases, such as type 2 diabetes, atherosclerosis and Alzheimer’s disease (10–12). Despite the important role of NLRP3 inflammasome in a wide range of chronic diseases, inflammasome activation promptly results in the pyroptotic cell death of inflammasome-active cells by causing the formation of GSDMD pores (13). Consequently, inflammasome-activated cells such as macrophages are unlikely to survive and support sustained inflammasome response. As such, it remains largely unknown which type of stimuli or cells contribute to prolonged inflammasome signaling under physiological conditions that lead to chronic inflammatory diseases.

Intriguingly, recent studies demonstrated that neutrophils do not undergo pyroptosis upon canonical inflammasome activation (14, 15). Moreover, considering the importance of neutrophils in resolving inflammation, it is highly possible to speculate that neutrophils may act as an essential regulator of persistent or sustained inflammation. In this context, the cellular function and physiological significance of inflammasome-active neutrophils requires further clarification. Here, we explored whether the key inflammatory cells macrophages or neutrophils can support sustained inflammation with a prolonged inflammasome response under diverse conditions.



Materials and Methods


Mice

C57BL/6 (Orient Bio, Gyeonggi-do, Korea), Nlrp3 -/- (Jackson Laboratory, Bar Harbor, ME, USA), Gsdmd -/- (Jackson Laboratory) and LysM gfp/+ (provided by Dr. Pilhan Kim, Korea Advanced Institute of Science and Technology) (16) mice were bred at Yonsei University College of Medicine. All mice (C57BL/6 background) were maintained under specific pathogen-free conditions, and female mice were used for experiments at 8–10 weeks of age. Protocols for the animal experiments were approved by the Institutional Ethical Committee, Yonsei University College of Medicine. All experiments were performed in accordance with the approved guidelines of the Institutional Ethical Committee.



Mice Treatment

Mice were injected intraperitoneally with 1 mg/kg of LPS for 24 h. Peritoneal lavage fluid was obtained by washing twice with 5 mL of PBS and centrifuging (300 × g for 5 min) to pellet cells. The collected cells were stained with anti-CD11b, anti-Ly6G, and anti-F4/80 antibodies conjugated with an appropriate fluorescent dye (eBioscience, San Diego, CA, USA). Cell fluorescence was monitored and analyzed using flow cytometry (FACSVerse, BD, Franklin Lakes, NJ, USA). All flow cytometry data are representative of at least three independent experiments.



Cell Culture

Bone marrow cells were isolated from mouse femurs and differentiated into BMDMs in L929-conditioned medium, as described previously (17). All BMDMs were maintained in L929-conditioned DMEM supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA) and antibiotics. BMNs were obtained from mouse bone marrow cells using an EasySep™ mouse neutrophil enrichment kit (STEMCELL Technologies, Vancouver, Canada) according to the manufacturer’s protocols or using Ficoll-Paque density gradient medium. BMNs were cultured in RPMI 1640 supplemented with 10% FBS and antibiotics and used for experiments. Isolated BMNs were analyzed using flow cytometry after co-staining with anti-CD11b, anti-Ly6G, and anti-F4/80 antibodies (eBioscience). Spleen neutrophils were prepared from mouse spleen-derived single-cell suspension using an EasySep™ mouse neutrophil enrichment kit. Mouse peritoneal macrophages were obtained from the peritoneal lavage fluid five days after intraperitoneal injection with 3% thioglycolate medium (1.5 mL). After removing non-adherent cells, peritoneal macrophages were cultured in RPMI 1640 supplemented with 10% FBS and antibiotics. Immortalized NLRP3-GFP-expressing BMDMs were provided by Dr. E.S. Alnemri (Thomas Jefferson University, Philadelphia, PA, USA). To transfect Sarm1 into BMNs, DOTAP or Lipofectamine 2000 liposomal transfection reagent were used as described previously (18). Briefly, cells were incubated with a mixture of cDNA construct and liposomal reagent in Opti-MEM for 4 h. Then, normal FBS-containing culture medium was added and cells were further incubated for additional 18 h.



Preparation of Cell-Free Supernatants From Injured Cells

To isolate DAMP-rich conditioned medium, mouse BMDMs were treated with staurosporine (2 μg/mL) for 3 h, washed with fresh medium and incubated for an additional 18 h before the supernatant was collected. Alternatively, mouse BMDMs were subjected to four freeze/thaw cycles and the culture supernatant was collected.



Reagents and Antibodies

LPS, ATP, nigericin, poly dA:dT, staurosporine, cytochalasin D, valinomycin, and apyrase were purchased from Sigma-Aldrich (St. Louis, MO, USA). JC-1 and MitoSox were obtained from Invitrogen (San Diego, CA, USA). zVAD-FMK,and ac-YVAD-CMK were purchased from Bachem (Torrance, CA, USA). Mammalian expression constructs for mouse Sarm1 (pGW1-Myc-Sarm1) was purchased from Addgene (Watertown, MA, USA). The following antibodies were used for detecting mouse caspase-1 (Adipogen, San Diego, CA, USA), NLRP3 (Adipogen), IL-1β (R&D Systems, Minneapolis, MN, USA), ASC (Santa Cruz Biotechnology, Dallas, TX, USA), β-actin (Santa Cruz Biotechnology), caspase-3 (Cell Signaling, Beverly, MA, USA), gasdermin D (Abcam, Cambridge, MA, USA), and Sarm1 (Cell Signaling).



Immunoblot Analysis

Cells were lysed in buffer containing 25 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitors. Soluble lysates were fractionated using SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Some supernatants were precipitated using a methanol/chloroform mixture as described previously (19) and immunoblotted. All blot images are representative of at least three independent experiments and have been cropped for presentation.



mRNA Quantification

Total RNA was isolated using an RNeasy Mini Kit (Intron, Gyeonggi-do, Korea) or TRIzol reagent (Invitrogen, Waltham, MA, USA) and reverse-transcribed using a Power cDNA Synthesis Kit (Intron). Quantitative real-time PCR was performed using SYBR Premix Ex Taq (Takara, Tokyo, Japan) while RT-PCR was performed using AccuPower HotStart PCR premix (Bioneer, Daejeon, Korea). The following primers (mouse) were used: Il-10, 5′-CCA AGC CTT ATC GGA AAT GA-3′ and 5′-TTT TCA CAG GGG AGA AAT CG-3′; Il-6, 5’-AGT TGC CTT CTT GGG ACT GA-3’ and 5’-TCC ACG ATT TCC CAG AGA AC-3’; Tnfα, 5’-CGT CAG CCG ATT TGC TAT CT-3’ and 5’-CGG ACT CCG CAA AGT CTA AG-3’; Gapdh, 5’-AAC TTT GGC ATT GTG GAA GG-3’ and 5’-ACA CAT TGG GGG TAG GAA CA-3’; Sarm1, 5’-CGC TGC CCT GTA CTG GAG G-3’ and 5’-CTT CAG GAG GCT GGC CAG CT-3’; β-actin, 5’-CCT TCC TGG GCA TGG AGT CCT G-3’ and 5’-GGA GCA ATG ATC TTG ATC TTC-3’.



Inflammasome/Caspase-1 Activation Assay

To induce conventional NLRP3 inflammasome activation, cells were primed with LPS (0.25 μg/mL) for 2.5 h and then treated with ATP (2.5 mM) for 30 min. In some experiments, cells were primed with LPS, washed with PBS, and then treated with ATP. To stimulate NLRC4 and AIM2 inflammasome signaling, cells were transfected with flagellin (NLRC4) using N-(2,3-dioleoyloxy-1-propyl) trimethylammonium methyl sulfate (DOTAP) or poly dA:dT (AIM2) using Lipofectamine 2000. Inflammasome activation was determined by the presence of active caspase-1 p20 and active IL-1β in culture supernatant immunoblots and extracellular IL-1β quantification using ELISA. To detect ASC oligomerization, disuccinimidyl suberate (DSS, Thermo Scientific)-mediated cross-linking assays were performed as described previously (20). To determine NLRP3 oligomerization, speck-like aggregates of NLRP3-GFP were assessed by confocal microscopy in NLRP3-GFP-expressing BMDMs.



Cytokine Production Assay

IL-1β, IL-6, and MMP9 levels in the culture supernatants were quantified using mouse IL-1β, IL-6, or MMP9 ELISA kits (R&D Systems), respectively. Inflammatory cytokines in the culture supernatants were quantified using a Cytometric Bead Array Mouse Inflammatory Kit (BD). All assays were performed according to the manufacturer’s protocols.



Cell Death Assay

To quantify pyroptotic cell death, extracellular lactate dehydrogenase (LDH) release was measured using a CytoTox96 non-radioactive cytotoxicity assay kit (Promega) and calculated as [extracellular LDH/(intracellular LDH + extracellular LDH) × 100]. Dead cells were labeled with PI or Annexin V-FITC according to the manufacturer’s protocol and fluorescence was measured using flow cytometry (FACSVerse, BD). All flow cytometry data are representative of at least three independent experiments. To assess efferocytosis, peritoneal macrophages were treated with untreated, apoptotic, or inflammasome-activated neutrophils (1/4 volume) for 1 h, washed to remove non-engulfed cells, and treated with LPS (0.1 μg/mL) for 18 h.



Immunofluorescence Assay

Cells grown on coverslips in a 12-well plate were fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100. After blocking with 4% BSA, cells were incubated with anti-α-tubulin primary antibodies (Santa Cruz Biotechnology) followed by Alexa Fluor 488-conjugated anti-mouse IgG (Invitrogen). F-actin was stained using rhodamine-phalloidin (Thermo) and nuclei were visualized by counterstaining with DAPI. Images were acquired using confocal microscopy (LSM 700, Carl Zeiss, Oberkochen, Germany) and processed using ZEN2011 software.



Phagocytosis Assay

To measure phagocytic activity, cells were incubated with zymosan-FITC (Invitrogen; 1:5 ratio) for 30 min, washed, and their fluorescence analyzed using flow cytometry (FACSVerse, BD). All flow cytometry data are representative of at least three independent experiments.



Neutrophil In Vitro Migration Assay

To track neutrophil migration, neutrophils were prepared from LysMgfp/+ mice. Prior to neutrophil seeding, confocal dishes were coated with fibronectin (Gibco) diluted in PBS. Then, neutrophils were plated with or without LPS (0.25 μg/mL), incubated for 2 h 30 min, followed by the treatment of ATP (2.5 mM) for 30 min or 1 h. In vitro migration was imaged using a Nikon Eclipse Ti2 inverted microscope, with DIC and FITC channels captured every 10 s and terminated after 30 min. All imaging data (.nd2) were imported into volocity software v6.3.1 (Perkin Elmer) and processed using IMARIS software v7.2.3 (Bitplane). Tracking analysis was performed using an autoregressive motion in spots tool.



Mitochondrial Membrane Potential and ROS Measurement

To measure mitochondrial membrane potential, cells were stained with JC-1 (Invitrogen) according to the manufacturer’s protocol and their fluorescence was monitored and analyzed using flow cytometry (FACSVerse, BD). To measure mitochondrial ROS production, cells were stained with MitoSOX (Invitrogen) after the appropriate treatments and analyzed using flow cytometry, based on the level of MitoSOX. All flow cytometry data are representative of at least three independent experiments.



Statistical Analysis

All values are expressed as the mean ± SEM of individual samples. n indicates the number of independent experiments. Data were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test to compare all groups with the control group, or Student’s t-test. Statistical significance was set at p ≤ 0.05. All analyses were performed using GraphPad Prism.




Results


Inflammasome Activation Induces Pyroptotic Cell Death in Macrophages but Not Neutrophils

To examine the potential outcome of inflammasome activation in major inflammatory cells, we prepared and analyzed bone marrow-derived neutrophils (BMNs) and bone marrow-derived macrophages (BMDMs) from isolated mouse bone marrow cells (Supplementary Figure S1). First, we examined the inflammasome response of both cell types following diverse stimulations. NLRP3 inflammasome activation by lipopolysaccharide (LPS) plus ATP or nigericin treatment was observed in BMNs and BMDMs, as determined by extracellular IL-1β secretion (Figure 1A). Similarly, neutrophils exhibited normal NLR family, CARD-containing 4 (NLRC4)- and absent in melanoma 2 (AIM2)-mediated inflammasome activation triggered by flagellin or poly dA:dT transfection (Figure 1A). Consistently, all forms of inflammasome-activating stimulation caused a robust caspase-1 processing in both cells, as determined by the presence of cleaved caspase-1 (p20) in the cell culture supernatants (Figure 1B).




Figure 1 | Neutrophils resist inflammasome-dependent cell death. (A) Quantification of IL-1β in the culture supernatants of mouse bone marrow-derived neutrophils (BMNs) or macrophages (BMDMs) untreated (Unt) or primed with LPS (0.25 μg/mL, 2.5 h), followed by ATP (2.5 mM, 1 h) or nigericin (Nig, 5 μM, 1 h) treatment, or flagellin (500 μg/mL, 6 h) or poly dA:dT (1 μg/mL, 6 h) transfection (n = 3). (B) Immunoblots of mouse BMNs or BMDMs treated as in (A). Culture supernatants (Sup) or cell lysates (Lys) immunoblotted with the indicated antibodies. The asterisk indicates a nonspecific band. (C, D) Quantification of LDH in the culture supernatants of mouse BMNs or BMDMs treated as in (A) (C, n = 3) or primed with LPS (0.25 μg/mL, 2.5 h) and treated with ATP (2.5 mM, 1, 3, 6 h) (D, n = 3-5). (E) Quantification of LDH in the culture supernatant of mouse splenic neutrophils or BMDMs primed with LPS, followed by ATP treatment (0.5 or 2 h). (n = 3) (F) Quantification of PI-positive mouse BMNs or BMDMs primed with LPS, followed by ATP (2.5 mM, 1 h) or treated with staurosporine (STP, 2 μg/mL, 6 h), as determined by flow cytometric analysis after propidium iodide (PI) staining. (n = 3). (G) Immunoblots of cell lysates from mouse BMNs or BMDMs primed with LPS followed by ATP (1 or 3 h), or staurosporine (STP, 2 μg/mL, 6 h) treatment. (H) Quantification of phosphatidylserine-positive mouse BMNs or BMDMs treated with LPS (0.25 μg/mL), followed by ATP (2 h) or staurosporine (STP, 5 h), as determined by flow cytometric analysis after Annexin V-FITC staining (n = 2 or 3). (I) Quantification of LDH release into the culture supernatant of mouse BMNs or BMDMs incubated with culture medium (24 h), treated with LPS (0.25 μg/mL, 24 h) in the presence of zVAD (20 μM) or treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 3 h) (n = 3). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant.



Inflammasome/caspase-1 activation resulted in profound pyroptosis in macrophages, as indicated by lactic acid dehydrogenase (LDH) release into the extracellular medium (Figure 1C). Interestingly, this inflammasome-dependent LDH release was not evident in BMNs, irrespective of robust inflammasome activation (Figures 1C, D). Consistently, LPS/ATP-induced pyroptosis was not observed in splenic neutrophils (Figure 1E). This pyroptosis resistance of neutrophils was also confirmed by using propidium iodide (PI) staining (Figure 1F and Supplementary Figure S2). However, the well-known apoptosis inducer, staurosporine, promoted robust cell death in neutrophils, as detected by using PI staining and caspase-3 cleavage (Figures 1F, G), indicating that neutrophils are susceptible to apoptosis but not pyroptosis. Both neutrophils and macrophages displayed comparable phosphatidylserine exposure levels, a typical eat-me signal, in response to staurosporine, as measured using annexin V staining (Figure 1H). However, neutrophils exhibited significantly lower LPS/ATP-induced phosphatidylserine exposure (Figure 1H) and cell death (Figure 1I) than macrophages. Together, these data demonstrate that neutrophils are inflammasome-competent and secret robust amounts of mature IL-1β, but are resistant to inflammasome-driven pyroptotic cell death.



DAMP-Rich Milieu Desensitizes the NLRP3 Inflammasome-Activating Potential of Macrophages but Not Neutrophils

During the initial stages of inflammation, host tissues or cells at inflamed sites are damaged, leading to the extracellular release of many cellular components (21). Consequently, infiltrated cells such as neutrophils are likely to encounter danger signals or DAMPs released by injured cells in the inflamed region (22). To examine whether exposure to danger signal-rich milieu affects the inflammasome-activating potential of infiltrated cells, we exposed neutrophils or macrophages to injured cell-derived supernatants before inflammasome-activating stimulants (Figure 2A). In vitro cell injury was induced in BMDMs by staurosporine treatment or repeated freeze-thaw cycles. Of notice, pretreatment with DAMP-rich medium did not affect LPS/ATP-induced IL-1β secretion from neutrophils, but significantly decreased IL-1β secretion from BMDMs (Figure 2B). Consistently, the exposure with danger signal-rich medium abolished caspase-1 processing in macrophages following LPS/ATP stimulation, but not in neutrophils (Figure 2C). These results indicate that danger signals-rich milieu can abrogate macrophage inflammasome-activating potential at the post-translational level. However, similar to BMNs, splenic neutrophils were resistant to DAMP-rich medium-induced NLRP3 desensitization (Figure 2D).




Figure 2 | Danger signal-rich medium pretreatment desensitizes NLRP3 inflammasome-activating potential of macrophages but not neutrophils. (A) Experimental scheme for determining the potential effect of cell-free supernatants from normal BMDMs or those injured by staurosporine (STP) or repeated freeze/thaw cycles on NLRP3 inflammasome activation of neutrophils or macrophages. (B) Quantification of IL-1β in the culture supernatants of mouse BMNs or BMDMs pretreated with cell-free supernatants from untreated or injured BMDMs as in (A) and then treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 30 min) treatment (n = 5, BMNs; n = 3, BMDMs). (C) Immunoblots from mouse BMNs or BMDMs treated as in (B). The asterisk indicates a nonspecific band. (D) Quantification of IL-1β in the culture supernatants of mouse splenic neutrophils or BMDMs pretreated with cell-free supernatants from untreated or injured BMDMsa by freeze/thaw cycles (2.5 mM, 30 min), and then treated with LPS, followed by ATP (2.5 mM, 30 min) treatment (n = 4). (E) Quantification of IL-1β in the culture supernatants of mouse BMDMs pretreated with DAMP-rich medium by freeze/thaw cycles in the presence of apyrase (15 U/ml), and then treated with LPS followed by nigericin (5 μM, 40 min) treatment (n = 3 or 4) (F) Quantification of IL-1β in the culture supernatants of mouse BMNs or BMDMs pretreated with ATP (2.5 mM, 30 min), washed and treated with LPS (0.25 μg/mL, 2.5 h), followed by ATP (2.5 mM, 30 min) or nigericin (Nig, 5 μM, 40 min) treatment (n = 4). (G) Quantification of IL-1β in the culture supernatants of mouse BMDMs pretreated with ATP (5, 15, 30 min), and then treated with LPS, followed by ATP treatment (n = 3). (H) Immunoblots from mouse BMNs or BMDMs treated as in (F). (I) Representative immunofluorescence images of NLRP3-GFP-expressing immortalized BMDMs pretreated with ATP (2 mM, 30 min) and then treated with LPS (0.25 μg/mL, 3 h), followed by nigericin (Nig, 5 μM, 30 min) treatment after anti-Tom20 antibody staining (red). Nuclei were stained with DAPI (blue). Scale bars, 20 μm. Red arrows indicate NLRP3-oligomerized specks. (J) Immunoblots of DSS-crosslinked pellets (DSS-pel) or cellular lysates (Lys) from BMDMs pretreated with ATP (2.5 mM, 30 min) and then treated with LPS (0.25 μg/mL) and ATP (2.5 mM). (K) Immunoblots of mouse BMDMs pretreated with ATP (2.5 mM, 30 min) and then transfected with flagellin (500 ng/mL, 4 h) or poly dA:dT (2 μg/mL, 4 h). Culture supernatants (Sup) or cell lysates (Lys) were immunoblotted with the indicated antibodies. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant.



Extracellular ATP is a major danger signal released by damaged cells and plays an important role in the inflammaroty processes (23). To examine whether ATP is critical for the DAMP-induced NLRP3 inflammasome desensitization observed in macrophages, we used apyrase to remove ATP in the DAMP-rich medium. Intriguingly, apyrase significantly restored NLRP3 desensitization by freeze-thaw-induced DAMP-rich medium (Figure 2E). Then, we pretreated neutrophils or macrophages with ATP before conventional NLRP3-activating stimulation. Similar to the effects observed following treatment with DAMP-rich medium, ATP pretreatment markedly attenuated IL-1β secretion from macrophages, but not from neutrophils, in response to LPS/ATP or LPS/nigericin stimulation (Figure 2F). Pre-exposure with ATP for 15 min was sufficient to desensitize LPS/ATP-stimulated inflammasome activation in macrophages (Figure 2G). Like DAMP-rich medium, ATP pretreatment markedly blocked NLRP3-mediated caspase-1 cleavage in macrophages, but not neutrophils (Figure 2H). We also found that DAMP-rich medium or ATP treatment alone did not trigger a profound production of proinflammatory cytokine in both cells (Supplementary Figure S3).

NLRP3 oligomerization is an essential process in the assembly of the NLRP3 inflammasome complex (24). Consistent with the above data, ATP pretreatment remarkably blocked LPS/nigericin-induced NLRP3 oligomerization in macrophages, as determined by NLRP3 speck formation (Figure 2I and Supplementary Figure S4). Furthermore, ATP pretreatment abolished ASC oligomerization in BMDMs stimulated with LPS/ATP (Figure 2J), but did not inhibit NLRC4- and AIM2-dependent caspase-1 processing in macrophages following flagellin and poly dA:dT transfection, respectively (Figure 2K). These data demonstrate that extracellular DAMP- or ATP-rich milieu at the inflamed site can desensitize the NLRP3 inflammasome-activating potential of macrophages but not neutrophils.



Neutrophils Are Resistant to Inflammasome-Dependent Gasdermin D Cleavage and DAMP-Induced Mitochondrial Depolarization

To provide a molecular insight into the distinct resistance of neutrophil to pyroptosis and NLRP3 desensitization, we first measured inflammasome component expression. We found that neutrophils displayed lower active caspase-1 (p20) levels than macrophages (Figure 3A), but similar levels of active IL-1β secretion (Supplementary Figure S5A). Likewise, GSDMD cleavage was much weaker in neutrophils than in macrophages (Figures 3A, B and Supplementary Figure S5B). These findings suggest that impaired GSDMD cleavage led to reduced GSDMD pore formation in the neutrophil plasma membrane. Indeed, GSDMD deficiency completely abrogated LPS/ATP-induced cell death in macrophages (Figure 3C). Moreover, LPS/ATP stimulation substantially disrupted plasma membrane integrity in macrophages but not neutrophils (Figure 3D). Consistently, LPS/ATP stimulation significantly increased membrane permeability and phosphatidylserine exposure in macrophages but much less in neutrophils (Figures 1F, H). These results indicate that lower GSDMD pore formation may partly explain the pyroptosis resistance of neutrophils.




Figure 3 | Neutrophils exhibit weaker gasdermin D cleavage and mitochondrial depolarization than macrophages in response to NLRP3 stimulation. (A) Immunoblots from mouse BMNs or BMDMs untreated (Unt) or primed with LPS (0.25 μg/mL, 2.5 h), followed by ATP (2.5 mM, 1h) or nigericin (Nig, 5 μM, 1 h) treatment. (B) Quantification of relative GSDMD (NT) band intensity versus β-actin band in (A). (n = 4). (C) Quantification of LDH release into the culture supernatants of wild-type or Gsdmd-deficient mouse BMDMs primed with LPS followed by ATP (2.5 mM, 1 or 2 h) treatment (n = 3). (D) Representative immunofluorescence images of mouse BMNs or BMDMs treated with LPS followed by ATP (2 mM, 1 h) treatment after staining with anti-F-actin (red) and anti-α-tubulin (green) antibodies. Nuclei were stained with DAPI (blue). Scale bars, 10 μm (BMNs) or 20 μm (BMDMs). (E) Flow cytometric analysis of mouse BMNs or BMDMs treated with ATP (2.5 mM, 30 min) or valinomycin (5 μM, 30 min) treatment after JC-1 staining. (F) Quantification of JC-1 (red)-negative mouse BMDM or BMN populations treated with LPS alone, ATP alone, LPS followed by ATP or valinomycin (n = 3). (G) Flow cytometric analysis of mouse BMDMs or BMNs treated with cell-free supernatants of untreated cells or those injured by staurosporine treatment or repeated freeze/thaw cycles for 1.5 h after JC-1 staining. (H) Flow cytometric analysis of mouse BMDMs or BMNs treated with LPS alone (0.25 μg/mL, 2.5 h), ATP alone (2.5 mM, 0.5 h) or LPS followed by ATP treatment after MitoSOX staining. GSDMD; gasdermin D, FL; full length, NT; N-terminal. *P < 0.05, **P < 0.01, ***P < 0.001.



Mitochondria are important signaling organelles in regulating NLRP3 inflammasome activation and many types of cell death (24, 25). To explore whether mitochondrial alterations are involved in the distinct pyroptosis resistance of neutrophils, we examined mitochondrial phenotype under inflammasome-activating conditions. Unexpectedly, ATP treatment and LPS/ATP stimulation led to profound mitochondrial depolarization in macrophages but not neutrophils, as indicated by an increase in the JC-1 (red)-negative population (Figures 3E, F). The selective caspase-1 inhibitor, ac-YVAD-cmk, did not protect macrophages against LPS/ATP-promoted mitochondria depolarization (Supplementary Figure S6), indicating that ATP treatment, but not active caspase-1, primarily caused the loss of mitochondrial membrane potential in macrophages. In neutrophils, mitochondrial depolarization was detected by valinomycin, widely used to cause the loss of mitochondrial membrane potential, but not by LPS/ATP stimulation (Figures 3E, F). Like ATP treatment, the DAMP-rich medium markedly impaired the mitochondrial membrane potential of macrophages but not neutrophils (Figure 3G). Moreover, ATP treatment induced a profound mitochondrial reactive oxygen species (ROS) production only in macrophages (Figure 3H), suggesting that DAMP or ATP may damage macrophage mitochondrial integrity but not that of neutrophils.



Distinct Resistance of Neutrophils to Pyroptosis and NLRP3 Desensitization Is Associated With the Absence of SARM1-Induced Mitochondrial Depolarization

To examine whether intact mitochondrial membrane potential can explain the unique resistance of neutrophils to pyroptosis and NLRP3 desensitization, we treated cells with valinomycin to induce compulsory mitochondrial depolarization. Interestingly, valinomycin treatment (10 min after ATP treatment) did not affect LPS/ATP-promoted IL-1β secretion by neutrophils (Figure 4A) but caused a significant pyroptosis in neutrophils (Figure 4B), indicating that mitochondrial membrane potential plays a key role in determining pyroptosis resistance. Moreover, pretreatment with valinomycin significantly abolished NLRP3 inflammasome activation in neutrophils, while ATP pretreatment failed to attenuate LPS/ATP-triggered IL-1β secretion (Figure 4C). Consistently, rotenone, another chemical to cause mitochondrial depolarization, pretreatment led to impaired IL-1β production by neutrophils (Supplementary Figure S7). These observations suggest that intact mitochondrial membrane potential at the moment of second signal, such as ATP or nigericin, is prerequisite for normal NLRP3 inflammasome-activating potential. Accordingly, valinomycin pretreatment clearly diminished LPS/ATP-triggered caspase-1 activation (Figure 4D) and ASC oligomerization in neutrophils (Figure 4E).




Figure 4 | Cell type-specific changes in mitochondrial integrity determine pyroptosis resistance and NLRP3 desensitization. (A, B) Quantification of IL-1β (A) or LDH (B) release into the culture supernatant from mouse BMNs primed with LPS (0.25 μg/ml, 2.5 h) followed by ATP (2.5 mM, 1 h) treatment in the presence of valinomycin (10 μM, last 50 min) (n = 5 or 8). (C, D) Quantification of IL-1β in the culture supernatant (C) or immunoblots from mouse BMNs pretreated with ATP (2.5 mM) or valinomycin (10 μM) for 30 min, washed and primed with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 30 min) treatment (n = 3). The asterisk indicates a nonspecific band (D). (E) Immunoblots of DSS-crosslinked pellets (DSS-pel) or cell lysates (Lys) from BMNs treated as in (C, D). (F) Quantification of sarm1 or gapdh mRNA levels in mouse BMNs or BMDMs (n = 5). (G) RT-PCR analysis and immunoblots of sarm1 or gapdh in mouse BMNs or BMDMs untreated or treated with LPS (0.5 μg/mL, 3 h). (H) Mouse BMNs were transfected with vector or Sarm1-expressing construct using DOTAP liposomal reagent and then treated with ATP (2.5 mM, 1 h). Flow cytometric analysis of these cells after JC-1 staining (left panel). Quantification of JC-1 (red)-negative mouse BMN populations (right panel, n = 3 or 4). (I) Quantification of IL-1β (upper panel) or immunoblots (lower panel) of mouse BMNs transfected with empty vector or Sarm1-expressing construct, and treated with ATP (2 mM, 20 min), and then treated with LPS followed by ATP treatment. (n = 3). Culture supernatants (Sup) or cell lysates (Lys) were immunoblotted with the indicated antibodies. **P < 0.01, ***P < 0.001, n.s., not significant.



We were then keen to unveil the mechanism underlying the different status of the mitochondrial membrane potential of both cells exposed to the DAMP- or ATP-rich milieu. A recent study demonstrates that Sterile α- and heat armadillo motif-containing protein 1 (SARM1) clustering contributes to the induction of mitochondrial depolarization upon treatment with NLRP3 stimulants (26). Intriguingly, neutrophils displayed negligible Sarm1 expression compared to macrophages (Figures 4F, G). We thus speculate that the absence of Sarm1 expression is implicated in the neutrophil resistance to mitochondrial depolarization by ATP stimulation. Indeed, liposome-mediated Sarm1 transfection caused a considerable increase in the ATP-driven mitochondrial depolarization in neutrophils (Figure 4H). Sarm1 transfection did not impair cell viability of neutrophils (Supplementary Figure S8), but significantly diminished IL-1β secretion from neutrophils in response to the following LPS/ATP stimulation (Figure 4I). These results indicate that sarm1-deficiency is potentially implicated in the neutrophil resistance to NLRP3 desensitization.



Neutrophils Drive Sustained IL-1β-Specialized Inflammatory Responses

As shown above, neutrophils exhibited much lower caspase-1 cleavage than macrophages, but equivalent IL-1β secretion. To determine whether a protease other than caspase-1 was implicated in IL-1β processing and secretion in neutrophils, we measured IL-1β production in the presence of the caspase-1-selective inhibitor, YVAD. In neutrophils, YVAD markedly blocked active IL-1β production in response to NLRP3 stimulation (Supplementary Figures S9A, B). Moreover, NLRP3 was essential for ATP- or nigericin-triggered IL-1β secretion by neutrophils (Supplementary Figure S9C), indicating that IL-1β secretion by neutrophil is NLRP3/caspase-1-dependent similar to macrophages.

GSDMD pore is the major conduit for IL-1β secretion in macrophages (27). As neutrophils displayed much weaker GSDMD pore formation than macrophages (Figure 3), we determined IL-1β secretion levels in wild-type and Gsdmd-deficient cells. GSDMD presence was essential for early IL-1β secretion by neutrophils, but partial GSDMD-independent IL-1β secretion was observed in neutrophils after 2 h of ATP stimulation (Figures 5A, B). Besides, neutrophils displayed more rapid IL-1β secretion than macrophages (Supplementary Figure S9D), suggesting that neutrophil may have a somewhat different IL-1β secretion mechanism to macrophages.




Figure 5 | Neutrophils exhibit unique IL-1β-oriented cytokine production. (A, B) Quantification of IL-1β in the culture supernatant of Gsdmd +/+ or Gsdmd -/- mouse BMNs (A) or BMDMs (B) treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 1 or 2 h) treatment (n = 3). (C, D) Quantification of IL-6 (C) or the relative IL-1β/IL-6 ratio (D) in the culture supernatant of mouse BMNs or BMDMs primed with LPS (0.25 μg/mL, 2.5 h), washed and treated with ATP (2.5 mM) or nigericin (5 μM) for 1 or 3 h, or treated with LPS alone (n = 3). (E) Quantification of IL-1β in the culture supernatant of mouse BMNs or BMDMs primed with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 1 h) treatment (n = 4). (F–H) Quantification of IL-6 (F), MCP-1 (G), and TNF-α (H) in the culture supernatant of mouse BMNs or BMDMs treated with LPS (0.25 μg/mL, 3 h) (n = 4). (I) Quantification of IL-1β in the culture supernatant of mouse BMNs or BMDMs treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 2 h) treatment, washed and incubated for 3 h in the presence of additional LPS and ATP (n = 5). Culture supernatants (Sup) or cell lysates (Lys) were immunoblotted with the indicated antibodies. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant.



Intriguingly, we noticed that IL-6 production in response to NLRP3-activating or LPS stimulations was very low in neutrophils but robust in macrophages (Figure 5C). Indeed, neutrophils elicited more IL-1β-oriented production than macrophages under NLRP3 inflammasome-activating conditions (Figure 5D). Then, we measured the secretion of several cytokines from both cell types in response to LPS stimulation using cytokine-bead array experiments. LPS alone caused robust IL-6, MCP-1 and TNF-α production in macrophages, but none or much less from neutrophils, whereas IL-1β secretion was similar in both cell types following LPS/ATP stimulation (Figures 5E–H). Furthermore, neutrophils facilitated persistent IL-1β secretion after media change following 2 h of ATP stimulation, unlike macrophages (Figure 5I). Together, these data demonstrate that neutrophils can drive IL-1β–oriented inflammatory responses more persistently than macrophages.



Inflammasome-Active Neutrophils Maintain Antimicrobial Functions but Do Not Trigger Efferocytosis-Mediated M2-Like Macrophage Polarization

Next, we determined the traditional function of neutrophils after inflammasome activation. We examined the phagocytic activity of inflammasome-active neutrophils and macrophages using a zymosan phagocytosis assay. Cytochalasin D, an actin polymerization inhibitor, was used as a control for the inhibition of phagocytosis. NLRP3 inflammasome-activating LPS/ATP stimulation did not affect zymosan uptake in neutrophils but markedly impaired this process in macrophages (Figure 6A and Supplementary Figure S10), indicating that inflammasome activation may impair the phagocytic activity of macrophages but not neutrophils. We also examined whether inflammasome activation can regulate neutrophil degranulation activity. Consistent with its effect on phagocytosis, NLRP3 inflammasome activation did not significantly affect neutrophil degranulation by measuring the extracellular release of matrix metallopeptidase 9 (MMP-9) triggered by phorbol-12-myristate-13-acetate (PMA) (Figure 6B).




Figure 6 | Inflammasome-active neutrophils maintain phagocytosis, degranulation, and migration activities, but do not trigger efferocytic anti-inflammatory macrophage polarization. (A) Mouse BMNs or BMDMs were untreated (Unt) or treated with LPS (0.25 μg/mL, 2.5 h) alone, LPS followed by ATP (2.5 mM, 1 h), or cytochalasin D (Cyto D, 10 μM, 30 min) as determined using flow cytometric analysis after incubating with zymosan-FITC (5 particles/cell, 30 min) (n = 3). (B) Quantification of MMP-9 in the culture supernatants of mouse BMNs treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 1 h), washed and treated with PMA (1 μM, 2 h) (n = 3). (C, D) Quantification of track length (C) and track straightness (D) of BMNs treated with LPS (0.25 μg/mL, 2.5 h) alone or followed by ATP (2.5 mM), as determined using in vitro migration assays. (E) Representative migration tracks of BMNs treated as in (C, D). (F) Experimental scheme for determining the potential effect of inflammasome-active neutrophils on efferocytosis. (G–I) Mouse BMNs were untreated or treated with LPS (0.25 μg/mL, 2.5 h) followed by ATP (2.5 mM, 2 h) or staurosporine (2 μg/mL, 5 h). Mouse peritoneal macrophages were treated with the injured BMNs (1:2.5 ratio, macrophages:neutrophils) for 1 h, washed and treated with LPS (0.1 μg/mL) for 18 (H) Quantification of IL-10 (G), TNF-α (H), or Il-6 (I) mRNA levels in mouse peritoneal macrophages treated as above (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant.



Additionally, we measured the migration ability of neutrophils after inflammasome activation using an in vitro migration assay. Interestingly, LPS/ATP stimulation did not alter neutrophil migration speed (Supplementary Figure S11) but significantly increased their total migration track length (Figure 6C). Of note, LPS/ATP treatment reduced the straightness of neutrophil migration (Figure 6D) and enhanced random migration patterns (Figure 6E and Supplementary Movie 1). Together, these findings indicate that inflammasome activation does not impair but slightly increase neutrophil migration ability.

As shown in Figure 1H, NLRP3 inflammasome activation caused much less phosphatidylserine exposure, a typical eat-me signal, in neutrophils than in macrophages. Dying neutrophils are engulfed by macrophages in a process known as efferocytosis, leading to M2-like macrophage polarization and inflammation resolution (4, 28). We thus examined whether inflammasome-active neutrophils could promote efferocytosis-mediated signaling of target macrophages (Figure 6F). Consistent with previous reports (28), staurosporine-treated neutrophils significantly increased IL-10 production by peritoneal macrophages stimulated with LPS (Figure 6G); however, LPS/ATP-stimulated neutrophils did not alter IL-10 production in macrophages (Figure 6G), indicating that inflammasome-active neutrophils do not induce efferocytosis-mediated M2 macrophage polarization. Supporting this finding, LPS/ATP-treated neutrophils failed to affect the production of proinflammatory cytokines, including TNF-α (Figure 6H) and IL-6 (Figure 6I), by peritoneal macrophages upon LPS stimulation, whereas staurosporine-stimulated neutrophils significantly abolished proinflammatory cytokine production in these macrophages. Together, these findings suggest that inflammasome-activated neutrophils do not immunologically silence target macrophages but instead mediates prolonged inflammation in the inflamed region.



Neutrophils Resist Pyroptosis in LPS-Challenged In Vivo Mouse Model

To confirm pyroptosis resistance in neutrophils under physiological conditions, we intraperitoneally injected mice with PBS or LPS and analyzed cells in the peritoneal lavage after 24 h of LPS challenge. We found that considerably more Ly6G+ neutrophils were isolated from the peritoneal lavage fluid of LPS-treated mice than PBS-treated mice (Figure 7A). Although PI-stained dead neutrophils population was less than 10%, even in the LPS-treated mice (Figure 7B), LPS administration dramatically increased the population of PI-positive dead small and large peritoneal macrophages (Figures 7A, B). Thus, these in vivo data indicate that LPS challenge causes significant cell death in macrophages from peritoneal lavage fluid, but much less cell death in neutrophils.




Figure 7 | Neutrophils resist pyroptosis in an in vivo mouse model. (A) Flow cytometric analysis of peritoneal lavage from mice administered PBS or LPS (1 mg/kg, 24 h) after staining with anti-CD11b, Ly6G, and F4/80 antibodies and propidium iodide (PI). (B) Quantification of PI-positive cells of neutrophils (NP), large or small peritoneal macrophages (LPM or SPM) as indicated in (A) (n = 2~7). (C, D) Flow cytometric analysis of mouse peritoneal lavage from wild-type or Nlrp3-deficient mice administered PBS or LPS (1 mg/kg, 24 h) after staining with anti-CD11b, Ly6G, and F4/80 antibodies and PI. (E) Quantification of PI-positive cells of LPM or SPM as treated in (D) (n = 2~7). *P < 0.05, **P < 0.01.



To examine whether the above macrophage cell death was inflammasome-dependent, we performed the experiments using wild-type and Nlrp3-deficient mice. Notably, the LPS-driven increase in the Ly6G+ neutrophils in the peritoneal lavage of wild-type mice was significantly diminished in the peritoneal lavage of NLRP3-knockout mice (Figure 7C), while LPS administration profoundly increased cell death in small macrophages from the peritoneal lavage of wild-type mice compared to Nlrp3-deficient mice (Figures 7D, E). These in vivo results indicate that NLRP3 inflammasome-activating conditions lead to the apparent NLRP3-dependent cell death of macrophages under physiological conditions.




Discussion

Chronic and sustained inflammation or inflammasome activation can be detrimental to host tissues and exacerbates the pathogenesis of diverse inflammatory or metabolic diseases (29). However, inflammasome assembly promptly induces the caspase-1 or caspase-11-dependent GSDMD cleavage and subsequent GSDMD pore formation in the plasma membrane leading to pyroptosis (30). The pyroptosis of inflammasome-activated cells can, therefore, terminate the inflammasome response and IL-1β production in the inflammatory region to prevent sustained inflammasome activation. Consistently, previous studies have demonstrated that pyroptotic macrophages lose their functional integrity upon inflammasome activation (31). Pyroptosis occurs in various inflammasome-active cell types, including macrophages, monocytes, dendritic cells and endothelial cells (32–34); therefore, it remains unclear which cell types can overcome pyroptosis and facilitate sustained inflammasome responses in chronic inflammasome-related diseases.

Consistent with recent reports (9, 14, 15, 35), we clarified pyroptosis resistance of neutrophils using diverse in vitro experiments and in vivo conditions. Molecular mechanisms underlying the pyroptosis resistance of neutrophils remain elusive. It was previously suggested that smaller ASC speck in neutrophils might implicate pyroptosis resistance (36). In the present study, our data revealed that neutrophils exhibited weaker caspase-1 processing and GSDMD cleavage than macrophages, which led to the reduced number of GSDMD pores in the plasma membrane of neutrophils, thereby affecting their resistance to pyroptosis. Of interest, a recent study demonstrated that cleaved GSDMD does not localize to the plasma membrane, but migrates to azurophilic granules in neutrophils (37), supporting our hypothesis that neutrophils exhibit impaired GSDMD pore formation in the plasma membrane. On the other hand, our data also indicate that mitochondrial membrane potential is critical for determining pyroptosis. Carty et al. recently reported that SARM1-dependent mitochondrial depolarization regulates pyroptosis in macrophages (26). Interestingly, we found that SARM1 expression was not observed in neutrophils and the preservation of mitochondrial membrane potential under NLRP3-activating stimulation contributes to the pyroptosis resistance of neutrophils.

GSDMD pore in the plasma membrane has been shown to act as a major conduit for IL-1β secretion in macrophages (27). Despite reduced GSDMD pore formation, neutrophils displayed similar levels of IL-1β secretion to macrophages. At present, the mechanism underlying this phenomenon is not yet completely understood. Our data demonstrated that neutrophil IL-1β secretion is still caspase-1 activity- and GSDMD presence-dependent. A recent study proposed that N-GSDMD localizes to azurophilic granules and autophagosomes in neutrophils rather than the plasma membrane (37), with this unique pattern of GSDMD trafficking driving IL-1β secretion in a GSDMD/ATG7-dependent manner. In accordance with this finding, our current study supports the possibility that neutrophil IL-1β secretion depends on GSDMD but not GSDMD pores in the plasma membrane. Of interest, a slower GSDMD-independent IL-1β secretion was recently proposed in the non-pyroptotic cells such as neutrophils (38). Consistently, we also found that some GSDMD-independent IL-1β release was observed after 2 h of ATP stimulation.

We also demonstrated that neutrophils induced more rapid IL-1β secretion than macrophages in response to NLRP3 activation. Since rapid IL-1β secretion was found to involve microvesicle shedding in THP-1 monocytes (39), it is possible that neutrophils may also use microvesicle shedding rather than GSDMD pore for very early IL-1β secretion following NLRP3 stimulation. Therefore, the detailed molecular mechanism via which neutrophils secret IL-1β after NLRP3 inflammasome activation remains to be further elucidated. Interestingly, our study revealed that neutrophils predominantly secrete IL-1β rather than other proinflammatory cytokines upon NLRP3 stimulation. Similarly, previous studies demonstrated that neutrophils produce much lower levels of proinflammatory cytokines in response to diverse types of stimulation (40, 41). Moreover, Bakele et al. showed that NLRP3 activation caused a robust IL-1β, but not IL-18 secretion by neutrophils, while macrophages produced both cytokines (42). Based on these observations, we propose that neutrophils can act as specialized IL-1β-producing cells under NLRP3 agonist-rich circumstances.

During the initial phase of inflammation, some resident cells are injured or die, leading to the release of cellular contents that produce a danger signal-rich milieu (21). To maintain prolonged inflammasome activation in such inflamed tissues, recruited fresh myeloid cells must promote a robust inflammasome response. Interestingly, we noticed that danger signal-rich medium or ATP clearly abrogated the NLRP3 inflammasome-activating capacity of macrophages. This observation is consistent with a recent study demonstrating that ATP-P2X7 signaling compromises NLRP3 inflammasome activation in macrophages (43). Unexpectedly, our study revealed that danger signal or ATP pretreatment failed to mitigate NLRP3-activating potential of neutrophils, strongly suggesting that recruited or infiltrated neutrophils can activate NLRP3 inflammasome signaling in danger signal-rich inflamed tissues and that neutrophils are major inflammasome-activating cells, particularly under ATP-rich conditions (Supplementary Figure S12).

Although the detailed molecular mechanism for the desensitization of NLRP3 inflammasome by danger signals remains unclear, we found that mitochondrial membrane potential status is closely associated with this phenomenon. Indeed, pretreatment with danger signal-rich medium or ATP caused mitochondrial depolarization in macrophages but not in neutrophils, while valinomycin-induced mitochondrial depolarization significantly abolished the NLRP3 inflammasome-activating potential of neutrophils. SARM is a potent candidate marker for macrophage-specific mitochondrial depolarization to determine cellular fate after inflammasome activation (26). Our data revealed that no robust SARM expression was detected in neutrophils. We also found that intact mitochondrial membrane potential is vital for the assembly and activation of NLRP3 inflammasome during treatment with NLRP3-activating second signals such as ATP or nigericin. These results suggest that intact mitochondria may act as a molecular platform for NLRP3 inflammasome assembly.

In addition to this sustained inflammasome-activating potential of neutrophils, our data further indicate that inflammasome-activated neutrophils do not induce efferocytosis-mediated M2-like macrophage polarization. Previous reports have shown that inflammasome-activated macrophages can trigger efferocytosis and downstream signaling of engulfed macrophages via exposing eat-me and find-me signals (44, 45). In our study, phosphatidylserine exposure, a typical eat-me signal, was unequivocally observed in inflammasome-activated macrophages, but not neutrophils. These findings indicate that inflammasome-active macrophages can contribute to efferocytosis-mediated inflammation resolution, while inflammasome-active neutrophils do not support efferocytosis but rather facilitate prolonged inflammasome responses (Supplementary Figure S12).

Taken together, our data provide new insights into the physiological role of neutrophil inflammasome signaling. In particular, distinct resistance of neutrophils to pyroptosis and DAMP-induced NLRP3 desensitization can prolong robust NLRP3 inflammasome response in danger signal-rich milieu during the propagation stage of inflammation. Thus, our results highlight the importance of neutrophils in the persistent inflammasome activation in response to chronic insult of endogenous metabolites, but not to acute microbial infection. Furthermore, our data suggest that this prolonged inflammasome-activating potential of neutrophils may contribute to the pathogenesis of chronic neutrophil-mediated inflammatory diseases.
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Acute lung injury (ALI) is a common complication of critical illness that could frequently lead to acute respiratory distress syndrome and other serious clinical consequences. Sepsis is one of the major and most common inducements among all causes of ALI. Due to its high incidence and mortality rate and also the complexity in treatment, sepsis-related ALI has become an urgent clinical problem waiting to be solved effectively. At present, only the protective ventilation strategy, restrictive fluid management, and antibiotics application are measures that can improve the prognosis with evidence-based medical proof. No pharmacological treatment is currently available to protect or significantly reverse the prognosis. Seeking for effective interventions measures for sepsis-related ALI is one of the most necessitous research directions. In this research, a conspicuous discovery of treatment-related translational use for a 4-benzene-indol derivative was elaborated by screening a large number of chemical compounds. The results showed that 4-benzene-indol derivative could not only suppress the activation of NLRP3 inflammasome both in vitro and alleviate LPS-induced ALI in vivo but also suppress the NLRP3 inflammasome in human myeloid leukemia mononuclear cells (THP-1) cell lines. Mechanistically, 1,2-diol blocks the NLRP3 inflammasome activation by disrupting NLRP3–NEK7 interaction and the subsequent NLRP3 inflammasome assembly and activation. To summarize, this research indicated that the newly-discovered 4-benzene-indol derivative targets NLRP3 inflammasome signaling, which consequently alleviates sepsis-related ALI. Collectively, the 4-benzene-indol derivative may serve as a potential therapeutic drug and NLRP3 inflammasome signaling would be a novel pharmaceutical target for clinical treatment of sepsis-related ALI.
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Introduction

As a life-threatening multiple organ dysfunction attributable to maladjusted host immune responses to infection, sepsis is usually the common pathway to serious prognosis such as systemic inflammatory response syndrome (SIRS), multiple organ dysfunctions (MODS) and a high risk of death (1–3). In sepsis-induced MODS, the lung is the most vulnerable organ (4), several studies have demonstrated that more than 50% of patients with sepsis will eventually become acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) (5, 6), which characterized by acute onset noncardiogenic pulmonary edema and hypoxemia (7). Despite the considerable efforts to find potential treatment strategies, the protective ventilation strategy, restrictive fluid management, and antibiotics application are the only available treatment options for patients with sepsis and ALI. Nevertheless, these measures have limited effect on decreasing the high mortality rate from sepsis (8, 9).

Recently, multiple studies have highlighted the crucial component of the NLR family pyrin domain containing 3 (NLRP3) inflammasome in sepsis (10, 11). As a multiple-protein complex, NLRP3 inflammasome is composed by NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC) and Caspase-1 which are known as innate immune sensors (12). The assembly of NLRP3 inflammasome will lead to the activation of Caspase-1, and Caspase-1 will then promote the cleavage of GSDMD and also pro-IL-1β and pro-IL-18. Hence, NLRP3 inflammasome plays an essential role in inflammation and innate immunity (13). Production of proinflammatory cytokines interleukin such as IL-1β and IL-18 and NLRP3 inflammasome in macrophages, jointly result in the pyroptosis process of macrophages during ALI (14–16). Moreover, several inhibitors of NLRP3 inflammasome have been demonstrated to exert beneficial effects for ALI in animal model tests which suggest that NLPR3 inflammasome might be a novel potential pharmaceutical target for the clinical treatment of ALI (17, 18).

In this study, by screening a large number of chemical compounds, we identified 4-[2-(1H-indol-3-yl)-1,3-thiazol-4-yl] benzene-1,2-diol (1,2-diol), a 4-benzene-indol derivative, suppressed NLRP3 inflammasome activation both in vitro and alleviates LPS-induced ALI in vivo. Mechanistically, 1,2-diol blocks the NLRP3 inflammasome activation by disrupting NLRP3-NEK7 interaction and the subsequent NLRP3 inflammasome assembly and activation. Furthermore, 1,2-diol can also suppress the NLRP3 inflammasome in human myeloid leukemia mononuclear cells (THP-1) cell lines. Collectively, this study provides a new avenue for LPS induced ALI, which may facilitate the therapeutic strategy of sepsis and ALI.



Materials and Methods


Animals

C57BL/6 mice (8–10 weeks old) weighing 25–28 g were purchased from the Hunan SJA Laboratory Animal Co. Ltd. (Changsha, China). NLRP3−/− mice were provided by Professor Rongbin Zhou. Mice were kept under specific pathogen-free (SPF) conditions. All animal experiments were approved by the Institutional Animal Care and Use Committee of Central South University.



Cell Culture

THP-1 cells were obtained from American Type Culture Collection (Manassas, VA). Primary peritoneal macrophages from C57BL/6 mice were isolated by peritoneal lavage with 10 ml RPMI 1640 medium (Gibco™ |Thermo Fisher Scientific).THP-1 cells and primary peritoneal macrophages were cultured in RPMI 1640 medium which was supplemented with 10% FBS (Gibco™ |Thermo Fisher Scientific) and 1% penicillin/streptomycin at 37°C in a humidified incubator of 5% CO2.



Inflammasome Activation

Primary peritoneal macrophages from C57BL/6 mice or THP1 cells were seeded in 24-well (5 × 105) or 6-well (2 × 106) culture plates. The next day, we removed medium and primed macrophages with LPS (InvivoGen tlrl-3pelps,100 ng/ml) for 3 h followed by 1,2-diol for 1 h. At the last, we treated macrophages with stimulation as follows: ATP (InvivoGen tlrl-atp, 5 mmol/L) or nigericin (InvivoGen tlrl-nig, 10 μmol/L) for 1 h and MSU (InvivoGen tlrl-msu, 200μg/ml) or SiO2 (InvivoGen tlrl-sio, 20 μg/ml) for 6 h. THP-1 cells should be treated with 100 ng/ml PMA for 12 h before seeding in culture plates.



ELISA Assay for Cytokines

ELISA kits were used to detect the mouse IL-1β (eBioscience), TNF-α (eBioscience), IL-6 (eBioscience), and human IL-1β (Biolegend, #437004), human TNF-α (eBioscience) according to the manufacturer’s instructions.



ASC Speck Formation

Primary peritoneal macrophages were seeded in chamber slides and the following day, the cells were given with indicated stimuli. Then we used 4% Paraformaldehyde (PFA) to fix the cells for 15 min at room temperature. Then the cells were washed with PBS, permeabilized with 0.1% Triton X-100, and blocked with PBS buffer which were containing 3% BSA. Then we used the anti-ASC (Adipogen AL177, 1:200 at 4°C overnight) to incubate with the cells and used DyLight 488-labeled as the secondary antibody (1:50 at room temperature for 45 min). Finally, DAPI was used to stain nuclei and cells were visualized by fluorescence microscope (Nikon Ti2-U).



Immunoprecipitation and Western Blot

Peritoneal macrophages which were treated with stimulation were lysed in immunoprecipitation (IP) buffer, namely, a protease inhibitor cocktail, and then the cell lysates were incubated overnight at 4°C with the specific antibodies. The next day, immunoprecipitates were washed by IP buffer 4 times and incubated with Protein A/G plus-agarose(Santa Cruz sc-2003) at 4°C for 4 h. At last, immunoprecipitates were boiled with 1% (w/v) SDS sample buffer. The proteins bound by antibody were precipitated by protein A/G beads and subjected to immunoblotting analysis. The proteins were separated by SDS-PAGE, and then we have translated the proteins onto PVDF membranes for immunoblot analysis. After that, the membranes were blocked with 5% dried milk in TBS-T (50 mM Tris/HCL, 150 mM NaCl, pH 7.6 and 0.1% Tween-20) for 1 h at room temperature. After blocking, PVDF membranes were incubated with various primary antibodies such as human IL-1β (Abcam ab9722), human GSDMD (Abcam ab210070), Caspase-1 (Abcam ab179515), IL-1β (RD systems AF-401-NA), NLRP3 (Adipogen), ASC (Adipogen AL177), GSDMD (Abcam ab133514) and NEK7 (Abcam ab133514) at 4°C overnight. The next day, membranes were washed with TBS-T and incubated in corresponding horseradish peroxidase-conjugated secondary antibodies (1:5,000, KPL) for 1 h at room temperature.



ASC Oligomerization

Peritoneal macrophages were treated with indicated stimuli, then the cells were lysed with Triton buffer [50 mM Tris–HCl (pH 7.5), 50 mM NaCl, 0.5% Triton X-100], 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and EDTA-free protease inhibitor cocktail at 4°C for 10 min. The lysates were centrifuged at 6,000g at 4°C for 15 min, the supernatant was collected and pellets were washed twice and re-suspended in 200 μl Triton buffer, then added 2 mM disuccinimidyl suberate (DSS) and cross-linked at 37°C for 30 min. Samples were centrifuged and the pellets were dissolved in sodium dodecyl sulfate (SDS) loading buffer for western blotting.



Intracellular K+ Level

Peritoneal macrophages were treated with indicated stimuli, then the medium was removed and cells were washed with PBS 2 times, and then cells were soaked with 0.9% NS for 15 min. We scraped cells and collected them to count under the microscope. At last, cells were added 0.9% NS so that its concentration becames 1× 106, and then tested the K+ level by Hitachi 7600 automatic biochemical analyzer (Hitachi Coro, Tokyo, Japan).



ALI and Endotoxemia Model

For ALI model, C57BL/6 mice were anesthetized using 1% Pentobarbital administered intraperitoneally and mice were injected intraperitoneally (i.p) with 40 mg/kg 1,2-diol or DMSO 30 min before intratracheally (i.t) instilled with 15 mg/kg LPS (E. coli O111:B4; Sigma). After 48 h, we killed the mice, harvested the lung tissue and collected the bronchoalveolar lavage fluid. For endotoxemia model, C57BL/6 mice were injected intraperitoneally with 40 mg/kg 1,2-diol or DMSO 30 min before i.p. with 25 mg/kg LPS. After 16 h, we killed the mice, harvested the lung tissue and collected the serum.



Histology

The lung tissue sections from mouse were fixed in 4% PFA and embedded by paraffin. Tissue sections were deparaffinized and rehydrated. The sections were prepared and stained with H&E using standard procedures. Slides were examined under a Nikon ECL IPSE Ci biological microscope, and images were captured with a Nikon DS-U3 color digital camera.



Statistical Analysis

All data were analyzed using GraphPad Prism software (version 8.2). Data were analyzed using by student’s t-test and were used for comparison between two groups or one-way ANOVA followed by post-hoc Bonferroni test for multiple comparisons. A p-value <0.05 was considered statistically significant for all experiments. All values are presented as the mean ± SD.




Results


1,2-Diol Blocks NLRP3 Activation in Mouse Peritoneal Macrophages

To discover a potential approach for the treatment of NLRP3-driven diseases, we screened NLRP3 inflammasome inhibitors in a bioactive compound library purchased from Selleck. We treated mouse peritoneal macrophages with nigericin and LPS to activate NLRP3 inflammasome and detected IL-1β release (Figure 1A). After screening 110 compounds, we identified 4-[2-(1H-indol-3-yl)-1,3-thiazol-4-yl]benzene-1,2-diol (1,2-diol), a novel indole-based small molecule compound, as the most potent inhibitor for NLRP3 inflammasome (Figures 1B, C). The results showed that 1,2-diol exhibited dose-dependent inhibitory effects on NLRP3-dependent IL-1β secretion, but had no effects on inflammasome-independent cytokine TNF-α production (Figure 1D). As revealed by western-blot, 1,2-diol significantly attenuated Caspase-1 and GSDMD cleavage, the release of IL-1β, but did not inhibit the precursors of IL-1β and Caspase-1 expression (Figure 1E). To further verify the inhibitory effect of 1,2-diol on NLRP3 inflammasome, we used other NLRP3 agonists, such as monosodium urate crystals (MSU), ATP or silicon crystals (SiO2).The results showed 1,2-diol can also abolish the secretion of IL-1β, but had no effects on inflammasome-independent cytokine TNF-α production (Figure 1D). The cleaved of Caspase-1,GSDMD and the release of IL-1β were impaired, and also the precursors of IL-1β and Caspase-1 expression did not affect either (Figure 1F). Thus, these results suggest that 1,2-diol can be an inhibitor of NLRP3 inflammasome.




Figure 1 | 1,2-Diol blocks NLRP3 activation in mouse peritoneal macrophages.(A) Schematic diagram of the screening steps from the compound library in mouse macrophage stimulated with nigericin and LPS. (B) Heatmap of IL-1β release changes in LPS-primed primary macrophages treated with 5 μM inhibitors and then stimulated with nigericin with 110 bioactive compounds library. (C) Chemical structure of 4-[2-(1H-indol-3-yl)-1,3-thiazol-4-yl]benzene-1,2-diol. (D) cytokines (IL-1β and TNFα) release from WT or Nlrp3−/− peritoneal macrophages primed by LPS and stimulated with nigericin, ATP, SiO2 or MSU in the absence or not of 1,2-diol with different doses. (E) Western blots for Caspase-1 and IL-1β in the supernatant or the cleavage of GSDMD, the expression of pro-Caspase-1 and pro-IL-1β in the cell lysates of WT or Nlrp3−/− peritoneal macrophages primed by LPS and stimulated with nigericin in the absence or not of 1,2-diol with different doses. (F) Western blots for Caspase-1 and IL-1β in the supernatant or the cleavage of GSDMD, the expression of pro-Caspase-1 and pro-IL-1β in the cell lysates of peritoneal macrophages primed by LPS and stimulated with ATP, SiO2 or MSU in the absence or not of 1,2-diol with 5 μM dose. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments. (**p < 0.01; ***p < 0.001).





1,2-Diol Suppresses NLRP3 Inflammasome Activation in THP-1 Cells

Next, we examine whether 1,2-diol can suppress NLPR3 inflammasome in human cells. Consistent with mouse peritoneal macrophages, after treating 1,2-diol with PMA-primed THP-1 cells and challenged with the above-mentioned agonists, IL-1β secretion was dose-dependent inhibited (Figure 2A). Western blot analysis revealed that 1,2-diol suppressed the activation of Caspase-1 and IL-1β in the supernatant, and attenuated the cleavage of GSDMD but did not impair the precursors of IL-1β and Caspase-1 (Figure 2B). Together, these results indicated that 1,2-diol also inhibits NLRP3 inflammasome in human cells.




Figure 2 | 1,2-Diol suppresses NLRP3 inflammasome activation in THP-1 cells. (A) ELISA of IL-1β in supernatant from PMA-primed THP-1 cells treated with LPS stimulation, after that the cells were treated with or without different doses of 1,2-diol and stimulated with ATP, nigericin SiO2 or MSU. (B) Western blots for Caspase-1 and IL-1β in the supernatant or the cleavage of GSDMD, the expression of pro-Caspase-1 and pro-IL-1β in the cell lysates of PMA-primed THP-1 cells treated with LPS stimulation, after that the cells were treated with or without different doses of 1,2-diol and stimulated with nigericin. (*p < 0.05; **p < 0.01; ***p < 0.001).





1,2-Diol Inhibits ASC Oligomerization and Inflammasome Assembly

We next investigated how 1,2-diol inhibited NLRP3 inflammasome activation. It has been proposed that potassium (K+) efflux is a trigger common to several NLRP3 activators, namely, nigericin, ATP, MSU and SiO2. So we tested whether 1,2-diol could block potassium. The results confirmed that 1,2-diol could not block nigericin-induced potassium efflux (Figure 3A), indicating that 1,2-diol does not affect the potassium efflux during NLRP3 inflammasome activation.




Figure 3 | 1,2-diol inhibits ASC oligomerization and inflammasome assembly (A) Qualification of potassium efflux in LPS-primed peritoneal macrophages treated with different doses of 1,2-diol and then stimulated with nigericin. (B) Immunoblot analysis of ASC oligomerization in the cell lysates of LPS-primed peritoneal macrophages treated with 1,2-diol and then stimulated with nigericin. (C) Immunofluorescent staining of ASC and representative images of ASC speck. (D) IP and immunoblot analysis of the interaction of NLRP3 and ASC in the cell lysates of LPS-primed peritoneal macrophages treated with 1,2-diol and then stimulated with nigericin. (E) IP and immunoblot analysis of the interaction of NLRP3 and NEK7 in the cell lysates of LPS-primed peritoneal macrophages treated with 1,2-diol and then stimulated with nigericin.



Since ASC oligomerization and the formation of ASC speck are essential steps for NLRP3 activation, we next examined the formation of nigericin-induced ASC oligomers and ASC speck. The results demonstrated that 1,2-diol could significantly suppress the formation of ASC oligomers (Figure 3B) and could reduce the percentage of cells containing ASC speck (Figure 3C), suggesting that 1,2-diol may affect the ASC oligomerization or the upstream of ASC oligomerization to suppress the NLRP3 inflammasome activation.

Next, we assessed whether 1,2-diol could impact the NLRP3-ASC interaction which is a critical step for ASC oligomerization and NLRP3 inflammasome. The results showed that 1,2-diol inhibited the endogenous interaction between NLRP3 and ASC in nigericin-treated macrophages (Figure 3D). Thus, these results investigate that 1,2-diol could block NLRP3-ASC complex formation to inhibit ASC speck formation and NLRP3 inflammasome activation.

Recently, NEK7 has been proposed as an essential component of NLRP3 inflammasome and NEK7–NLRP3 interaction is important for subsequent NLRP3 inflammasome assembly and recruitment of ASC to NLRP3 (11). So we used immunoprecipitation and immunoblotting assays to verify whether 1,2-diol could suppress the endogenous interaction between NEK7 and NLRP3 promoted by nigericin. The results showed 1,2-diol could markedly prevent the interaction of NEK7 and NLRP3 (Figure 3E). Thus, these results suggest 1,2-diol may block ASC speck formation and NLRP3 inflammasome assembly by preventing NLRP3–NEK7 interaction.



1,2-Diol Was Readily Docked With NLRP3

To further evaluate how 1,2-diol inhibited NLRP3 inflammasome, we performed molecular interactions of 1,2-diol and template structure of NLRP3 (Protein Data Bank accession no. 6NPY) by AutoDock4. After calculating, the results showed that 1,2-diol was readily docked into the NLRP3 pocket with −7.93 kcal/mol binding energy (Figure 4A). The interaction residues of NLRP3 with 1,2-diol including PHE523, LEU411, PRO410, TRP414, TYR166, LEU169, and THR167 (Figures 4B, C). Thus, these results suggest that 1,2-diol may have an affinity binding site to the NLRP3 inflammasome.




Figure 4 | 1,2-Diol was readily docked with NLRP3. (A, B) 3D binding mode diagrams between NLRP3 and the chemical 1,2-diol. The protein is shown in cartoon and colored in gray, key amino acid residues were shown as sticks. Docking score is −7.93kcal/mol. (C) 2D mode diagrams the key amino residues in the ligand−protein complexes.





1,2-Diol Inhibits NLRP3 Activation In Vivo and has Beneficial Effects in LPS Induced Mouse Models of ALI

We next examined whether 1,2-diol could inhibit NLRP3 activation in vivo and has beneficial effects in mouse models of LPS induce ALI. We first induced ALI by intra-tracheal delivery LPS.The results showed that the level of IL-1β in the lung BALF was significantly decreased after 1,2-diol treatment and IL-6 was only slightly decreased (Figure 5A). Furthermore, we observed a marked decreased ALI pathology by treating 1,2-diol (Figure 5B). Meanwhile, the body weight and temperature of mice were detected every 24 h with comprehensive, detailed records and statistics (Figure 5C). To further investigate whether 1,2-diol could inhibit NLRP3 inflammasome in vivo, then we induced endotoxemia model by i.p. injection of LPS. We observed a marked decrease in sepsis-related lung injury by 1,2-diol treatment as evaluated by the histopathology (Figure 5D). In addition, we detect the cleavage of GSDMD, the pro-Caspase-1 and cleavage Caspase-1 in lung tissues. Treatment of 1,2-diol significantly inhibited the cleavage of GSDMD and Caspase-1 in lung tissue in endotoxemia mice (Figure 5E). At last, we found that the level of IL-1β in the serum was significantly decreased by treatment with 1,2-diol in endotoxemia mice (Figure 5F). Overall, 1,2-diol inhibits NLRP3 activation in vivo and has beneficial effects in mouse models of LPS induce ALI.




Figure 5 | 1,2-Diol inhibits NLRP3 activation in vivo and has beneficial effects in mouse models of LPS induce ALI. (A) IL-1β and IL-6 release in the BLAF were measured by ELISA. WT or Nlrp3−/− mice were pretreated with 40 mg/kg, 12-diol by intraperitoneal injection 30 min before i.t. instilled with 15 mg/kg LPS. (B) H&E staining show representative images of lung in WT or Nlrp3−/− mice which i.t. instilled with 15 mg/kg LPS (scale bar, 50 μm). (C) The body weight and the body temperature were recorded during ALI. 1,2-diol treatment has a tendency to reduce the loss of body temperature and body weight. (D) H&E staining showed representative images of lung in WT or Nlrp3−/− mice which was intraperitoneal challenged with LPS 25 mg/kg (scale bar, 50 μm). (E) Western blots for the cleavage of GSDMD and the expression of Caspase-1 in lung. WT or Nlrp3−/− mice were pretreated with 40 mg/kg 1,2-diol by intraperitoneal injection 30min before intraperitoneally challenged with LPS 25 mg/kg. (F) IL-1β and IL-6 released in the serum were measured by ELISA. WT or Nlrp3−/− mice were pretreated with 40 mg/kg 1,2-diol by intraperitoneal injection 30 min before intraperitoneally challenged with LPS 25 mg/kg. (***p <0.001).






Discussion

As a severe respiratory inflammatory syndrome, ALI is considered to be one of the most important causes of morbidity and mortality in critically ill patients (19, 20). Destruction of the alveolar epithelium, exudation of protein-rich liquid into the alveoli and related external factors such as the collapse of lung tissues jointly caused and exacerbated the development of ALI (21). Meanwhile, infectious etiologies, such as sepsis and pneumonia, are also the significant catalysts and leading causes of ALI/ARDS (22). ALI not only has serious consequences for general health, but also is one major contributor to intensive care unit (ICU) costs. Despite the treatment strategies have some marked improvements in the delivery of critical care, the mortality of ALI still remains high, with no new and effective pharmacologic therapies or alternative medicine approved (23).

In the present study, we used i.t. administration of LPS, the component of the Gram-negative bacterial cell membrane which has been widely used to induce pulmonary inflammation in animal models of severe lung injury to induce ALI, with characteristic symptoms, namely, pulmonary edema, intrapulmonary hemorrhage and excessive leukocyte accumulation (15). Here we have surprisingly found a novel small molecule compound 4-benzene-indol derivative (1,2-diol), ameliorated LPS-induced sepsis-related ALI by inhibiting the NLRP3 inflammasome.

NLRP3 inflammasome is a multiple-protein complex that in humans is encoded by the NLRP3 gene, which is located on the long arm of human chromosome (24). NLRP3 inflammasome is expressed preponderantly in macrophages and could trigger an array of immune responses after being activated (25). Because the immune system is the very first body system to be affected by sepsis and the indispensable role played by NLRP3 inflammasome, a series of approaches have been researched to modulate it in the initiation, progression, and clinical therapy. Some pieces of evidence had already demonstrated that NLRP3 inflammasome activation could induce significant changes in different body systems affected by sepsis, among which, the effects of NLRP3 inflammasome on the respiratory system includes immunological influences like edema formation, neutrophil infiltration, and elevated levels of inflammatory cytokines such as IL-1β and IL-18 in the lung tissue (26). Meanwhile, the therapeutic efficacy on respiratory system of targeting the NLRP3 inflammasome pathway has been extensively studied and has some practical applications (27). For example, the administration of cinnamaldehyde, a phenolic compound from Cinnamon species, can reduce the expression level of IL-1β and NLRP3 in the lungs of LPS-injected mice (28). Another study demonstrated that hemin (an inducer of HO-1) was able to decrease the expression of ASC, Caspase-1 and NLRP3, the activation of NLRP3 inflammasome could also be weakened (29). The protective effects for CLP-induced acute lung injury of mice by using dihydromyricetin have also been proved which could inhibit the activation of NLRP3 inflammasome then reduce pyroptosis (30). Up to the present, molecular mechanisms and related signaling pathways indicate that preventing the assembly and activation of NLRP3 inflammasome could reduce the inflammatory response in sepsis.

In this research, a conspicuous discovery of treatment-related translational use for a 4-benzene-indol derivative (1,2-diol) was elaborated by screening a large number of chemical compounds. The results showed that 1,2-diol could not only suppress the activation of NLRP3 inflammasome both in vitro and alleviate LPS-induced ALI in vivo, but also suppress the NLRP3 inflammasome in human myeloid leukemia mononuclear cells (THP-1) cell lines. Mechanistically, we found out that the inhibition effect of 1,2-diol did not depend on the potassium (K+) efflux, which has been well accepted as an essential process both necessary and sufficient for NLRP3 inflammasome activation, because of the stable results of intracellular potassium concentration. However, the combination of NLRP3 and ASC was significantly affected. It has been widely confirmed that NLRP3 inflammasome is composed of the sensor protein NLRP3 connected to Caspase-1 through the adaptor protein ASC, upon inflammasome activation functional oligomeric inflammasome particles of NLRP3 and ASC were released from cells, acting as danger signals to amplify inflammation by promoting the activation of Caspase-1 extracellularly (25, 31, 32). Our immunoprecipitation (IP) experiment also showed that 1,2-diol could affect the combining of NLRP3 and ASC. Further exploration of upstream mechanism has shown that the combination of NLRP3 and NEK7 was markedly inhibited, since NEK7 is considered as an essential mediator of NLRP3 activation downstream of potassium efflux. Therefore, the abovementioned experimental results comprehensively demonstrate that 1,2-diol firstly affected the combination of NEK7 and NLRP3, then affected the expression of the downstream target ASC and thus affecting the activation of NLRP3, thereby influencing the splicing of Caspase-11 as well as the release of IL-1β. The possible molecular targets were further predicted by software which showed that NLRP3 might tightly linked to 1,2-diol (Figure 6, created with BioRender). Collectively, 1,2-diol blocks the NLRP3 inflammasome activation by disrupting NLRP3-NEK7 interaction and the subsequent NLRP3 inflammasome assembly and activation. 1,2-diol may serve as a potential therapeutic drug and NLRP3 inflammasome signaling would be a novel pharmaceutical target for clinical treatment of sepsis-related ALI. The pieces of evidence presented here demonstrated that inhibiting the assembly and activation of this NLRP3 inflammasome could prevent the inflammatory response normally visualized in sepsis-related ALI. Still, further studies on 1,2-diol are necessary to demonstrate the detailed influence exerted by the NLPR3 inflammasome on sepsis pathophysiology and to design new treatment approaches such as decreasing toxicity and increasing efficacy, pharmaceutical and related translational research.




Figure 6 | Schematic diagram of suppressive role of 1,2-diol on NLRP3 inflammasome.





Conclusions

Overall, our research provides a new promising therapeutic drug 4-benzene-indol derivative (1,2-diol) in avoiding the establishment of sepsis-related ALI. The 1,2-diol marks a new pharmacological approach for treating NLRP3 inflammasome-related diseases, whereas the effectiveness in mankind cases clinically requires more investigations nonetheless.
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Macrophages are a type of innate immune cell that activates the NLRP3 inflammasome, causing the release of the cytokine IL-1β, which is a crucial mediator of the inflammatory response. NLRP3 activation that is dysregulated worsens a variety of inflammatory and autoimmune diseases, as well as neurodegenerative diseases. Oleamide is an endogenous fatty acid amide that was first determined as a sleep-inducing molecule and later shown to have wide-ranging beneficial effects on the central nervous system. How oleamide influences human macrophage polarization and NLRP3-inflammasome activation remains unclear. The effect of oleamide on macrophage polarization was explored using an in vitro culture of primary human monocyte-derived macrophages (MDMs) supplemented with human serum-containing media. Cellular and molecular mechanisms of oleamide-regulated MDMs polarization were also investigated. Results showed that oleamide promoted naïve macrophages (M0) toward the M1 phenotype by upregulating M1-associated genes (IL-1β, iNOS, CXCL10), along with downregulation of M2-associated genes (Arg-1, CD206, CCL22). Cell surface expression indicated that oleamide enhanced CD80 expression in M0 naïve macrophages and hider CD206 and CD163 expression in M2 macrophages. Higher production of IL-1β cytokine was observed but with no alteration in IL-6 and TNF-α levels by MDMs and differentiated THP-1 models. Whether oleamide functioned as a second signal that activated the NLRP3 inflammasome and mediated IL-1β production was further investigated using LPS-primed MDMs followed by oleamide treatment that induced activation of inflammasome-related proteins including NLRP3, ASC, cleaved casp-1, and cleaved IL-1β. These findings suggested that oleamide promoted M1 macrophage polarization and increased IL-1β production by activating the NLRP3 inflammasome in primary MDMs. This research reveals a new function for oleamide as well as prospective targets for treating NLRP3-related inflammatory disorders.
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Introduction

Macrophages comprise a heterogeneous population of the innate immune system involved in several processes of health and disease (1–3). The heterogeneity of macrophages is commonly referred to as polarization, a process by which macrophages display different functional phenotypes in response to specific microenvironmental stimuli and signals (4). Macrophage polarization is conventionally divided into three groups as naïve macrophages (MØ; also called M0), which readily differentiate into two major phenotypes as classically activated macrophages (M1) and alternatively activated macrophages (M2) (1–3). M1 macrophages, also known as pro-inflammatory macrophages, are characterized by high levels of reactive oxygen species (ROS) and nitric oxide (NO) and the production of pro-inflammatory cytokines (1, 5). Inflammation and microbicidal activity are linked to M1 macrophages (1, 5). M2 macrophages, commonly known as anti-inflammatory macrophages, have multiple receptors expressed, including the mannose receptor (MRC1), scavenging receptor CD163, dectin-1, and DC-SIGN (1, 5). Immunosuppression, wound repair, and tumor promotion are all mechanisms related with M2 macrophages (3).

Interleukin-1β (IL-1β) is a pro-inflammatory cytokine produced mainly by innate immune cells as a response to infection and injury (6). In macrophages, NLRP3 inflammasome-mediate IL-1β production can be primed by TLRs activation (Signal 1), which activates NF-κB or a non-NF-κB pathway to produce pro-IL-1β and pro-IL-18. The second signal is the oligomerization of NLRP3, pro-caspase 1, and ASC (apoptosis-associated speck-like protein containing a caspase recruitment domain), an adapter protein (7). The assembly of these proteins activates caspase-1, which then converts pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18 that are released, resulting in inflammatory reactions (8, 9). As a result, dysregulation of the NLRP3 inflammasome has been linked to the advancement of a number of inflammatory and autoimmune disorders, including neurodegenerative diseases like Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis (10–12). This shows that targeting the NLRP3 inflammasome as a therapeutic strategy for treating NLRP3-related inflammatory disorders may be feasible.

Oleamide (Cis-9,10-octadecenamide) is an endogenous fatty acid discovered in the cerebrospinal fluid of sleep-deprived cats and later identified as an endogenous sleep-inducing agent (13). Oleamide has a variety of effects on the central nervous system, including antiepileptic (14), memory regulation (15, 16), and hypothermia elicitation (17). In addition, oleamide has been shown to decrease LPS-induced iNOS and COX-2 production in BV2 murine microglial cells through inhibiting NF-κB activation (18). Oleamide has recently been identified as a dual-active component that both decreases amyloid-β (Aβ) accumulation through increased microglial phagocytosis and suppresses LPS-induced microglial inflammation by reducing TNF-α and MIP-1α production (19). These findings in microglial cells suggested that oleamide might affect macrophage activity, although it is still uncertain how oleamide influences macrophage polarization and the NLRP3 inflammasome.

This study investigated the regulatory effects of oleamide on the progression of M1/M2 macrophage polarization using an in vitro culture of primary human monocyte-derived macrophages (MDMs) as a model. Results showed that oleamide promoted naïve macrophages (M0) toward the M1 phenotype and hider development of the M2 phenotype. Moreover, oleamide critically regulates IL-1β production in MDMs by stimulating the NLRP3 inflammasome.



Material and Methods


Isolation of Human MDMs

MDMs were isolated from a blood buffy coat of healthy blood donors. Briefly, buffy coats were transferred into 50 ml tubes and centrifuged at 3,000 rpm for 30 min. The WBC layer was collected and then diluted 1:1 in PBS-EDTA (1 mM). Diluted WBCs were gently overlaid on top of Ficoll-Paque solution (density 1.077 g/ml, GE Healthcare, Chicago, USA) at a 1:1 ratio and then centrifuged at 3,000 rpm for 30 min. The peripheral blood mononuclear cell (PBMC) layer at the interface was transferred to a new 50 ml tube and washed once with 40 ml PBS-EDTA by centrifugation at 1500 rpm for 5 min. The PBMCs were then diluted in 15 ml PBS-EDTA and overlaid on 46% Percoll solution (density 1.131 g/ml, GE Healthcare, Chicago, USA) at a 1:1 ratio followed by centrifugation at 3,000 rpm for 30 min. Then monocyte layer at the interface was collected into a new 50 ml tube, washed 3-5 times in 40 ml PBS-EDTA, and cultured in desired conditions. The purity of MDMs on days 0-6 was shown in Supplementary Figure 1.



MDMs Culture and Polarization

MDMs were cultured in RPMI 1640 supplemented with 10% human serum from buffy coats of healthy donors and 1% antibiotic-antimycotic (Gibco™, USA #15240062) at 37°C with 5% CO2. The M0 macrophages condition, monocytes were grown in a complete medium without stimulation for 6 days. In the M1 macrophages, monocytes were cultured in the presence of 50 ng/ml of GM-CSF (ImmunoTools GmbH, Germany) for 6 days. In the M2 macrophages, monocytes were cultured in 50 ng/ml M-CSF (ImmunoTools GmbH, Germany) for 6 days. Cell culture mediums were replaced every 3 days in all conditions. On day 6, M0 macrophages were incubated in complete medium alone for 24 h to serve as naïve macrophage or negative control cells. M1 macrophages were polarized with 20 ng/ml IFN-γ (ImmunoTools GmbH, Germany) and 10 ng/ml LPS of Escherichia coli O55:B5 (Sigma Aldrich, MO, USA) for 24 h. M2 macrophages were polarized using 20 ng/ml IL-4 (ImmunoTools GmbH, Germany) for 24 h. For experimental groups, M0, M1, and M2 macrophages (day 6) were cultured in desired conditions plus oleamide for 24 h.



THP-1 Cell Culture and Differentiation

THP-1 cells obtained from ATCC were maintained in RPMI-1640 supplemented with 10% FBS and 1% Antibiotic-Antimycotic (Gibco™, USA #15240062) at 37°C with 5% CO2. THP-1 were differentiated into macrophages by incubating with 100 nM phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich, St. Louis, MO, USA) for 24 h and then replaced with PMA-free complete medium for 72 h. Following differentiation, cells were polarized into M1 macrophages by incubation with 20 ng/ml IFN-γ (ImmunoTools GmbH, Germany) and 10 ng/ml LPS (Sigma Aldrich, MO, USA) for 24 h. M2 macrophages were obtained by incubation with 20 ng/ml IL-4 (ImmunoTools GmbH, Germany) for 24 h. M0 macrophages were incubated with a complete medium only for 24. For experimental groups, M0, M1, and M2 macrophages were cultured in desired conditions plus oleamide for 24 h.



Inflammasome Activation

Isolated monocytes (Day 0) were seeded at a density of 4 x 105 cells/well in 12-well plates and differentiated for 6 days in complete medium. Cell culture medium was replaced every 3 days. On day 6, MDMs were stimulated with 100 ng/ml LPS for 3 h. Cells were then stimulated with oleamide (10-40 µg/ml) (Sigma Aldrich, St. Louis, MO, USA) or adenosine triphosphate (ATP) (Sigma-Aldrich, St. Louis, MO, USA) as the positive control for 1 and 3 h. After stimulation, supernatants were collected, and cytokine levels were measured using an ELISA. Cells were collected, and qRT-PCR was used to examine mRNA expression.



Cell Viability Assay

Cell viability was determined using the Methyl Thiazol Tetrazolium (MTT) assay. MDMs (Day 6) were seeded at a density of 2.0 x 104 cells/well in a 96-well plate and incubated with the serial concentration of oleamide for 48 h. The MTT salt solution (Thermo Fisher Scientific, Waltham, MA, USA) was then added and incubated for 3 h at 37°C. To dissolve the formazan crystal, 100 µl of dimethyl sulfoxide (DMSO) (VWR International, West Chester, PA, USA) was added to each well. Plates were gently shaken for 5-10 min. The absorbance was measured at 570 nm using a microplate reader (PerkinElmer, Inc., USA).



Flow Cytometry

After stimulation, MDMs were harvested using Trypsin-EDTA for 15 min followed by a cell scraper. Cells were washed once with ice-cold PBS and resuspended in ice-cold FACS buffer (0.5% BSA and 0.05% sodium azide in PBS). Cells (2 x 105 cells) were stained with the fluorochrome-conjugated anti-human antibodies, including CD80-FITC, CD163-PE, and CD206-FITC (BioLegend, San Diego, CA, USA), CD14-PE, CD16-FITC, and isotype control (ImmunoTools GmbH, Germany) for 30 min at 4°C in FACS buffer. The cells were then washed three times in ice-cold PBS and fixed with 2% formaldehyde (Sigma Aldrich, MO, USA) at 4°C for 10 min. After fixation, cells were washed once in PBS, resuspended in FACS buffer, and stored at 4°C in the dark until used. Cell surface expressions were detected using CytoFlex S (Beckman Coulter Life Sciences, Indiana, USA) and analyzed with CytoExpert software.



Reverse Transcription-Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. cDNA was synthesized using Tetro cDNA Synthesis Kit (Bioline, Tennessee, USA). The resulting cDNAs were amplified with different primers (Supplementary Table 1) using the SensiFAST™ SYBR ® No-ROX Kit (Bioline USA Inc., Taunton, MA, USA). Results were analyzed using the relative gene expression method. Briefly, the relative expression of the target genes was calculated by relating the Ct-value of the target gene to unstimulated M0 macrophage. The quantitative cycle (Ct) values were used to calculate relative variations in gene expression between groups. These values were normalized to a housekeeping gene (β-actin) in the same sample (ΔCt) and expressed as the fold-change over control (2−ΔΔCt). Real-time fluorescence detection was performed using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad).



Scanning Electron Microscope (SEM)

MDM cells were plated into 12-cell well plate containing sterile coverslips. After differentiation, samples were fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (1.14 g NaH2PO4, 1.69 g Na2HPO4 in a 100-ml final volume of ddH2O, pH 7.4) for 30 min at 4°C. Samples were washed three times for 5 min each in 0.1 M phosphate buffer and then dehydrated with graded ethanol (EtOH) series beginning with 25%, 50%, 75%, 95%, and 100% EtOH (5 min for each). Then, the cells were further dehydrated with 1:1 [Hexamethyldisilazane (HMDS): ETOH] for 5 min and 100% HMDS two times for 5 min at room temperature. Samples were then coated with gold particles and imaged with an Apreo 2 SEM (Thermo Fisher Scientific) using a 5 kV incident beam.



Enzyme-Linked Immunosorbent (ELISA) Assay

Levels of TNF-α, IL-6, IL-1ß and IL-18 cytokines were measured by a sandwich ELISA Kit according to the manufacturer’s instructions (Sino Biological Inc., China). Absorbance of the reaction was measured at 450 nm using an EnSpire® Multimode microplate reader (PerkinElmer, Inc., MA, USA).



LDH Assay

The release of lactate dehydrogenase (LDH) was measured using the CyQUANT LDH Cytotoxicity Assay (Thermo Fisher, Waltham, USA). MDMs were plated into a 96-well plate at a density of 2.0 x 104 cells/well overnight, and then incubated with LPS for 3 h followed by oleamide (10 - 40 µg/ml) or ATP (30 mM) for 3 h. After incubation, 50 µl of culture medium was transferred to a new 96-well plate and 50 µl of LDH reaction mixture was added, mixed, and incubated for 30 min at room temperature. Then, 50 µl of stop solution was added to terminate the reactions. Absorbances of the reaction mixtures were measured at 490 nm and 680 nm.



Western Blot Analysis

Cells were washed with ice-cold PBS and lysed with RIPA buffer containing 1X Protease/Phosphatase Inhibitor Cocktail (Sigma Aldrich, St. Louis, MO, USA) for 30 min on ice. The lysate was then transferred into microcentrifuge tubes and centrifuged at 12,000 rpm for 10 min under 4°C. The supernatant containing whole protein was collected and measured for protein concentration by the Bradford assay. Equal amounts of each sample were loaded and separated in 8-12% of SDS-PAGE at 100 V for 1.30 h. Protein was then transferred onto PVDF membrane at 100 V for 1.30 h in an icebox. The membranes were blocked with TBST containing 5% BSA for 1 h and subsequently incubated with the appropriate primary antibodies; Rabbit mAb against IL-1β, cleaved- IL-1β, caspase-1, cleaved caspase-1, NLRP3, ASC/TMS1, P2X7 receptor (Cell Signaling Technology, MA, USA) at 4°C overnight. Membranes were washed 3-5 times in TBST for 5 min each and then incubated with Anti-rabbit IgG, HRP-linked Antibody (Cell Signaling Technology, MA, USA) for 1 h at RT. After incubation, membranes were washed in TBST 3-5 times for 5 min each and the blots were developed by chemiluminescence solution for 1 min. Then, the protein was detected using ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, CA, USA).



Statistical Analysis

All data were expressed as mean ± standard deviation (n = 3). For comparisons of more than two groups, one-way ANOVA was performed with multiple comparison correction (Dunnett test) using GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego, CA, USA). p-values < 0.05 were considered statistically significant.




Results


Generation of In Vitro Culture and Polarization of MDMs

To imitate naturally occurring macrophages, monocytes were freshly isolated from the blood buffy coat of healthy donors. MDMs were cultured in complete medium containing human serum alone (M0 cells), or complete medium containing GM-CSF (M1-like cells) or M-CSF (M2-like cells) for 6 days. MDMs were further cultivated for 24 h in the same medium (M0 macrophage) or in the presence of LPS plus IFN-γ (M1 macrophage) or IL-4 (M2 macrophage) (Figure 1A). The presence of GM-CSF led to a majority of round adhered with short-elongated shape, whereas the presence of M-CSF enhanced more elongation. MDMs cultured in complete medium containing human serum alone exhibited dual morphology (round adherend and elongated shape), indicating the mixed phenotypes in the M0 macrophages (Figure 1B and Supplementary Figure 3). Differentiation of MDMs at days 0-6 were analyzed by flow cytometry using CD80 (M1 marker) and CD163 (M2 marker). Results showed that M1-like cells or the presence of GM-CSF upregulated CD80 expression, correlating with downregulation of CD163 at days 0-6, respectively. By contrast, M2-like cells displayed upregulation of CD163 expression with downregulation of CD80. MDMs cultured in a medium containing human serum alone displayed increased expression of CD163 rather than CD80 on the cell surface (Figure 1C). For fully polarized macrophages, LPS plus IFN-γ treated cells displayed strong induction of CD80 and downregulation of CD163 compared to unpolarized M0 cells. Conversely, IL-4-treated cells displayed high expression of CD163 and low levels of CD80 expression (Figure 1E). By using an inverted microscope and a SEM, the exhibit morphology of fully M0, M1, and M2 (Figure 1D). Collectively, these data confirmed the M1 and M2 polarization state of LPS plus IFN-γ and IL-4-treated MDMs.




Figure 1 | Morphologic and phenotypic characterization of cultured MDMs. (A) Scheme of monocyte-derived macrophages (MDMs) culture and polarization. (B, C) Differentiation of MDMs at day 3 and 6. (D) Polarization of MDMs in complete medium containing M1 (LPS plus IFN-γ)- or M2 (IL-4). (E) Flow cytometry analysis of CD80 and CD163 expressions in culture MDMs at day 7.





Oleamide Mediated M1 Macrophages Polarization and IL-1β Production

To investigate the effect of oleamide on macrophage polarization, MDMs were cultured in conditioned media for M1 (LPS + IFN-γ), M2 (IL-4), and M0 (untreated) in the presence or absence of oleamide. These cells were characterized in different conditions based on surface markers, gene expression, and cytokine production. The presence of oleamide enhanced greater elongation as spindle-like shapes of the M0 and M1 macrophages (Supplementary Figure 4). Surface expressions were analyzed by flow cytometry using polarization markers including CD80 for the M1 phenotype and CD163 and CD206 for the M2 phenotype. Flow cytometry assay revealed that CD80 expression was upregulated in M0 phenotypes treated with oleamide (from 53.09% to 62.17%), whereas CD163 and CD206 were downregulated in M0 phenotypes treated with oleamide compared to the untreated control (from 58.50% to 42.10% and 63.85% to 56.24%, respectively). For the M1 phenotype, CD163 and CD206 expression levels were downregulated (from 10.72% to 5.36% and 74.14% to 54.20%, respectively), whereas CD80 was not differenced in M1 treated with oleamide compared to M1 untreated control. For the M2 phenotype, CD163 and CD206 expression levels were downregulated (from 85.32% to 59.67% and 86.04% to 71.03%, respectively), whereas CD80 was upregulated in M2 treated with oleamide compared to the control (58.21% to 64.60%) (Figure 2).




Figure 2 | Flow cytometry analysis of surface expressions. MDMs at day 6 were cultured in complete medium only (M0), LPS + INF-γ (M1), or IL-4 (M2) in the presence or absence of oleamide (15 µg/ml) for 24h. LPS, lipopolysaccharides; OA, oleamide.



M1/M2 phenotypes were further confirmed by studying the expression of M1-associated genes (TNFα, IL-1β, IL-6, iNOS, CXCL10), along with the expression of M2-associated genes (Arg-1, CD206, and CCL22) using RT-qPCR. Results showed that M0 macrophages treated with oleamide displayed increased expression of TNF-α, IL-1β, IL-6, and iNOS genes, while M2 macrophages treated with oleamide displayed defective expression of M2-associated genes (Arg-1, CD206, and CCL22) along with increased expression of the IL-1β gene. For M1 macrophages, treatment with oleamide displayed a minor change in both M1and M2-associated genes (Figure 3A). To support these results, pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were determined by ELISA.




Figure 3 | Oleamide mediated M1 macrophage polarization. (A) M1/M2 gene expression by RT-qPCR. (B, C) Cytokine levels by ELISA. MDMs (Day 6) or differentiated THP-1 were cultured in complete medium only (M0), LPS + INF-γ (M1), or IL-4 (M2) in the presence or absence of oleamide (15 µg/ml) for 24h in all experiments. One-way ANOVA was performed with multiple comparison corrections (Dunnett test). Data represent the mean ± SEM of three independent experiments. (*p < 0.05, **p < 0.01, ***p < 0.001).



Interestingly, augment releasing of IL-1β was observed in all macrophage phenotypes after treatment with oleamide, whereas TNF-α and IL-6 increased in M0 macrophages but not significantly (Figure 3B). To confirm these results, cytokine production was further investigated using the THP-1 derived macrophage model. Surprisingly, increasing IL-1β production was also observed in M0 macrophages treated with oleamide, similar to the MDM model  (Figure 3C). Therefore, this suggested that oleamide induced IL-1 β production in both MDMs and THP-1 cells. Taken together, these results indicated that oleamide mediated naïve macrophages (M0) toward the M1 phenotype and promoted IL-1β production while hindering the polarization of M2 phenotypes.



Oleamide Induced IL-1β Production in LPS-Primed MDMs Involves Activation of the NLRP3- Inflammasome Pathway

An increase of IL-1β production was observed in both MDMs and THP-1 treated with oleamide, suggesting that oleamide functioned as a secondary signal to trigger NLRP3 inflammasome activation and lead to the production of IL-1β. To explore this hypothesis, naïve macrophages (M0) were primed with LPS (signal 1) followed by oleamide treatment for 1-3 h (Figure 4A). Then, cell morphology was observed using a bright-field microscope(Figure 4B). Cell-free supernatant was detected for IL-1β and IL-18 secretion and inflammasome-related genes (IL-1β, IL-18, ASC, NLRP3) were analyzed by RT-qPCR. As predicted, IL-1β and IL-18 were readily produced in LPS-primed MDMs exposed to oleamide in a dose- and time-dependent manner (Figure 4C). Furthermore, a high concentration of oleamide (30-40 µg/ml) induced IL-1β and IL-18 production equivalent to ATP, which is known as the NLRP3 inflammasome activation molecule. Consistent with results obtained using cell-free supernatant, oleamide induced upregulation of NLRP3, IL-1β, and IL-18 mRNA expression compared to the control cells (Figure 4D). Therefore, results suggested that oleamide mediated IL-1β and IL-18 production by triggering the NLRP3 inflammasome pathway.




Figure 4 | Oleamide mediated inflammasome activation and IL-1β and IL-18 production in LPS-primed MDMs. (A) Scheme of inflammasome activation. (B) Cell morphology by invested microscope. (C) IL-1β and IL-18 levels by ELISA. (D) Inflammasome-related gene expression by qRT-PCR. MDMs were primed with LPS (100 ng/ml) for 3 h followed by oleamide (OA) (15 µg/ml) or ATP (30 mM) for 1-3 h in all experiments. Data represents the mean ± SEM of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). NC, negative control; LPS, lipopolysaccharides; ATP, adenosine triphosphate; OA, oleamide; ASC, apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3.





Oleamide Mediated IL-1β Production by Regulating NLRP3-Inflammasome in LPS-Primed MDMs

To further investigate how oleamide impacted NLRP3 inflammasome activation and IL-1β production, LPS-primed MDMs were treated with oleamide for 3 h. Results showed that oleamide induced activation of NLRP3 and ASC speck formation similar to induction by ATP, which activated the NLRP3 inflammasome via the purinergic P2X7 receptor (Figure 5A). Both IL-1β and IL-18 are initially produced as biologically inactive pro-forms that require cleavage into mature cytokines. Typically, this processing is mediated by caspase-1, which is activated following the formation of an inflammasome (20). Our results showed that oleamide induced upregulation of cleaved caspase 1 and cleaved IL-1β in the supernatant, correlating to downregulation of these proteins in cell lysate (Figure 5A). The release of lactate dehydrogenase (LDH) induced by oleamide in LPS-primed MDMs significantly increased in a dose-dependent manner (Figure 5B), suggesting that oleamide increased caspase-1-mediated pyroptosis. Similar to LDH, an increase in cell death was observed in a dose-dependent manner (Figure 5C). These findings suggested that oleamide induced activation of the NLRP3 inflammasome pathway and mediated IL-1β production in LPS-primed MDMs.




Figure 5 | Oleamide promoted NLRP3 inflammasome activation in LPS-primed MDMs. (A) Western blot of whole cell lysate and supernatant from LPS-primed MDMs treated with oleamide (OA) (10 - 40 µg/ml) or ATP (30 mM) for 3 h (B) Release of LDH and (C) Cell viability (%) in LPS-primed MDMs treated with OA (10-40 µg/ml) or ATP (30 mM) for 3h Data represent the mean ± SEM of three independent experiments (*p < 0.05, ***p < 0.001). LPS, lipopolysaccharides; ATP, adenosine triphosphate; OA, oleamide; LDH, lactate dehydrogenase; ASC, apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; P2X7R, purinergic P2X7 receptor.






Discussion

Macrophage polarization is a process whereby macrophages adopt different functional phenotypes in response to specific microenvironmental stimuli and signals (2). This process is crucial for inflammation, tissue repair, and homeostasis maintenance (21). This study explored the immunoregulatory effects of oleamide focusing on macrophage polarization. Results indicated that oleamide mediated naïve macrophages (M0) toward the M1 phenotype and promoted NLRP-3 inflammasome-mediated IL-1β production in primary human monocyte-derived macrophages (MDMs) in vitro.

Macrophage polarization is conventionally subdivided into three groups as naïve macrophages (MØ; also called M0), which readily differentiate into the other two major phenotypes as classically activated macrophages (M1) and alternatively activated macrophages (M2) (1–3). Most research on macrophage polarization used simply in vitro techniques. Generally, macrophages derived from in vitro culture in the presence of specific cytokines stimulate M1 or M2 polarization. Here, M1 polarization was stimulated by LPS and IFN-γ, which are toll-like receptor (TLR) agonists. M2 polarization was stimulated by IL-4, designed to mimic what happens when macrophages are exposed to polarized CD4+ T cells, producing their distinctive cytokine combinations (3). M0 macrophages were cultured in complete media only without polarizing agents and considered naïve macrophages that had not been exposed to any pro- or anti-inflammatory stimuli or environment. This also avoids discrepancy from M-CSF or GM-CSF–dependent culture (22, 23). These three groups were cultured in the presence or absence of oleamide. The M0 and M2 macrophages displayed upregulation of CD80 coupled with downregulation of CD163 and CD206 on the cell surface after treatment with oleamide. In M1 macrophages, CD80 expression remained stable but displayed downregulation of CD163 and CD206 on the cell surface after treatment with oleamide (Figure 2). CD206 (also known as macrophage mannose receptor; MMR) is primarily expressed on the surface of macrophages and immature dendritic cells, where it acts as a pattern recognition receptor (PRR) (24, 25). Expression of CD206 is generally used as a marker of M2 macrophages (26–28). However, more than half of the M0, M1, and M2 phenotypes exhibited CD206 on the cell surface, indicating that using CD206 as an M2 marker in MDMs should be considered in terms of specificity.

Macrophage polarization is also characterized by the production of cytokines and the expression of M1/M2-associated genes. M1 macrophages are characterized by the production of proinflammatory cytokines like TNF-α, IL-1β, and IL-6. M2 macrophages are characterized by the production of IL-10 and TGF-β. Surprisingly, oleamide treatment did not alter the basal levels of IL-6 and TNF-α but specifically stimulated the production of IL-1β in both MDMs and differentiated THP-1 (Figure 3C). This indicated that oleamide might have some impact on IL-1β signaling and/or NLRP3 inflammasome.

IL-1β is a master regulator of inflammation by controlling a variety of innate immune cells (6, 8, 9, 29). In macrophages, inflammasome activation is required to process pro-IL-1β and pro-IL-18 into their mature forms and secrete active forms (IL-1β and IL-18), resulting in initiating inflammation. Currently, a two-step model is used for initiating inflammasome activation (6, 8, 9, 29). The first step or priming step (signal 1) typically involves an NF-κB-dependent upregulation of cellular NLRP3, pro-IL-1β, and pro-IL-18 protein synthesis. The second step (signal 2) is the activation of NLRP3 oligomerization. This step can be induced by numerous PAMP or DAMP such as extracellular ATP and K+efflux through the ATP-gated P2X7 channel, nigericin toxin as well as lysosomal destabilization agents (6, 8, 9). Upon activation, NLRP3 triggers self-oligomerization and recruitment of apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC) and pro-caspase-1, leading to the assembly of inflammasome complex (6, 8, 9). NLRP3 inflammasome activation results in active caspase-1, which cleaves the pro-IL-1β and pro-IL-18 into their mature forms, which then facilitates the robust immune responses and pyroptosis (6, 8, 9).

Dysregulation of NLRP3 inflammasome activation is linked with the development of many diseases, especially age-associated ailments such as neurologic disorders and metabolic diseases. Enhanced NLRP3 inflammasome-mediated IL-1β secretion in microglia is associated with the progression of Alzheimer’s disease by reducing the phagocytosis of Aβ from microglia (22, 30). The previous study by Yasuhisa Ano et al. reported that oleamide reduces amyloid-β (Aβ) accumulation via enhanced microglial phagocytosis, we hypothesized that oleamide could affect human macrophage NLRP3 inflammatory activation. Surprisingly, our research discovered that oleamide has a divisive effect on human macrophages. Results showed that oleamide mediated IL-1β and IL-18 secretion in LPS-primed MDMs nearly to ATP (Figure 4C). Moreover, oleamide induced activation of intracellular inflammasome-associated proteins including NLRP-3, ASC, cleaved casp-1and cleaved IL-1β, correlating with upregulation of cleaved IL-1β and cleaved casp-1 in the supernatant or secreted proteins (Figure 5A). However, no alteration of purinergic P2X7 receptor expression was observed after treatment with oleamide. This result indicated that oleamide-mediated NLRP-3 inflammasome activation was not involved in the activation of the P2X7 receptor. A previous study has been reported that P2Y type receptors, a family of G protein-coupled receptors, are potential targets of oleamide in primary murine microglia and human dendritic cells (30). P2Y type receptors involve the coupling of several intracellular pathways and second messengers but act more slowly than P2X receptors (22). However, the regulatory effect of oleamide via the P2Y receptor in the inflammasome activation has not been studied. Therefore, how oleamide regulates the NLRP3 inflammasome still requires further investigation. Furthermore, our findings were the first to show that oleamide can cause M1 macrophage polarization and inflammasome activation as well as IL-1β release in MDMs. However, the exact mechanism by which these released IL-1β regulate MDM polarizations is unknown.

Oleamide is an endogenous fatty acid amide that was first reported as a sleep-inducing substance and was later identified as having a wide range of receptors and neurotransmitter systems (15, 16, 23, 31). Nervous and immune systems are often cross-regulated and the potential immunoregulatory activity of oleamide was also studied. Oleamide suppressed the expression of iNOS and COX-2 and secretion of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 in LPS-induced RAW264.7 murine macrophages (32). Surprisingly, this study found an opposite effect of oleamide that promoted the production of IL-1β and NLRP3 inflammasome activation in LPS-primed human MDMs. These opposite results were due to different experimental designs (pre-treatment vs. post-treatment), cell culture models (RAW264.7 cell vs. MDMs).

This study explored the immunoregulatory effects of oleamide on human macrophage polarization and NLRP3 inflammasome activation using primary human MDMs cultured in a medium containing human serum as a model. Our results indicated that oleamide promoted naïve macrophages (M0) toward the M1 phenotype and IL-1β production by regulating NLRP3 inflammasome activation in MDMs. This research shows that oleamide has a new effect on human MDMs and could be used as a therapeutic target for NLRP3-related inflammatory diseases, particularly neurodegenerative disorders.



Conclusion

Findings demonstrated that oleamide induced NLRP3 inflammasome activation and subsequently activated caspase 1, leading to the production of mature IL-1β, which secreted and promoted polarization of naive macrophages (M0) into M1 phenotypes (Figure 6). As a conclusion, oleamide could be a possible target for regulating the activation of the NLRP3 inflammasome and its implications for the treatment of inflammatory diseases.




Figure 6 | Oleamide activation of NLRP3 inflammasome of M1 phenotypes. The priming step (signal 1) by LPS involved an NF-κB-dependent upregulation of cellular NLRP3 and pro-IL-1β, while the second step (signal 2) was induced by oleamide activating inflammasome and cleaving IL-1β. The released IL-1β may help to induce the polarization of naive macrophages (M0) into M1 phenotypes by supporting oleamide.
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Inflammasomes are multiprotein complexes that can sense danger signals and activate caspase-1 to mediate pro-inflammatory cytokines release and pyroptotic cell death. There are two main canonical and non-canonical signaling pathways that trigger inflammasome activation. Inflammasomes are expressed and assembled in parenchymal and nonparenchymal cells in response to liver injury in the liver. Additionally, the hepatocytes, biliary epithelial cells (cholangiocytes), hepatic stellate cells (HSCs), hepatic macrophages, and liver sinusoidal endothelial cells (LSECs) contribute to liver fibrosis via different mechanisms. However, the underlying mechanism of the inflammasome and pyroptosis in these liver cells in liver fibrosis remains elusive. This review summarizes the activation and function of inflammasome complexes and then discusses the association between inflammasomes, pyroptosis, and liver fibrosis. Unlike other similar reviewers, we will focus on the effect of inflammasome activation and pyroptosis in the various liver cells during the development of liver fibrosis. We will also highlight the latest progress of pharmacological intervention in inflammasome-mediated liver fibrosis.
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1 Introduction

Inflammasomes are signaling platforms in response to infectious diseases or chronic sterile inflammation. These multimeric complexes respond to molecular patterns from pathogens and cellular damage by releasing pro-inflammatory cytokines and inducing pyroptotic cell death (1). In general, inflammasome complexes are composed of a pattern-recognition receptor, an effector caspase-1, and an adaptor connecting these two components. There are two groups of inflammasomes in terms of receptors: the NLR family containing NLRP1, 2, 3, 6, NLRC4 and NLRP12; pyrin and HIN domain-containing (PYHIN) family including absent in melanoma 2 (AIM2) and pyrin (2). The inflammasomes could either aggravate inflammation via interleukin (IL)-1β and IL-18 or induce pyroptosis via gasdermin D (GSDMD). Although the inflammasome and its related pyroptosis have been well studied in infectious diseases, the role and mechanism of inflammasome and pyroptosis in liver fibrosis remain unclear.

Liver fibrosis is characterized by excessive extracellular matrix (ECM) deposition in response to chronic liver injury, including virus infection, non-alcoholic steatohepatitis (NASH), alcoholic liver disease (ALD), and autoimmune diseases (3, 4). Generally, activated HSCs are primary myofibroblasts that produce and secrete ECM. In addition, hepatocytes, Kupffer cells (KCs), LSECs, cholangiocytes, and recruited cell types (e.g., bone marrow-derived macrophages) also contribute to liver fibrosis (5, 6). The mechanisms of liver fibrosis are complicated and involve different cells, signaling pathways, and cross-talk between individual cells. Recent studies have shown that inflammasomes and inflammasome-related pyroptosis are involved in liver fibrogenesis from various pathologies (7). The detailed mechanism of the inflammasome and pyroptosis in liver fibrosis is not well-defined. Collaboration of multiple liver cells maintains hepatic homeostasis in health and contributes to disturbed hepatic homeostasis in liver fibrosis (8). This review summarizes the progress of inflammasome and inflammasome-related pyroptosis in liver fibrosis. The roles and mechanisms of inflammasomes and pyroptosis in various liver cells and their cross-talks will also be described. Eventually, the potential therapeutic targets and future directions will also be implied based on the current progress.



2 Inflammasome Biology and Activation

There are five main kinds of inflammasome sensor complexes in terms of receptors, NLRP1, NLRP3, NLRC4, AIM2, and pyrin (Figure 1). The inflammasome receptor oligomerizes and recruits the adaptor ASC and effector caspase-1 to assemble inflammasome complexes after sensing pathogens or host-derived injuries. After activation, the cleaved caspase-1 mediates the maturation and secretion of IL-1β and IL-18 and pyroptotic cell death (9). In this section, we will compare the structures of different inflammasomes and discuss the mechanism of inflammasome activation.




Figure 1 | Domain structure and inflammasome assembly. The inflammasome complex contains a sensor, adapter, and effector protein. There are two kinds of sensors: the NOD-like receptor (NLR) family and the PYHIN (pyrin and HIN200 (hematopoietic interferon-inducible nuclear antigens with 200 amino-acid repeats) domain-containing protein) family. The NLR family includes NLRP1, NLRP3, NLRC4 sensors. They contain a nucleotide-binding domain (NBD), carboxy-terminal leucine-rich repeat (LRR), either a pyrin domain (PYD) or a caspase activation and recruitment domain (CARD). Additionally, NLRP1 has a function-to-find domain (FIIND) at the C terminal. The PYHIN family AIM2 receptor has a PYD and HIN200 domain, whereas pyrin contains a PYD, two B boxes, and a coil-coil domain. Human pyrin has an additional B30.2 domain. Adaptor has a PYD to combine with the sensor and a CARD with the effector. The effector is composed of a CARD and pro-caspase-1, which will be cleaved when inflammasome assembly.




2.1 Inflammasome Assembly and Structure


2.1.1 NLRP1 Inflammasome

NLRP1 was the first inflammasome to be identified; however, little research has focused on NLRP1 inflammasome due to the complexity and differences in structures between humans and mice. Human NLRP1 inflammasome has two domains in NOD-like receptor (NLR): an N−terminal pyrin domain (PYD) and a C−terminal caspase activation and recruitment domain (10). In contrast, the mouse genome encodes Nlrp1a, Nlrp1b, and Nlrp1c, which activate caspase-1 without the help of an ASC adaptor due to the lack of a PYD domain in the receptor (11). But a function-to-find domain (FIIND) at the C−terminal is required in both humans and mice to participate in the activation of the NLRP1 inflammasome (Figure 1) (12).

Regarding inflammasome activation, Bacillus anthracis lethal toxin (LT) was involved in the NLRP1 inflammasome activation and subsequent caspase-1−dependent cytokine release and pyroptosis (13). Moreover, extracellular ATP was also demonstrated to trigger the NLRP1 inflammasome by activating the P2X7 receptor and potassium efflux (14, 15). As the NLRP1 inflammasome is less well-studied, the role of the NLRP1 inflammasome in chronic liver disease and liver fibrosis remains unclear.



2.1.2 NLRP3 Inflammasome

The NLRP3 inflammasome contains the NOD-like receptor NLRP3, the adaptor ASC, and the effector pro-caspase-1 (Figure 1). The NLRP3 inflammasome is the most widely studied and the best-characterized inflammasome in infectious and chronic inflammatory diseases (16).

The stimuli involved in NLRP3 activation include pathogen-associated molecular patterns (PAMPs) ligands (17), such as bacterial, fungal, and viral components, pore-forming toxins, nucleic acids; and damage-associated molecular patterns (DAMPs) such as extracellular ATP (18), uric acid crystals (19), and amyloid (20). Activation by these PAMPs and DAMPs indicates that the NLRP3 inflammasome is a common sensor of cellular stress or injury. Activation of the NLRP3 inflammasome requires two steps. First, extracellular stimuli prime cells, e.g., LPS binds to TLR4 to activate NF-κB and subsequent transcription and translation of IL−1β. Then secondary stimuli such as ATP induce inflammasome complex assembly and IL-1β cleavage and secretion. An increasing number of studies have confirmed the critical roles of NLRP3 inflammasome activation in pro-inflammatory cytokines release and pyroptosis initiation. The NLRP3 inflammasome-mediated cellular communication among different liver cell types in acute and chronic liver diseases from diverse liver injuries was also well-defined (21, 22), indicating the pivotal role of NLRP3 inflammasome in the development of liver diseases.



2.1.3 NLRC4 Inflammasome

The NLRC4 inflammasome is activated in response to Flagellin infection (23), Salmonella infection (24), and bacterial type 3 secretion systems (T3SSs) (25). These stimulators bind to NLRC4 indirectly. During infection, neuronal apoptosis inhibitory proteins (NAIPs) interact with the ligand and NLRC4 receptor, activating the assembly of the NLRC4 inflammasome (Figure 1) (26). A few studies showed that bacterial flagellin induced NLRC4 inflammasome activation in hepatocytes and KCs (27, 28). Moreover, the NLRC4-driven IL-1 release was also involved in liver fibrosis (27, 28). Though these studies show an important role of NLRC4 inflammasome in bacterial infection in liver cells, more studies are needed to explore the potential mechanisms of NLRC4 inflammasome activation and its role in liver fibrosis.



2.1.4 AIM2 Inflammasome

The AIM2 inflammasome is a cytosolic receptor that senses double-stranded DNA (dsDNA). It contains an N-terminal PYD domain and a C-terminal hematopoietic interferon-inducible nuclear protein with a 200-amino acid repeat (HIN200) domain (Figure 1) (29). When dsDNA binds to the AIM2 receptor, ASC and pro-caspase-1 are recruited for inflammasome complex formation and activation (30, 31). Previous studies have found that the AIM2 inflammasome induction in hepatocytes and macrophages participates in chronic liver diseases via the pyroptosis pathway (32–35). However, the mechanism of AIM2 inflammasome regulation is not well-studied.



2.1.5 Pyrin Inflammasome

Pyrin, encoded by the MEFV gene, contains a PYD, two B−boxes, a coiled-coil domain, and a SPRY/PRY domain (Figure 1). Pyrin was recently recognized as an inflammasome-forming and pyroptosis-initiating protein. Pyrin inflammasome was reported to stimulate pyroptosis, but there is no evidence showing its direct effect on the progression of liver fibrosis (36, 37).




2.2 Functions of Effector Components in Inflammasomes

Inflammasome assembly activates caspase-1, which cleaves the pro-IL-1β and pro-IL-18 into active IL-1β and IL-18. Meanwhile, GSDMD is cleaved by caspase-1 to N-terminal fragments (GSDMD-NT), which are inserted into the cell lipid membrane to assemble arc‐ and slit‐like oligomers and grow into large and stable ring‐like oligomers to form transmembrane pores. This process leads to cell membrane rupture and resultant pyroptosis (38). We next explored the functions of these effector components in inflammasomes.


2.2.1 IL Maturation and Secretion

Activation of inflammasome complexes cleaves pro-caspase-1 and triggers IL-1β and IL-18 maturation and secretion. IL−1β and IL−18 are crucial cytokines involved in immune responses and trigger the inflammatory cascade (39). However, there have been many debates about how IL-1 is secreted out of cells. Recent studies have shown that Gsdmd knockout macrophages mature IL−1β normally but fail to secrete it due to lack of pyroptosis, suggesting that IL-1β is secreted through cell membrane rupture and lysis (40). However, whether IL-1 is released via pyroptosis in other cell types remains unknown; further studies are needed.



2.2.2 Pyroptosis

Pyroptosis is a distinct type of programmed cell death characterized by the formation of cell membrane pores, the release of intracellular contents, nuclear condensation, and cell lysis (41). Compared with pyroptosis, apoptosis and necroptosis are caspase-3/7 and receptor-interacting serine-threonine kinase-1/3 (RIPK-1/3) mediated programmed cell death, respectively (42). Pyroptosis depends on inflammatory caspase-1 to cleave gasdermins to form membrane pores. Of all gasdermins, GSDMD has been demonstrated to play a central role in pyroptotic cell death. Active caspases cleave GSDMD to GSDMD-NT, which causes membrane pores and induces pyroptosis via both canonical and non-canonical signaling pathways (41, 43). However, the mechanism by which GSDMD executes cell death is poorly explored.




2.3 Canonical and Non-Canonical Signaling Pathways of Inflammasome Activation

As previously reviewed, inflammasomes are initiated and assembled via a canonical or non-canonical signaling pathway (2). There are two steps to process inflammasome activation in the canonical signaling pathway (Figure 2) (44). In the first step, PAMPs, such as LPS, bind to TLRs and elicit the downstream MyD88–NF-κB signaling pathway to produce pro-IL-1β and pro-IL-18. In the second step, endogenous danger signals activate inflammasome assembly and caspase-1. A combination of PRR, ASC, and pro-caspase-1 helps activate caspase-1, which cleaves GSDMD into GSDMD-NT as well as cleaves pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18. There are three main mechanisms involved in the second step. Firstly, extracellular ATP binds to the P2X7 receptor and opens a pore on the cell membrane through pannexin 1 protein, causing potassium efflux and NLRP3 activation (18). Secondly, uric acid crystals and amyloid endocytosed by phagosome lysosomes contribute to lysosome rupture and release of cathepsin B, which helps inflammasome assembly (19). Thirdly, thioredoxin-interacting protein (TXNIP) detached from thioredoxin and mitochondrial DNA (mtDNA) accumulation in a ROS-dependent manner activates inflammasomes (45).




Figure 2 | Canonical and non-canonical signaling pathways to activate inflammasomes. Canonical signaling pathway to activate inflammasomes is mediated by two signaling steps. The priming step involves PAMPs or DAMPs binding to TLRs to initiate NF- κB signaling pathway, which promotes pro-IL-1β and pro-IL-18 production. Then endogenous danger signals activate inflammasome assembly and caspase-1 in the second step. Active caspase-1 cleaves GSDMD into GSDMD-NT; cut pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18. The GSDMD breaks a pore on the cell membrane to help IL-1β and IL-18 secretion. There are three main mechanisms involved in inflammasome activation. Extracellular ATP binds to the P2X7 receptor and causes potassium efflux and NLRP3 activation. Uric acid and amyloid are endocytosed in a lysosome-dependent manner, promoting lysosome rupture and cathepsin B release and resultant inflammasome assembly. TXNIP and mtDNA accumulation in a ROS-dependent manner activates inflammasomes. However, in the non-canonical signaling pathway, intracellular LPS or toxin initiates caspase-11, promoting inflammasomes assembly and caspase-1 activation. Then both active caspase-11 and caspase-1 cleave GSDMD into GSDMD-NT, leading to cascaded reactions similar to the canonical signaling pathway.



Apart from the canonical signaling pathway, inflammasomes are also activated by the non-canonical signaling pathway (Figure 2). In this process, intracellular LPS or toxin initiates caspase-11, promoting inflammasome assembly and caspase-1 activation. Then both active caspase-11 and caspase-1 cleave GSDMD into GSDMD-NT, leading to cascaded reactions similar to the canonical signaling pathway (46). Inflammasome activation is a complex process that involves multiple proteins. It remains unclear whether the cross-talk of the canonical signaling pathway and the non-canonical signaling pathway also revokes inflammasome activation.




3 Inflammasome and Pyroptosis in Liver Fibrosis

Liver fibrosis is a dynamic process characterized by an imbalance in ECM deposition and degradation due to chronic liver injury of various etiologies (5). During this process, quiescent HSCs transdifferentiate into fibrogenic activated phenotype, representing the dominant collagen-producing myofibroblasts in different chronic injury models (5, 7, 47). Stimulators of chronic liver injuries, such as fatty acid, alcohol, toxin, and virus infection, affect hepatocytes, hepatic macrophages, LSECs, and cholangiocytes. Damaged liver cells interact with HSCs by releasing pro-inflammatory and pro-fibrotic factors, promoting HSC activation and resultant liver fibrosis (48–50). It is worth noting that inflammasome activation and pyroptosis play a central role in the inflammatory cascade (51). Previous studies have demonstrated that inflammasome components are widely expressed in these liver cell types in response to liver injury (52–54). Moreover, inflammasomes could induce liver fibrosis both directly and indirectly. Inflammasome activation in HSCs directly leads to HSCs activation, which is responsible for ECM formation and liver fibrosis. Indirectly, pro-inflammatory cytokine release or pyroptotic cell death in hepatocytes and other nonparenchymal cells induces HSC activation and eventually leads to liver fibrosis (Figure 3) (55).




Figure 3 | The inflammasomes in liver fibrosis. Activated HSCs are the primary source of extracellular matrix deposition in response to chronic liver injury. There are direct and indirect ways involved in inflammasome to stimulate HSCs. Activation of inflammasomes in hepatocytes and macrophages due to chronic liver injury leads to IL-1β and IL-18 release and pyroptotic cell death. Secreted IL-1β and IL-18 bind to IL-1 receptors on HSCs and induce HSCs activation and resultant ECM formation. In addition, DAMPs from pyroptotic cells promote HSCs activation and liver fibrosis. Meanwhile, PAMPs or DAMPs may directly target HSCs to induce inflammasome-dependent IL-1 release and pyroptosis, eliciting HSCs activation in an autocrine or paracrine manner.




3.1 Inflammasomes and Pyroptosis in Hepatocytes

Although inflammasomes are predominately expressed in immune cells, hepatocytes, which are the most abundant cell type in the liver and predisposed to liver injury, also express inflammasomes (52). Recently, increasing studies have demonstrated important roles of hepatocellular inflammasomes activation, the subsequent pyroptotic death, and inflammasome-implicated cross-talk with HSCs in chronic liver injury from various liver pathologies.


3.1.1 Hepatocellular NLRP3 Inflammasome in NAFLD and NASH-Related Liver Fibrosis

Hepatocellular NLRP3 inflammasome activation and caspase-1-mediated pyroptosis play a crucial role in the progression of non-alcoholic fatty liver disease (NAFLD). Lipid exposure resulted in hepatocellular NLRP3 inflammasome activation and cleavage of mature IL-1β and IL-18 by caspase-1 in high fructose-induced NAFLD mouse model. The inflammatory response aggravated hepatocellular lipid accumulation as well as impaired insulin sensitivity in JAK/STAT3-dependent (56) and PI3K/AKT-dependent manner (57), respectively. The evidence indicates that NLRP3 inflammasome mediates lipid and glucose metabolism in hepatocytes. Mechanically, NLRP3 inflammasome and cytokine production are induced by mitochondrial reactive oxygen species (ROS) in fatty hepatocytes (58, 59). Furthermore, the binding of IL-1β and IL-18 to HSC-derived IL-1 receptor, as well as DAMPs released from pyroptotic hepatocytes transdifferentiated HSCs into activated phenotype for fibrotic scar formation (57). Liver inflammation and ECM deposition are relieved in hepatocyte-specific caspase-11-deficient mice with high sucrose and high fat diet, where the production of IL-1β and GSDMD was blocked, further proving the role of inflammasomes in liver fibrosis (60). In summary, these studies have demonstrated that hepatocellular NLRP3 inflammasome and pyroptosis contribute to the development of NAFLD and liver fibrosis via the cross-talk between hepatocytes and HSCs.



3.1.2 Hepatocellular NLRP3 Inflammasome in Liver Fibrosis

Hepatocyte pyroptosis and the release of inflammasome particles caused by DAMPs and PAMPs were internalized by HSCs and further induced HSC activation and liver fibrosis (55, 61). It seems that the NLRP3 inflammasome in hepatocytes may play a pivotal role in developing liver fibrosis. Ethanol was shown to trigger hepatocyte NLRP3 inflammasome-dependent IL-1β production and pyroptosis by TXNIP overexpression (62) and the caspase-4/11–GSDMD non-canonical signaling pathway in ALD (63). Elevated inflammation accompanied apoptotic and necroptotic cell death in the Nlrp3-knockout acute BDL model. In contrast, decreased liver injury and bridge fibrosis in the Nlrp3-knockout chronic BDL model showed diverse roles of NLRP3 in acute and chronic cholestatic liver injury (64). Mechanically, endoplasmic reticulum (ER) stress is the central process involved in NLRP3 inflammasome activation in hepatocytes. The IRE1α–sXBP1–ER stress signaling pathway mediated hepatocellular NLRP3 inflammasome activation (65). In comparison, this NLRP3 inflammasome activation was relieved in XBP1 knockout mice (65). In the LPS- and CCl4-induced chronic liver injury model, NLRP3 inflammasome-mediated hepatocyte pyroptotic cell death was relieved after ER stress abrogation via either CHOP knockdown (66) or FXR regulation (67). The above studies demonstrate that ER stress-dependent inflammasome activation mediates chronic liver injury and fibrosis. However, further studies that use hepatocyte-specific NLRP3 deletion mice are urgently needed. Although many studies have revealed that NLPR3 is upregulated in hepatocytes, few studies have focused on the transcriptional regulation of NLRP3.



3.1.3 Other Hepatocellular Inflammasomes in Liver Fibrosis

In addition to NLRP3, other inflammasomes in hepatocytes are also involved in liver injury and liver fibrosis. AIM2 inflammasome activation by mtDNA resulted in increased expression of IL-1β and GSDMD in hepatocytes. The release of IL-1β promoted liver steatosis, inflammation, and activated IL-1 receptor on HSCs, contributing to the fibrogenic phenotype of HSCs (32); whereas HMGB1 redox status inhibited activation of caspase-1 through AIM2 inflammasome in chronic liver inflammation (33). In addition, NLRC4 inflammasome activation and pro-inflammatory cytokines induced by bacterial flagellin were rescued by hepatocyte Toll-Like Receptor 5 (27). The progression of NASH was attenuated by the deletion of NLRC4 inflammasome and the subsequent decrease in hepatocyte pyroptosis (68). The above studies show hepatocytes express and activate other inflammasomes, which participate in cellular communication with HSCs to induce liver fibrosis. Compared to the NLRP3 inflammasome, the effect of other inflammasomes remains unclear, and further studies are needed.

In summary, various chronic injuries lead to inflammasome assembly in hepatocytes via canonical and non-canonical signaling pathways. Then inflammasomes and pyroptosis in hepatocytes initiate liver fibrosis mainly via HSC activation.




3.2 Inflammasomes and Pyroptosis in Hepatic Macrophages

There are two phenotypes of macrophages in the liver: liver resident KCs and bone marrow-derived macrophages (BMDMs). KCs are the predominant macrophages in healthy conditions, whereas BMDMs infiltrate into the liver in response to danger signals (49, 69). Macrophages are recognized as the primary source of inflammasomes and pro-inflammatory cytokines (70). Generally, inflammasome activation and the subsequent pyroptosis in macrophages promote chronic liver inflammation by IL-1 and DAMPs release, which bind to receptors on HSCs and initiate HSCs-mediated fibrosis from various etiologies.


3.2.1 Hepatic Macrophage NLRP3 Inflammasome in NAFLD and NASH-Related Liver Fibrosis

In NASH models, the NLRP3 inflammasome activation in KCs or BMDMs caused inflammatory cytokine production, contributing to lipid synthesis in hepatocytes and fibrotic collagen production in HSCs (71–73). Furthermore, macrophage-specific Nrf2 knockout aggravated NASH progression by initiating ROS and IL-1β in a yes-associated protein (YAP)–NLRP3-dependent manner (74). This finding demonstrates the role of ROS in activating the NLRP3 inflammasome in NASH. Similarly, the activation of the kinase receptor-interacting protein 1 (RIP1) in BMDMs, which induced inflammasome assembly and pyroptotic cell death, also contributed to the pathogenesis of NASH (75). Mechanically, NLRP3-mediated M1 macrophage polarization was blocked by the TGR5 signaling pathway, which further restored liver steatosis, inflammatory infiltration, and liver fibrosis (76). TLR2 and palmitic acid cooperatively stimulated the NLRP3 inflammasome in KCs and BMDMs. Then the activated NLRP3 inflammasome enhanced macrophage autophagy via the release of IL-1β to induce HSC activation (77, 78). Accordingly, inhibiting the NLRP3 inflammasome by TIM-4 via LKB1–AMPKα-mediated autophagy in macrophages suppressed the progression of NAFLD (79).

Moreover, the caspase-1–IL-1β signaling pathway in macrophages leads to lipid accumulation, inflammatory infiltration, and liver fibrosis in NASH mouse models by mediating macrophage–hepatocyte and macrophage–HSC interactions (80). However, this progression was blocked by ezetimibe administration in an autophagy-dependent manner (80). Consistently, by exposing hepatocytes and KCs to cholesterol crystals, NLRP3 inflammasome activation was demonstrated to be involved in the development of NASH (81). The above investigations confirmed the vital role of autophagy in regulating macrophage-derived inflammasome assembly in NASH. Nevertheless, the role of macrophage-derived autophagy in inducing disrupted cross-talk in sinusoids and liver fibrosis in NASH remains unclear. Further studies that focus on cellular cross-talk in the sinusoids are urgently needed.



3.2.2 Hepatic Macrophage NLRP3 Inflammasome in Liver Fibrosis

NLRP3 inflammasome activation in KCs and BMDMs drove the caspase-1 signaling pathway, leading to IL-1 secretion and pyroptotic death in response to LPS-induced injury in vivo and in vitro (82, 83). However, NLRP3 inflammasome-derived IL-1β secretion and pyroptosis in macrophages and collagens deposition were blocked by pharmaceutical inhibition or genetic knockdown of COX-2 (84). Consistently, COX-2 promotes the development of liver cirrhosis (85) by inducing ROS (86, 87) and ER stress (88), indicating that COX-2 might contribute to liver cirrhosis via macrophage-derived inflammasomes. However, further studies are needed to determine how COX-2 regulates the activation of macrophage-derived inflammasomes and pyroptosis of macrophages in the context of liver fibrosis.

Studies confirmed that NLRP3 activation was not only required for hepatic inflammation and fibrosis but also as an essential mediator to amplify and perpetuate programmed inflammatory pyroptotic cell death (55). LPS from the damaged gut barrier and endogenous danger signals from hepatocytes damaged by ethanol (extracellular ATP and uric acid) are responsible for macrophage recruitment and subsequent inflammatory cytokine processing and pyroptotic cell death (89–92). The process is termed classically activated (M1) macrophage polarization (93). Increased NLRP3 and subsequent IL-1β maturation and secretion in macrophages exacerbated liver inflammation and fibrosis in ALD via induction of IL-1 receptor expression on HSCs and facilitated ECM secretion and formation (91). However, macrophage-specific Atg5 knockout promoted caspase-1 activation, and pro-inflammatory M1 macrophage polarization, resulting in liver fibrosis during chronic ethanol exposure. Autophagy, a conserved cellular process to remove the damaged or unnecessary component, plays an important role in negatively regulating NLRP3 inflammasome in macrophages by degrading mitochondrial-derived DAMPs and inflammasome complexes. Research has demonstrated that autophagy in macrophages is protective against alcohol-induced liver injury in an NLRP3 inflammasome-dependent manner (94). Taken together, NLRP3 inflammasome induction in macrophages polarizes M1 phenotype, which is under the negative regulation of the autophagy signaling pathway.

Patients with chronic HCV infection and cirrhosis have elevated serum Il-1β and IL-18 levels (95, 96). Increased serum IL-1β and IL-18 are the components of NLRP3 inflammasome activation in response to HCV uptake by liver macrophages (95, 96). The current results confirm that NLRP3 inflammasome assembly and activation are central to mitigating HCV-related inflammation and fibrosis (95–97). Besides, NLRP3 inflammasomes expressed in KCs cause inflammatory cytokine production and fibrotic collagen formation in schistosomiasis-induced liver fibrosis (SSLF) (98) and idiosyncratic liver injury-induced fibrosis (99, 100). The above observation confirms that the NLRP3 inflammasomes in hepatic macrophages are crucial in initiating and propagating liver fibrosis from different etiologies.



3.2.3 Other Hepatic Macrophage Inflammasomes in Liver Fibrosis

Not only NLRP3 inflammasome but also other inflammasome complexes are involved in liver injury and liver fibrosis. Assembly of the AIM2 inflammasome in KCs led to the processing of IL-1β and IL-18 in response to hepatitis B virus infection, aggregating the development of liver cirrhosis (34, 101). Moreover, perfluorooctane sulfonate (PFOS), a chemical that causes chronic systematic inflammation, activated the AIM2 inflammasome via the Ca(2+)–PKC–NF-κB/JNK–BAX/BAK axis (35). In contrast, deletion of the AIM2 suppressed PFOS-induced inflammation and fibrosis in the liver and other organs (35). This study shows the critical role of the AIM2 inflammasome in toxin-induced chronic inflammation (35).

The NLRP6 inflammasome promotes the onset of hepatic granuloma and collagen deposition, indicating that NLRP6 is a crucial trigger for SSLF (102). Activation of the NLRC4 inflammasome and the subsequent pyroptosis and IL-18 and IL-1β secretion in macrophages promotes cross-talk with HSCs, exacerbating inflammation and fibrosis development in NAFLD (28). Furthermore, the NLRP12 inflammasome negatively modulated inflammatory responses by blocking the NF-κB and MAPK signaling pathways as well as IL-1β release from BMDMs in mouse liver and spleen against the infection of Brucella abortus, which is a kind of Gram-negative bacterium infection causing innate immunity and subsequent chronic inflammation in the host (103).

In summary, inflammasome activation mediates the polarization of liver macrophages and subsequent interaction with HSCs, contributing to the progression of liver fibrosis.




3.3 Inflammasomes and Pyroptosis in Cholangiocytes

Cholangiopathies, e.g., primary sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC), represent an autoimmune inflammatory liver disease characterized by chronic inflammation and subsequent sclerosis and destruction of intrahepatic small bile ducts (104). Increased NLRP3 expression in reactive cholangiocytes resulted in pro-inflammatory IL-18 production and influenced the epithelial integrity of cholangiocytes in both murine PSC model and patients with PSC (105). Meanwhile, inflammasome activation in cholangiocytes interacts with nuclear translocation of pSer675β-catenin and transcriptional activation, which recruits M1 macrophages in a CXC-chemokine ligand-1/10/12 (CXCL-1/10/12) dependent manner and activates HSCs in a transforming growth factor-β (TGF-β) dependent manner. These liver cell phenotype changes initiate biliary inflammation and fibrosis (106, 107). Furthermore, galectin-3, a pleiotropic lectin that mediates cell-cell adhesion, is secreted by these inflammatory macrophages and exacerbates cholangiocyte injury. While inflammasome activation and PBC-induced fibrosis can be improved by deleting macrophage-derived galectin-3 expression in the mouse model (108).



3.4 Inflammasomes and Pyroptosis in HSCs

In addition to cross-talk through inflammasomes between other liver cell types and HSCs, HSC-derived inflammasomes can be remarkably induced in pathological conditions. Inflammasome activation in HSCs initiates a range of functional changes such as transdifferentiating into a fibrogenic activated phenotype, as well as inhibition of chemotaxis (109).


3.4.1 HSC NLRP3 Inflammasome in Liver Fibrosis

Palmitic acid upregulated the NLRP3–IL-1β axis in HSCs via the TLR4–MyD88–NF-κB signaling pathway (110) and hedgehog signaling pathway (111). Then the activated NLRP3 facilitates IL-1 receptor expression on HSCs and the consequent fibrotic induction with the development of NASH (111). Alternatively, the HSC-derived NLRP3 inflammasome could also be activated via the PDGFβR–NLRP3–caspase-1 signaling pathway (112), and result in increased expression of fibrotic markers alpha-smooth muscle actin (α-SMA), connective tissue growth factor (CTGF), and tissue inhibitors of matrix metalloproteinase 1 (TIMP1) in the CCl4 mouse model. Mechanically, many molecules are involved in the activation of the NLRP3 inflammasome. ROS plays a vital role in activating the NLRP3–IL-1β signaling pathway in HSCs (113). Angiotensin II-mediated NLRP3 inflammasome assembly contributed to cholestatic liver fibrosis (114), whereas Nlrp3 knockout or inhibition of Ang- (1–7) reduced ECM synthesis and deposition (115). The vitamin D receptor (VDR) agonist calcipotriol alleviated cholestatic fibrosis via YAP1 mediated inactivation of the NLRP3 inflammasome and caspase-1 (116). The P2X7 receptor, which binds with endogenous danger extracellular ATP, is involved in the immune response and inflammation by activating the NLRP3 inflammasome and increasing IL-1β production and pyroptosis in HSCs during the development of chronic alcoholic liver fibrosis (117). Meanwhile, the release of inflammasome components from pyroptotic HSCs, in turn, activates quiescent HSCs (117). Cysteine–cysteine chemokine ligand 5 (CCL5) secreted from macrophages, activated HSC-derived NLRP3, IL-1β, and IL-6 and upregulated liver fibrosis markers α-SMA and TGF-β1 (118). In contrast, blocking antibodies against CCL5 inhibited HSCs activation and HCV-related liver fibrosis (118).



3.4.2 HSC Inflammasomes in Infection-Related and Hormone-Related Liver Fibrosis

Brucella abortus infection not only affected macrophages but also triggered NLRP3 and AIM2 inflammasome assembly in HSCs, which eventually led to collagens deposition in mouse liver (119). Schistosoma Japonicum is a parasite that causes granulomatous inflammation and tissue damage. Infection with Schistosoma Japonicum stimulated the NLRP3 inflammasome via Dectin-1, and JNK signaling pathways, contributing to SSLF (120). Aldosterone, the main mineralocorticoid steroid hormone secreted by the adrenal gland, was shown to play a role in regulating myofibroblast contraction and proliferation by assembly of NLRP3 inflammasome in HSCs. NLRP3 depletion in primary mouse HSCs attenuated liver fibrosis in the presence of aldosterone, indicating the crucial role of NLRP3 inflammasome in aldosterone-mediated liver fibrosis (121).

The above research indicates that the NLRP3 inflammasome is the most well-studied inflammasome in HSCs. Whether other inflammasomes in HSCs are also involved in the development of liver fibrosis remains unclear.




3.5 Inflammasomes and Pyroptosis in Other Liver Cells

Apart from the abovementioned cells, inflammasome activation has also existed in other liver cells. DAMPs from fatty hepatocytes initiate NLRP3 inflammasome complex assembly via the P2X7 receptor on sinusoidal lining cells such as LSECs (122), resulting in NASH-associated fibrosis (123). Inflammasome activation in natural killer (NK) cells promotes HSC apoptosis and alleviates the progression of liver fibrosis in a TRAIL-dependent degranulation manner (124). In contrast, natural killer T (NKT) cells had dual roles in regulating liver fibrosis via activating the NLRP3 inflammasome (125). Besides, the NLRC4 inflammasome in neutrophils initiated auto-inflammatory disease, and these effects were attenuated in Asc knockout mice or after IL-1 receptor inhibitor administration (126).

The impact of the different inflammasomes in individual cells varies in liver diseases and animal models. Research that uses high-throughput technologies might help us establish the landscape of inflammasomes in liver cells cross-talk. Additionally, more attention should be paid to the mechanism of inflammasome-induced pyroptosis of individual liver cells during different pathological stimulations.




4 Inflammasome-Targeting Therapies in Liver Fibrosis

An increasing number of studies have confirmed the involvement of inflammasomes in the development of chronic inflammation-induced liver fibrosis, indicating the possibility of therapies targeting inflammasome complex activation as well as signaling pathways involved in IL-1β and IL-18. Here, we summarized the pharmacological therapies targeting inflammasome- and pyroptosis-related signaling pathways on chronic liver injury-induced fibrosis from clinical trials and pre-clinical experimental studies (Table 1).


Table 1 | Potential Therapeutic Agents for liver fibrosis.




4.1 IL-1 Inhibitors

Macrophages, hepatocytes, and HSCs are the major cells that produce inflammasome-driven IL-1β due to ethanol and LPS stimulation. Recombinant IL-1R antagonist administration in mice inhibited the IL-1 signaling pathway and reversed alcohol-induced liver steatosis, inflammation, and fibrosis (91, 129). Anakinra, a recombinant form of human IL-1R antagonist, is FDA approved medicine to treat rheumatoid arthritis and neonatal-onset multisystem inflammatory disease (135). It was shown that Anakinra could relieve macrophage infiltration, lipid accumulation, and liver fibrosis in a mouse model of ALD (129). Moreover, Anakinra treatment alleviated liver injury and inflammation without affecting fibrosis in a mouse model of CCl4-induced liver fibrosis, as shown by a decrease in caspase-1 and IL-1β with unchanged CTGF and TIMP expression (55). Since good efficiency in treating experimental liver diseases, Anakinra combined with zinc and pentoxifylline is used to treat patients with severe alcoholic hepatitis and type 2 diabetes. Unfortunately, Anakinra did not affect 30-day mortality in research focused on 3-month and 6-month survival rates (ClinicalTrials.gov, AH/NCT01809132) (127). In another clinical trial, Anakinra was administered to patients with type 2 diabetes. They found a decrease in insulin resistance and systematic inflammation, which also participate in the progression of NASH (128). Further clinical trials on Anakinra in patients with NASH are needed. Canakinumab, a monoclonal antibody against IL-1β, was beneficial in patients with cardiovascular diseases (122), and a clinical trial about its effect on patients with severe alcoholic hepatitis is ongoing (ClinicalTrials.gov, AH/NCT03775109). Although many basic studies have shown beneficial effects by inhibiting the IL-1 singling pathway, few have been translated into clinical treatment of chronic liver diseases and liver fibrosis. More clinical trials are needed to explore the role of IL-1 in liver fibrosis.



4.2 Caspase-1 Inhibitors

The pan-caspase inhibitors, Vx-166 and Emricasan, showed a beneficial role in liver inflammation and fibrosis in NASH mice by decreasing the expression of IL-1β and IL-18 and inactivating HSCs (131, 132). A caspase-1 specific inhibitor, Ac-YVAD, was demonstrated to block liver steatosis and fibrosis in mice fed with HFD (130). In view of the excellent effect on animal models, clinical trials of caspase-1 inhibitors on chronic liver diseases are urgently needed in the future.



4.3 Inflammasomes and Their Upstream Inhibitors

The NLRP3 inflammasome inhibitor MCC950 was reported to relieve liver inflammation via polarizing macrophages into M2 phenotype in CCl4-induced liver injury (136) and fibrosis via decreasing plasma and hepatic IL-1β and IL-6 in a mouse model of NASH (133), suggesting the pivotal role of MCC950 in attenuating liver inflammation from various etiologies. As the upstream molecule of the inflammasome, the P2X7 receptor induces inflammasome activation (18, 117). P2X7 receptor pharmacological inhibitor SGM-1019 was shown to block IL-1β secretion in KCs, HSC activation, and collagen deposition in human cells from NASH and in the primate model from CCl4-induced liver fibrosis (134). Although inflammasome inhibitors showed promising effects in experimental models, whether these inhibitors could improve liver inflammation and fibrosis in patients with liver cirrhosis remains obscure.




5 Future Perspectives

Inflammasome, a double-edged sword in liver injury, could protect the liver from pathogen infection, metabolism syndrome, and oxidative stress by eliminating the initial cause of cell injury and promoting wound healing. However, excessive and chronic inflammasome activation contributes to the pathogenesis of various liver diseases, which is the primary topic of our review. In summary, the pathological role of inflammasomes in liver fibrosis has gained substantial recognition from diverse chronic liver injury models. Exogenous and endogenous danger signals activate inflammasomes via canonical or non-canonical signaling pathways, leading to increased IL-1β, IL-18, and pyroptotic cell death. In vivo and in vitro studies over the recent years have evidenced central roles of IL-1β, IL-18, and pyroptotic cell death in NLRP3 inflammasome-induced biological responses, but the functions of the non-canonical inflammasome activation signaling pathway and other NLR genes in liver fibrosis remains poorly understood. Further studies are needed to explore the cellular source of other inflammasomes and their roles in liver fibrosis. In addition, the mechanism of GSDMD assembly leading to cell lysis is largely unknown. Apart from IL-1, inflammasomes also regulate the release of other immune factors, such as leukotrienes and prostaglandins (137), which could regulate liver fibrosis progression (85). Therefore, further studies are required to explore the potential mechanisms.

Quiescent HSCs change phenotypes and have different cell fates after stimuli, including activation, senescence, and inactivation. These phenotypes can be transdifferentiated from each other (5). Most studies illustrate that HSCs are activated by paracrine profibrogenic cytokines and danger signals, while other molecules from pyroptotic cells that regulate HSC fate have scarcely been investigated. Specifically, it remains unclear whether inhibition of inflammasome-mediated cell interactions with HSCs could regress liver fibrosis. Although IL-1 from inflammatory hepatic macrophages could activate HSCs, the release of matrix metalloproteinases (MMPs) from these inflammatory macrophages degrades ECM and resolves fibrosis (138). Inflammasome-activated NK cells and NKT cells secreted inflammatory cytokine IL-1 to promote liver fibrogenesis, whereas IFN-γ secreted from the two kinds of cells have an antifibrotic role and trigger HSC apoptosis, promoting the regression of liver fibrosis (139, 140). Therefore, the cell-specific mechanisms of intercellular cross-talk in HSC activation need in-depth investigation.

In recent years, the pharmacological treatment of inflammasomes in chronic liver injury mainly focuses on IL-1β and IL-1 receptors. Research on blocking other molecules in the inflammasome pathway, such as caspase-1 and GSDMD, is missing. Though a recent study has shown that IL-18 inhibitor attenuates renal fibrosis in the ischemia-reperfusion murine model (141), there is no research on IL-18 inhibitors treating liver fibrosis in either animal models or human. Further studies are urgent to explore the potential of blocking IL-18, as well as caspase-1 and GSDMD in treating liver fibrosis. Although inflammasomes have been confirmed to have critical effects in many experimental animal models and in vitro cell lines, no direct evidence demonstrates that inflammasomes mediate liver fibrosis in humans. Organoids are self-organized 3D tissue cultures from stem cells that could recapitulate the function of the represented organ (142). Hence, organoids may be a novel research method to explore the mechanism of the inflammasome in regulating liver fibrosis. It is shown that bone marrow-derived mesenchymal stem cells (BM-MSCs) injection could decrease inflammasomes in the ischemic stroke rat model (143). Therefore, cell therapy by in vivo delivery of BM-MSCs may be helpful to mitigate inflammasomes during the development of liver fibrosis. Further studies are needed to target the novel direction. In summary, targeting inflammasome signaling pathways to treat liver fibrosis is promising, and more basic research and clinical trials are demanded in the future.
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Spinal cord injury (SCI) is a devastating trauma characterized by serious neuroinflammation and permanent neurological dysfunction. However, the molecular mechanism of SCI remains unclear, and few effective medical therapies are available at present. In this study, multiple bioinformatics methods were used to screen out novel targets for SCI, and the mechanism of these candidates during the progression of neuroinflammation as well as the therapeutic effects were both verified in a rat model of traumatic SCI. As a result, CASP4, IGSF6 and IL1R1 were identified as the potential diagnostic and therapeutic targets for SCI by computational analysis, which were enriched in NF-κB and IL6-JAK-STATA3 signaling pathways. In the injured spinal cord, these three signatures were up-regulated and closely correlated with NLRP3 inflammasome formation and gasdermin D (GSDMD) -induced pyroptosis. Intrathecal injection of inhibitors of IL1R1 or CASP4 improved the functional recovery of SCI rats and decreased the expression of these targets and inflammasome component proteins, such as NLRP3 and GSDMD. This treatment also inhibited the pp65 activation into the nucleus and apoptosis progression. In conclusion, our findings of the three targets shed new light on the pathogenesis of SCI, and the use of immunosuppressive agents targeting these proteins exerted anti-inflammatory effects against spinal cord inflammation by inhibiting NF-kB and NLRP3 inflammasome activation, thus blocking GSDMD -induced pyroptosis and immune activation.
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Introduction

Spinal cord injury (SCI) is a common nervous system disease which may cause permanent neurological dysfunction (1), with approximately 180,000 new cases diagnosed per year in the world (2). Despite advances in surgical techniques and efforts dedicated to the treatment of SCI, there is currently no effective regimen to treat this devastating neurological disease (3, 4). Given the seriousness of this disease, a comprehensive understanding about the pathomechanism of SCI is primarily important in mining the potential targets and searching for effective treatment strategies.

Continuous progress and development of bioinformatics have made it possible to explore underlying mechanisms of multiple diseases at genetic and molecular levels, and provide guidelines for better treatment. Bioinformatical analysis has demonstrated that hub genes are expressed differentially across the acute, subacute and chronic phases of SCI, which offers some meaningful insights into different pathomechanisms and targeted therapies between acute and chronic SCI (5). Besides, weighted gene co-expression network analysis (WGCNA), as an important bioinformatics method, can assist to explore the underlying mechanism of SCI-induced immune suppression (6). Furthermore, leveraging the benefits of bioinformatics is an innovative way to mine cell markers and immune responses following SCI (7).

Interestingly, an increasing number of studies have proven that immune cell infiltration plays a key role in the advancement of SCI. γδ T cells, a subgroup of T cells, could be recruited into the SCI site for exacerbating inflammation and impeding neurological self-impair via CCL2/CCR2 signaling (8). Neutrophils are reported to play an essential role in the progression of SCI, and recruitment of macrophages at the lesion site is regarded as a potential approach for treating SCI (9, 10).

The motivation of this study was to explore key biomarkers of SCI as well as obtaining the therapeutic targets for SCI therapy with the help of bioinformatical analysis and experiments. First, multiple bioinformatics methods were used to screen out novel targets for SCI. Second, the mechanism of these candidates during the progression of neuroinflammation was verified in a rat model of traumatic SCI. Finally, the therapeutic effects of immunosuppressive agents targeting biomarkers for SCI treatment were clarified.



Materials and methods


Data collection

Three transcription datasets GSE5296 (11), GSE47681 (12) and GSE45006 (13) were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The dataset GSE5296 and GSE47681 based on GPL1261 [Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array. The former dataset included 21 murine normal spinal cord and 75 SCI samples, and the latter one included nine normal and 25 SCI samples. To evaluate the efficiency of analysis, the GSE45006 dataset was utilized as the validation set using GPL1355 [Rat230_2] Affymetrix Rat Genome 230 2.0 Array as the platform, which contained four normal samples and 20 SCI samples.



Obtainment of DEGs

To remove the inter-batch difference, GSE5296 and GSE47681 were integrated through the “affy” package (14) and the “sva” package (15), showing in a two-dimensional PCA cluster plot (16). The obtainment of DEGs depended on the “limma” package (17), exhibiting on a volcano figure with the usage of the “ggplot2” package (18). DEGs with p < 0.05 and |log2FC|>1 were viewed as statistically significant.



Functional enrichment analysis and PPI network

To obtain biological functions and signaling pathways for disease, the Metascape database (www.metascape.org ) was used for functional annotation. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed for specific genes. Min overlap ≥3 and p ≤0.01 were considered statistically significant.

All the genes were input into the STRING (http://string−db.org) online database for investigating the interaction between proteins and constructing their network. Among the high confidence (score 0.900), a ‘tsv’ file was imported into the Cytoscape software to visualize the network.



Acquisition and validation of diagnostic markers

LASSO logistic regression (19) and Boruta algorithm (20) were applied to conduct feature selection to screen key markers for SCI. LASSO logistic regression, a machine learning strategy, finds λ to decide the variables when the classification error is littlest. LASSO regression allows the coefficients of the features to be compressed by a penalty function to obtain the optimal constrained model; this approach avoids the overfitting and covariance found in classical analysis methods and also enhances the generalization ability of the model. The Boruta algorithm is a random forest classifier package that finds all the relevant feature variables. They are often utilized to search characteristic variables and assemble an excellent classification model. After quality control, the expression matrices of the GSE5296, GSE47681, and GSE45006 datasets were merged into an independent dataset for the next analysis. The LASSO logistic regression was utilized through the “glmnet” package (21). Additionally, the Boruta algorithm is a feature-selection algorithm that randomly disrupts the order of each real feature, evaluates the importance of each feature, and iteratively removes features of low relevance to find the best variable. In this study, “Boruta” package (20) was used for feature selection, and a total of 500 trees were constructed to a deeper level of verification for the diagnostic efficiency of these biomarkers. The overlapping genes obtained by these two algorithms are considered as signature genes and they are validated in GSE45006. Three receiver operating characteristic (ROC) curves were generated to estimate the accuracy of the screened biomarkers. The area under the curve (AUC) represents the performance of the model.



Correlation analysis of genes and immune cell infiltration

The CIBERSORT algorithm is widely used to assess immune cell types in various diseases. In this study, data related to spinal cord injury were analyzed using CIBERSORT to infer the relative proportions of 22 immune infiltrating cells and to plot the associated heat map using the “corrplot” and “vioplot” packages. And Spearman correlation analysis was conducted for candidate markers and immune cells that participated in the progress of infiltration, which were visualized by using “ggplot2” package.

To evaluate the influence of genes on immune cell infiltration (22), ssGSEA (23) was used to quantify the infiltration level of immune cells in each sample.



Gene set variation analysis (GSVA)

GSVA (24) is a non-parametric and unsupervised method for assessing gene set enrichment (GSE) and identifying important signaling pathways involved in SCI. The corresponding genomes were downloaded from the Molecular Signature Database (http://gsea-msigdb.org) and the GSVA R package was used to find differential expression pathways and biological processes between high and low expression groups of candidate genes.



Antibodies and reagents

The antibodies and reagents used in this study included anti-IL1R1 (Abclonal, A5727), anti-GAPDH (Proteintech, HRP-60004), anti-CASP4 (Affinity, AF5130), anti-cleaved CASP4 (Affinity, AF5373), anti-IGSF6 (Abclonal, A15128), anti-phospho-NF-κB pp65 (Servicebio, GB13025), anti-Bcl2 (Abclonal, A0208), anti-CASP3 (Abclonal, A2156), anti-IL1B (Abclonal, A16288), anti-NLRP3 (Affinity, DF7438), anti-ASC (Abcam, ab180799), anti-GSDMD (Cell signaling technology, 39754), anti-cleaved GSDMD (Cell signaling technology, 10137), anti-NF-κB p65 (Cell signaling technology, 3033), Goat anti-rabbit IgG-HRP (Proteintech, HRP60004), Goat anti-rabbit pp65 (Servicebio, GB21303), TUNEL (Servicebio, GB1501), DAPI (Servicebio, G1012), Anakinra (MCE, AMG-719), and Belnacasan (Selllock, also known VX-765, S2228).



Establishment of the rat SCI model

SD male rats aged 60 days and weighing 180-200g were used to build the SCI model. Briefly, after successful anesthesia with 1% pentobarbital, laminectomy was performed to expose the spinal cord at T10 level, and then a spinal cord impactor (F69852, RWD, CA, USA) was utilized to make an injury by dropping a 5g rod onto the spinal cord from a height of 6.5 cm. After the operation, the animals were carefully nursed, fed and pressed to promote urination three times a day until the bladder reflex was recovered. Rats in the Sham operation group underwent laminectomy only at the same level.



Basso Beattie Bresnahan (BBB) scale and footprint analysis

BBB scale was used to assess the hindlimb motor function of the rats on day 1, 3, 7, 14, 21, and 28 post-injury in an open field. After the rats had adapted to the environment, two well-trained experimenters observed and scored the locomotor function in 5 minutes, and the mean BBB score of three measurements was used for analysis.

Footprint analysis was performed by dipping the rat hind paws in dye. All rats were allowed to walk across a narrow box measuring 1 m long and 7 cm wide, and the footprints were scanned.



Swimming test

The swimming test is also a scoring system to evaluate functional recovery. All rats were trained to swim from one end to the other end of a water-filled glass tank, and their swimming strokes were scored by the Louisville Swim Scale (LSS) in terms of forelimb dependency, hind limb movement and alternation, trunk instability, and body angle. Each rat was tested twice to calculate the mean score.



Drug administration and animal grouping

Anakinra is an inhibitor of IL1R1, while VX-1765 is an inhibitor of CASP4. As no inhibitor for IGSF6 was available, it was excluded in the subsequent experiments. Forty-eight rats were randomly divided into four groups: a Sham group, a SCI+normal saline (NS) group, a SCI + Anakinra (SA) group, and a SCI + VX765 (SV) group. Anakinra in SA group was injected intrathecally at a dose of 25μg/5μl on the day of modeling as it was done in SV group. In Sham and NS group, 5μl NS was injected intrathecally on the day of modeling.



Tissue collection

According to the protein expression time curves of the three biomarkers (IL1R1, CASP4 and IGSF6), follow-up experiments were carried out to further verify the accuracy of the signatures. After experimental verification, the injured spinal cord tissues processed in different groups were collected on day 7 after injury. The rats were anesthetized by 1% pentobarbital and perfused with 0.9% saline (containing 50 U/mL heparin) through the endocardium and then perfused with phosphate buffer (containing 4% PFA). A 10-mm spinal cord segment was cut at the injured site, fixed in 4% PFA for 48 h at room temperature, and paraffin-embedded.



Haematoxylin-eosin (HE) staining

The fixed, dehydrated and paraffin-embedded tissues were sliced into 4-μm sections. After deparaffinization and hydration with gradient ethanol, they were stained with hematoxylin for 5 min, differentiated with 1% hydrochloric acid and ethanol, and blued with 5% ammonia. The sections were stained with 0.5% eosin for 1 min, dehydrated and sealed with neutral glue. Pathological changes of the injured spinal cord were observed under an optical microscope.



Immunohistochemistry

The paraffin-embedded tissues were sliced and incubated in 0.3% H2O2 for 30 min, and then in 0.1% Triton X-100 for 20 min. Next, the sections were incubated with primary antibodies, including anti-IL1R1 antibody (1:100), anti-IGSF6 antibody (1:100), and anti-CASP4 antibody (1:100) overnight at 4°C and secondary antibody for 60 min at 37°C. Finally, the sections were stained with DAB for color development and counterstained with hematoxylin.



Immunofluorescence staining

Cryosections of the spinal cord tissue were rinsed with 0.01 M PBS, and then blocked with 5% normal goat serum, 0.1% bovine serum albumin, and 0.2% Triton-X 100 in 0.01 M PBS before applying the primary antibody of rat anti-pp65 (1:100). Target signals were visualized by using rabbit HRP with fluorescence-conjugated secondary antibodies. The TUNEL kit was used to stain at 37°C for 2 h, and confocal images were obtained using a scanning instrument (Pannoramic DESK P-MIDI P250, 3D HISTECH, Hungary).



Western blot analysis

The proteins of the spinal cord (epicenter ± 5mm) were extracted by protein extraction buffer (Beyotime, P00103J) supplemented with 1% protease inhibitor (Beyotime, P1005) in a tissue grinding machine (Servicebio, KZ-III-FP). Cell lysates were centrifuged at 12000g for 15min at 4°C to collect supernatants. The protein concentration was determined by the BCA kit (Beyotime, P0012) and followed by denaturing at 95°C for 10 min in 1×SDS loading buffer. Subsequently, samples with an equal amount of protein were loaded and applied to 10% SDS-PAGE and then transferred onto nitrocellulose membranes (Millipore). The membranes were sealed and then incubated with specific primary and secondary antibodies. Proteins were visualized using enhanced chemiluminescence substrate (Tanon) and then quantified using a Tanon Chemiluminescent Imaging System.



Real-time quantitative PCR (RT-qPCR) analysis

Through machine grinding, total RNA of cracking organizations was extracted using the Trizol reagent (Vazyme) and then converted to cDNA using a reverse transcription kit HiScript II Q RT SuperMix for qPCR (R122-01, Vazyme, China). Next, RT-qPCR was performed using AceQ qPCR SYBR Green Master Mix (Q111-02, Vazyme, China) in a 7500 real-time PCR system (Applied Biosystems, Inc., USA) according to the manufacturer’s instruction. The primer sequences used for RT-qPCR are listed in Table 1. The mRNA levels of the target genes were normalized to the Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. Quantification of the RT-qPCR results was performed by the 2ΔΔCt method.


Table 1 | Primer sequences for RT-qPCR.





Statistical analysis

The statistical analysis was conducted in R v3.6. All statistical tests were bilateral, and p < 0.05 was considered statistically significant. Data between two groups were compared by an unpaired t-test, and comparisons between multiple groups were performed with one-way analysis of variance (ANOVA) whereas pairwise comparison within groups was conducted by post hoc test.




Results


Normalization and DEGs obtainment

After merging the GSE5296 and GSE47681 datasets, the newly generated gene expression matrix needed processing, which was presented in a two-dimensional PCA cluster layout before and after processing, suggesting that the aid of samples used was reliable. A total of 182 DEGs were identified, including 178 up-regulated genes and four down-regulated genes (Figure 1A).




Figure 1 | Functional enrichment and PPI network analysis of identified DEGs. (A) Two-dimensional PCA cluster plot of GSE5296 and GSE47681 datasets before and after normalization: group1 represented the SCI group and. group2 represented the normal control group. Red dots represent up-regulated genes, black dots represent no significant difference, and green dots represent down-regulated genes. (B) GO enrichment analysis demonstrated the main biological process and signaling pathways. (C) The PPI network construction. The red squares construct the most significant cluster, the green squares represent other clusters, and the yellow squares represent the genes not involved in cluster construction.





Functional enrichment analysis and PPI network analysis

By understanding the signaling pathways, biological processes and interactions involved in DEGs, it is an important step to uncover the pathological mechanisms of SCI. Functional enrichment analysis showed that DEGs were associated with inflammatory response, osteoclast differentiation, myeloid leukocyte activation, regulation of cytokine production, and positive regulation of immune response (Figure 1B). Of the 128 nodes and 934 edges, DEGs that did not participate in the construction of PPI network were either hidden or deleted (Figure 1C).



Acquisition and validation of diagnostic markers

To obtain more representative biomarkers, we select two feature selection algorithms and validate the results. 15 DEGs were identified as biomarkers for SCI by LASSO logistic regression (Figures 2A, B) and 43 by the Boruta algorithm (Figure 2C). By overlapping the feature genes, we finally obtained eight feature genes (SLA、IL1R1、NPAS4、CASP4、IGSF6、EGR3、NR4A1 and NAIP5). As described before, GSE45006 was used to further verify the intersecting genes, finding that CASP4 (caspase 4), IGSF6 (immunoglobulin superfamily member 6), and IL1R1 (interleukin 1 receptor type 1) varied significantly in SCI. Three genes were differentially expressed between the normal and SCI samples, which are respectively presented in a box violin map (Figure 2D). In addition, the ROC curve of diagnostic efficacy demonstrated that CASP4 (AUC=0.883), IGSF6 (AUC=0.907), and IL1R1 (AUC=0.942) had a high diagnostic value (Figure 2E). IL1R1 and CASP4 are involved in non-classical pathways of pyroptosis process (25), and as for IGSF6, it plays a significant role in the nerve system (26).




Figure 2 | Acquisition and validation of candidate diagnostic markers. (A) LASSO regression showed the binomial deviation of different quantitative variables. The lower horizontal coordinate indicates the value of the lasso regression model parameter λ, the upper horizontal coordinate indicates the number of coefficients in the corresponding model, and the vertical coordinate indicates the error of the model. There are two dashed lines, the line with the lowest error on the left and the line with fewer features on the right. (B) Coefficient of LASSO regression model. As the λ value changes, the later the coefficient is compressed to zero the more important the variable is. (C) Boruta algorithm to screen diagnostic biomarkers. (D) Box violin maps of CASP4, IGSF6 and IL1R1 indicate that the differential expression in SCI group was significantly different from that in the normal group. (E) The ROC curves of the diagnostic efficacy of CASP4 (AUC=0.883), IGSF6 (AUC=0.907) and IL1R1 (AUC=0.942), the area under which was used to evaluate the effectiveness.





Correlation analysis between biomarkers and infiltrating immune cells

It is known that immune cells contribute to the inflammatory responses in SCI progression. Therefore, we further explored the immune infiltration that is closely associated with SCI. With the help of the CIBERSORT, the difference in immune infiltration was summarized between 100 SCI and 30 normal spinal cord tissues in subpopulations of immune cells (Figure 3A). Compared with the control, the injured spinal cord contained a higher proportion of antigen-presenting cells (APC), macrophages, check-point, Treg, and tumor-infiltrating lymphocytes (TIL) (Figures 3B, 4A).




Figure 3 | Correlation analysis of the biomarkers and infiltrating immune cells. (A, B) Relative immune cells and responses in 130 samples from GSE5296 and GSE47681 datasets.






Figure 4 | Correlation analysis of infiltrating immune cells and Gene set variation analysis (GSVA). (A) Differences in immune infiltration between SCI and normal control groups. Blue represents the normal control group, and red represents SCI group. p-value <0.05 was considered statistically significant. (B) * p = < 0.05, ** = p < 0.01, and non-* = statistically insignificant. The color of the squares represents the closeness degree of the relationship between the genes and immune cells, the darker the color, the higher the p-value, and the lighter the color, the lower the p-value. (C) The GSVA results demonstrated the pathway differences of these key gene expressions in SCI.



Correlation analysis demonstrated that CASP4 was positively associated with chemokine receptor (CCR) and para-inflammation, and negatively associated with activated dendritic cells (aDCs); IGSF6 was positively associated with TIL and macrophage, and negatively associated with aDCs and neutrophils; IL1R1 was positively associated with Treg and Parainflammation, and negatively associated with aDCs (Figure 4B).



GSVA analysis

The biological effects of the three biomarkers were evaluated using the GSVA algorithm, and the results demonstrated that there were significant differences in 33 common pathways, including activated pathways such as the IL6-JAK-Akt signaling pathway and TNFα signaling via NFκB (Figure 4C).



IL1R1, CASP4, and IGSF6 are upregulated in the injured spinal cord

To explore the role of the biomarkers in the pathophysiology of SCI, RT-qPCR and Western blot were used to determine their expression patterns in the lesion site at day 1, 3, 5 and 7 after injury. The results showed that the three biomarkers were upregulated in SCI (Figures 5B, C). The protein expression of IL1R1 was the highest at day 1 after injury, and both CASP4 and IGSF6 peaked at day 5 after injury. Besides, the mRNA expression of IL1R1 was significantly upregulated at day 1 after injury; IGSF6 and CASP4 reached the peak level at day 5 after injury, which was coincident with the protein expression (Figure 5A). The HE staining (Figure 5D) showed no significant pathological change in Sham group, while significant abnormalities in the gray and white matter boundary in SCI rats, including focal bleeding, necrosis and cavity formation. Immunohistochemistry showed that the expression of the three signatures increased markedly after SCI (Figure 5E).




Figure 5 | Western blot, RT-qPCR and immunohistochemistry of the three biomarkers (IL1R1, CASP4 and IGSF6). (A) The time curves of the three biomarkers at mRNA level on day 1, 3, 5 and 7 after SCI or sham surgery (n = 3 rats per group at each time point, values are the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, t-test). (B) RT-qPCR validation of the biomarkers expressing in peak: the three signatures were increased significantly in SCI group (n = 3 rats per group, values are the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, t-test). (C) Western blot validation of the biomarkers as represented by their time curves at protein level (n = 3 rats per group, values are the mean ± SD, *p < 0.05, t-test). (D) Histomorphologically, the injured spinal cord tissue exhibited organizational abnormalities as compared with the normal control (overall scale bars = 200μm, regional-scale bars = 100μm). (E) Immunohistochemical validation of the biomarkers: the markers were found to be expressed in both gray matter and white matter (Overall scale bars = 200μm, regional-scale bars = 100μm, the arrows point to the positioning of the marker).





Locomotor functional recovery

To validate the potential therapeutic value of the biomarkers, immunosuppressive therapy was performed against the selected targets by selecting appropriate doses of the inhibitors to treat SCI rats for a week to observe the long-term effect. The BBB scale, footprint experiments, and LSS were used to evaluate neurological functional recovery. As indicated in Figures 6A, D, there was no significant difference in BBB and swimming test scores between the four groups before SCI. Yet, the result of locomotor function assessment in SA and SV groups was significantly superior to that in NS group from day 7 after SCI. In addition, the LSS showed that the SCI rats receiving inhibition therapy exhibited less forelimb dependence, faster hind limb alternation, and a smaller angle between the body and water surface from day 7 after injury (Figures 6C, D). Footprint analysis at day 28 showed that rats in SA and SV groups exhibited consistent coordination of the hindlimbs and reduced toe dragging (Figure 6B). On the contrary, no such coordination ability was observed in NS group rats; rather toe dragging was obvious. These findings indicate that the targetable inhibitors could promote the therapeutic effect on the functional improvement of SCI rats.




Figure 6 | Change of the biomarkers and functional recovery in the SCI model after immunosuppressive therapy. (A) Statistical analysis of the BBB Scale in Sham, positive control, and treatment groups over 28 days (n = 3 rats per group at each time point, values are the mean ± SD, *p < 0.05, t-test). (B) Footprint analysis of different groups. (C, D) Statistical analysis of the Louisville Swim Scale in the four groups over 28 days (n = 3 rats per group at each time point, values are the mean ± SD, *p < 0.05, t-test). (E) Western blot showed that the expression level of the biomarkers in the treatment groups was between the levels of sham and control groups, and the levels of Bcl2 and CASP3, NFκB, GSDMD, IL1B, ASC, and CASP3 in SA and SV groups were also between those of Sham and control groups (n = 3 rats per group, *p < 0.05, **p < 0.01, ***p < 0.001, t-test). (F) RT-qPCR showed that the level of biomarkers was significantly decreased after treatment (n = 3 rats per group, *p < 0.05, **p < 0.01, ***p < 0.001, t-test).





IL1R1 and CASP4 inhibitors attenuate inflammation and promote repair of the injured spinal cord

The use of IL1R1 and CASP4 inhibitors to reduce the degree of inflammation of secondary SCI and eliminate the cascade reaction may have a positive effect on SCI recovery. NLRP3, GSDMD, ASC, NFκB, IL1B and CASP4 are known to be related to pyroptosis, and Bcl2 and CASP3 are associated with apoptosis. Western blot analysis revealed that the levels of NLRP3, NFκB, GSDMD, IL1B, ASC and CASP3 in treatment groups were lower in SA and SV groups than NS group, while the Bcl2 level in SA and SV groups was significantly higher than that in NS group, which further proved that pyroptosis and apoptosis were involved in the cascade responses after SCI. With respect to the signatures, the expression of CASP4 and IL1R1 was in coincidence with other inflammatory and apoptosis indicators (Figure 6E). Meanwhile, the RT-qPCR of the three biomarkers illustrated that their mRNA expressions were significantly decreased in SCI rats after the inhibitor therapy (Figure 6F). Furthermore, the inhibitory effect on the expression of the biomarkers was detected by immunohistochemistry. It was found that the expression of two biomarkers was markedly decreased as represented by obvious attenuation of the staining area in SA and SV groups (Figure 7A).




Figure 7 | Histopathological changes. (A) HE staining demonstrated that the structure of the injured spinal cord tissue became clearer after treatment, with fewer cavities and necroses as compared with SCI group (Scale bars = 100μm, the arrows point to cavities and necroses), and the expression level of the biomarkers in the spinal cord was reduced (Scale bars = 20μm) (n = 3 rats per group, *p < 0.05, **p < 0.01, ***p < 0.001, t-test). (B) Representative images showing pp65 and DAPI co-staining of the spinal cord sections from the rats of the four groups (Scale bars = 20μm) (n = 3 rats per group, *p < 0.05, **p < 0.01, ***p < 0.001, t-test).



As shown in Figure 7B, the phosphorylation-NFκB (pp65) showed red dots, and the nucleus showed blue dots. Compared with Sham group, p65 was activated and then entered the nucleus, turning pink. However, P65 fluorescence expression in SA and SV groups was between Sham and NS groups, showing a small proportion of p65 activation (Figure 7B). Furthermore, immunofluorescence staining also showed that targetable treatment significantly decreased the number of TUNEL+ cells (Figure 8A). Collectively, our results suggested that Anakinra and VX765 utilization inhibited inflammation, decreased cell apoptosis and rehabilitated the physical function of the animals in vivo.




Figure 8 | The therapeutic effect of the targetable drugs and exploration of the mechanism of spinal cord injury based on the biomarkers. (A) Verification of the therapeutic effect of Anakinra and VX765 for SCI by TUNEL staining (Scale bars = 20μm) (n = 3 rats per group, *p < 0.05, **p < 0.01, t-test). (B) Speculation for the pathomechanism of SCI.



To observe the therapeutic effect of the drugs more directly, the spinal cord tissues were observed morphologically. It was found that the biopsy tissues in Sham group exhibited clear boundaries and an integrated morphology. In NS group, the structures of the spinal cord tissues were damaged histopathologically. Compared with NS group, such damage was dramatically reduced in SA and SV groups. The extent of focal hemorrhage and cavity in the gray matter of the treatment groups was mild and between that of Sham and NS groups (Figure 7A).




Discussion

Spinal cord injury may cause nervous system dysfunction and remains a clinical challenge. Many studies have proposed that immune cells play a necessary role in the process of SCI. Therefore, exploration of related biomarkers, molecular mechanism and immune infiltration is indispensable for seeking advantageous treatment solutions and ultimately improving the quality of life of SCI patients. In this study, we employed bioinformatics analysis as an extensive approach to discover the biomarkers and CIBERSORT tools for the sake of finding out the immune cell infiltration patterns of the disease, and then verified the therapeutic effect of immunosuppressants targeting the markers on SCI. Finally, we identified a total of 182 DEGs that were enriched in inflammatory response, myeloid leukocyte activation, regulation of cytokine production, positive regulation of immune response, IL6-JAK-STAT3 signaling pathway, and TNFα signaling via NFκB. It was found that down-regulation of IL6-JAK-STAT3 and NFκB signaling pathways could inhibit inflammatory response and promote the recovery of neurological function after SCI (27, 28). Besides, we identified CASP4, IGSF6 and IL1R1 as the biomarkers of SCI by combining the LASSO logistic regression and Boruta algorithm and verified them by experiments. Delightedly, treating SCI with drug-targetable biomarkers could significantly improve the spinal cord morphology, inhibit GSDMD -induced pyroptosis and recover the behavioral ability. All these findings support our data analysis, confirming that the results obtained in this study are reliable and correct.

Some current studies have begun using machine learning and deep learning to select significant features and models. For example, as a learning machine, XGBoost can reliably predict neurological alterations, thereby enhancing personalized management and clinical prognosis of SCI patients (29). Besides, what counts is that effective machine learning can even precisely predict the prolonged ICU stay and the prolonged hospital stay to guide clinical treatment (30). LASSO logistic regression, a machine learning strategy, finds λ to decide the variables when the classification error is littlest. The Boruta algorithm is a random forest classifier package that finds all the relevant feature variables. They are often utilized to search characteristic variables and assemble an excellent classification model (31, 32). In this study, we identified CASP4, IGSF6 and IL1R1 as the biomarkers of SCI by combining the two algorithms.

The biomarkers were likely to relate to pyroptosis. CASP4, the ortholog of CASP11, as the receptor for cytoplasmic lipopolysaccharide, plays a role in the non-canonical inflammasome pathway and development of pyroptosis in SCI. CASP4 performs a similar function to CASP1, and its activation could induce GSDMD-dependent pyroptosis and processing of interleukin-18, further aggravating inflammatory damage (33). IGSF6 is a member of the immunoglobulin superfamily and is highly expressed in the immune tissue. It is considered as a candidate protein for inflammatory bowel disease susceptibility (34). Besides, IGSF6 is closely related to immune cell activity, which may participate in the progress of DC antigen presentation (35) and CD4+ T cell response (36). However, there is no study reporting the role of IGSF6 in SCI has not been reported and further experimental information is required. IL1R1, the ligand-binding receptor of IL1α and IL1β, can regulate IL1-related activities (37) and is highly expressed in SCI, which may contribute to posttraumatic inflammation response (38). However, IL1/IL1R1 is a double-edged sword, playing an essential role in aggravating or repairing the damage. Some SCI experiments suggested that astrocytes may initiate inflammation by promoting the entry of inflammatory monocytes and neutrophils in an IL1R1-dependent way (39). On the other hand, IL1/IL1R1 can exert beneficial effects, particularly in modest concentrations. For example, Parkinson’s disease progressed more rapidly in IL-1RI null mice as compared with their wild-type counterpart (40). Previous studies reported that CASP4, IGSF6 and IL1R1 may play significant roles in SCI and be considered as the biomarkers for SCI.

To gain deeper insights into the effect of immune infiltration in SCI, some studies used CIBERSORT to legitimately assess the relationship between immune cells and biomarkers. They found that CCR could early recruit monocytes to the lesion epicenter following SCI (41) and parainflammation response was closely related to the slow progress of SCI (42, 43). In addition, in vitro maturation of DCs was dramatically reduced in SCI patients (44). It was found that Tregs, an important factor in the immune system, could enhance repair of the injured nerve system by exerting an immunosuppressive effect through modulating multiple mechanisms (45). Cytokines are secreted by macrophages to regulate signaling ways to promote functional recovery after SCI (46). A study has shown that it is advantageous to decrease neutrophil activity to attenuate the pernicious impact of expanded neutrophil burst action (47). Hence, we conjecture that CASP4, IGSF6 and IL1R1 may participate in the occurrence and progression of SCI by increasing the positive-related cells or minimizing the negative-related cells. These suspicions need to be confirmed by more studies on the relationship between biomarkers and immune cells.

Mechanistically, pyroptosis involves two pathways: the canonical CASP1 inflammasome pathway, and the non-canonical CASP4/5/11 inflammasome pathway (48). The similarity between the two pathways is that both induce the maturation of GSDMD to complete pyroptosis, whereas the differences lie in the main components involved in the process of pyroptosis. In canonical pyroptosis centering around CASP1, After receiving stimulation, pro-CASP1 and ASC are recruited (often by NLRP3) to form inflammasomes, and then pro-CASP1 is cleaved to form caspase-1 for cleaving GSDMD (49). NLRP3 inflammasome, a sensor of damage-associated molecular patterns, plays a key role in SCI (50, 51). Our data showed that neuroinflammation caused by SCI increased the level of NLRP3 inflammasome, IL1β and GSDMD. Furthermore, NFκB subunit p65 will be activated by phosphorylation, promoting NLRP3 inflammasome activation. Based on the data currently available (25, 52), we made a speculation about the underlying mechanism (Figure 8B). Initiation of an inflammatory response increases the expression of various inflammatory cytokines such as IL1β and NLRP3. Post-SCI elevation of IL1R1 can activate NFκB signaling pathway by combining with IL1α or IL1β, which further upregulates inflammatory genes that encode IL1R1, pro- IL1α/IL1β and NLRP3. On the other hand, CASP4 that performs similar functions to CASP1 is activated to directly cleava GSDMD to initiate pyroptosis. Rupture of the cell membrane causes the release of inflammatory factors, which begins a new round of pyroptosis by binding to their receptors on the surrounding cell membrane. Interestingly, inhibition of IL1R1 could reduce the levels of pyroptosis-related proteins and apoptosis-related genes such as CASP3 and Bcl2. Inhibition of CASP4 could also decrease the expression of these genes, suggesting that drugs targeting these genes may be a potential strategy for the treatment of SCI by inhibiting the NLRP3 inflammasome formation and GSDMD -induced pyroptosis.

At present, the research on the application of immunosuppressants to SCI has made remarkable progress. Lee et al. (53) found that IL-20 antibodies improved motor function and reduced the formation of scar tissue around the injured spinal cord in rats with SCI, suggesting that IL-20 may be a potential therapeutic target for SCI. Giovanna Casili et al. (54) demonstrated that as an inhibitor of PARP-1/2, ABT888 exerts a protective effect after SCI by reducing autophagy-activating proteins and decreasing the apoptosis-autophagy mechanism. In contrast to these cases, the immunosuppressants we used were obtained by bioinformatic analysis of gene sequencing results, which is clearly directed; secondly, the progression of SCI can be detected by the altered expression of markers during the use of immunosuppressants, which in turn can better guide the application of the corresponding inhibitors; Besides, Anakinra has stable performance and significant therapeutic effect that has been applied to clinical studies of various diseases (55–57), and is expected to be a potential drug for the treatment of spinal cord injury. Yet, Anakinra and VX-765 have not yet been carried out to treat clinical patients with SCI, and further study is needed.

The reliability of the analysis results will be improved after introducing new calculation methods. Innovative scientific methods such as the Boruta algorithm and LASSO logistic regression were employed to prove biomarkers of SCI. As it is difficult to obtain large numbers of human spinal cord samples, we used mouse and rat samples instead, which may cause inaccuracy in genomic analysis. Since the focus of this paper is to explore the reliability of biomarkers and the effectiveness of marker-targeted immunosuppressants, we will perform cellular experiments to explore underlying mechanisms and functional phenotypes in the next step to further demonstrate our results.

In conclusion, CASP4, IGSF6 and IL1R1 were identified as key biomarkers of SCI. Inhibition of these biomarkers was regarded as an effective approach to achieving SCI repair by inhibiting NF-kB and NLRP3 inflammasome activation, thus blocking GSDMD -induced pyroptosis. Besides, TIL, dendritic cells, Treg, macrophages, parainflammation, and neutrophils may play essential roles in the progression of SCI. These findings may help mine the potential mechanism and explore treatment options for SCI.
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Chronic pulmonary inflammation and chronic obstructive pulmonary disease (COPD) are major health issues largely due to air pollution and cigarette smoke (CS) exposure. The role of the innate receptor NLRP3 (nucleotide-binding domain and leucine-rich repeat containing protein 3) orchestrating inflammation through formation of an inflammasome complex in CS-induced inflammation or COPD remains controversial. Using acute and subchronic CS exposure models, we found that Nlrp3-deficient mice or wild-type mice treated with the NLRP3 inhibitor MCC950 presented an important reduction of inflammatory cells recruited into the bronchoalveolar space and of pulmonary inflammation with decreased chemokines and cytokines production, in particular IL-1β demonstrating the key role of NLRP3. Furthermore, mice deficient for Caspase-1/Caspase-11 presented also decreased inflammation parameters, suggesting a role for the NLRP3 inflammasome. Importantly we showed that acute CS-exposure promotes NLRP3-dependent cleavage of gasdermin D in macrophages present in the bronchoalveolar space and in bronchial airway epithelial cells. Finally, Gsdmd-deficiency reduced acute CS-induced lung and bronchoalveolar space inflammation and IL-1β secretion. Thus, we demonstrated in our model that NLRP3 and gasdermin D are key players in CS-induced pulmonary inflammation and IL-1β release potentially through gasdermin D forming-pore and/or pyroptoctic cell death.
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Introduction

Among lung inflammatory diseases, chronic obstructive pulmonary disease (COPD) represents one of the most important public health issue. This illness is now the third leading cause of death in the world as predicted by the World Health Organization (WHO). COPD is characterized by chronic inflammation and mucus hypersecretion responsible for bronchial obstruction and that may lead to alveolar wall destruction and impaired lung functions (1, 2). Cigarette smoking (CS) is the major cause of COPD including emphysema with more than 95% of cases in industrialized countries (3). Inflammation can persist when smoking has been stopped and still be present even decades later. Frequent exacerbations of lung inflammation occur during respiratory infections which are characterized by impaired immune response to invading pathogens (4). Current treatments have limited efficiency (5) and thus research efforts to better understand the cellular and molecular mechanisms involved in airway inflammation leading to the pathophysiology of COPD have become a priority. COPD patients display a significant increase of airway recruited alveolar macrophages and neutrophils, which correlates with the disease severity (1, 2, 6).

Inflammasomes are cytoplasmic multiprotein complexes that orchestrate diverse functions during homeostasis and inflammation (7). Among the various inflammasomes, NLRP3 inflammasome demonstrated the most significant clinical relevance to date (8). The canonical NLRP3 inflammasome consists of the sensory protein NLRP3, the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD), and the effector protein caspase-1 (9, 10). NLRP3 activation requires a first signal resulting in transcriptional and post-transcriptional priming of NLRP3 and to pro-IL-1β, and pro-IL-18 expression and a second signal to promote NLRP3 inflammasome complex formation and subsequent caspase-1 activation, and pro-IL-1β and/or pro-IL-18 maturation (7).

The role of the NLRP3 inflammasome in CS-induced pulmonary inflammation and CS-resulting COPD is unclear. NLRP3 overexpression was reported in lungs of COPD patients and correlated with airway obstruction (11). In vivo studies reported increased NLRP3 and pro-IL-1β protein expression upon CS exposure in adult mice (12) or in offspring after maternal CS exposure (13). Mice exposure to cigarette smoke condensate (CSC) also activates NLRP3 inflammasome (14). In contrast, CS was shown to repress NLRP3 inflammasome-dependent innate immune response to asbestos in mice (15). In addition, cigarette smoke extract (CSE) or CSC induce activation of NLRP3 inflammasome in bronchial and alveolar epithelial cells and/or monocytic cells in in vitro experiments (16–18). Finally, CSE was shown to inhibit the NLRP3 inflammasome and to lead to caspase-1 activation via TLR4-TRIF-Caspase-8 axis in human macrophages (19).

Inflammasome-dependent activation of caspase-1 also leads to gasdermin D (GSDMD) protein cleavage thereby releasing its N-terminal domain, which forms pores in plasma and organellar membranes. GSDMD-N pore-forming protein was first described as the executor of pyroptosis, a programmed cell death dependent on inflammasome activation and as a part of the host innate immune defense allowing to kill bacteria-infected cells and restrict pathogen infection (20). Pyroptosis cell death leads to the release of pro-inflammatory cytokines and endogenous danger signals that amplify inflammation (21–23). On the other hand, GSDMD-mediated pyroptosis can be induced directly by caspase-8 or by the noncanonical inflammasome, via caspase-11-dependent cleavage (24). Besides macrophages, pyroptosis was also detected in neutrophils upon activation of non-canonical inflammasome leading to neutrophil extracellular trap (NET) formation dependent on GSDMD and caspase-11 (25), and in tissue cells in particular airway epithelial cells, exacerbating airway inflammation (26).

Importantly, GSDMD-forming pores at the plasma membrane were recently identified as the most important mechanism to explain IL-1β secretion, taking into account that this cytokine lacks a signal sequence preventing classical secretion through the endoplasmic reticulum/Golgi compartment (27). GSDMD pores were shown to be selective channels for cytokine release and ion fluxes, permitting passage of small molecules up to 25-50 kDa in particular of mature IL-1β and IL-18, independently of cell lysis, whereas larger proteins, such as the heterotetrameric caspase-1 p10/p20 (60 kDa), are released after lysis of pyroptotic macrophages (28). Interestingly, calcium influx through GSDMD pores promotes membrane repair and epithelial cell survival, highlighting that GSDMD activation may result in different fate (28, 29).

The NLRP3/caspase-1 GSDMD pathway was shown to be involved in the induction of human airway epithelial cell pyroptosis by CSE or nicotine, and associated with COPD progression (30, 31). However, whether GSDMD activation also contributes to CS-mediated pulmonary inflammation and/or COPD was poorly studied with mostly in vitro data and remains to be elucidated.

We here addressed the involvement of the NLRP3 inflammasome and gasdermin D in pulmonary cell influx and cytokine secretion upon acute or subchronic CS exposure.

Using an acute murine model of CS exposure which could mimic exacerbation phases of COPD or pulmonary diseases, already used to describe recent papers (32, 33), we showed that Nlrp3- or Caspase-1/11-deficiency or pharmacological treatment with the NLRP3 inhibitor MCC950 strongly reduced pulmonary inflammation and remodeling. Importantly, NLRP3 depletion reduced IL-1β levels in the bronchoalveolar space. Due to the pivotal role of IL-1β release in multiple inflammatory diseases, we hypothesized that GSDMD-forming pores contribute to CS-induced pulmonary inflammation. We showed for the first time that mouse acute CS exposure induces GSDMD activation in lung tissue and macrophages recruited into the bronchoalveolar space, through a NLRP3 dependent manner. In addition, using Gsdmd-deficient mice, we demonstrated that GSDMD is a key player in acute CS-induced lung inflammation.



Results


Nlrp3 deficiency dampens pulmonary inflammation and remodeling in response to cigarette smoke exposure

Since the role of the NLRP3 inflammasome in cigarette smoke (CS)-induced pulmonary inflammation is not well-established in vivo, we analyzed the impact of Nlrp3 deficiency using first a subchronic models of mouse CS-exposure during 6 weeks which leads to pulmonary inflammation, in comparison to chronic model of 12 weeks often used to induce experimental COPD in mice. Wild-type (WT) and Nlrp3-deficient (Nlrp3-/-) mice were exposed to CS three times a day, five days a week for six weeks (Figure 1A). As compared to unexposed (Air) mice, subchronically CS-exposed WT mice presented increased numbers of bronchoalveolar lavage (BAL) cells (Figure 1B), in particular macrophages (Figure 1C), neutrophils (Figure 1D) and lymphocytes (Figure 1E). Importantly, neutrophils and lymphocytes recruitment into the BAL was significantly attenuated in CS-exposed Nlrp3-/- mice. Neutrophils play a major role in the pathogenesis developed in response to CS exposure (34, 35). As a marker of recruited neutrophils, BAL levels of myeloperoxidase (MPO) (Figure 1F), an enzyme present in neutrophil granules, and of the neutrophilic chemokine CXCL1 (Figure 1G) were elevated in CS-exposed WT mice and significantly decreased in CS-exposed Nlrp3-/- mice. In lung homogenates MPO (Figure 1H) and CXCL1 (Figure 1I) were also significantly reduced in CS-exposed Nlrp3-/- mice compared to CS-exposed WT mice. In addition, we observed significantly reduction of IL-1β protein (Figure 1J) and proIl-18 mRNA (Figure 1K) levels in the lungs of CS-exposed Nlrp3-/- mice compared to CS-exposed WT mice.




Figure 1 | Nlrp3 deficiency impairs inflammation to subchronic cigarette smoke (CS) exposure in mice. WT and Nlrp3-/- mice were exposed to CS or Air during 6 weeks (A). CS exposure led to significant decrease counts of total cells (B), macrophages (C), neutrophils (D) and lymphocytes (E) into BAL of Nlrp3-/- mice compared to exposed WT mice. Levels of myeloperoxidase (MPO) (F), CXCL1 (G) in BAL, and MPO (H), CXCL1 (I) and IL-1β (J) in lung were reduced in Nlrp3-/- mice exposed to CS compared to CS WT mice. The proIL-18 mRNA expression (K) was reduced in CS Nlrp3-/- mice as compared to exposed WT mice. Data are representative of one experiment and are expressed as mean values ± SEM (n= 6-9 mice per group, *p < 0.05, **p < 0.01, ns, non significant, using a Mann Whitney test).



We next analyzed the balance between expression of remodeling proteases involved in the progression to COPD and their inhibitors. We focused on matrix metalloproteinase (MMP)-9, a gelatinase produced by alveolar macrophages and neutrophils that degrades extracellular matrix proteins and promotes neutrophil chemotaxis, and MMP-12 an elastase mainly produced by alveolar macrophages that contributes to alveolar damages (36) and their inhibitor tissue inhibitor of matrix metalloproteinase 1 (TIMP-1). MMP-9 and TIMP-1 protein levels (Figures 2A, B) in BAL and in lungs (Figures 2C, D) were significantly decreased in subchronically CS-exposed Nlrp3-/- mice as compared to WT mice. Mmp-12 mRNA levels in lungs (Figure 2E) were reduced in CS-exposed Nlrp3-/- mice as compared to WT mice. Further, lung microsections and histology analysis showed increased cell recruitment and inflammation in lung tissue of CS-exposed WT mice compared to Air-exposed mice, which were attenuated in CS-exposed Nlrp3-/- mice (Figures 2F, G). These findings were confirmed by an increase in Ly6G labelling in lungs of CS-exposed WT mice (Figures 2H, I). In lungs of Nlrp3-/- mice, however, CS exposure did not affect the neutrophil count compared to Air-exposed deficient mice.




Figure 2 | Nlrp3 deficiency decreases remodeling factor expression and lung tissue inflammation upon subchronic cigarette smoke (CS) exposure. WT and Nlrp3-/- mice were exposed to CS or Air during 6 weeks and protein levels of remodeling factor such as MMP-9 (A), TIMP-1 (B) in BAL, and MMP-9 (C), TIMP-1 (D) in lung tissue were measured by ELISA whereas lung MMP-12 mRNA expression was measured by quantitative RT-PCR (E). All these parameters were decreased in response to CS exposure in Nlrp3-/- mice as compared to exposed WT mice. Histological analysis of pulmonary inflammation and cell recruitment were evaluated from histology sections (F) and inflammation score were determined (G). Ly6G immunostaining was performed on WT and Nlrp3-/- lung sections (H). Percentage of Ly6G positive area per tissue section (I). Data are representative of five experiments for A-G and one experiment for H and I, and are expressed as mean values ± SEM (n= 4-6 mice per group, *p < 0.05, **p < 0.01, ns, non significant, using a Mann Whitney test).



We next performed acute CS exposures during 4 days (Figure S1A) that confirmed reduced inflammation in Nlrp3-/- in comparison to WT mice. Total cells (Figure S1B), macrophages (Figure S1C) and neutrophils (Figure S1D) numbers in BAL were significantly attenuated in Nlrp3-/- mice acutely exposed to CS as compared to CS-exposed WT mice. BAL levels of MPO (Figure S1E), CXCL1 (Figure S1F), IL-1β (Figure S1G), as well as MMP-9 (Figure S1H) and TIMP-1 (Figure S1I) were significantly reduced in CS-exposed Nlrp3-/- mice compared to CS-exposed WT mice. We also observed significant reduction of CXCL1 (Figure S1J), IL-1β (Figure S1K) in lungs of CS-exposed Nlrp3-/- mice. Finally, MMP-9 (Figure S1L) and TIMP-1 (Figure S1M) levels in lungs of CS-exposed Nlrp3-/- mice were non significantly reduced as compared to WT mice. Infiltrating cells were not detected on histology slides after only 4 days of CS (data not shown). Our results demonstrate that the NLRP3 sensor is important for pulmonary inflammation and remodeling in response to CS exposure. Since our data show the role of NLRP3 in pulmonary inflammation induced by both acute and subchronic CS-exposure in mice, we next used the acute exposure model as previously (32, 33) in order to investigate the mechanism of NLRP3-mediated lung inflammation.



Pharmacological MCC950 treatment inhibits lung inflammation induced by cigarette smoke

To confirm NLRP3 implication as a sensor in CS-induced pulmonary inflammation, we treated mice intraperitonealy with MCC950, a potent specific inhibitor of NLRP3 inflammasome activation (37, 38). MCC950 is active in different NLRP3-dependent inflammatory mouse models, impairing in vivo IL-1β production and attenuating the severity in inflammatory disease models (39). WT mice exposed to CS during 4 days were treated daily with MCC950 or vehicle (20mg/kg) (Figure 3A). BAL total cells (Figure 3B), macrophages (Figure 3C) and neutrophils (Figure 3D) were significantly reduced in MCC950-treated CS-exposed mice as compared to control group. Moreover, BAL levels of MPO levels (Figure 3E), of the neutrophil gelatinase-associated lipocalin (LCN)-2 (Figure 3F), a protein expressed by neutrophils and involved in innate immunity, of the neutrophilic chemokine CXCL1 (Figure 3G) and also of CXCL5 (Figure 3H) and CXCL15 (Figure 3I), two neutrophilic chemokines mainly produced by epithelial cells, were significantly reduced in BAL of MCC950-treated CS-exposed mice compared to CS-exposed WT mice. Importantly, BAL levels of the proinflammatory cytokines IL-1β (Figure 3J) was significantly decreased in MCC950-treated CS-exposed mice. Levels of MMP-9 (Figure 3K) and TIMP-1 (Figure 3L) were significantly and non significative reduced respectively in BAL of MCC950-treated CS-exposed mice. Furthermore, in lung tissues, levels of MPO, LCN-2, CXCL1, CXCL5, CXCL15, IL-1β, MMP-9 and TIMP-1 (Figures 3M-T) were significantly decreased in MCC950-treated CS-exposed compared to CS-exposed WT mice. Thus, results with NLRP3 pharmacological inhibition confirmed those obtained with NLRP3 gene deletion, showing that this receptor is involved in acute inflammation and remodeling induced by CS in mice.




Figure 3 | The NLRP3 inhibitor MCC950 impairs pulmonary inflammation upon acute cigarette smoke (CS) exposure. WT mice, treated or not with MCC950 (20mg/kg i.p. daily) were exposed to CS or Air during 4 days (A). CS exposure led to significant decrease of total cells (B), macrophages (C), neutrophils (D) into BAL of MCC950 treated mice compared to untreated exposed WT mice. Myeloperoxidase (MPO) (E), lipocaline 2 (LCN-2) (F), CXCL1 (G), CXCL5 (H) and CXCL15 (I) and IL-1β (J), MMP-9 (K) and TIMP-1 (L) levels were measured in BAL by ELISA. All these parameters were decreased in response to CS exposure in MCC950-treated mice as compared to untreated exposed WT mice. Lung levels of MPO (M), lipocaline 2 (LCN-2) (N), CXCL1 (O), CXCL5 (P), CXCL15 (Q), IL-1β (R), MMP-9 (S) and TIMP-1 (T) were significantly decreased in MCC950 treated CS-exposed mice as compared to exposed WT mice. Data are representative of two experiments and are expressed as mean values ± SEM (n= 4-6 mice per group, *p < 0.05, **p < 0.01, ns, non significant, using a Mann Whitney test).





Caspase-1 and/or caspase 11 play a key role in acute CS-induced pulmonary inflammation

In order to investigate the role of the canonical and/or non canonical inflammasome in pulmonary inflammation to CS, we used mice double deficient for caspase-1 and caspase-11 (Caspase-1/11-/-). Acute CS-exposure led to reduced inflammation in Caspase-1/11-/- mice in comparison to WT mice with a strong decrease in BAL total cells, macrophages and neutrophils (Figures 4A-C). BAL levels of MPO (Figure 4D) and LCN-2 (Figure 4E), CXCL1 (Figure 4F) and CXCL5 (Figure 4G) were significantly decreased in acutely CS-exposed Caspase-1/11-/- mice in comparison to WT. In lungs levels of LCN-2, CXCL1 and CXCL5 (Figures 4H-J) were also significantly reduced in Caspase-1/11-/- CS-exposed mice compared to WT CS-exposed mice. Importantly, IL-1β levels (Figure 4K) were significantly reduced in the lungs of Caspase-1/11-/- mice. These results indicate that either a canonical NLRP3/Caspase-1 inflammasome and/or the non-canonical inflammasome pathway (i.e. caspase-11 and NLRP3/Caspase-1 inflammasome) are involved in acute CS-induced lung inflammation.




Figure 4 | Caspase1/11-deficient mice (caspase1/11-/-) have reduced pulmonary inflammation after acute cigarette smoke (CS) exposure. WT and caspase1/11-/- mice were exposed to CS or Air during 4 days. Total cells (A), macrophages (B) and neutrophils (C) counts and MPO levels (D) in BAL are shown. Lipocaline 2 (LCN-2) (E), CXCL1 (F), CXCL5 (G) levels were reduced in BAL of caspase1/11-/- CS-exposed mice. LCN-2 (H), CXCL1 (I), CXCL5 (J) and IL-1β (K) were also significantly reduced in lungs of caspase1/11-/- CS-exposed mice compared to CS-exposed WT mice. Data are representative of four experiments and are expressed as mean values ± SEM (n= 4-6 mice per group, *p < 0.05, **p < 0.01, ns, non significant, using a Mann Whitney test).



In order to determine if acute CS exposure induces activation of the canonical inflammasome in alveolar macrophages and/or neutrophils recruited into the BAL, we probed for caspase-1 cleavage. Immunostaining with an antibody specific for the cleaved form (Asp 296) of murine caspase-1 showed that BAL recruited macrophages of acute CS-exposed mice, identified by their large uni-lobulated DAPI-stained nucleus, featured high levels of active processed caspase-1 in comparison to BAL cells from air-exposed mice (Figures 5A, B). In addition, BAL recruited neutrophils, identified by their tri-lobulated nucleus and small size compared to macrophages presented a weak expression of cleaved caspase-1. In contrast, cleaved caspase-1 was almost not detectable in BAL alveolar macrophages from MCC950-treated acute CS-exposed WT mice or from CS-exposed Nlrp3-/- mice (Figures 5A, B). These results indicate that acute CS-exposure promotes NLRP3-dependent caspase-1 activation in macrophages and recruited neutrophils of the bronchoalveolar space.




Figure 5 | Cigarette Smoke (CS) exposure promotes caspase-1 cleavage in BAL macrophages and neutrophils in an NLRP3-dependent manner. Cleaved caspase-1 immunostaining on BAL cells collected after Air or CS exposure of WT, MCC950 WT treated mice and Nlrp3-/- mice. Cleaved caspase-1 is shown in red and nucleus in blue (DAPI) (A). BAL cells fluorescence intensity quantification (B). Data are representative of three experiments. Bar graph is expressed as mean ± SEM (n =2–4 mice per group, *p < 0.05 ns, non significant, using a Mann Whitney test).





CS exposure promotes NLRP3-dependent activation of gasdermin D in lung tissue

To better understand the mechanisms of inflammation in response to acute CS-exposure, we investigated whether NLRP3 activation leads to gasdermin D (GSDMD) cleavage and possibly to IL-1β secretion or pyroptosis, an immunogenic cell death (ICD) associated with NLRP3 activation. GSDMD is a 53.2 kDa protein that is cleaved by caspase-1 and/or caspase-11 upon NLRP3 activation, resulting in the generation of the GSDMD-N p31 fragment. The active GSDMD-N forms pores in the plasma membrane, allowing small cytokine release such as mature IL-1β and/or ion fluxes that may lead to cell swelling and to pyroptosis. We first analysed the level of the p53 full-length GSDMD and/or the GSDMD-N p31 active form in the lungs of acute CS-exposed mice by western blot. We observed that acute CS exposure increased lung tissue expression of the pro-GSDMD p53 in WT mice that was strongly reduced in acutely CS-exposed Nlrp3-/- mice (Figures 6A, B; Figure S2). Importantly, using an antibody specifically recognizing the cleaved form of GSDMD at its N-terminal domain, we show that acute CS-exposure induced lung expression of the cleaved GSDMD p31 protein in WT mice but less importantly in lungs of Nlrp3-/- acute CS-exposed mice (Figures 6A-C; Figure S2). Furthermore, lung section immunostaining analysis indicates that acute CS induced expression of the cleaved GSDMD p31 in bronchial airway epithelial cells that was reduced in lung of Nlrp3-/- mice and absent in Gsdmd-/- mice as compared to WT mice (Figure 6D). However we did not observe cleaved GSDMD expression in lung alveolar regions or in infiltrating cells that were not detectable on histology slides after only 4 days of CS exposure. These results demonstrate that acute CS exposure induces NLRP3 activation which is involved in GSDMD protein cleavage in bronchial airway epithelial cells.




Figure 6 | Cigarette Smoke (CS) exposure induces GSDMD cleavage in bronchial epithelial cells in an NLRP3-dependent manner. Immunoblot for total and cleaved GSDMD proteins in lung homogenates of Air or CS-exposed mice of WT, Nlrp3-/- or Gsdmd-/- mice (A) and quantification of total GSDMD (B) and cleaved GSDMD (C) immunoblot were shown. Cleaved GSDMD immunostaining was performed on lung sections of Air or CS-exposed WT, Nlrp3-/- and Gsdmd-/- mice (D). Data are representative of three experiments. Bar graph are expressed ± SEM (n =2–4 mice per group).





Mouse CS exposure induces NLRP3-dependent activation of GSDMD in bronchoalveolar space macrophages

We next determined whether GSDMD activation occurs in BAL cells upon CS exposure by immunostaining using the specific antibody that recognizes the cleaved N-terminal domain of GSDMD. We observed that airway macrophages, identified by their large unit-lobulated DAPI-stained nucleus, show cleaved GSDMD in response to acute CS-exposure of WT mice but not in recruited neutrophils (Figures 7A, B). Importantly, cleaved GSDMD levels in macrophages were reduced in CS-exposed WT mice treated with MCC950 and importantly reduced in CS-exposed Nlrp3-/- mice (Figures 7A, B). These results demonstrate that CS-exposure induces NLRP3 dependent GSDMD cleavage in bronchoalveolar space macrophages potentially through NLRP3 inflammasome activation.




Figure 7 | Cigarette Smoke (CS) exposure promotes GSDMD expression and cleavage in BAL alveolar macrophages dependently of NLRP3. Cleaved GSDMD immunostaining on BAL cells collected after Air or CS exposure in WT, MCC950-treated WT mice, Nlrp3-/- and Gsdmd-/- mice. Cleaved GSDMD is shown in red and nucleus in blue (DAPI) (A). Airway macrophages fluorescence intensity quantification (B). Data are representative of three experiments. Bar graph is expressed as mean ± SEM (n =2–4 mice per group, *p < 0.05 using a Mann Whitney test).





GSDMD deficient mice have reduced pulmonary inflammation to CS exposure

Finally, in order to confirm that GSDMD participates in pulmonary inflammation to acute CS exposure, we exposed WT and Gsdmd-deficient (Gsdmd-/-) mice to Air or CS for 4 days. We observed that total cells, macrophages and neutrophils (Figures 8A-C) together with MPO, CXCL1, CXCL5 and CXCL15 (Figures 8D-G) levels were significantly decreased in BAL of acutely CS-exposed Gsdmd-/- mice as compared to WT mice. Importantly, IL-1β levels in BAL (Figure 8H) was significantly reduced in Gsdmd-/- mice indicating a role of GSDMD in IL-1β release. In addition, BAL levels of MMP-9 (Figure 8I) and TIMP-1 (Figure 8J) were significantly and non-significantly reduced respectively in acutely CS-exposed Gsdmd-/- mice as compared to WT CS-exposed mice. Finally, IL-1β (Figure 8K) levels in lungs of acutely CS-exposed Gsdmd-/- mice was also significantly reduced, as well as MMP-9 and TIMP-1 (Figures 8L, M) compared to WT mice. Altogether, these results confirm that GSDMD protein is a key player of pulmonary inflammatory responses to acute CS exposure.




Figure 8 | Gasdermin d-deficient mice (Gsdmd-/-) have reduced pulmonary inflammation and remodeling after acute smoke cigarette (CS) exposure. WT and Gsdmd-/- mice were exposed to CS or Air during 4 days. Total cells (A), macrophages (B) and neutrophils (C) counts and MPO level in BAL (D) are shown. CXCL1 (E), CXCL5 (F), CXCL15 (G) and IL-1β (H) levels were measured in BAL. MMP-9 (I) and TIMP-1 (J) remodeling factor levels were measured in BAL. In lungs, levels of IL-1β (K), MMP-9 (L) and TIMP-1 (M) were also measured. All parameters decreased in Gsdmd-/- mice exposed to CS as compared to CS WT mice. Data are representative of four experiments and are expressed as mean values ± SEM (n= 4-6 mice per group, *p < 0.05, **p < 0.01, ns, non significant, using a Mann Whitney test).






Discussion

We investigated whether NLRP3 is involved in pulmonary inflammation induced by acute or subchronical experimental CS-exposure. We previously demonstrated that murine CS-induced airway inflammation depends on the IL-1R1/MyD88 signaling pathway and showed that ex vivo stimulation of bone marrow-derived macrophages with LPS and ATP, promotes caspase-1-dependent IL-1β maturation and secretion, suggesting involvement of an inflammasome complex (40). However, subsequent in vivo studies were controversial regarding the role of NLRP3 in inflammation to CS (12–15).

We demonstrate here that NLRP3 is a key player in pulmonary inflammation and remodeling upon acute or subchronical mouse CS exposure. Macrophages and neutrophils are innate immune cells infiltrating lung and recruited in bronchoalveolar space upon CS exposure and also associated with COPD pathogenesis (1, 2). Pro-inflammatory cytokines, chemokines and proteases, secreted by pulmonary recruited cells and lung resident cells amplify organ inflammation and damages. Here we highlighted a decrease of bronchoalveolar space and lung tissue cell influx, cytokines/chemokines expression and/or release upon acute and subchronic CS exposure after knockdown of the NLRP3 sensor. Influx of macrophages, and neutrophils and importantly IL-1β secretion in the bronchoalveolar space of acutely of subchronically CS-exposed mice were dependent on NLRP3. Furthermore, we report attenuated inflammation and remodeling responses to acute CS exposure after pharmacological inhibition of the NLRP3 inflammasome by MCC950 treatment. MCC950 was shown to directly targets the NLRP3 ATP hydrolysis motif to specifically inhibit canonical and non-canonical NLRP3 formation at nanomolar concentrations (38). MCC950 is active in vivo in multiple NLRP3-dependent mouse models, impairing IL-1β production and attenuating the severity of inflammatory disease models (37). Although we cannot exclude that MCC950 may non-specifically inhibit other targets, our data with genetic depletion and pharmacological inhibition strongly suggest that NLRP3 is a key sensor of pulmonary injury and in particular induced by acute CS exposure but possibly after other noxious airway exposure, open new fields to investigate. Importantly, MCC950 treatment might be beneficial in preventing pulmonary inflammation and this hypothesis could be tested in chronically CS-exposed mice models. However, although MCC950 inhibited the NLRP3 inflammasome in a lot of nonclinical models of inflammatory diseases with very high specificity and at nanomolar concentrations, this inhibitor presents pharmacokinetic and toxicokinetic properties that may limit its therapeutic development in the clinic. Several improved next-generation inhibitors are now in clinical trials (39). We further showed that Caspase1/11 deficiency leads to reduced pulmonary inflammation suggesting that NLRP3-canonical and/or non-canonical inflammasome pathways are involved in acute CS exposure-induced lung inflammation. Moreover, mouse CS exposure induced cleaved caspase-1 in macrophages and neutrophils present in the bronchoalveolar space, which was dampened after knockdown or pharmacological inhibition of the NLRP3 sensor. These results demonstrated that the canonical NLRP3 inflammasome is a key player of acute CS exposure-induced inflammation mediated by macrophages and neutrophils in the bronchoalveolar space.

In addition, we investigated the role of the gasdermin D (GSDMD) in pulmonary inflammation upon mouse acute CS exposure. GSDMD-forming pores is known to drive a rapid pro-inflammatory form of cell death known as pyroptosis and release pro-inflammatory cytokines and endogenous danger signals (21–23). Importantly, GSDMD-forming pores were also identified as the most important way for the secretion of mature IL-1β (27). GSDMD activation may result in different fate such as membrane repair and cell survival depending on cell types (28, 29). Interestingly, we demonstrated that NLRP3 mediates GSDMD activation in bronchial epithelial cells and in macrophages of the bronchoalveolar space upon acute CS exposure of mice, possibly through NLRP3 inflammasome activation. Finally we demonstrated for the first time in Gsdmd deficient mice that this pore-forming protein is central to airway inflammation upon mouse acute CS exposure, probably through GSDMD expression and activation in bronchoalveolar space recruited macrophages and in bronchial airway epithelial cells.

Importantly, implication of GSDMD activation in acute CS-induced lung inflammation opens new potential studies in chronical CS-induced lung inflammation, using GSDMD inhibitors such as disulfiram that blocks pore formation (41). Pore forming ability of GSDMD represents a drug target to block IL-1β release during inflammasome-driven sterile inflammatory diseases.

Collectively, our data report a key role of the NLRP3 sensor and of the pore-forming GSDMD protein, in pulmonary inflammation to acute CS exposure in mice.



Materials and methods


Mice

Wild type C57BL/6J (WT) male mice were purchased from the Janvier Laboratory.

Caspase1/11-/- (42) were provided by Seshadri Tara at BASF Bioresearch corporation, Nlrp3-/- (10) by Dr. Jürg Tschopp and Gsdmd-/- (27) by Dr Petr Broz. Mice were backcrossed 10 times or made on C57BL/6J background. All mice were housed at the animal facility at transgenose institute (TAAM) in CNRS of Orleans, France. For experiments, adults (8-11 weeks old) were kept in sterile, isolated and ventilated cages. All animal experiments followed the French government’s ethical and animal experiment regulations (APAFIS 2020 #26177).



Cigarette smoke model

Cigarette smoke (CS) exposure was performed using a calibrated EMKA InExpose smoking robot. Mice were exposed to mainstream cigarette smoke in a whole-body chamber for 20 min, 3 times a day for 4 days for acute model and on 5 consecutive days for 6 weeks for subchronic model. We used 3R4F research cigarettes (University of Kentucky) without filter removed and the cigarettes were puffed once per minute, 4s duration, 200 ml puff volume. The experimental bias flow, required to deliver CS and fresh air to the mice, is calibrated at 3.107 L.min-1 and maintained constant. The concentration of smoke particulates is estimated to be 350 mg/cubic meter as mentioned by the manufacturer as previously described (32, 33). Our cigarette smoke exposure models are based on classical experimental models used to analyse the mechanism of CS-induced inflammation and/or COPD in mice (43, 44). These smoke exposure models mimic important features observed in human including epithelial injury and pulmonary inflammation with neutrophils influx (1, 2, 6).



MCC950 mice treatment

Mice were treated intraperitoneally with 20mg/kg of MCC950 provided by Luke O’Neill (Coll, 2015 #3697), dissolved in (2-Hydroxypropyl)-β-cyclodextrin (H31133, Alfa Aesar) vehicle or with vehicle alone everyday between the first and the second CS exposition.



Broncho-alveolar lavage (BAL)

BAL was performed as previously described (32, 33). Differential cell counts were performed by counting an average of 250 cells on cytospin preparations (Shandon CytoSpin 3, ThermoFisher Scientific™, Illkirch, France) after May-Grünwald-Giemsa staining (Diff Quick, Medion Diagnostics, Düdingen, Switzerland) according to manufacturer’s instructions.



Lung homogenates

After BAL the lung were perfused with Isoton® (Beckman Coulter France, Villepinte) to flush the vascular content. For protein analysis, the trilobed lung part was homogenized by a rotor-stator (Ultra-turrax®) in 1ml of T-Per protein extraction buffer (ThermoFisher Scientific™) mixed with protease and phosphatase inhibitor (ThermoFisher Scientific™). The extract was centrifuged 10 min at 10000 rpm and the supernatant was stored at -80°C before mediator measurement and immunoblotting analysis.



Lung histology and Ly6G immunohistochemistry (IHC)

The left lobe of lung was fixed in 4% buffered formaldehyde (PFA), processed and paraffin embedded under standard conditions. Three microns sections were cut and stained with hematoxylin and eosin (HE). Cell infiltration was assessed by a semi-quantitative score on infiltrated area compared to the entire lung tissue area with increasing severity 0 (without any inflammation) to 5 (severe inflammation) by two independent observers on the HE-stained sections. Two additional slides per animal were cut and labelled with an anti-Ly6G antibody (ab238132, Abcam). Lung sections were scanned at X20 (0.452 µm/pixel) using a NanoZoomer-SQ and their whole slide image (WSI) captured using the NDP.view 2 software (both from Hamamatsu Corporation, Japan).



Digital quantification of Ly6G IHC

Quantification of Ly6G was performed on the digitized sections using MorphoQuant™ software (Biocellvia, France), initially developed to measure lung lesions induced by pulmonary fibrosis or emphysema (45, 46). Briefly, neutrophils were quantified through positive labelling with Ly6G, using the classic diaminobenzidine. Positive elements appear in brown in the section and were quantified on the digitized sections using MorphoQuant™, a digital pathology software relying on morphometric analysis. In the Ly6G-labelled sections, all brown pixels were considered as Ly6G positive elements. The total number of positive Ly6G pixels was thus divided by the total number of pixels describing the whole sections, and the ratio was expressed in percent.



Cleaved gasdermin D immunostaining

The left lobe of lung was fixed in 4% PFA for 72h, embedded in paraffin and sectioned at 3 µm. Lung sections were dewaxed and rehydrated, then heated 20 min at 80°C in citrate buffer 10 mM pH=6 for antigen retrieval (unmasking step). Lung sections were permeabilized in PBS 0.5% triton X-100, blocked with 5% FCS for 1h at RT and then incubated overnight with primary mouse anti-cleaved Gasdermin D (1:100, #10137, Cell Signaling). After washing, sections were incubated with the appropriate second antibody conjugated to horseradish peroxidase (1:200 anti-rabbit IgG, Sigma Aldrich®) in 1% FCS 1h at RT. Following washing, lung sections were incubated with HRP Substrate, DAB (Vector Laboratories®), following the manufacturer’s protocol. After distilled water washing, Gill hematoxyline counterstaining on lung sections was done. Then, lung sections were dehydrated, fixed and mounted onto microscope slides (Eukitt). Slides were examined by using a scanner NDP view.



Mediator measurements

For cytokine determination, BAL supernatant and lung homogenates were analysed by ELISA assay kits for murine: CXCL1, CXCL5, CXCL15, MPO, LCN-2, MMP-9, TIMP-1 (Mouse DuoSet, R&D system, Minneapolis, USA) according to manufacturer’s instructions. IL-1β mesurment in BAL was measured using multiplex immunoassay according to manufacturers’ instructions (ProcartaPlex, Invitrogen™). Data were acquired on Luminex equipment (MagPix, BioRad) and analyzed using Bioplex Manager software (BioRad).



Quantitative RT-PCR

RNA was purified from lung homogenates by using Trizol extraction protocol. Reverse transcription of RNA into cDNA was carried out with Go script reverse kit (Promega). RT-PCR was performed with Fast SYBR Green master mix on an ARIA MX (Stratagene MX3005P, Agilent technologies). Primers were synthetized (Qiagen, Hilden, Germany). The expression of pro-IL-18 and Mmp12 mRNA, relative to housekeeping 18S mRNA, were analyzed using Quantitect gene expression assays (Qiagen). For all experiments, biological quadruplicate and technical triplicate were performed.



Immunoblotting

Protein concentrations were determined in lung tissue by using DC™ protein Assay (BIO-RAD, France). 40 µg of proteins were denatured by boiling (95°C, 5 min) in reducing SDS sample buffer. Samples were resolved on 13% polyacrylamide gel and run at 160V for 45min using the Mini gel Tank (ThermoFisher Scientific™). Total protein were immunoblotted to 0.2 µm nitrocellulose membrane (Amersham™) using a Trans-Blot SD Transfer System (Bio-Rad) at 100V for 45 min. Successful protein transfer was confirmed by using Ponceau S staining. Membranes were blocked 2 hours with 5% non-fat milk (Cell signaling) in 1X TBS- 0,1% Tween® 20 (20 mM Tris Trizma® Base, 150 mM sodium chloride, and 0.05% Tween® 20 pH 7.6) at room temperature. Then, membranes were incubated with primary antibodies, mouse anti-Gasdermin (1:500, ab209845, Abcam), anti-cleaved Gasdermin (1:500, #10137, Cell Signaling) in 5% non fat dried milk in 1X TBS- 0,1% Tween® 20, over nigh at 4°C. Mouse anti-actin (1:10 000, #A3854; Sigma-Aldrich) was incubated 1h at room temperature. Membranes were then washed 3 times in 1X TBS- 0,1% Tween® 20 and incubated with the appropriate second antibody conjugated to horseradish peroxidase (anti-rabbit IgG, Sigma-Aldrich) 1h at room temperature. Protein bands were visualized following exposure of the membrane to Amersham ECL™ prime substrate solution using PXi gel doc system® Syngene, and quantified using ImageJ software.



Immunostaining on Cytospin

Cytospin slides were fixed in 4% PFA (Sigma-Aldrich). Cells were washed 3 times in TBS, incubated 15 min in TBS-0.3% Triton X-100, then washed 3 times in TBS, blocked in TBS-10% Bovine Serum Albumin (BSA) for 45min and incubated overnight with primary rabbit anti-Cleaved Caspase1 (1:100, #89332, Cell Signaling) or anti-Cleaved Gasdermin (1:100, #10137, Cell Signaling). After washing, cytospins were incubated with goat anti-rabbit IgG secondary antibodies conjugated with Alexa® Fluor 594 (1:200, # A-11037, Invitrogen) in 1% FCS. Following washing, cells were stained with DAPI (1:2000) for 5 min, washed with PBS, and mounted onto microscope slides (Fluoromount). Immunofluorescence staining were blindly examined by using a Leica microscope at 20X magnification (Leica, Solms, Germany). Images were treated using Zen blue Zeiss software. Quantifications were realized at least for 2 mice per group, on different cytospin spots for each one.



Statistical analysis

Statistical tests of selected populations were performed using Mann-Whitney non-parametric test. Data represent mean ± SEM. P values <0.05 were considered statistically significant.
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Supplementary Figure 1 | Nlrp3-deficient mice (Nlrp3-/-) have reduced pulmonary inflammation after acute cigarette smoke (CS) exposure. WT and Nlrp3-/- mice were exposed to CS or Air during 4 days (A). Total cells (B), macrophages (C), neutrophils (D) counts and MPO (E), CXCL1 (F), IL-1β (G) and remodeling factors MMP-9 (H) and TIMP-1 (I) levels in BAL were decreased in Nlrp3-/- mice exposed to CS compared to CS WT mice. CXCL1 (J), IL-1β (K) and MMP-9 (L) and TIMP-1 (M) levels in lungs are shown. Data are representative of four experiments and are expressed as mean values ± SEM (n= 4-6 mice per group, *p < 0.05, **p < 0.01, using a Mann Whitney test).

Supplementary Figure 2 | Total red ponceau membrane. Total protein migration was verified on total membrane using red ponceau staining for the following immunoblot analysis. Data are representative of three experiments.
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Neutrophils play major roles against bacteria and fungi infections not only due to their microbicide properties but also because they release mediators like Interleukin-1 beta (IL-1β) that contribute to orchestrate the inflammatory response. This cytokine is a leaderless protein synthesized in the cytoplasm as a precursor (pro-IL-1β) that is proteolytically processed to its active isoform and released from human neutrophils by secretory autophagy. In most myeloid cells, pro-IL-1β is processed by caspase-1 upon inflammasome activation. Here we employed neutrophils from both healthy donors and patients with a gain-of-function (GOF) NLRP3-mutation to dissect IL-1β processing in these cells. We found that although caspase-1 is required for IL-1β secretion, it undergoes rapid inactivation, and instead, neutrophil serine proteases play a key role in pro-IL-1β processing. Our findings bring to light distinctive features of the regulation of caspase-1 activity in human neutrophils and reveal new molecular mechanisms that control human neutrophil IL-1β secretion.




Keywords: autophagosome, granulocytes, inflammasome, neutral proteases, unconventional protein secretion



Introduction

Neutrophils are key actors of the innate immune system that play a major role as the first line of defense against infections (1). These granulocytes, the most abundant leukocytes in human circulation, are massively recruited to infection foci where they deploy a battery of antimicrobial weapons to fight against the potentially harmful invaders. The crucial role of neutrophils in the immune response is evidenced by the severe, and often fatal, course of infections in patients with congenital neutrophil deficiencies.

Neutrophils are terminally differentiated cells with a short lifespan that kill microbes by phagocytosis and extracellular traps formation. However, their role in the immune system goes far beyond these functions. These cells also contribute to coordinate the immune response by means of the release of preformed, and de novo synthesized proinflammatory mediators (2). Among them, is the highly inflammatory cytokine Interleukin-1 beta (IL-1β) which plays major roles in host defense and immune pathology (3).

Neutrophils are characterized by the presence of heterogeneous granules containing a variety of enzymes and anti-microbial peptides that exert key functions as part of the non-oxidative arm of their microbicidal actions. Among these granules, the azurophilic ones contain the potent neutral serine proteases elastase (NE), proteinase 3 (PR3), cathepsin G (CG), and neutrophil serine protease 4 (NSP4) (4).

Neutrophil serine proteases (NSPs) are synthesized during the promyelocytic stage of granulopoiesis in the bone marrow, and under homeostatic conditions, they are stored within the azurophilic granules of circulating neutrophils (5). Upon microbe internalization, azurophilic granules fuse with phagosome membranes in a process that licenses these enzymes to degrade the internalized cargo. Also, granule binding to plasma membrane allows serine proteases to have extracellular microbicidal action as well as tissue-degrading effects. Cumulative evidence indicates that NSPs also exert other actions outside granules and phagosomes either intracellularly or extracellularly (6). In fact, in aging neutrophils, PR3 is released to the cytosol via lysosomal membrane permeabilization, an event that leads to pro-caspase-3 cleavage and apoptosis. The cytosolic PR3 activity is counteracted by the suicide protease inhibitor SERPINB1. The final balance between PR3 and SERPINB1 controls neutrophil spontaneous death (7). Furthermore, PR3 is also expressed bound to CD177 on the plasma membrane of freshly isolated neutrophils. There is also evidence that not only PR3 but also NE and CG can associate with the plasma membrane under inflammatory conditions (6). On the other hand, upon stimulation with agonists that induce neutrophil extracellular traps formation, NE escapes from azurophilic granules through a reactive oxygen species (ROS)-dependent process (8). In the cytosol, NE binds and degrades F-actin to arrest actin dynamics, and subsequently it translocates to the nucleus, where it partially degrades specific histones promoting chromatin decondensation (9). Recent studies also determined that N-Gasdermin D (N-GSDMD), the pore-forming fragment of Gasdermin D generated by active caspase-1, in neutrophils traffics to the membrane of azurophilic granules, thus mediating the leakage of neutrophil elastase into the cytosol. This event, in turn, facilitates a secondary cascade of serine protease-dependent GSDMD processing (10).

Interleukin-1β is a pro-inflammatory cytokine that lacks a signal peptide. It is synthesized as an inactive precursor (pro-IL-1β) in the cytosol, where it is processed by enzymatic cleavage. In myeloid cells, the precursor processing usually relies on the action of the enzyme caspase-1, which in turn is activated upon the formation of the intracellular macromolecular complexes called inflammasomes (11, 12). The canonical inflammasomes comprise an inflammasome sensor protein, such as the nucleotide-binding domain and leucine-rich-repeat containing protein 3 (NLRP3), which binds to caspase-1 usually via the adapter ASC (apoptosis-associated speck-like protein containing the caspase activation and recruitment domain [CARD]). NLRP3 is activated by pathogen- and danger-associated molecular patterns representative of infection, cellular damage, or cell stress, which promotes its oligomerization (13). This, in turn, leads to ASC recruitment and polymerization, originating an ASC-speck structure, to which full-length caspase-1 binds. Full-length caspase-1 dimerization in the inflammasome structure triggers its protease activity, which allows its self-cleavage to generate a fully active p33/p10 species, which remains bound to the inflammasome and is responsible for pro-IL-1β processing, i.e., the generation of the mature 17-kDa IL-1β isoform (14). Then, caspase-1 self-cleaves again generating a p20/p10 species. This cleavage releases caspase-1 from the inflammasome and terminates its protease activity and cytokine processing (3, 14).

Interestingly, other studies showed that NSPs can also process pro-IL-1β into a bioactive fragment and attributed a role to these enzymes in the extracellular processing of pro-IL-1β released at inflammatory environments (15–17).

Previously we determined that highly purified human neutrophils produce and secrete IL-1β (18, 19). These studies showed that human neutrophil IL-1β secretion is restrained by both caspase-1 and NSPs inhibition, and that cytokine secretion, but not pro-IL-1β processing, is dependent on NADPH oxidase-derived ROS (18). As pro-IL-1β is a leaderless protein synthesized in the cytosol, once processed, IL-1β is usually released by unconventional secretory mechanisms. Our previous studies also determined that human neutrophils release IL-1β by an autophagy-mediated secretory mechanism (19). In fact, pharmacological inhibition of autophagy as well as ATG5 knockdown, reduced IL-1β secretion, while autophagy stimulation by starvation increased it. Additional studies performed by using ATG7-deficient mouse cells confirmed these findings (10).

Considering that both caspase-1 and NSPs are required for the release of active IL-1β, we conducted this study to address the role of these enzymes in the mechanisms involved in pro-IL-1β processing in human neutrophils and those leading to IL-1β secretion. By studying the responses of human neutrophils from healthy donors and from patients with a GOF NLRP3-mutation, we found that even though caspase-1 is activated after inflammasome activation and is required for IL-1β secretion, it mostly undergoes rapid inactivation and NSPs accomplish a major role in pro-IL-1β processing.



Materials and methods

The experimental protocols performed have been approved by the Biosafety and Research Review boards of the “Instituto de Medicina Experimental (IMEX)-CONICET-Academia Nacional de Medicina” and the Ethical Committee of the “Institutos de la Academia Nacional de Medicina”.


Reagents and materials

RPMI 1640 culture medium, Earle’s Balanced Salt Solution (EBSS), LysoTracker™ Red DND‐99, ammonium persulfate, Pierce LDH Cytotoxicity Assay Kit, dextran 500, and TMB substrate were purchased from Thermo Fisher Scientific Life Technologies (MA, USA). Fetal bovine serum (FBS) and bovine serum albumin were purchased from Internegocios (Buenos Aires, Argentina). Ficoll-Paque was purchased from GE Healthcare (Munich, Germany). BD OptEIA™ Human IL-1β ELISA Set II and Human IL-8/CXCL8 ELISA Set were purchased from BD Biosciences (Franklin Lakes, NJ, USA). Quantikine Human Pro-IL-1β/IL-1F2 Immunoassay and Human IL-1β/IL-1F2 Propeptide Antibody (MAB6964) were purchased from R&D (Minneapolis, MN, USA). Secondary antibodies were purchased from Jackson Immunoresearch Laboratories (West Grove, PA, USA): Alexa Fluor® 647 AffiniPure F(ab’)2 Fragment Goat Anti-Rabbit IgG (H + L), cat. #111-606-144; Alexa Fluor® 488 AffiniPure F(ab’)2 Fragment Goat Anti-Rabbit IgG (H + L) cat. #111-546-144; DyLight 549 conjugated AffiniPure F(ab’)2 Fragment Goat Anti-mouse IgG (H + L), cat. #115-506-062; Cy™3 AffiniPure F(ab’)2 Fragment Goat Anti-Mouse IgG (H+L), cat. #115-166-146. TO-PRO-3 was obtained from Life Technologies (Carlsbad, CA, USA). Phycoerythrin-conjugated anti-CD14 antibody was purchased from eBioscience (San Diego, CA, USA). Aqua Poly/Mount Coverslipping Medium was purchased from Polysciences (Warrington, PA, USA). Rabbit polyclonal antibody anti-microtubule-associated protein 1 light chain 3 beta (LC3B) cat. #sc28266; rabbit polyclonal antibody anti-IL-1 cat. #sc7884, anti-caspase-1 p10(C-20) cat. #515 antibody and cat. #sc-56036 were from Santa Cruz Biotechnology (Dallas, TX, USA); rabbit polyclonal anti-human IL-1 beta cat. NB600-633 was from Novus Biologicals (Co, USA); rabbit polyclonal anti-human-myeloperoxidase cat.#A0398 was from Dako (Glostrup, Denmark); rabbit polyclonal anti-sequestosome 1(SQSTM1)/p62 cat.# F48010 was from NSJ Bioreagents (San Diego, CA, USA); and purified mouse IgG1, κ isotype control cat. #555746 and rabbit polyclonal IgG was purchased from Jackson Immunoresearch. Complete™, EDTA-free Protease Inhibitor Cocktail, cat. #11873580001 was from Roche (Basel, Switzerland). Hyperfilm ECL Amersham and Hybond PVDF membrane were from Amersham Cytiva (Marlborough, MA, US). AEBSF (4-(2-aminoethyl)-benzenesulfonyl fluoride, monohydrochloride), Ac-YVAD-CMK (N-acetyl-L-tyrosyl-L-valyl-N-[(1S)-1-(carboxymethyl)-3-chloro-2-oxo-propyl]-L-alaninamide), Z-VAD-FMK, Bafilomycin A1, and 3-methyladenine (3-MA) and VX-765 were purchased from Cayman Chemical (Michigan, USA), Annexin V-FITC cat. # 31490013 was purchased from Immunotools (Gladiolenweg, Germany). FAM‐FLICA® Caspase‐1 Assay Kit and FAM‐FLISP FLCK Serine protease kit were purchased from Immunochemistry Technologies (Bloomington, MN, USA). All other chemicals employed were purchased from Sigma Aldrich (St. Louis, MO, USA).



Human neutrophil isolation

Cells were isolated from ACD-anticoagulated human blood from healthy adult donors or from patients with the gain-of-function (GOF) NLRP3 mutation c.1322C>T (p.Ala441Val) validated as Pathogenic on the Infevers Database, classification proposed by the International Study Group for Systemic Autoinflammatory Diseases (20) and aged-matched control donors. Neutrophils were isolated by centrifugation on Ficoll-Paque, dextran sedimentation, and hypotonic lysis. Cells were suspended at 6 × 106/mL in RPMI 1640 supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), and 10% FBS. After isolation, neutrophil preparations were stained with an anti-CD14-PE antibody and analyzed with a Partec Cyflow cytometer to guarantee that monocyte contamination was less than 0.5% as previously described (19). Cells were used immediately after isolation.



Neutrophil stimulation

Neutrophils (5x106/ml) were treated for 2 h with or without 150 ng/mL LPS from Escherichia coli O111:B4. Then, they were stimulated or not with 2.5 mM ATP and cultured for the specified times. Where indicated, before LPS stimulation, cells were pretreated for 30 min with AEBSF (1 mM or 0.35 mM) and/or Ac-YVAD-CMK (50 µM), VX-765 (50 µM) or Z-VAD-FMK (50 µM). After culture, cell supernatants, and where indicated, also the cell pellets, were collected and pro-IL-1β, IL-1β and IL-8 concentrations were quantitated by ELISA. In cell pellets, viability was determined by annexin V-FITC/propidium iodide (PI) staining and flow cytometry analysis. Alternatively, at the specified time, cell pellets were fixed with 4% paraformaldehyde (PFA) and processed for either confocal laser scanning microscopy (CLSM) or flow cytometry. In some experiments, inhibitors were added at different time points after ATP treatment and at 5 h post-LPS stimulation, supernatants and pellets were collected and IL-1β was determined by ELISA.



Intracellular immunostainings and CLSM acquisition

After fixation with PFA 4% for 30 min, cells were blocked with PBS-glycine (0.1 M) for 15 min, permeabilized with chilled acetone (−20°C) for 7 min, rehydrated with PBS and blocked with PBS supplemented with 5% goat serum overnight at 4°C. Then, neutrophils were incubated with the primary antibodies in blocking buffer for 1 h at room temperature, washed, and then incubated with the corresponding secondary antibodies for 1 h at room temperature. In some experiments TO-PRO-3 was added for nuclei staining. Then cells were washed, cyto-spinned, mounted with Aqua-Poly/mount mounting medium, and stored at 4°C until microscopy examination. Image acquisition was performed by using a FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan) equipped with a Plapon 60X/1.42 objective. Images were analyzed with ImageJ software (NIH) and fluorescence was quantitated. Some CLSM experiments were performed by seeding neutrophils on poly-L-lysine coated Lab-Tek chambers (Nalge Nunc International, New York, NY, USA).



Phalloidin staining

Cells were fixed with PFA 4% for 20 min, then stained with Phalloidin-TRITC (50 µg/mL) for 40 min and washed thoroughly with PBS. Next, cells were subjected to flow cytometry or CLSM image acquisition.



Flow cytometry analysis

For certain experiments, after immunostaining, cell fluorescence was determined by flow cytometry using a Partec Cyflow cytometer. Data were analyzed by using the FlowJo software (FlowJo v10.3 for Windows; Treestar Inc, Ashland, OR, USA).



Determination of caspase-1 activation

Neutrophils were stimulated as described above and at the specified times for each experiment, FAM-FLICA (FLICA) reagent was added according to manufacturer’s instructions. After additional culture, neutrophils were washed thoroughly, and analyzed for caspase-1 activation by flow cytometry. Alternatively, neutrophils were seeded in Cellview glass bottom dishes chambers (GBO) pre-treated with poly-L-lysine (0.01%), stimulated with LPS and two hours later, inflammasome activation was triggered by the addition of ATP (2.5 mM). The chamber was incubated at 37°C and 5% CO2 in the microscope incubator, and the FLICA probe was added ten minutes after ATP. Images were captured each 5 sec.



Lactate dehydrogenase (LDH) Assay

Culture supernatants were harvested and LDH levels were measured by using a Pierce LDH Cytotoxicity Assay Kit according to manufacturer’s instructions. The same number of cells were lysed with 0.5% Triton X-100 and used as a positive control.



Cytokine quantification

After neutrophil stimulation, cell supernatants were collected, and in the indicated cases, the cell pellets were treated with 0.1% Triton-X100 and protease inhibitors. Cytokines were quantified by ELISA following the manufacturer’s instructions.



Automated image analysis

Images were analyzed using Fiji software and macros for automatized image quantification were designed as previously described (19). Regions of interest (ROIs) of cells were generated using the TRITC-phalloidin signal or the LC3B signal on the corresponding images. Briefly, a low threshold was applied for the creation of a mask image and individual ROIs were determined by size. For F-actin determination, the TRITC raw intensity density of the phalloidin signal was measured in each individual ROI. To quantify the degree of colocalization between LC3B and ASC, we performed an image analysis by using the Manders’ coefficients. The values of these coefficients range from 0 to 1, for no colocalization to perfect colocalization, respectively. For the colocalization of vesicular LC3B and ASC, a threshold was established and Manders’ M1 (LC3B) and M2 (ASC) coefficients of individual cells were determined using the coloc2 plugin.



Whole cell extract and western blot analysis

Extracts from 5x106 neutrophils were denatured in lysis buffer (Tris-HCl 60 mM, 1% SDS) with the addition of a 2.5X final concentration of protease inhibitors (cOmplete™, EDTA-free Protease Inhibitor Cocktail) for 10 min at 95°C. Then centrifuged at 13.000 rpm for 10 min at room temperature and supernatants were collected. Protein concentration was measured, and samples (65 μg per lane) were prepared with sample buffer 6X. Next, samples were separated in SDS-PAGE gel with 12% of polyacrylamide, and electrophoretically transferred onto polyvinylidene difluoride membranes (PVDF) membranes. Non-specific binding sites were blocked by soaking the membranes in Tris buffer saline (TBS), with 0.1% BSA, 0.4% Tween 20 and 1 mM EDTA for 1 hour at room temperature. The different proteins (as indicated in the figures and figure legends) were detected with specific primary antibodies and their corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies followed by incubation and development with ECL. Note: Raw films of western blots are shown in Supplementary Figure S10.



Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 for Windows version 7.04, GraphPad Software, La Jolla, CA, USA or InfoStat software (Córdoba, Argentina) for Kruskall-Wallis analysis. Statistical significance was defined as p < 0.05.




Results


Human neutrophil treatment with the serine protease inhibitor AEBSF restrains autophagy impairing IL-1β secretion

In a previous work, we determined that an autophagy-dependent mechanism is involved in IL-1β secretion in human neutrophils (19). In that study, we determined that neutrophil treatment with the NSPs inhibitor AEBSF (1 mM) added 1 h post-LPS-stimulation (p.s.) inhibited IL-1β secretion. This inhibitor did not induce the accumulation of intracellular mature IL-1β, although it tended to increase intracellular pro-IL-1β levels at 5 h p.s (19). We hypothesized that this was a consequence of a balance between two opposite effects of NSPs, on the one hand, their potential contribution to pro-IL-1β processing, and on the other one, their capacity to mediate IL-1β degradation inside the autolysosomes. However, NSPs might also modulate neutrophil IL-1β secretion by other pathways. To get insight into these other possibilities, we first performed assays to determine whether the addition of AEBSF before LPS stimulation reproduced the effects we observed when it was added later. Treatment of neutrophils with AEBSF (1 mM or 0.35 mM) 30 min before LPS stimulation nearly abrogated IL-1β secretion at 5 h p.s., a time point that according to our previous studies maximal IL-1β secretion is detected (Figures 1A, B). Moreover, AEBSF also abolished intracellular IL-1β levels (Figures 1A, B). These findings could not be attributed to cell death because even though AEBSF 1 mM induced a marked reduction in cell viability evaluated by either Annexin V and propidium iodide (PI) staining (Figures 1C, D and Supplementary Figure S1) and LDH release (Figure 1E), most of the cells were viable when treated with AEBSF 0.35 mM. Furthermore, AEBSF did not inhibit pro-IL-1β synthesis as indicated by flow cytometry assays using a specific antibody that recognizes this precursor (Figure 1F).




Figure 1 | Treatment of neutrophils with the NSPs inhibitor AEBSF reduces IL-1β secretion without compromising pro-IL-1β synthesis. (A, B) Extracellular (blue bars) and intracellular (red bars) concentrations of IL-1β in culture supernatants of unstimulated (basal) or LPS + ATP-stimulated neutrophils for 5 h in the absence or presence of AEBSF added 30 min before LPS stimulation. Data represent the mean ± SEM of experiments performed in triplicate with 4 donors. (C, D) Apoptosis evaluated by annexin V-PI staining and flow cytometry in the cell pellets of the same donors evaluated in (A) and (B). (E) LDH levels determined in culture supernatants of neutrophils treated as indicated and expressed as % of maximal LDH content, represented by the amount of LDH of a whole extract of the same number of neutrophils employed in the assay (control+). Data represent the mean ± SEM of experiments performed with 4 donors. (F) Pro-IL-1β expression in neutrophils stimulated or not with LPS+ATP (2.5 h p.s.) and pretreated or not with AEBSF (0.35 or 1 mM) evaluated by immunostaining and flow cytometry. Histograms are representative of experiments with 4 donors. *p<0.05. Two-way ANOVA followed by Bonferroni’s multiple comparisons test. ns, non-significant..



Considering that IL-1β is exported from human neutrophils by an autophagy-dependent mechanism (19), we first evaluated the impact of AEBSF on the autophagic pathway. To this aim, we took advantage of the fact that in cells undergoing autophagy, the cytoplasmic protein LC3B-I conjugates with phosphatidylethanolamine in the membrane of autophagosomes (LC3B-II) and both isoforms can be identified by western blot. Thus, we treated or not human neutrophils with AEBSF and stimulated them or not with LPS and ATP as we previously showed that these stimuli induce the neutrophil autophagy flux. As a control, we employed the autolysosomal degradation blocker Bafilomycin A1 (Baf A1) to determine the effect of the inhibition of autophagy flux in these cells. As depicted in Figure 2A, inhibition of NSPs with AEBSF induced a strong increase in the LC3B-I band in both unstimulated and LPS+ATP stimulated cells. As expected, treatment with Baf A1 increased the LC3B-II isoform especially in LPS+ATP-stimulated neutrophils. But more importantly, the combined treatment of AEBSF and Baf A1 did not increase LC3B-II expression compared to Baf A1 treatment alone, suggesting that AEBSF inhibits autophagy induction but does not block the autophagy flux.




Figure 2 | Treatment of neutrophils with AEBSF inhibits autophagy induction. (A) Immunoblot analysis of LC3B in lysates of human neutrophils pre-treated or not with AEBSF (0.35 mM; t= -30 min), then stimulated or not with LPS (t= 0); treated or not with the autophagy flux blocker Baf A1 (t= 1 h), and with ATP (t= 2 h), assessed at 2 h and 15 min post-LPS stimulation. Immunoblot is representative of 2 independent experiments. Myeloperoxidase (MPO) was employed as loading control. (B) Median fluorescence intensity (MFI) levels of the autophagy receptor p62/SQSTM1 evaluated by immunostaining and flow cytometry at 2 h and 15 min post-LPS stimulation. Data represent the mean ± SEM of experiments performed with 4 donors (left) and representative histograms of one of these experiments (right). *p < 0.05. One-way ANOVA followed by Holm-Sidak’s multiple comparisons test. (C) Representative CLSM images of neutrophils pre-treated or not with AEBSF and stimulated or not with LPS+ATP for 4 h. Cells were stained with a specific antibody anti-LC3B and the corresponding secondary antibody and DNA was stained with ToPro-3. Images are representative of experiments with 3 different donors. (D) Quantification of the images of experiments performed with 3 donors as shown in (C) Data represent the fluorescence corresponding to cytosolic LC3B expressed in arbitrary units of fluorescence (AUF). *p<0.05. Kruskal-Wallis test.



We also evaluated the expression of SQSTM1/p62, a protein that links LC3 with ubiquitinated substrates to incorporate them into autophagosomes for degradation. Thus, inhibition of autophagy induction usually correlates with increased SQSTM1/p62 levels. Results from flow cytometry studies indicated that inhibition of NSPs markedly increased SQSTM1/p62 levels (Figure 2B). In assays performed by immunostaining and confocal microscopy, we also detected an accumulation of cytosolic LC3B when LPS-stimulated cells were treated with AEBSF (Figures 2C, D). Altogether, our findings suggest that NSPs inhibition modulates the neutrophil autophagy process. Thus, the ability of AEBSF to reduce neutrophil IL-1β secretion could be due to its capacity to impair IL-1β entry into autophagy vesicles.



Autophagy and NSPs modulate caspase-1 activity

As determined in our previous studies, and as confirmed here by time-lapse microscopy (Supplementary video 1), neutrophil stimulation with LPS+ATP induces caspase-1 activation, and its inhibition significantly reduces neutrophil IL-1β secretion (18). Caspase-1 is activated within the inflammasomes and prior reports in macrophages indicated that autophagy engulfs inflammasomes and mediates their degradation (21). Thus, we reasoned that AEBSF by inhibiting autophagy might modulate the stability of active caspase-1. Therefore, we first determined if inflammasomes in human neutrophils are also targeted to autophagosomes. Supporting this possibility, the ASC adaptor molecule could be found colocalizing with LC3B puncta by immunostaining and CLSM, especially when cells were stimulated with LPS+ATP (Figures 3A–C).




Figure 3 | Inflammasomes are targeted to autophagosomes. (A) Representative CLSM images of neutrophils stimulated or not with LPS and 2 hours later treated or not with ATP. At 4 h post-LPS stimulation, cells were fixed, permeabilized and stained with specific antibodies anti-LC3B (green) and ASC (red). Images are representative of experiments with 4 different donors. (B) Manders´ coefficients (M1; the amount of vesicular LC3B that colocalizes with ASC) and M2 (the amount of ASC that colocalizes with LC3B) calculated by image quantification of experiments performed with 4 donors as in (A) in which at least 60 cells were analyzed for each condition by using a specific macro with Fiji software. Each data in the graph corresponds to the mean of Manders´ coefficients of at least 60 cells of each individual donor per experimental condition. *p<0.05. Kruskal-Wallis test. (C) Data from a representative experiment of those included in the graph depicted in B, from which the mean value of the Mander’s M2 coefficient for LC3B was calculated.



Hence, subsequently, we determined the effect of AEBSF on caspase-1 by employing FLICA, a fluorescent probe that irreversibly binds to active caspase-1. As expected, stimulation of neutrophils with LPS+ATP increased the percentage of cells with active caspase-1. Treatment with AEBSF considerably increased this number further (Figure 4A). Intriguingly, we detected a similar percentage of cells with active caspase-1 in either unstimulated (Figure 4A left panels) or LPS+ATP-stimulated neutrophils (Figure 4A right panels) when treated with AEBSF. These findings suggested that inhibition of either autophagy or NSPs conducted to an increase in the active caspase-1 levels independently of the cellular stimulation status. Since treatment of either unstimulated- or LPS+ATP-stimulated neutrophils with the autophagy flux blocking agent Baf A1 also markedly increased the percentage of cells with active caspase-1 (Figure 4A; lower panels), our results suggest that inhibition of neutrophil autophagy leads to caspase-1 activation. These findings are in agreement with previous observations in macrophages stimulated with LPS+ATP in which the deficiency in the autophagic proteins LC3B and beclin 1 enhanced the activation of caspase-1 (22). However, it is important to note that our findings do not rule out that part of the active caspase-1 we detected was also due to an increase in its stability because it can no longer be degraded inside autophagosomes (see below in Figure 4G).




Figure 4 | Caspase-1 activity is regulated by autophagy, self-inactivation and by NSPs. (A) Neutrophils were pre-treated or not with AEBSF (t= -30 min), then stimulated or not with LPS (t= 0); and treated or not with Baf A1 (t= 1 h). At 1 h 50 min the FLICA probe was added and inflammasome activation was stimulated by ATP at 2 h and cells were assessed at 2 h 40 min by flow cytometry. Dot plots are representative of experiments with 4 donors. (B and C) Immunoblot analysis of caspase-1 in lysates of human neutrophils pre-treated or not with AEBSF (0.35 mM), Ac-YVAD-CMK (50 μM), VX-765 (50 µM) or AEBSF and the corresponding caspase-1 inhibitor together, at t= -30 min, then stimulated or not with LPS (t=0) and ATP (t= 2 h) and assessed at 3 h 30 min post-LPS stimulation. MPO levels are shown as loading control. Immunoblots are representative of 3 (B) and 2 (C) independent experiments. (D) Rationale model to explain how the different inhibitors would impact on caspase-1 activity and its detection. (E) Neutrophils were treated or not with 3-MA or Baf A1 as indicated in the schedule below the graph, stained with the FLICA probe and cell fluorescence was determined by flow cytometry. (F–H) Neutrophils were treated as indicated in the schedule below each graph. Where indicated the FLICA probe was added 10 min before (b/ATP; blue symbols/bars) or 10 min after (a/ATP; green symbols/bars) inflammasome activation by ATP, and fluorescence was determined by flow cytometry. (F; top part) depicts the rationale of the assay; grey: caspase-1, green: FLICA probe, red scissors: proteolytic cleavage. *p<0.05 (D) One way ANOVA followed by Sidak’s multiple comparisons test; (E) Paired t test; (F–G) Two-way ANOVA followed by Tukey’s multiple comparisons test. #p<0.05 (F) Two-way ANOVA followed by Sidak’s multiple comparisons test.



In western blot assays performed using an antibody raised against the C-terminus of the human caspase-1 (p10 subunit), we detected a 10 kDa band which represents a post-activation cleavage product of this enzyme, either in unstimulated or LPS+ATP-stimulated neutrophils (Figure 4B), although in the last case, a much more intense band was detected. These results suggest that some caspase-1 might be found constitutively active in neutrophils. In agreement with results obtained by FLICA staining, treatment of neutrophils with AEBSF elicited an increased p10 band confirming that inhibition of autophagy led to caspase-1 activation.

Noteworthy, treatment with AEBSF also induced the appearance of the p46 kDa isoform. Previous studies showed that the dominant species of active caspase-1 elicited by inflammasomes consists of dimers of the full-length p46 and a transient species, p33/p10 (14). That work indicated that further p33/p10 auto-processing releases p20/p10 from the inflammasome, whereupon the tetramer becomes unstable in cells and protease activity is terminated. According to these findings, treatment with Ac-YVAD-CMK, which irreversibly bind to active caspase-1, should lead to the stabilization of the dimers of p46 isoform (and the p33/10 isoform) on the inflammasome since it would avoid caspase-1 self-inactivating cleavage. However, when we treated human neutrophils with Ac-YVAD-CMK, we were unable to detect an accumulation of the p46 isoform and the levels of the p10 band were similar to those observed upon LPS+ATP stimulation alone (Figure 4B). These results suggest that in contrast to what happens in macrophages, when the neutrophil’s caspase-1 is irreversibly inhibited by Ac-YVAD-CMK, it can still be cleaved by other proteases. In fact, with this antibody (sc-515) we only detected the p46 kDa isoform upon treatment with AEBSF, the condition that, according to FLICA assays, increases the percentage of cells with active caspase-1, and upon simultaneous treatment with AEBSF and Ac-YVAD-CMK (Figure 4B). We surmise that AEBSF avoided active caspase-1 cleavage, increasing its intracellular concentration in such a way that it exceeded the threshold limit of detection by the antibody. However, as the full-length p46 isoform is expected to be present even in its monomeric (inactive) state under basal conditions, we repeated the assays by employing another anti-caspase-1 antibody (sc-56036). This antibody was more effective in recognizing the caspase-1 precursor, allowing us to detect the p46 kDa band under all the conditions evaluated even in unstimulated (basal) cells (Figure 4C). Of mention, in these new set of assays, we also examined the effect of VX-765, a caspase-1/4  inhibitor either alone or together with AEBSF. As observed with Ac-YVAD-CMK, inhibition of caspase-1/4 with VX-765 did not increased full-length caspase-1, something that was observed when it was added together with AEBSF (Figure 4C).

These results, together with those of FLICA assays, suggest that the inhibition of autophagy elicits inflammasome activation, and that inhibition of NSPs either directly or by its effect on autophagy, might control the stability of the active caspase-1 isoform. Thus, we then compared caspase-1 activation levels by FLICA staining in neutrophils in which autophagy was inhibited by 3-MA and Baf A1. We reasoned that as 3-MA inhibits autophagy induction, even though it leads to inflammasome activation, it would impair its targeting to the autophagosomes. Thus, after activation, caspase-1 might self-inactivate or eventually be a target of cytosolic NSPs. By contrast, as Baf A1 inhibits the autophagy flux avoiding autolysosome degradation, even if Baf A1 could induce inflammasome activation, this complex might still be targeted to the autophagosome. Thus, under these conditions, caspase-1 might undergo self-inactivation, but it would be protected from the action of cytosolic NSPs (Figure 4D). As shown in Figure 4E, both autophagy inhibitors increased the percentage of cells with active caspase-1 with respect to basal conditions. However, in accordance with our presumption, these levels were higher upon treatment with Baf A1. These findings suggest that active caspase-1 is susceptible to inactivation in the cytosol.

Afterwards, we performed assays in which we added to LPS+ATP-stimulated neutrophils the FLICA probe either 10 min before or after inflammasome activation by ATP. Since this probe rapidly diffuses inside the cell and irreversibly binds to and disables active caspase-1, we reasoned that if it is added before inflammasome activation, it would hamper the potential caspase-1 self-inactivation. By contrast, when it is added after ATP, a portion of caspase-1 might self-inactivate before FLICA has the chance to bind to its active-site (Figure 4F top). In fact, we detected higher levels of active caspase-1 when FLICA was added before ATP treatment (Figure 4F; bottom), suggesting that, as previously reported, caspase-1 can undergo self-inactivation.

We also reasoned that as 3-MA inhibits autophagy induction, upon treatment of neutrophils with this inhibitor, caspase-1 not only might undergo self-inactivation but also be more susceptible to inactivation by cytosolic NSPs. Also, upon treatment with Baf A1, caspase-1 might remain active longer because it could still be incorporated in autophagosomes but not degraded. Thus, the comparison of FLICA signal upon treatment with both inhibitors might provide information of the contribution of autophagy to caspase-1 inactivation. Moreover, by adding FLICA before and after ATP stimulation we could also obtain an estimation of the level of caspase-1 self-inactivation under these conditions. Results in Figure 4G showed a higher percentage of FLICA positive cells when neutrophils were treated with Baf A1 compared to those treated with 3-MA, suggesting that autophagy markedly contributes to active caspase-1 removal. Moreover, we detected lower levels of cells with active caspase-1 when FLICA was added after ATP stimulation under all the conditions evaluated (Figure 4G), suggesting that caspase-1 self-inactivation also takes place rapidly after activation as determined by Schroder’s group. Of note, we observed similar levels of cells with active caspase-1 even if they were treated or not with 3-MA, suggesting that if caspase-1 is not incorporated into autophagosomes it can be rapidly inactivated in the cytosol.

Finally, we performed additional assays with LPS+ATP-stimulated neutrophils in which we evaluated caspase-1 activation by adding FLICA either before or after ATP treatment in the presence or absence of AEBSF (Figure 4H). AEBSF augmented the percentage of cells with active caspase-1 but this increase was independent of the moment at which the FLICA probe was added. These results suggest that when autophagy induction is inhibited, mainly NSPs contribute to caspase-1 inactivation.

Caspase-1 inactivation was also evident in studies performed with cells from pediatric patients with a GOF NLRP3-mutation (Figure 5A). In those neutrophils, we could detect some constitutive active caspase-1 although we also found activation in age-matched control neutrophils. However, when we stimulated cells with LPS+ATP and added FLICA 10 min after inflammasome activation by ATP, we not only detected a reduction in the percentage of cells with active caspase-1, but also, a decrease in FLICA fluorescence intensity in the whole cell population. A similar behavior was observed in neutrophils from the patients’ mother (patient 4) who is also carrier of the NLRP3 mutation even though the constitutive caspase-1 activation level was lower than in her offspring’s. In neutrophils of the aged-matched control donors a decrease in FLICA fluorescence intensity was also observed after LPS+ATP stimulation as compared to that in unstimulated neutrophils, although the reduction was not as pronounced as in patients’ neutrophils (Figure 5A).




Figure 5 | Responses of neutrophils isolated from patients who are carriers of the GOF NLRP3 c.1322C>T (p.A441V) mutation. (A) Neutrophils from patients and aged-matched control donors were stimulated or not with LPS (t= 0) and 2 h later were stimulated or not with ATP. Ten min later, the FLICA probe was added, and cell fluorescence was determined at 2 h 40 min by flow cytometry. Data are depicted as histograms (blue, basal -unstimulated- condition; green, LPS+ATP-stimulated cells) to appreciate FLICA signal reduction upon stimulation; and dot plots, to show the % of cells with FLICA signal higher than the same arbitrary threshold set for all donors. (B–D) Neutrophils from patients and aged-matched control donors were stimulated or not with LPS (t= 0) and 2 h later were stimulated or not with ATP. At 5 h post-LPS stimulation IL-1β (B) or IL-8 (C) concentrations in culture supernatants were determined by ELISA and PI incorporation in the cell pellets was evaluated by flow cytometry (D). In (B) and (C), each bar represents the mean+SEM of the cytokine concentrations of an individual donor evaluated in triplicate. (E, F) Neutrophils from healthy donors were treated or not with LPS, and 2 h later with the indicated ATP concentrations. At 5 h post-LPS stimulation IL-1β (E) or LDH activity (F) were determined. Two-way ANOVA followed by Tukey’s multiple comparisons test. # and *p < 0.05. # vs basal (E, F); * vs positive control (F).



Comparison of the median FLICA fluorescence intensity of unstimulated neutrophils with LPS+ATP-stimulated neutrophils of adult healthy donors when FLICA was added 10 min after ATP stimulation, also showed a reduction in active caspase-1 in 8 out of 14 donors (Supplementary Figure S2).

Altogether these results suggest that after inflammasome activation, caspase-1 substantially undergoes rapid deactivation by NSPs, autophagy and self-inactivation.



Caspase-1 activation is necessary but not sufficient for neutrophil IL-1β secretion.

Intriguingly, despite the increased constitutive activity of caspase-1 observed in the neutrophils from some patients carrying a GOF-NLRP3 mutation and in control donor 3, these cells did not exhibit an augmented IL-1β secretion either basally or when they were stimulated with LPS+ATP (Figure 5B) or LPS alone (Supplementary Figure S3). However, the secretion of IL-8, a cytokine that does not involve caspase-1 processing, was similar among control donors and patients’ neutrophils (Figure 5C). In fact, patients’ neutrophils secreted lower IL-1β amounts when stimulated by LPS+ATP than those released by neutrophils from most age-matched control donors, although their monocytes exhibited an increased IL-1β release (Supplementary Figure S4). The differences in the capacity to secrete IL-1β were not due to cell death, as neutrophils from patients’ and control donors incorporated low and similar levels of PI (Figure 5D). Noteworthy, the neutrophils from the patients’ mother (patient 4) which carry the same NLRP3 mutation, did not show differences in IL-1β secretion regarding most control donors and were still able to respond to LPS+ATP stimulation. However, her neutrophils showed low levels of constitutive caspase-1 activation. By contrast, control donor 3 (C3) neutrophils, which showed a remarkable high level of constitutive caspase-1 activation, exhibited a reduced capacity to release IL-1β.

Our previous findings (18), confirmed in this work (Supplementary Figure S5) indicated that inhibition of caspase-1 with either Ac-YVAD-CMK or with VX-765 constrains IL-1β secretion. Thus, these findings together with results of this study suggest that caspase-1 activation is necessary for neutrophil IL-1β secretion, but its increased activation might be detrimental to this end. In agreement with this possibility, IL-1β secretion from healthy donors’ neutrophils stimulated with LPS, was reduced upon treatment with increasing concentrations of ATP (Figure 5E). Of note, this reduction was not due to cell death (Figure 5F).

One of the causes underlying these observations might be that a greater caspase-1 activity could lead to an increase in cytosolic NSPs that might contribute not only to process, but also to degrade pro-IL-1β. In fact, previous studies showed that in neutrophils, active caspase-1 cleaves Gasdermin D (GSDMD) generating N-GSDMD that polymerizes on the membrane of azurophil granules and causes leakage of NE into the cytosol (10). As the human pro-IL-1β sequence has many NE and other NSPs cleavage target sites [Supplementary Figure S6 and (23)], we speculated that after caspase-1 activation and N-GSDMD polymerization on the azurophil granules membranes, NSPs might be released to the cytosol not only being able to inactivate caspase-1 (as we showed above) but also process and/or degrade pro-IL-1β.

To get insight in this issue, we first analyzed if LPS+ATP stimulation induces NSPs activation by employing the fluorescent probe FAM-FLISP that binds to active serine proteases. We confirmed its activation by flow cytometry upon LPS+ATP treatment (Figures 6A, B). Then, we determined if under our experimental conditions, NSPs are released in an active state into the cytosol by employing FAM-FLISP and analyzing its cell distribution by time-lapse CLSM. In these assays we also employed Lysotracker red to discriminate the acidic compartments, among them azurophil granules. Figures 6C, D, and Supplementary video 2, 3 show that upon LPS+ATP stimulation active NSPs are not found in the acidic granular compartments. However, a diffuse signal of active NSPs was detected in these cells, consistent with the notion that they were in the cytosol.




Figure 6 | Neutrophil serine proteases undergo activation upon LPS+ATP stimulation. (A, B) Neutrophils from healthy donors were stimulated or not with LPS (t= 0), stained with the fluorescent probe FAM-FLISP (t= 115 min), stimulated or not with ATP (t= 120 min) and fluorescence was recorded by flow cytometry (t= 155 min). (A) Each point depicts the % of cells with FAM-FLISP positive signal. Results corresponding to each donor are linked with a line. (B) Mean ± SEM of the median fluorescence intensity (MFI) values of FAM-FLICA signal. *p<0.05 One-tailed Paired t test. (C, D) Representative images acquired by time-lapse confocal microscopy of neutrophils stained with CellBrite fix640 to delimit cell contour (magenta) and the fluorescent probes FAM‐FLISP to detect active NSPs (green) and Lysotracker red (red). Cells were stimulated with LPS (1 μg/ml in C or 150 pg/ml in D) and treated with ATP (2.5 mM; t= 2h). Images were acquired every 2 min (C) and 63 sec (D). White arrows show the diffuse pattern of active NSPs. Images are representative of 3 (C) and 1 (D) experiments. Of note, the intense green fluorescence outside the cells is emitted by the probe that had to be present during the whole experiment to increase the sensitivity of the assay. (E–G) Actin dynamic evaluated as a surrogate marker of NSP enzymatic activity in the cytosol. Neutrophils were pre-treated or not with AEBSF (0.35 mM), stimulated or not with LPS and 2 h later treated or not with ATP. Then, cells were fixed, permeabilized and stained with TRITC-Phalloidin. Cell fluorescence was evaluated by flow cytometry (E) and images were acquired by CLSM (F) and quantitated (G). TRITC raw intensity density of the phalloidin signal was measured for each individual cell. (G) Graph depicts the mean ± SEM of raw intensity density values of 3 independent experiments in which at least 63 cells were analyzed. *p<0.05 One-way ANOVA (D) and Kruskal-Wallis test (F).



This possibility was further supported by results of additional assays that evaluated F-actin levels, since previous studies showed that when NE is released to the cytosol it binds and degrades F-actin (9). By employing phalloidin staining and flow cytometry, we detected a reduction of phalloidin fluorescence levels in LPS+ATP-stimulated neutrophils indicating, as expected, a promotion of the actin dynamics (Figure 6E). By contrast, inhibition of NSPs with AEBSF markedly increased phalloidin fluorescence over that observed upon LPS+ATP stimulation (Figure 6E). Similar findings were made when phalloidin staining was evaluated by CLSM (Figures 6F, G).

Altogether, these results support that neutrophil stimulation with LPS+ATP induces active NSPs leakage to the cytosol where they might contribute to inactivate the caspase-1 and to either process or eventually cleave/degrade pro-IL-1β.

To obtain further evidence of these possibilities, we stimulated neutrophils with LPS, and before or after the addition of ATP, we treated them either with AEBSF, VX-765 or both inhibitors together. At the end of the culture, we determined pro-IL-1β processing by evaluating the total levels (intracellular + extracellular) of mature IL-1β (Figure 7A). We found that both, AEBSF and VX-765 partially inhibited IL-1β processing at all the time points they were added. However, we detected greater IL-1β processing (higher levels of mature IL-1β) when NSPs were inhibited either 10 min before or 2 min after inflammasome activation with ATP, than when caspase-1 was inhibited with VX-765 at the same time points, suggesting that immediately after inflammasome activation the caspase-1 exerts a major role in pro-IL-1β processing. However, when the caspase-1 inhibitor was added 10 min after the inflammasome activation, it had a lower impact in IL-1β processing, but if NSPs were simultaneously inhibited by AEBSF, IL-1β processing was markedly reduced. These results suggest that caspase-1 was less relevant for IL-1β processing at this time point, in agreement with the possibility that part of the enzyme had undergone inactivation. The fact that both inhibitors added together reduced even more the processing of the cytokine than caspase-1 inhibition alone, confirms that NSPs also play a role in IL-1β processing at this moment. The results we obtained when inhibitors were added at 30 min post-ATP indicating that caspase-1 inhibition reduced even less IL-1β processing in contrast to NSPs inhibition, suggested that by this time NSPs play a major role in the processing of the cytokine.




Figure 7 | Dynamic of pro-IL-1β processing by caspase-1 and NSPs. (A) Total (intracellular+extracellular) mature IL-1β levels determined by ELISA in neutrophils stimulated with LPS+ATP either in the presence of AEBSF, VX-765 (caspase-1/4 inhibitor) and both inhibitors together, added at different time points before and after inflammasome activation with ATP. Neutrophils were stimulated or not with LPS and 2 h later with ATP. Ten min before ATP treatment or 2, 10 or 30 min after, cells were treated with AEBSF (0.35 mM), VX-765 (50 µM) or both inhibitors together. At 5 h post-LPS stimulation, total (intracellular+extracellular) concentrations of mature IL-1β were determined by ELISA. Data are depicted as % of the levels of mature IL-1β produced upon LPS+ATP stimulation alone and represent the mean ± SEM of experiments performed in duplicate with 4 donors. *p<0.05 LPS+ATP vs each treatment at the corresponding time point; ns: non-significant; Two-way ANOVA with Tukey’s multiple comparisons test. (B) Effect of inhibition of NSPs at different time points after inflammasome activation with ATP on caspase-1 activity. Neutrophils were stimulated with LPS for 2 h, and then were treated with ATP to induce inflammasome activation. At the time points post ATP-addition indicated below each dot plot, FLICA was added or not simultaneously with AEBSF to trap during a 5 minutes-lapse all active caspase-1. Images depict representative dot plots of experiments performed with 4 donors showing FLICA fluorescence of neutrophils after having excluded the doublets.



Furthermore, to get insight if NSPs are involved in the caspase-1 activity reduction that we observed at 10 min after inflammasome activation, we performed additional assays with the FLICA probe (Figure 7B). In these assays, we added or not AEBSF simultaneously with FLICA at different time points post-inflammasome activation with ATP and incubated them during a 5 minutes-lapse to allow FLICA to bind all active caspase-1 that could be present in this time frame. We observed a reduction in FLICA signal at 10 min post-ATP in the absence of the inhibitor (top panel), while the addition of AEBSF increased active caspase-1 levels. Moreover, the addition of AEBSF led to a maximal increase in active caspase-1 levels when it was added at 15 min post-ATP, but these values were reduced again when AEBSF was added at 30 min post-ATP. These results are in agreement with the possibility that by this time-point part of the caspase-1 had undergone inactivation being unable to be trapped by FLICA. Considering that in these assays we only analyzed the FLICA signal that accumulated in a 5-min lapse time, and AEBSF was acting only during this period, these results probably reflect the effects of the NSPs inhibition on caspase-1 instead of the contribution of AEBSF to autophagy inhibition.



NSPs play a major role in pro-IL-1β processing

On the other hand, to further examine if NSPs contribute to process pro-IL-1β, we reasoned that AEBSF, that when added 30 min before LPS inhibited the induction of neutrophil autophagy, should impair IL-1β to enter autophagy vesicles and its secretion. Thus, by employing this compound we would be able to study in more depth the impact of NSPs and caspase-1 on the cytoplasmic processing of pro-IL-1β. To this end, we pre-treated LPS+ATP-stimulated neutrophils with AEBSF, Ac-YVAD-CMK, VX-765 or the combination of AEBSF with either caspase-1 inhibitors to compare their effects on pro-IL-1β expression and its processing in whole cell lysates by western blot at 3.5 h post-LPS stimulation (Figure 8A upper part and 8B) and in the supernatants of the same cells by quantitation of IL-1β concentrations by ELISA (Figure 8A bottom part). Of mention, the same extracts were probed with two different anti-IL-1β antibodies to confirm the results (Figure 8A upper part and 8B). As expected, and according to our previous studies (18), in cells stimulated with LPS+ATP we barely detected the pro-IL-1β band and most of the mature IL-1β was found in the culture supernatant (Figure 8A bottom part). Treatment with AEBSF alone, or in combination with Ac-YVAD-CMK or VX-765, markedly increased the band corresponding to pro-IL-1β. By contrast, treatment only with the caspase-1 inhibitors did not markedly modulate the pro-IL-1β and mature IL-1β bands compared to those observed with LPS+ATP alone as would be expected if caspase-1 plays a major role in processing this cytokine. However, both AEBSF and the caspase-1 inhibitors inhibited IL-1β release (Figure 8A bottom part) as we have already described for Ac-YVAD-CMK (18, 19) and confirmed in this work (Supplementary Figure S5). These assays indicated that pro-IL-1β accumulated not only when NSPs were inhibited and caspase-1 was expected to be active for a longer time (AEBSF condition; see Figure 4A), but also when both NSPs and caspase-1 were expected to be inactive (AEBSF+Ac-YVAD-CMK or AEBSF+VX-765 conditions). Besides, we did not detect extracellular IL-1β when LPS+ATP-stimulated cells were incubated with these inhibitors, even though cells in their absence secreted huge amounts of IL-1β (Figure 8A bottom part).




Figure 8 | NSPs but not caspase-1 play a major role in pro-IL-1β processing. (A upper part and B) Neutrophils were pre-treated for 30 min in the presence or absence of AEBSF (1 mM), Ac-YVAD-CMK (50 µM), VX-765 (50 µM) or their combination of AEBSF and one of the caspase-1 inhibitors, then cultured with or without LPS for 2 h and after were stimulated or not with ATP (2.5 mM) for another 1.5 h. Then, whole cell extracts were subjected to Western blot (A, B) and supernatants collected for ELISA quantification (A; bottom part). Western blots in A and B belong to the same cells extracts that were electrophoresed and electro-transferred twice, one probed with an anti-human IL-1β antibody from Santa Cruz (antibody H-153; A) and the other one with a Novus Biological antibody (NB600-633; B). (A, upper part and B) Representative Western blot assay (n=6; A and n=2; B) of pro-IL-1β and mature IL-1β expression; and (A, bottom part) IL-1β concentration in culture supernatants of the same cells from which lysates were immunoblotted in (A) and (B). (C, D) Concentrations determined by specific ELISAs of pro-IL-1β (C) and IL-1β (D) in culture supernatants and cell pellets of neutrophils stimulated in the absence or presence of AEBSF (0.35 mM), Ac-YVAD-CMK (50 µM), the combination of AEBSF and Ac-YVAD-CMK, or Z-VAD-FMK (50 µM) added 30 min before LPS stimulation, then stimulated or not for 2 h with LPS and then treated or not with ATP for another 1.5 h. Data represent the mean ± SEM of experiments with 3 (C) or 5 (D) donors performed in duplicate. *p<0.05 vs LPS+ATP; #p<0.05 vs Basal. One-way ANOVA with Sidak´s multiple comparisons test.



Of mention, due to differences in IL-1β secretion dynamics, in some donors we could detect a band corresponding to mature IL-1β upon LPS+ATP stimulation (Supplementary Figure S7) because it was not totally released at the time point analyzed. In these cases, we also detected mature IL-1β upon Ac-YVAD-CMK treatment, confirming that even when caspase-1 was inhibited IL-1β could still be processed. Altogether, these findings suggest that NSPs mainly contribute to pro-IL-1β processing in human neutrophils.

Finally, we performed additional assays to quantitate by specific ELISAs the intracellular and extracellular pro-IL-1β and IL-1β levels upon treatment with the inhibitors (Figures 8C, D). In agreement with western blot results, treatment with AEBSF alone or together with Ac-YVAD-CMK markedly increased the intracellular levels of pro-IL-1β (Figure 8C). Treatment with Ac-YVAD-CMK did not lead to pro-IL-1β accumulation. A similar behavior was detected by intracellular immunostaining and flow cytometry (Supplementary Figure S8). Furthermore, inhibition of caspase-1 neither modulated mature intracellular IL-1β levels as compared to those observed with LPS+ATP (Figure 8D). To determine if another caspase might overcome the absence of active caspase-1 in cells treated with Ac-YVAD-CMK, we evaluated the impact of the pan-caspase inhibitor Z-VAD-FMK (ZVAD) on pro-IL-1β processing and IL-1β secretion. However, this inhibitor increased further pro-IL-1β processing, rising the intracellular levels of mature IL-1β, even though it did not promote its secretion, ruling out that possibility. As expected, according to our previous results (18, 19), treatment with either AEBSF or Ac-YVAD-CMK did not induce IL-1β secretion, suggesting that even though caspase-1 does not play a major role in pro-IL-1β processing it is still required for IL-1β secretion. Of mention, an elastase inhibitor, AZD9668, was also able to reduce IL-1β secretion (Supplementary Figure S9)

Altogether, our results indicated that NSPs but not caspase-1 mainly contribute to pro-IL-1β processing in human neutrophils and caspase-1 is necessary for IL-1β secretion, even though the role of this enzyme remains to be determined and deserves future studies.




Discussion

Previous studies indicated that human neutrophils produce IL-1β and secrete this cytokine by an autophagy-dependent mechanism (10, 18, 19). Our previous data also showed that not only caspase-1 but also NSPs inhibition (NE and/or PR3) reduces IL-1β secretion, however, the role of these enzymes in the mechanisms that lead to IL-1β secretion had not been elucidated (18, 19). Recent studies also indicated that in NLRP3-activated human neutrophils, N-GSDMD oligomerizes on azurophil granule membranes causing leakage of NE into the cytosol that results in secondary cleavage of GSDMD to an alternatively cleaved N-GSDMD product (10). Other studies also showed that NSPs, especially NE, process GSDMD generating fragments able to originate pores that produce HEK cell lysis (24, 25). Additional work also showed that in vitro both elastase, CG and PR3 efficiently process pro-IL-1β (15, 26). Thus, considering the abundant content of serine proteases in neutrophils (6), here we investigated the role of caspase-1 and NSPs in the mechanisms involved in pro-IL-1β processing in human neutrophils and those that lead to IL-1β secretion. Our main findings indicated that even though caspase-1 is activated in NLRP3-stimulated human neutrophils and is required for IL-1β secretion, it undergoes rapid inactivation, and instead, NSPs accomplish a major role in pro-IL-1β processing.

We found that AEBSF, a pan-serine protease inhibitor, markedly inhibited IL-1β secretion. Even though we determined this inhibitor blocked autophagy induction, its ability to prevent IL-1β secretion was not entirely associated with this effect but also to its capacity to impair pro-IL-1β processing. In accordance with a previous work (10), which by subcellular fractionation showed the presence of NSPs in the cytosolic fractions of NLRP3-activated murine neutrophils, we detected the presence of active serine proteases in the cytosol of human neutrophils by confocal microscopy. We also determined that these proteases modulated actin dynamic, indicating they are competent to mediate proteolytic actions in the cytosol, such as the pro-IL-1β processing. The major role of NSPs in pro-IL-1β processing in human neutrophils is probably related to the short stability of active caspase-1 in these cells. In fact, our findings indicated that the duration of caspase-1 activity in neutrophils is determined by an intricate weave of regulatory mechanisms that involve its self-inactivation, its inactivation by NSPs and the inflammasome degradation by autophagy.

Previous studies by Schroder’s et al. showed that the inflammasome–caspase-1 complex functions as a holoenzyme that directs the location of caspase-1 activity (14). The authors reported that active caspase-1 species (p46 dimers and p33/10 dimers) can undergo inactivation by a self-cleavage that releases p20/p10 dimers from the inflammasome and ceases the protease activity. Based on the fact they found that murine neutrophils assemble smaller ASC speck than macrophages between 1 and 5 h post-Nigericin stimulation, and they were able to find some active caspase-1 until 8 h post-Nigericin stimulation, the authors concluded that neutrophil caspase-1 activity duration is extended relative to macrophages. However, in human neutrophils we found that a great proportion of caspase-1 undergoes rapid inactivation even earlier than one hour after inflammasome activation. Furthermore, our results suggest that caspase-1 self-inactivation is only one of the mechanisms that control caspase-1 deactivation. In fact, as previously reported in macrophages (21, 27), our findings indicated that inflammasomes can be found colocalizing with autophagosomes, and autophagy also controls the duration of caspase-1 activity. Cytosolic serine proteases also contribute to caspase-1 inactivation. Indeed, when employing AEBSF, which inhibits both autophagy induction and NSPs activity, the addition of FLICA before or after inflammasome activation by ATP did not affect the percentage of cells with active caspase-1 (Figure 4H). By contrast, when only autophagy was inhibited by 3-MA or Baf A1, but NSP were still active, a reduction in the percentage of cells with active caspase-1 was observed if FLICA was added 10 min after inflammasome activation, indicating that in this frame of time some caspase-1 underwent cytosolic inactivation (Figure 4G). Thus, once in the cytosol, NSPs not only contribute to pro-IL-1β processing but also to caspase-1 inactivation.

Considering previous studies indicating that caspase-1 process GSDMD allowing N-GSDMD to polymerize on azurophil granule membranes leading to NSPs leakage to the cytosol (10), the consequences of this outflow will probably depend on the strength or nature of the stimulus that triggers inflammasome activation. Our findings with neutrophils from patients with a GOF NLRP3-mutation suggest that a greater caspase-1 activation might be detrimental for neutrophil IL-1β secretion. This possibility was further supported by results indicating that a stronger inflammasome stimulation with increasing ATP concentrations reduced IL-1β secretion. Considering the presence of many NSPs target sites in IL-1β sequence, it is possible to speculate that those stimuli which induce weak caspase-1 activation will probably allow NSPs to process pro-IL-1β; while those which induce strong activation of caspase-1 might induce a larger NSPs leakage contributing to rapid caspase-1 inactivation and IL-1β degradation. Thus, human neutrophils might modulate its IL-1β-dependent pro-inflammatory potential by means of an intrinsic mechanism that, by limiting the stability of active caspase-1, controls the cytosolic NSPs availability determining whether pro-IL-1β is processed to its active state or degraded.

Our studies showed that inhibition of autophagy also contributes to an increase in caspase-1 activation. This effect appears to be caused by both an augmented activation of the enzyme and a limited remotion of inflammasomes. Previous studies in autophagy-deficient macrophages showed that these cells accumulate dysfunctional mitochondria which release ROS and mitochondrial DNA in the cytosol, leading to NLRP3 activation, an effect that was potentiated by LPS and/or ATP (22, 28). However, mitochondria are scant in human neutrophils and differ from those in other myeloid cells, and the number of copies of mitochondrial DNA is 10-15-fold lower than in peripheral blood mononuclear cells (29). Thus, further studies are required to elucidate if the same events take place in human neutrophils and lead to caspase-1 activation upon autophagy inhibition.

Regarding the role of autophagy as a suppressor of inflammasome activity, our findings are in line with previous work in THP-1 cells, macrophages and monocytes that showed that the activation of inflammasomes lead to autophagy induction and to polyubiquitination of ASC in the inflammasomes, which recruits the autophagic adaptor SQSTM1/p62 resulting in inflammasome degradation by selective autophagy (21). However, we speculate that in macrophages and neutrophils, inflammasome removal by autophagy might have different consequences. In macrophages it might restrain IL-1β secretion, but in neutrophils, it might limit the massive leakage of NSPs from azurophil granules avoiding IL-1β degradation.

Our results showing that autophagy inhibition increased caspase-1 activation even in unstimulated neutrophils, are also in accordance with previous work that suggested that lower autophagy levels might keep inadvertent inflammasome activity in check (21).

Early studies in mice with serine protease activity deficiency, showed a diminished recruitment of neutrophils to air pouches in response to zymosan, which were accompanied by reduced IL-1β levels (30). Additional literature reported a role of NSPs in IL-1β-mediated pathologies in mice models (17). In fact, studies in a mouse model of P. aeruginosa corneal infection showed that neutrophils are the primary source of mature IL-1β, and the processing of cytokine’s precursor is dependent on serine proteases, although in this case, neither NLRC4 nor caspase-1 were involved (31). Furthermore, in vivo studies also showed that PR3 and elastase can compensate caspase-1 absence for pro-IL-1β processing both in a serum transfer–induced arthritis model and in the monosodium urate monohydrate crystal–induced peritonitis model (32). Results of our study add to previous literature elucidating one mechanism by which NSPs might contribute to different IL-1β-mediated diseases dominated by neutrophil recruitment.

Altogether, the results of our study indicate that NSPs regulate the unconventional IL-1β secretion in human neutrophils. Furthermore, caspase-1 activation is necessary but not sufficient for IL-1β secretion as it appears to play a minor role in pro-IL-1β processing probably because it is rapidly inactivated after inflammasome activation. Autophagy not only controls IL-1β secretion but also the frame time caspase-1 is active by targeting inflammasomes for degradation.

Our findings reveal the usefulness to study potential therapeutic interventions directed to inactivate NSPs, which might be more cost-effective than targeting IL-1β to control inflammation in those pathologies where neutrophil-derived IL-1β plays a key pathogenic role, without extensively compromising broad host defense against pathogens.
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