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            Abstract
Inflammasomes are important sentinels of innate immune defence, sensing pathogens and inducing cell death in infected cells1. There are several inflammasome sensors that each detect and respond to a specific pathogen- or damage-associated molecular pattern (PAMP or DAMP, respectively)1. During infection, live pathogens can induce the release of multiple PAMPs and DAMPs, which can simultaneously engage multiple inflammasome sensors2,3,4,5. Here we found that AIM2 regulates the innate immune sensors pyrin and ZBP1 to drive inflammatory signallingÂ and a form of inflammatory cell death known as PANoptosis, and provide host protection during infections with herpes simplex virus 1 and Francisella novicida. We also observed that AIM2, pyrin and ZBP1 were members of a large multi-protein complex along with ASC, caspase-1, caspase-8, RIPK3, RIPK1 and FADD, that drove inflammatory cell deathÂ (PANoptosis). Collectively, our findings define a previously unknown regulatory and molecular interaction between AIM2, pyrin and ZBP1 that drives assembly of an AIM2-mediated multi-protein complexÂ that we termÂ the AIM2 PANoptosome and comprising multiple inflammasome sensors and cell death regulators. These results advance the understanding of the functions of these molecules in innate immunity and inflammatory cell death, suggesting new therapeutic targets for AIM2-, ZBP1- and pyrin-mediated diseases.
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                    Fig. 1: HSV1 induces AIM2-, pyrin- and ZBP1-mediated caspase-1 activation, cytokine release and cell death.[image: ]


Fig. 2: ZBP1 cooperates with pyrin to drive AIM2-mediated caspase-1 activation, cytokine release and cell death.[image: ]


Fig. 3: AIM2, pyrin and ZBP1 promote inflammatory cell death in response to HSV1 and F. novicida infections.[image: ]


Fig. 4: AIM2-mediated signalling acts as an upstream regulator of pyrin and ZBP1, which are required to form the AIM2 PANoptosome.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 F. novicida induces AIM2-, Pyrin-, ZBP1-mediated caspase-1 activation, cytokine release and cell death.
a, Immunoblot analysis of proâ€“caspase-1 (CASP1; P45) and cleaved CASP1 (P20) in F. novicida-infected or poly(dA:dT)-transfected wild type (WT) or Aim2âˆ’/âˆ’ bone marrow-derived macrophages (BMDMs). b, Cell death in BMDMs after F. novicida infection for 16â€‰h. Red indicates dead cells. c, Quantification of the cell death in (b). dâ€“f, Immunoblot analysis of CASP1 (d), cell death images at 16â€‰h post-infection (e), and cell death quantification (f) from WT or Nlrp3âˆ’/âˆ’ BMDMs after F. novicida infection or LPS plus nigericin (LPSâ€‰+â€‰Ni) treatment. gâ€“i, Immunoblot analysis of CASP1 (g), cell death images at 16â€‰h post-infection (h), and cell death quantification (i) from WT or Nlrc4âˆ’/âˆ’ BMDMs after F. novicida or Salmonella Typhimurium infection. jâ€“l, Immunoblot analysis of CASP1 (j), cell death images at 16â€‰h post-infection (k), and cell death quantification (l) from WT or Mefvâˆ’/âˆ’ BMDMs after F. novicida infection or C. difficile Toxin AB+ supernatant treatment. mâ€“o, Immunoblot analysis of CASP1 (m), cell death images at 16â€‰h post-infection (n), and cell death quantification (o) from WT or Zbp1âˆ’/âˆ’ BMDMs after F. novicida or influenza A virus (IAV) infection. a, d, g, j, m, Data are representative of at least three independent experiments. b, e, h, k, n, Images are representative of at least three independent experiments. Scale bar, 50 Î¼m. c, f, i, l, o, Data are meanâ€‰Â±â€‰s.e.m. ns, not significant; ****Pâ€‰<â€‰0.0001 (two-tailed t-test; nâ€‰=â€‰8 from 4 biologically independent samples). Exact P values are presented in Supplementary Table 1. For gel source data, see Supplementary Figure 1.
Source data


Extended Data Fig. 2 Innate immune sensors TLR3, MDA5, NLRP6 and NLRP12 and adaptors Trif and MAVS are not required for caspase-1 activation and cell death after HSV1 and F. novicida infections.
a, Immunoblot analysis of proâ€“caspase-1 (CASP1; P45) and cleaved CASP1 (P20) in HSV1-infected wild type (WT), Tlr3âˆ’/âˆ’, Trifâˆ’/âˆ’ or Ascâˆ’/âˆ’ bone marrow-derived macrophages (BMDMs). b, Cell death in BMDMs after HSV1 infection for 16â€‰h. Red indicates dead cells. c, Quantification of the cell death in (b). dâ€“f, Immunoblot analysis of CASP1 (d), cell death images at 16â€‰h post-infection (e), and cell death quantification (f) from WT, Mda5âˆ’/âˆ’ or Mavsâˆ’/âˆ’ BMDMs after HSV1 infection. gâ€“i, Immunoblot analysis of CASP1 (g), cell death images at 16â€‰h post-infection (h), and cell death quantification (i) from WT, Nlrp6âˆ’/âˆ’ or Nlrp12âˆ’/âˆ’ BMDMs after HSV1 infection. jâ€“l, Immunoblot analysis of CASP1 (j), cell death images at 16â€‰h post-infection (k), and cell death quantification (l) from WT, Tlr3âˆ’/âˆ’ or Trifâˆ’/âˆ’ BMDMs after F. novicida infection. mâ€“o, Immunoblot analysis of CASP1 (m), cell death images (n), and cell death quantification (o) from WT, Mda5âˆ’/âˆ’ or Mavsâˆ’/âˆ’ BMDMs after F. novicida infection. pâ€“r, Immunoblot analysis of CASP1 (p), cell death images at 16â€‰h post-infection (q), and cell death quantification (r) from WT, Nlrp6âˆ’/âˆ’ or Nlrp12âˆ’/âˆ’ BMDMs after F. novicida infection. a, d, g, j, m, p, Data are representative of at least three independent experiments. b, e, h, k, n, q, Images are representative of at least three independent experiments. Scale bar, 50 Î¼m. c, f, i, l, o, r, Data are meanâ€‰Â±â€‰s.e.m. ns, not significant (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰8 from 4 biologically independent samples). Exact P values are presented in Supplementary Table 1. For gel source data, see Supplementary Figure 1.
Source data


Extended Data Fig. 3 ZBP1 cooperates with Pyrin to drive AIM2-mediated cell death and cytokine release.
a, Cell death in bone marrow-derived macrophages (BMDMs) after HSV1 infection with or without colchicine (Col). Red indicates dead cells. Data are representative of at least three independent experiments. Scale bar, 50 Î¼m. b, Quantification of the cell death from (a). Data are meanâ€‰Â±â€‰s.e.m. ns, not significant; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰12 from 3 biologically independent samples). c, Cell death in BMDMs after F. novicida infection with or without Col. Red indicates dead cells. Data are representative of at least three independent experiments. Scale bar, 50 Î¼m. d, Quantification of the cell death from (c). Data are meanâ€‰Â±â€‰s.e.m. ns, not significant; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰9 from 3 biologically independent samples). eâ€“h, Release of IL-1Î² (e, g) or IL-18 (f, h) following HSV1 (e, f) or F. novicida (g, h) infections with or without Col. Data are meanâ€‰Â±â€‰s.e.m. ns, not significant; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). Exact P values are presented in Supplementary Table 1.
Source data


Extended Data Fig. 4 Pyrin and ZBP1 are required for AIM2-mediated cell death following HSV1 infection, but not in response to poly(dA:dT).
a, b, Quantification of cell death in wild type (WT), Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’, Zbp1âˆ’/âˆ’ or Mefvâˆ’/âˆ’Zbp1âˆ’/âˆ’ bone marrow-derived macrophages (BMDMs) over time during HSV1 (a) and F. novicida (b) infections. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰4). Data are representative of at least three independent experiments. c, Cell death in THP-1 macrophages treated with control siRNA (Control) or siRNA targeted to AIM2 (AIM2 KD), MEFV (MEFV KD) and/or ZBP1 (ZBP1 KD) after HSV1 infection. Red indicates dead cells. Images are representative of at least three independent experiments. Scale bar, 50 Î¼m. d, Quantification of the cell death from (c). Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰4). Data are representative of at least three independent experiments. e, Immunoblot analysis of caspase-1 (CASP1) activation and AIM2, Pyrin and ZBP1 expression in the indicated THP-1 cells. Data are representative of two independent experiments. f, Cell death in WT, Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’, Zbp1âˆ’/âˆ’ or Mefvâˆ’/âˆ’Zbp1âˆ’/âˆ’ BMDMs after poly(dA:dT) transfection. Red indicates dead cells. Images are representative of at least three independent experiments. Scale bar, 50 Î¼m. g, Quantification of the cell death from (f). Data are meanâ€‰Â±â€‰s.e.m. ns, not significant; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰9 from 3 biologically independent samples). Exact P values are presented in Supplementary Table 1. h, Immunoblot analysis of CASP1 in the indicated BMDMs after poly(dA:dT) transfection. Data are representative of at least three independent experiments. For gel source data, see Supplementary Figure 1.
Source data


Extended Data Fig. 5 AIM2 acts as an upstream regulator of RhoA modifications, and the ZBP1 ZÎ±2 domain is required for cell death.
a, RhoA-GTP activity in wild type (WT), Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’ or Zbp1âˆ’/âˆ’ bone marrow-derived macrophages (BMDMs) infected with HSV1 or treated with TcdB for 12â€‰h. Activity was normalized to total RhoA levels.Â Data are meanâ€‰Â±â€‰s.e.m. from three independent experiments. ns, not significant; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰3, 6, 7 or 9). b, c, Activated RhoA (RhoA-GTP) assessed using a pull-down assay with Rhotekin-RBD beads from WT, Aim2âˆ’/âˆ’, Ascâˆ’/âˆ’ or Casp1âˆ’/âˆ’ BMDMs infected with HSV1 (b) or F. novicida (c). Data are representative of at least three independent experiments. d, RhoA-GTP activity in WT BMDMs infected with HSV1 or transfected with poly(dA:dT) for 12â€‰h. Data are meanâ€‰Â±â€‰s.e.m. from three independent experiments. ns, not significant; **Pâ€‰<â€‰0.01 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰3). e, Activated RhoA (RhoA-GTP) assessed using a pull-down assay with Rhotekin-RBD beads from WT, Aim2âˆ’/âˆ’, Ascâˆ’/âˆ’ or Casp1âˆ’/âˆ’ BMDMs transfected with poly(dA:dT). Data are representative of at least three independent experiments. f, g Cell death in WT, Zbp1âˆ’/âˆ’, Zbp1âˆ†Za2/âˆ†Za2 or Ripk3âˆ’/âˆ’ BMDMs after HSV1 (f) or F. novicida (g) infections. Red indicates dead cells. Images are representative of at least three independent experiments. Scale bar, 50 Î¼m. h, i, Quantification of the cell death from f (h) or g (i). Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰9 from 3 biologically independent samples). Exact P values are presented in Supplementary Table 1. For gel source data, see Supplementary Figure 1.
Source data


Extended Data Fig. 6 The expression of Pyrin and ZBP1 is not regulated by GSDMD or caspase-8, -7, -3 or -6 during HSV1 or F. novicida infections.
a, Immunoblot analysis of caspase-1 (CASP1) activation and ZBP1 andÂ Pyrin expression in wild type (WT) or Gsdmdâˆ’/âˆ’ bone marrow-derived macrophages (BMDMs) after HSV1 or F. novicida infection. Data are representative of at least three independent experiments. b, c, Immunoblot analysis of ZBP1, Pyrin and AIM2 expression in the indicated BMDMs after HSV1 (b) or F. novicida (c) infections. Data are representative of at least three independent experiments. d, Immunoblot analysis of ZBP1, Pyrin and AIM2 expression in the indicated BMDMs after influenza A virus (IAV) infection. Data are representative of at least three independent experiments. For gel source data, see Supplementary Figure 1.


Extended Data Fig. 7 The expression of Pyrin and ZBP1 is regulated by AIM2 during HSV1 and F. novicida infections.
aâ€“d, Relative expression of Zbp1 (a, b) and Mefv (c, d) in wild type (WT), Aim2âˆ’/âˆ’, Ascâˆ’/âˆ’ or Casp1âˆ’/âˆ’ bone marrow-derived macrophages (BMDMs) after HSV1 (a, c) or F. novicida (b, d) infections. Expression presented relative to that of the control gene Gapdh. Data are meanâ€‰Â±â€‰s.e.m. from three independent experiments. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test, nâ€‰=â€‰6). e, f, Release of IFN-Î² following HSV1 (e) or F. novicida (f) infections. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). Exact P values are presented in Supplementary Table 1. g, h, Immunoblot analysis of ZBP1Â and Pyrin expression in the indicated BMDMs after HSV1 (g) or F. novicida (h) infections with or without IFN-Î² treatment. Data are representative of at least three independent experiments. For gel source data, see Supplementary Figure 1.
Source data


Extended Data Fig. 8 Loss of AIM2 or combined loss of Pyrin and ZBP1 prevents the formation of the AIM2 complex during HSV1 and F. novicida infections.
a, b, Immunoprecipitation (IP) in wild type (WT), Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’, Zbp1âˆ’/âˆ’ or Mefvâˆ’/âˆ’Zbp1âˆ’/âˆ’ bone marrow-derived macrophages (BMDMs) with either IgG control antibodies or anti-ASC antibodies after HSV1 (a) or F. novicida (b) infection. Data are representative of three independent experiments. c, d, IP in WT, Ripk3âˆ’/âˆ’, Ripk3âˆ’/âˆ’Casp8âˆ’/âˆ’ or Ripk3âˆ’/âˆ’Faddâˆ’/âˆ’ BMDMs with either IgG control antibodies or anti-ASC antibodies after HSV1 (c) or F. novicida (d) infection. Data are representative of three independent experiments. For gel source data, see Supplementary Figure 1.


Extended Data Fig. 9 ASC speck colocalizes with AIM2, Pyrin and ZBP1, caspase-8 and RIPK3 in the same cell during HSV1 and F. novicida infections, and formation of this complex drives cell death.
a, Immunofluorescence images of wild type (WT) bone marrow-derived macrophages (BMDMs) at 12â€‰h after F. novicida infection. Scale bars, 5 Î¼m. Arrowheads indicate the ASC speck. Images are representative of three independent experiments. b, Quantification of the percentage of cells with ASC+AIM2+Pyrin+ZBP1+specks among the ASC speck+ cells. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). c, Immunofluorescence images of WT BMDMs at 12â€‰h after HSV1 infection. Scale bars, 5 Î¼m. Arrowheads indicate the ASC speck. Images are representative of three independent experiments. d, Quantification of the percentage of cells with ASC+RIPK3+CASP8+ specks among the ASC speck+ cells. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). e, Immunofluorescence images of WT BMDMs at 12â€‰h after F. novicida infection. Scale bars, 5 Î¼m. Arrowheads indicate the ASC speck. Images are representative of three independent experiments. f, Quantification of the percentage of cells with ASC+RIPK3+CASP8+ specks among the ASC speck+ cells. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). g, Cell death in WT, Ripk3âˆ’/âˆ’Casp8âˆ’/âˆ’ or Ripk3âˆ’/âˆ’Faddâˆ’/âˆ’ BMDMs at 16â€‰h post-infection with HSV1 or F. novicida. Red indicates dead cells. Data are representative of at least three independent experiments. Scale bar, 50 Î¼m. h, Quantification of the cell death from (g). Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰9 from 3 biologically independent samples). Exact P values are presented in Supplementary Table 1.
Source data


Extended Data Fig. 10 AIM2 regulates Pyrin and ZBP1 expression in vivo, and AIM2 provides host protection against HSV1 and F. novicida.
a, b, Immunoblot analysis of pro- (P45) and activated (P20) caspase-1 (CASP1), pro- (P53) and activated (P30) gasdermin D (GSDMD), pro- (P55) and cleaved (P18) caspase-8 (CASP8), pro- (P35) and cleaved (P17/P19) caspase-3 (CASP3), pro- (P35) and cleaved (P20) caspase-7 (CASP7), phosphorylated MLKL (pMLKL), total MLKL (tMLKL), ZBP1, Pyrin and AIM2 in lung from uninfected animals (PBS) or wild type (WT) or Aim2âˆ’/âˆ’ mice 3 days after HSV1 (a) or F. novicida (b) infection. Each lane indicates independent biological replicates. c, Viral quantification in WT, Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’, Zbp1âˆ’/âˆ’ or Mefvâˆ’/âˆ’Zbp1âˆ’/âˆ’ BMDMs at 16â€‰h post-infection with HSV1. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰6 from 3 biologically independent samples). d, Bacterial quantification in WT, Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’, Zbp1âˆ’/âˆ’ or Mefvâˆ’/âˆ’Zbp1âˆ’/âˆ’ BMDMs after F. novicida infection. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 and ****Pâ€‰<â€‰0.0001 (one-way ANOVA with Dunnettâ€™s multiple comparisons test; nâ€‰=â€‰3 from 3 biologically independent samples). e, In vivo bacterial quantification in lung, liver or spleen from WT or Aim2âˆ’/âˆ’ mice 2 days after F. novicida infection (nâ€‰=â€‰5). Each symbol represents one mouse. Data are pooled from two independent experiments. Data are meanâ€‰Â±â€‰s.e.m. **Pâ€‰<â€‰0.01 and ***Pâ€‰<â€‰0.001 (two-tailed t-test). f, Survival of WT, Aim2âˆ’/âˆ’, Mefvâˆ’/âˆ’ and Zbp1âˆ’/âˆ’ mice infected subcutaneously with 5 Ã— 105 CFU of F. novicida in 200â€‰Î¼l PBS. Survival data are pooled from three independent experiments. **Pâ€‰<â€‰0.01; ****Pâ€‰<â€‰0.0001 (log-rank (Mantel-Cox) test). Exact P values are presented in Supplementary Table 1. For gel source data, see Supplementary Figure 1.
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