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            Abstract
Inflammasomes are intracellular protein complexes that drive the activation of inflammatory caspases1. So far, four inflammasomes involving NLRP1, NLRP3, NLRC4 and AIM2 have been described that recruit the common adaptor protein ASC to activate caspase-1, leading to the secretion of mature IL-1β and IL-18 proteins2,3. The NLRP3 inflammasome has been implicated in the pathogenesis of several acquired inflammatory diseases4,5 as well as cryopyrin-associated periodic fever syndromes (CAPS) caused by inherited NLRP3 mutations6,7. Potassium efflux is a common step that is essential for NLRP3 inflammasome activation induced by many stimuli8,9. Despite extensive investigation, the molecular mechanism leading to NLRP3 activation in response to potassium efflux remains unknown. Here we report the identification of NEK7, a member of the family of mammalian NIMA-related kinases (NEK proteins)10, as an NLRP3-binding protein that acts downstream of potassium efflux to regulate NLRP3 oligomerization and activation. In the absence of NEK7, caspase-1 activation and IL-1β release were abrogated in response to signals that activate NLRP3, but not NLRC4 or AIM2 inflammasomes. NLRP3-activating stimuli promoted the NLRP3–NEK7 interaction in a process that was dependent on potassium efflux. NLRP3 associated with the catalytic domain of NEK7, but the catalytic activity of NEK7 was shown to be dispensable for activation of the NLRP3 inflammasome. Activated macrophages formed a high-molecular-mass NLRP3–NEK7 complex, which, along with ASC oligomerization and ASC speck formation, was abrogated in the absence of NEK7. NEK7 was required for macrophages containing the CAPS-associated NLRP3(R258W) activating mutation to activate caspase-1. Mouse chimaeras reconstituted with wild-type, Nek7−/− or Nlrp3−/− haematopoietic cells showed that NEK7 was required for NLRP3 inflammasome activation in vivo. These studies demonstrate that NEK7 is an essential protein that acts downstream of potassium efflux to mediate NLRP3 inflammasome assembly and activation.
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                    Figure 1: NEK7 interacts with NLRP3.[image: ]


Figure 2: NEK7 deficiency specifically abrogates the activation of the NLRP3 inflammasome.[image: ]


Figure 3: NEK7 is required for NLRP3 oligomerization and ASC speck formation downstream of potassium efflux.[image: ]


Figure 4: NEK7 is required for activation of the NLRP3 inflammasome in vivo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 NEK7 interacts with NLRP3 upstream of ASC and caspase-1.
a, Immortalized Nlrp3−/− macrophages were infected with lentiviruses containing pHIV vector (Vector) or pHIV-NLRP3-SFP (NLRP3-SFP). Transduced macrophages were sorted by flow cytometry. Cells were treated as indicated. Supernatants and cell lysates were collected and analysed by immunoblotting with indicated antibodies. b, Immunoblots showing that NEK7, but not NEK6 or NEK9, interacts with NLRP3 in macrophages. NLRP3-associated proteins were pulled down from reconstituted Nlrp3−/− macrophages by streptavidin beads, and analysed by immunoblotting with indicated antibodies. c, ATP stimulation, but not LPS priming, greatly enhances the NEK7–NLRP3 interaction. d, LPS-primed BMDMs from wild-type, Asc−/− and Casp1−/− Casp11−/− were left untreated or treated with 5 mM ATP for 30 min. NLRP3 protein complexes were immunoprecipitated with anti-NLRP3 antibody and analysed by immunoblotting. Data are representative of three (a, b) or two (c, d) independent experiments. See Supplementary Figs 2 and 3 for gel source data.


Extended Data Figure 2 NEK7 deficiency does not affect TNF-α release, but abrogates NLRP3 activation induced by cytosolic LPS in macrophages.
a, TNF-α secretion from LPS-primed BMDMs treated with ATP, nigericin, gramicidin, poly(dA:dT) or Salmonella. b, TNF-α secretion in LPS-primed BMDMs treated with LLOMe, silica, Alum, MSU, CPPD or nano-SiO2. Mock represents macrophages primed with LPS without further stimulation. The amounts of TNF-α release in the absence of LPS priming were below 50 pg ml−1 in the supernatants. c–e, BMDMs from C57BL/6, Casp11−/−, Nek7−/− (fetal liver chimaeras) and Nlrp3−/− mice were primed with LPS for 4 h before transfection with or without LPS with DOTAP. Four hours after transfection, caspase-1 activation (c), IL-1β release (d) and cytotoxicity (e) were analysed. Graphs show the mean and s.d. of triplicate wells, and are representative of three independent experiments. See Supplementary Fig. 3 for gel source data.


Extended Data Figure 3 NEK7 is required for activation of the NLRP3 inflammasome in macrophages.
a–c, Defective NLRP3 inflammasome in NEK7-deficient macrophages. Wild-type and NEK7-deficient macrophages generated by CRISPR-Cas9 genome editing were primed with LPS, followed by stimulation with 5 μM nigericin (1 h), 5 mM ATP (30 min) or 200 ng ml−1 Alum (6 h). Cell lysates were collected and analysed for caspase-1 activation by immunoblotting (a). IL-1β (b) and TNF-α (c) release were analysed by ELISA. ELISA data (b, c) show the mean and s.d. of triplicate wells. The amounts of TNF-α release in the absence of LPS priming were below 50 pg ml−1 in the supernatants. Data are representative of three independent experiments. See Supplementary Fig. 3 for gel source data.


Extended Data Figure 4 NEK7 is critical for activation of the NLRP3 inflammasome in primary macrophages.
a, NEK7 is dispensable for NLRP3 induction and expression of the NLRP3 inflammasome components ASC and caspase-1. BMDMs were treated with control shRNA or Nek7 shRNAs and selected by culture in 3 μg ml−1 puromycin. Puromycin-resistant macrophages were left unstimulated or stimulated with LPS for 4 h. Cell lysates were collected and analysed by immunoblotting. Actin is shown as a loading control. b, c, NEK7 depletion inhibits activation of the NLRP3 inflammasome. BMDMs treated with control shRNA or Nek7 shRNAs were primed with LPS, followed by stimulation with 5 mM ATP (30 min), 5 μM nigericin (1 h) or 500 ng ml−1 silica (4 h). Supernatants and cell lysates were collected after stimulation and analysed by immunoblotting for caspase-1 activation (b). IL-1β (c) and TNF-α (d) release were analysed by ELISA. ELISA data (c, d) show the mean and s.d. of triplicate wells. The amounts of TNF-α release in the absence of LPS priming were below 50 pg ml−1 in the supernatants. Data are representative of three independent experiments. See Supplementary Fig. 3 for gel source data.


Extended Data Figure 5 NEK7 is critical for NLRP3-mediated ASC oligomerization and speck formation in macrophages.
a, b, Representative confocal immunofluorescence images (a) and quantification of endogenous ASC specks (arrows) (b) in macrophages treated with control shRNA or Nek7 shRNA. Macrophages were primed with LPS and then stimulated with ATP, nigericin, poly(dA:dT) or Salmonella. After stimulation, cells were fixed and stained for ASC (green). DAPI was used for staining nuclear DNA (blue). Data shown represent results from three combined independent experiments in which more than 300 cells were counted in each experiment. Error bars indicate s.d. Original magnifications, ×400. c, Immunoblots showing ASC oligomerization in control-shRNA-treated or Nek7-shRNA-treated macrophages. LPS-primed macrophages were treated as indicated. Cell lysates (Triton X-100 soluble) and BS3-crosslinked pellets (Triton X-100 insoluble) were analysed by immunoblotting. Mock represents macrophages primed with LPS without further stimulations. Results are representative of two independent experiments. *P < 0.05 (two-tailed Student’s t-test). See Supplementary Fig. 3 for gel source data.


Extended Data Figure 6 NEK7 kinase activity is dispensable for activation of the NLRP3 inflammasome in macrophages.
a–c, Immortalized NEK7-deficient macrophages were infected with lentivirus containing empty vector or vector expressing wild-type or indicated mutant NEK7. Transduced macrophages were sorted by flow cytometry using GFP as a marker. Macrophages were plated and stimulated with 5 μM nigericin for 1 h after LPS priming. Cell lysates were collected and analysed for caspase-1 activation by immunoblotting (a). IL-1β (b) and TNF-α (c) release were analysed by ELISA. ELISA data (b, c) show the mean and s.d. of triplicate wells. Data are representative of three independent experiments. See Supplementary Fig. 3 for gel source data.


Extended Data Figure 7 NEK6 and NEK9 are dispensable for activation of the NLRP3 inflammasome in macrophages.
a–c, BMDMs were treated with control shRNA, Nek7 shRNA, Nek6 shRNA or Nek9 shRNA and selected by culture with 3 μg ml−1 puromycin. Puromycin-resistant cells were plated and primed with LPS, followed by stimulation with 5 mM ATP for 30 min. Cell lysates were collected and analysed for caspase-1 activation by immunoblotting (a). IL-1β (b) and TNF-α (c) release were analysed by ELISA. d, Representative confocal immunofluorescence images (d) and quantification of endogenous ASC specks (arrows) (e) in macrophages. DAPI was used for staining nuclear DNA (blue). Quantification of ASC speck was from three combined independent experiments in which more than 300 cells were counted in each experiment. Error bars indicate s.d. Scale bars, 10 μm. ELISA data (b, c) show the mean and s.d. of triplicate wells. Data are representative of three independent experiments. *P < 0.05 (two-tailed Student’s t-test). See Supplementary Fig. 3 for gel source data.


Extended Data Figure 8 Microtubule depolymerization does not inhibit the activation of the NLRP3 inflammasome and the NEK7–NLRP3 interaction in macrophages.
a–e, LPS-primed BMDMs were pretreated with vehicle control (DMSO), nocodazole (1, 10 or 50 μM) or colchicine (1, 10 or 50 μM) for 1 h before stimulation with 5 μM nigericin. Cell lysates were collected and analysed for caspase-1 activation by immunoblotting (a). IL-1β (b) and TNF-α (c) release were analysed by ELISA. Representative confocal immunofluorescence images (d) and quantification (e) of endogenous ASC specks (arrows) in macrophages treated as indicated. Microtubules were stained with anti-α/β tubulin antibody (red). DAPI was used for staining nuclear DNA (blue). Data shown in e represent results from three combined independent experiments in which more than 300 cells were counted in each experiment. Error bars indicate s.d. Scale bars, 10 μm. f, The NEK7–NLRP3 interaction in untreated and treated macrophages was analysed by immunoprecipitation and immunoblotting. ELISA data (b, c) show the mean and s.d. of triplicate wells. Data are representative of three independent experiments. *P < 0.05 (two-tailed Student’s t-test). See Supplementary Fig. 3 for gel source data.


Extended Data Figure 9 Inhibition of BTK does not inhibit the NEK7–NLRP3 interaction in macrophages.
a, b, Reconstituted immortalized Nlrp3−/− macrophages were primed with LPS for 4 h. Cells were left untreated or treated with indicated concentrations of BTK inhibitor LFM-A13 for 30 min before ATP stimulation. Cell lysates were collected and analysed for caspase-1 activation by immunoblotting (a). Cell lysates were collected and subjected to pull-down with streptavidin beads, and the precipitated protein complex was analysed by immunoblotting with indicated antibodies (b). Agarose beads were used as a control. Actin is shown as a loading control. Data are representative of two independent experiments. See Supplementary Fig. 3 for gel source data.


Extended Data Figure 10 NEK7-deficiency does not inhibit potassium efflux induced by NLRP3 stimuli in macrophages.
LPS-primed Nek7+/+ and Nek7−/− BMDMs were stimulated as indicated. The intracellular potassium in each condition was analysed. Mock represents macrophages primed with LPS without further stimulation. Graphs show the mean and s.d. of four technical replicates and are representative of two independent experiments.
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        Editorial Summary
NEK7 mediates NLRP3 inflammasome activation
The NLRP3 inflammasome, a critical component of the innate immune system, has been linked to multiple acquired and inherited diseases. However, the molecular mechanism that leads to NLRP3 oligomerization and activation remains elusive. Here Gabriel Núñez and colleagues identify a member of the family of NIM related kinases (NEK7) as a regulator of NLRP3 inflammasome oligomerization and activation. NEK7 functions downstream of potassium efflux in a manner that is independent of its kinase activity.
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