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            Abstract
The murine caspase-11 non-canonical inflammasome responds to various bacterial infections. Caspase-11 activation-induced pyroptosis, in response to cytoplasmic lipopolysaccharide (LPS), is critical for endotoxic shock in mice. The mechanism underlying cytosolic LPS sensing and the responsible pattern recognition receptor are unknown. Here we show that human monocytes, epithelial cells and keratinocytes undergo necrosis upon cytoplasmic delivery of LPS. LPS-induced cytotoxicity was mediated by human caspase-4 that could functionally complement murine caspase-11. Human caspase-4 and the mouse homologue caspase-11 (hereafter referred to as caspase-4/11) and also human caspase-5, directly bound to LPS and lipid A with high specificity and affinity. LPS associated with endogenous caspase-11 in pyroptotic cells. Insect-cell purified caspase-4/11 underwent oligomerization upon LPS binding, resulting in activation of the caspases. Underacylated lipid IVa and lipopolysaccharide from Rhodobacter sphaeroides (LPS-RS) could bind to caspase-4/11 but failed to induce their oligomerization and activation. LPS binding was mediated by the CARD domain of the caspase. Binding-deficient CARD-domain point mutants did not respond to LPS with oligomerization or activation and failed to induce pyroptosis upon LPS electroporation or bacterial infections. The function of caspase-4/5/11 represents a new mode of pattern recognition in immunity and also an unprecedented means of caspase activation.
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                    Figure 1: Caspase-4 mediates cytoplasmic LPS-induced cytotoxicity in human macrophage and non-macrophage cells.[image: ]


Figure 2: Caspase-4/11 directly and specifically binds to LPS.[image: ]


Figure 3: Surface plasmon resonance measurements of the binding between LPS/lipid A and caspase-4/11.[image: ]


Figure 4: LPS binding induces oligomerization and activation of caspase-4/11.[image: ]


Figure 5: LPS binding is required for caspase-4/11 oligomerization, activation and induction of pyroptosis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cytoplasmic LPS induces ASC/caspase-1-independent but caspase-4-dependent necrosis in human cells.
a, Viability of U937 cells upon electroporation with lipid A, MDP, LPS-RS or wild-type LPS derived from the indicated bacterial strains. b, Effects of ASC knockdown and CASP1 knockout on LPS electroporation-induced pyroptosis in U937 cells. ASC knockdown U937 cells were generated by lentivirus-mediated shRNA transduction. CASP1 knockout U937 cells were generated by CRISPR/Cas9-mediated targeting. c, Effects of caspase-1 (YVAD) or pan-caspase inhibitor (zVAD) on LPS electroporation-induced cytotoxicity in U937 and THP1 cells. d, e, Effects of CASP4 knockdown on LPS electroporation-induced cytotoxicity in U937 and HeLa cells. Control or a CASP4-specific shRNA (CASP4-1/2/3) was stably expressed in U937 cells in d; a CASP4-specific (CASP4-1/2) or CASP3-targeting or control siRNA was transfected into HeLa cells in e. f, Quantification of cytosolic LPS upon electroporation or bacterial infection. 5Â Ã—Â 105 CASP4âˆ’/âˆ’ HeLa cells were either electroporated with 0.5Â Î¼g of LPS or infected with S. typhimurium Î”sifA. Cells were washed with cold PBS 5 times and lysed in a buffer containing 1% Triton X-100. ATP-based cell viability was measured in aâ€“e. The immunoblots show the knockdown of ASC and CASP4 in b, d, e and knockout of CASP1 in b. Graphs show the mean valuesÂ Â±Â s.d. from three technical replicates. All data shown are representative of at least three independent experiments.


Extended Data Figure 2 Caspase-11-mediated cell death in response to cytoplasmic LPS and complementation by caspase-4.
a, Effects of Ripk3 and Mlkl deficiency on LPS-induced necrosis in mouse BMDMs. b, Wild-type (WT) or the catalytically inactive caspase-11(C254A) or caspase-4(C258A) mutant was stably expressed in Casp11âˆ’/âˆ’ iBMDM cells generated by CRISPR/Cas9-mediated targeting. c, IFN-Î³ stimulates caspase-11 expression and increase the sensitivity of primary BMDMs to LPS electroporation. d, Wild-type (WT) or the catalytically inactive caspase-11(C254A) mutant was stably expressed in 293T cells. LPS was delivered by electroporation. ATP-based cell viability in aâ€“d was expressed as mean valuesÂ Â±Â s.d. from three technical replicates. The accompanying immunoblots show the expression of caspase-4 or caspase-11. Data shown in a, c are representative of two independent experiments and those in other panels are of at least three independent experiments.


Extended Data Figure 3 Assays of the ability of known CARD-domain proteins in inducing caspase-11 activation.
Each of the 18 indicated CARD-domain proteins was overexpressed in 293T cells stably expressing caspase-11. As a control (#19), 293T-caspase-11 cells were subjected to LPS electroporation. The top shows the ATP-based cell viability expressed as mean valuesÂ Â±Â s.d. from three technical replicates. Anti-Flag, Myc and HA immunoblots confirm the expression of indicated CARD-domain proteins. LE, long exposure. Data shown are representative of three independent experiments.


Extended Data Figure 4 LPS stimulates the oligomerization of caspase-4/11 in the CARD domain-dependent manner.
a, b, Recombinant caspase-4/11 purified from E. coli and insect cells exhibit different oligomerization states. The left and right show the gel filtration chromatography and Coomassie blue stained pore-limit native gels of indicated recombinant caspase-11(C254A) (a) and caspase-4(C258A) protein (b), respectively. c, Molecular weight determination of insect-cell purified caspase-4 and caspase-11 by static light scattering (SLS) and analytic ultracentrifugation (AU). Shown are mean valuesÂ Â±Â s.d. d, Responses of insect-cell purified caspase-11 (before and after LPS incubation) to crosslinking agents (BS3 and DSS). Shown are Coomassie blue-stained SDSâ€“PAGE gels. e, Immunoblotting of Flag tagged caspase-11â€“Myc expressed in 293T cells. f, Gel filtration chromatography of LPS-incubated full-length (FL) and the N-terminal 59-residue deletion (Î”N59) mutant caspase-11. Insect-cell purified caspase-11 (FL and Î”N59, both in the C254A background) was incubated with LPS-Rc overnight at 4Â°C. The proteins were further purified by affinity chromatography using Ni-NTA beads and subjected to Superdex 200 gel filtration chromatography. The LPS contents in each elution fraction (0.5Â ml) were plotted against the corresponding elution volume. g, Pore-limit native gel analysis of lipid A induced oligomerization of insect-cell purified caspase-11 FL and the Î”N59 mutant (both in the catalytic-cysteine intact background). Data shown in c, f, are representative of two independent experiments and those in other panels are of at least three independent experiments.


Extended Data Figure 5 Caspase-5 can bind to LPS and complement Casp11âˆ’/âˆ’ iBMDMs in cytoplasmic LPS-induced cell death.
a, Streptavidin pulldown assays of biotin-conjugated lipid A, lipid IVa, LPS, Pam3CSK4, and MDP binding to Flag tagged CASP5a (C315A) and CASP5f (C328A) in transfected 293T cell lysates. b, Caspase-5 complementation of Casp11âˆ’/âˆ’ iBMDMs in cytoplasmic LPS-induced pyroptosis. Wild-type caspase-5f (C5f) was stably expressed in Casp11âˆ’/âˆ’ iBMDMs generated by CRISPR/Cas9-mediated targeting. ATP-based cell viability was expressed as mean valuesÂ Â±Â s.d. from three technical replicates. All data shown are representative of at least three independent experiments.


Extended Data Figure 6 LPS binds to caspase-11 CARD domain and induces its oligomerization.
a, Assays of the caspase-1/11 CARD-domain chimaeric protein in sensing cytoplasmic LPS. The chimaeric protein (Flag tagged C1/C11) was generated by replacing the CARD domain in Flag tagged caspase-1 with that of caspase-11. CASP4 knockout HeLa cells, Casp11 knockout iBMDM cells and 293T cells stably expressing Flag-C1/C11 (WT or the catalytic cysteine mutant (C/A)) were electroporated with LPS. ATP-based cell viability was expressed as mean valuesÂ Â±Â s.d. from three technical replicates. Expression of the chimaeric proteins were shown by anti-Flag immunoblotting. b, Streptavidin pulldown assays of the binding of biotinylated LPS to the C1/C11 chimaera or indicated caspase-11 variants in lysates of transfected 293T cells. c, e, LPS-induced oligomerization of the Flag tagged C1/C11 chimaera and the caspase-11 CARD domain itself. Lysates of 293T cells stably expressing the chimaeric protein (c) or caspase-11 CARD domain (e) were subjected to incubation with LPS and then analysed on pore-limit native gels. Cells were lysed in the HBS buffer (50Â mM HEPES, pHÂ 7.5, 150Â mM NaCl and 3Â mM EDTA) supplemented with 0.005% Tween-20. d, Oligomerization assays of caspase-11 CARD domain overexpressed in 293T cells. TRADD and TRADD death domain (DD) were included as positive controls and Blue Native gel was employed to examine the oligomerization. Shown in bâ€“e are anti-Flag immunoblots. All data shown are representative of at least three independent experiments.


Extended Data Figure 7 LPS binding-induced activation of caspase-4 and caspase-11.
Insect-cell purified full-length caspases were subjected to incubation with MDP, lipid A, lipid IVa, LPS or the indicated LPS variants. The caspase activity was determined by measuring the fluorescence intensity of free AMC hydrolyzed from the zVAD-AMC substrate. Shown in a, b are the Michaelisâ€“Menten kinetic parameters (kcat and Km) (valuesÂ Â±Â standard errors; ND, not determined). Graphs in c, d, show fluorescence intensity values determined with indicated enzyme and substrate concentration as mean valuesÂ Â±Â s.d. from three replicates. All data shown are representative of at least three independent experiments.


Extended Data Figure 8 LPS binding-induced oligomerization is required for caspase-4/11 activation.
a, b, Effects of Tween-20 on LPS binding-induced oligomerization and catalytic activation of caspase-4. LPS-incubated recombinant caspase-4 was subjected to further incubation with increasing concentrations of Tween-20 as indicted. The fluorescence intensities in b are mean valuesÂ Â±Â s.d. from three replicates. c, Assays of lipid IVa and LPS-RS in stimulating oligomerization of caspase-4/11. Insect-cell purified caspase-11(C254A) and caspase-4(C258A) were subjected to incubation with indicated agonists, and the samples were analysed by the pore-limit native PAGE gel electrophoresis. All data shown are representative of at least three independent experiments.


Extended Data Figure 9 Multiple sequence alignment of caspase-11 and caspase-4 derived from various mammals.
Indicated caspase-sequences were aligned by using the ClustalW2 algorithm and the alignment was generated in ESPript 3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Residues important for LPS binding to caspase-11 are highlighted in orange.


Extended Data Figure 10 Point mutations in caspase-11 CARD domain disrupt LPS binding to both caspase-11 CARD domain and full-length caspase-11.
a, Streptavidin pulldown assays of the binding of biotinylated LPS to wild-type or indicated point mutants of Flag tagged caspase-11 CARD domain in lysates of transfected 293T cells. b, Effects of the CARD-domain point mutants on transient overexpression-induced caspase-11 autoprocessing in 293T cells. c, Surface plasmon resonance measurements of the binding between LPS and the CARD-domain point mutants of insect-cell purified caspase-11. Colour indicated caspase-11 proteins were immobilized on the chips and shown are the corresponding sensorgrams expressed in RU (response unit) versus time after subtracting the control signal. All data shown are representative of two independent experiments.
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