










 

Figure 2 | Disulfiram activity in cells is enhanced by Cu2+ and disulfiram protects against 

LPS-induced sepsis. a, Dose response curves of inhibition of liposome leakage by disulfiram 

(C-23) or its metabolite DTC in the presence or absence of Cu(II). b, LPS-primed THP-1 were 

pretreated with C-23 or DTC in the presence or absence of Cu(II) for 1 hr before adding nigericin 

or medium for 2 hrs. Cell death was determined by CytoTox96 assay. c,d,e,f, Mice were 

pretreated with C-23 (50 mg/kg) or vehicle (Ctrl) by intraperitoneal injection 24 and 4 hrs before 

intraperitoneal LPS challenge (c,d, 15 mg/kg; e, 25 mg/kg; f, 50 mg/kg) and followed for survival. 

Statistical analysis was performed using the log-rank test (c,e,f, 8 mice/group). d, Serum IL-1b 

measured by ELISA in mice (n = 5/group) pretreated with disulfiram as above and challenged 

with 15 mg/kg LPS. Serum was obtained 12 hrs post LPS challenge. Shown are mean ± s.d. g, 

Mice were treated with C-23 (50 mg/kg), C-23 (50 mg/kg) plus copper gluconate (0.15 mg/kg) or 

vehicle (Ctrl) by intraperitoneal injection 0 and 12 hrs post intraperitoneal LPS challenge (25 
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mg/kg). Statistical analysis was performed using the log-rank test (8 mice/group). 
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Figure 3 | Disulfiram covalently modifies GSDMD Cys191. a,b, MS/MS spectra of the 

Cys191-containing human GSDMD peptide FSLPGATCLQGEGQGHLSQK (aa 184-103; 

2057.00 Da) modified on Cys191 (red) by carbamidomethyl (an increase of 57.0214 Da) [LC 

retention time, 22.85 min; a triplet charged precursor ion m/z 705.6827 (mass: 2114.0481 Da; 

delta M 2.27 ppm) was observed] (a) or of the corresponding GSDMD peptide after GSDMD 
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incubation with C-23 (disulfiram), which was modified on Cys191 (red) by the 

diethyldithiocarbamate moiety of C-23 (an increase of 147.0255 Da). [LC retention time. 28.93 

min; a triplet charged precursor ion m/z 735.6802 (mass: 2204.0406 Da; delta M 0.53 ppm) was 

observed.] (b). c, Models of full-length human GSDMD in its auto-inhibited form and of the pore 

form of GSDMD N-terminal fragment (GSDMD-NT) based on the corresponding structures of 

GSDMA3 7,14 showing the location in yellow of Cys191, modified by compound C-23. 

GSDMD-NT in cyan; GSDMD-CT in grey. d, Dose response curve of C-23 inhibition of liposome 

leakage induced by wild-type, C38A or C191A GSDMD (0.3 µM) plus caspase-11 (0.15 µM). e, 

C-23 inhibition of pyroptosis of LPS + nigericin treated THP-1 cells after C-23 preincubation for 1 

hr with N-acetylcysteine (NAC, 500 µM) or medium. 2-fold dilutions of C-23 ranging from 5 to 40 

µM were used. Graphs show the mean ± s.d. and data shown are representative of three 

independent experiments. **P < 0.01. f,g, Dose response curve of compound C-23 in liposome 

leakage induced by human GSDMD-3C (0.3 µM) plus 3C protease (0.15 µM) (f) or mouse 

GSDMA3-3C (0.3 µM) plus 3C protease (0.15 µM) (g). 
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Figure 4 | Disulfiram and Bay 11-7082 inhibit multiple steps in inflammasome activation. a, 

Percentage inhibition of liposome leakage for each of the 86,050 compounds assayed in the 

second screen at 25 µg/mL (~50 µM for most compounds). Cutoff was 50% inhibition. b, 

Chemical structure of compound Bay 11-7082. c, PMA-differentiated LPS-primed THP-1 cells 

were pretreated with 2-fold serial dilutions (ranging from 0.3125 to 40 µM) of C-23 and/or Bay 

11-7082 for 1 hr before treatment with nigericin. Cell death was determined by CytoTox96 assay. 

d, Mouse iBMDMs were pretreated with serial 2-fold dilutions of C-23 or Bay 11-7082 (ranging 

from 0.3125 to 40 µM) for 1 hr before electroporation with PBS or LPS. Cell death was 

determined by CytoTox96 assay. e, THP-1 cells were pretreated with 30 µM C-23 or Bay 

11-7082 for 1 hr before adding LPS. Shown are immunoblots of whole cell lysates harvested 0.5 

hr later. f,h,j, LPS-primed THP-1 were pretreated with 30 µM C-23, Bay 11-7082 or z-VAD-fmk 

for 1 hr before adding nigericin or medium. Representative images of ASC specks (arrowheads) 

(left) and mean ± s.d. percent of cells with ASC specks (right) analysed 20 min later (f). Whole 

cell lysates (WCL) and culture supernatants (Sup) were harvested 30 min after adding nigericin 

and immunoblotted with the indicated antibodies (h). Caspase-1 activity was assayed 30 min 

after adding nigericin using a cell-permeable fluorescence dye FAM-YVAD-FMK (j). g,i, 

LPS-primed THP-1 were pretreated with 1 µM C-23 in the presence or absence of Cu(II) for 1 hr 

before adding nigericin or medium. Representative images of ASC specks (arrowheads) (left) 

and mean ± s.d. percent of cells with ASC specks (right) analysed 20 min later (g). Whole cell 

lysates (WCL) and culture supernatants (Sup), harvested 30 min after adding nigericin, were 

analyzed by immunoblot (i). k, LPS-primed THP-1 were pretreated with 30 µM C-23, Bay 

11-7082 or z-VAD-fmk for 1 hr before adding nigericin or medium and stained with a mouse 

anti-GSDMD monoclonal antibody (see Extended Data Fig. 6) 30 min later. Representative 

confocal microscopy images (left) and quantification (right) of proportion of cells with GSDMD 

membrane staining and pyroptotic bubbles. Arrows indicate GSDMD staining of pyroptotic 

bubbles. Graphs show the mean ± s.d; data are representative of three independent experiments. 

*P < 0.05, **P < 0.01. 
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Extended Data Figure 1 | Optimization of the liposome leakage assay. a, GSDMD (2.5 µM) 

and caspase-11 (2.5 µM) were incubated in liposome solutions at various concentrations in 20 

mM HEPES buffer (150 mM NaCl) for 1 hr. The concentration of liposome lipids for the screen 

was set at 50 µM. b, Different concentrations of GSDMD and caspase-11 (1:1 ratio) were 

incubated in liposome (50 µM) solutions for 1 hr. The concentration of GSDMD used in the 

screen was set at 0.3 µM. c, Different concentrations of caspase-11 and GSDMD (0.3 µM) were 

incubated in liposome (50 µM) solutions for 1 hr. The concentration of caspase-11 used in the 

screen was set at 0.15 µM. The fluorescence intensity at 545 nm was measured after excitation 

at 276 nm. d, Hit compounds evaluated in binding and/or cell-based assays. e, Mouse iBMDMs 

were pretreated or not with 30 µM disulfiram (C-23) for 1 hr before transfection with PBS or 

poly(dA:dT) and analysed for cell viability by CellTiter-Glo assay 4 hrs later. Graph shows mean 

± s.d; data are representative of three independent experiments. **P < 0.01.  
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Extended Data Figure 2 | MS/MS spectrum for the peptide containing Cys191 in human 

GSDMD. a, MS/MS spectrum for peptide FSLPGATCLQGEGQGHLSQK modified on cysteine 

(red) by carbamidomethyl. Protein coverage is 73%. b, MS/MS spectrum for peptide 

FSLPGATCLQGEGQGHLSQK modified on cysteine (red) by C-23. Protein coverage is 72%. 
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Extended Data Figure 3 | Disulfiram covalently modifies GSDMD Cys191. a, Sequence 

alignment of mouse GSDMA3, human GSDMA (hGSDMA), mouse GSDMD (mGSDMD) and 

human GSDMD (hGSDMD) showing Cys residues (highlighted in red). b, GSDMD (0.3 µM) was 

preincubated with the indicated concentrations of C-23 (0 – 5.6 µM) for different durations (2 -90 

min) before caspase-11 (0.15 µM) in liposome (50 µM) was added. 
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Extended Data Figure 4 | Disulfiram (C-23) inhibits caspase-1 and caspase-11. a,b, Time 

course of caspase-1 (a) and caspase-11 (b) activity in the presence of indicated concentrations 

of compound C-23. Caspases (0.5 U) were incubated with compound C-23 (at indicated 

concentrations for 1 hr before adding Ac-YVAD-AMC (40 µM)). c,d, Dose response curve of 

compound C-23 in the caspase-1 (c) and caspase-11 (d) activity assay. e,f, Time course of 

caspase-1 (e) and caspase-11 (f) activity in the presence of indicated concentrations of 

compound C-23 + Cu(II). Caspases (0.5 U) were incubated with compound C-23 + Cu(II) (at 

indicated concentrations for 1 hr before adding Ac-YVAD-AMC (40 µM)). g,h, Dose response 

curve of compound C-23 in the caspase-1 (g) and caspase-11 (h) activity assay. Fluorescence 

intensity at 460 nm was measured after excitation at 350 nm.  
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Extended Data Figure 5 | Some disulfiram analogues inhibit GSDMD. a, Summary of IC50 

of tested disulfiram analogues in the liposome leakage assay. b, Structures of analogues. c, 

PMA-differentiated LPS-primed THP-1 cells were treated with the indicated compounds (40 µM) 

for 3 hrs and tested for viability by CellTiter-Glo assay. d, PMA-differentiated LPS-primed THP-1 

cells, pretreated with 40 µM disulfiram or the indicated analogues or z-VAD-fmk for 1 hr before 

treatment or not with nigericin, were assessed for cell viability by CellTiter-Glo assay 2 hrs after 

adding nigericin. e, PMA-differentiated LPS-primed THP-1 cells, pretreated with 40 µM disulfiram 

or z-VAD-fmk or with 2-fold serial dilutions (concentration range, 0.39-50 µM) of indicated 

analogues for 1 hr before adding nigericin, were assessed for cell viability by CellTiter-Glo assay 

2 hrs after adding nigericin. Graphs show the mean ± s.d. and data shown are representative of 

three independent experiments. **P < 0.01. 
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Extended Data Figure 6 | Bay 11-7082 inhibits GSDMD, caspase-1 and caspase-11. a, Bay 

11-7082 dose response curve of inhibition of liposome leakage by wild-type, C38A or C191A 
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GSDMD (0.3 µM) plus caspase-11 (0.15 µM). b, MST measurement of the direct binding of 

Alexa 488-labeled His-MBP-GSDMD (80 nM) with Bay 11-7082 by NanoTemper. c,d, Dose 

response curve of the effect of Bay 11-7082 on caspase-1 (c) and caspase-11 (d) activity 

against a fluorescent peptide substrate. e,f, MS/MS spectra of the Cys191-containing GSDMD 

peptide FSLPGATCLQGEGQGHLSQK (aa 184-103; 2057.00 Da) modified on Cys191 (red) by 

carbamidomethyl (an increase of 57.0214 Da) [LC retention time, 22.85 min; a triplet charged 

precursor ion m/z 705.6827 (mass: 2114.0481 Da; delta M 2.27 ppm) was observed] (e) or of the 

corresponding GSDMD peptide after GSDMD incubation with Bay 11-7082, which was modified 

on Cys191 (red) (an increase of 207.0354 Da). [LC retention time, 17.20 min; a triplet charged 

precursor ion m/z 756.0229 (mass: 2264.0688 Da; delta M 11.7 ppm) was observed.] (f). g,h, 

Dose response curve of the effect of Bay 11-7082 on liposome leakage induced by 0.3 µM 

human GSDMD-3C (g) or mouse GSDMA3-3C (h) plus 0.15 µM 3C protease. i, Effect of 1 hr 

preincubation of Bay 11-7082 with N-acetylcysteine (NAC, 500 µM) on inhibition of pyroptosis of 

LPS + nigericin treated THP-1 cells. 2-fold dilutions of Bay 11-7082 from 5-40 µM were used. 

Graphs show the mean ± s.d. and data shown are representative of three independent 

experiments. **P < 0.01. 
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Extended Data Figure 7 | Mouse monoclonal antibody recognizes full-length human 

GSDMD and the GSDMD-NT pore form on immunoblots and by immunofluorescence 

microscopy. The monoclonal antibody against GSDMD was generated by immunizing mice with 

recombinant human GSDMD and boosting with recombinant human GSDMD-NT as described in 

Methods. a, HEK293T cells were transfected with the indicated plasmids and cell lysates were 

analysed by immunoblot of reducing gels probed with the indicated antibodies. b, Cell lysates of 

HCT116, 293T and THP-1 cells, treated or not with nigericin, were immunoblotted with the 

indicated antibodies. 293T cells do not express endogenous GSDMD. c, 293T and THP-1 cells 

were immunostained with the anti-GSDMD monoclonal antibody and co-stained with DAPI (blue). 

293T cells that do not express GSDMD show no background staining. 
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