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FDA-approved disulfiram inhibits pyroptosis by
blocking gasdermin D pore formation

Jun Jacob Hu®'2?'2 Xing Liu®'3412 Shjyu Xia®'2?, Zhibin Zhang"?, Ying Zhang ©'3, Jingxia Zhao"?5,
Jianbin Ruan%%, Xuemei Luo’, Xiwen Lou?, Yang Bai4, Junhong Wang#, L. Robert Hollingsworth®'2,
Venkat Giri Magupalli®©"?, Li Zhao®°'°, Hongbo R. Luo®°', Justin Kim?", Judy Lieberman®'3* and
Hao Wu®12X

Cytosolic sensing of pathogens and damage by myeloid and barrier epithelial cells assembles large complexes called inflam-
masomes, which activate inflammatory caspases to process cytokines (IL-1f) and gasdermin D (GSDMD). Cleaved GSDMD
forms membrane pores, leading to cytokine release and inflammatory cell death (pyroptosis). Inhibiting GSDMD is an attrac-
tive strategy to curb inflammation. Here we identify disulfiram, a drug for treating alcohol addiction, as an inhibitor of pore
formation by GSDMD but not other members of the GSDM family. Disulfiram blocks pyroptosis and cytokine release in cells and
lipopolysaccharide-induced septic death in mice. At nanomolar concentration, disulfiram covalently modifies human/mouse
Cys191/Cys192 in GSDMD to block pore formation. Disulfiram still allows IL-18 and GSDMD processing, but abrogates pore for-
mation, thereby preventing IL-1p release and pyroptosis. The role of disulfiram in inhibiting GSDMD provides new therapeutic

indications for repurposing this safe drug to counteract inflammation, which contributes to many human diseases.

some, activate caspase-1, whereas lipopolysaccharide (LPS)

and oxidized lipids form noncanonical inflammasomes to
activate mouse caspase-11 or human caspase-4 and -5 (refs. '), As
the final common effector downstream of inflammasome activa-
tion, GSDMD is cleaved by inflammatory caspases at the junction
between the N-terminal domain (GSDMD-NT) and the autoin-
hibitory C-terminal domain (GSDMD-CT)**. GSDMD-NT binds
to acidic phospholipids in the inner leaflet of the plasma mem-
brane and oligomerizes to form pores that disrupt plasma mem-
brane integrity’"'%, both enabling the release of pro-inflammatory
cytokines, IL-1p and IL-18, which are processed by caspase-1, and
inducing pyroptotic cell death.

GSDMD is a member of the GSDM family that also includes
GSDMA, GSDMB, GSDMC, GSDME (also known as DFNA5) and
GSDMF (also known as DFNB59) in humans. These GSDM fam-
ily members, which are associated with genetic diseases in which
inflammation, autoimmunity and/or cell death play a critical role,
are a class of pore-forming proteins’. The crystal structure of
full-length mouse GSDMA3 and cryo-electron microscopy struc-
ture of the GSDMA3-NT pore provide a model for pore formation
by the GSDM family”". Approximately 27 monomers assemble into
an 18-nm inner diameter pore, through which many soluble cyto-
solic molecules, including caspase-1-processed pro-inflammatory
cytokines, are released into the extracellular environment.

Dysregulation of inflammasome activation often contributes
to human diseases, including inflammatory bowel disease, gout,

( :anonical inflammasomes, such as the NLRP3 inflamma-

type II diabetes, cardiovascular disease, Alzheimer’s disease and
sepsis, the often fatal response to systemic infection®*'*'*, as well
as rare genetic diseases caused by mutations of NLRP3 and Pyrin
inflammasomes. Gain-of-function mutations in the NLRP3 gene
lead to cryopyrin-associated periodic syndromes including familial
cold urticaria syndrome'®, Muckle-Wells syndrome'’, and chronic
infantile neurological cutaneous and articular syndrome that is also
known as neonatal onset multisystemic inflammatory disease'*-*".
Mutations in the MEFV gene that encodes for Pyrin are associated
with two clinically different autoinflammatory syndromes: familial
Mediterranean fever and Pyrin-associated autoinflammation with
neutrophilic dermatosis; in both diseases, mutated Pyrin leads to
high serum IL-1 levels during febrile episodes®'.

The discovery of GSDMD as the final common step in pyrop-
tosis and inflammatory cytokine release raises new hope for tar-
geted therapy of these serious human diseases, which are often not
adequately treated by IL-1p inhibitors, anti-IL-1p antibodies or by
standard of care with methotrexate and antibodies against other
inflammatory cytokines, such as tumor necrosis factor (TNF). In
particular, sepsis is fatal in about a third of patients, is the lead-
ing cause of death in newborns and small children in the world
and is an important contributor to fatality of hospitalized adult
patients®>”. Currently, sepsis treatment is limited to antibiot-
ics and supportive care. Hundreds of clinical trials have failed to
improve the survival of septic patients, including those designed to
inhibit inflammatory cytokines and coagulation factors, which are
downstream sepsis effectors. Drugs that efficiently and specifically
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regulate inflammasome activation, cytokine maturation and pyrop-
tosis would be valuable therapeutic agents for treating sepsis and
inflammation but are currently unavailable. Although many sensors
and mediators trigger pyroptosis, pore formation by GSDMD-NT
and other GSDM family members presents an attractive drug target
because pore formation is a common final step required for pyrop-
tosis and inflammatory cytokine release elicited by pathogenic or
danger signals. In fact, Gsdmd genetic deficiency protects mice
from LPS-induced septic death**.

In this study, we performed high-throughput biochemical
screening and identified tetraethylthiuram disulfide (disulfiram) as
an effective inhibitor of GSDMD pore formation. Although disulfi-
ram is a Cys-modifying drug that has other activities, examination
of the steps of inflammasome activation showed that disulfiram did
not substantially inhibit IL-1p and GSDMD processing in cells and
in mice, but abrogated pore formation. Disulfiram is a drug that has
been used for decades to treat chronic alcohol addiction by acting
on aldehyde dehydrogenase (ALDH)*". Because of its demonstrated
safety, disulfiram is actively being repurposed, most notably to treat
cancer due to its identified role in regulatory and stress-response
pathways by directly targeting NPL4, an adaptor of the p97 segre-
gase”. We propose that our newly identified activity of disulfiram
on GSDMD may provide new therapeutic indications for repur-
posing disulfiram to counteract the many human diseases that are
caused or exacerbated by excessive inflammation.

Results

High-throughput screening identified disulfiram as a potent
inhibitor of GSDMD-induced liposome leakage. We performed
high-throughput screening to discover inhibitors of GSDMD using
a fluorogenic liposome leakage assay, which detects leakage of ter-
bium (Tb*") from Tb**-loaded liposomes incubated with GSDMD
and caspase-11 (refs. *'**; Fig. 1a). Concentrations of liposomes,
caspase-11 and GSDMD were optimized to achieve a Z value of ~0.7,
a cutoff that provides reproducible separation of hits from controls*’
(Extended Data Fig. la—c). We initially screened 3,752 small mol-
ecules from a Harvard ICCB-Longwood collection to look for com-
pounds that inhibited liposome leakage by at least 50% (Fig. 1b).
After excluding pan-assay-interference compounds that nonspecifi-
cally react with many biological targets and GSDMD-independent
quenchers of fluorescence, we identified 22 active compounds (hit
rate, 0.6%) and measured their half-maximal inhibitory concen-
tration (IC,,) values. The low hit rate indicates that the screen was
selective. The most potent inhibitor was C-23, which had an IC,,
of 0.30+0.01uM (Fig. 1c—e and Extended Data Fig. 1d). C-23 is
a symmetrical molecule known as disulfiram, the active ingredi-
ent in Antabuse that targets ALDH to deter alcohol consumption
because of disulfiram-induced aversive flushing*. C-22, -23 and -24
all had low IC,, values and bound to GSDMD directly as assessed by
microscale thermophoresis (MST; Fig. 1¢,f), a technique that quan-
tifies binding by detecting a fluorescence change in a sample when
its temperature is changed. Therefore, we identified three promising
leads that directly inhibit GSDMD in vitro.

Disulfiram inhibits pyroptosis in cells. To evaluate whether C-22,
-23 and -24 inhibit pyroptosis, we added these compounds to phor-
bol 12-myristate 13-acetate- (PMA)-differentiated and LPS-primed
human THP-1 cells before activating the canonical NLRP3 inflam-
masome with nigericin (Fig. 2a—d) or to mouse immortalized bone
marrow-derived macrophages (iBMDMs) before activating the
noncanonical inflammasome by LPS electroporation (Fig. 2e-g).
Only C-23 blocked pyroptosis in both canonical human and nonca-
nonical mouse inflammasome pathways (Fig. 2a,e). It also impaired
cell death in a dose-dependent manner triggered by the AIM2
inflammasome in mouse iBMDMs transfected with poly(dA:dT)
(Extended Data Fig. le), supporting its inhibition of a common
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event downstream of inflammasome action. Inhibition was shown
by cell survival, assessed by CellTiter-Glo ATP luminescence
(Fig. 2a,b,e,f), and membrane permeabilization, assessed by uptake
of the membrane-impermeable dye SYTOX green (Fig. 2¢). In
addition, disulfiram inhibited nigericin-induced IL-1p secre-
tion in THP-1 and LPS transfection-induced IL-1f secretion in
iBMDM with potency comparable to the pan-caspase inhibitor
z-VAD-fmk (Fig. 2d,g). In contrast, disulfiram had no effect on
necroptosis induced in HT-29 cells by treatment with TNE, second
mitochondria-derived activator of caspases (SMAC) mimetic and
z-VAD-fmk, which was blocked by either necrosulfonamide (NSA)
or necrostatin-1 (Nec)?** (Fig. 2h). These data indicate that disulfi-
ram inhibits pyroptosis in both human and mouse cells triggered by
canonical and noncanonical inflammasomes, but not necroptosis.

The measured cellular IC,, values of 7.7+0.3uM and
10.3+0.5uM for canonical human and noncanonical mouse
inflammasome-dependent pyroptosis, respectively (Fig. 2b,f) are
notably higher than the submicromolar IC;, of disulfiram in the
liposome leakage assay (Fig. le). Because previous studies have
shown that disulfiram is rapidly metabolized to diethyldithiocar-
bomate (DTC)**!, and that the activity of DTC in vivo is greatly
enhanced by complexation with copper gluconate (Cu(II))*
(Extended Data Fig. 2a), we tested whether Cu(II) could improve
disulfiram’s cellular efficacy. Although Cu(II) weakly increased
inhibition of liposome leakage by disulfiram or DTC (Extended
Data Fig. 2b), it strongly enhanced protection against pyrop-
tosis by either drug (Extended Data Fig. 2¢). With Cu(II), the
IC,, of disulfiram for inhibiting pyroptosis decreased 24-fold to
0.41+0.02pM, which was similar to its potency for preventing
liposome leakage (Extended Data Fig. 2b). The similar potency of
disulfiram, when its principal cellular metabolite is stabilized, at
inhibiting GSDMD pore formation in liposomes and pyroptosis
in cells supports inhibition of GSDMD as the main mechanism of
action of disulfiram.

Liposome leakage inhibition is mediated primarily by direct
GSDMD pore formation. Disulfiram has been reported to inhibit
caspases in vitro by binding to the catalytic Cys responsible for
proteolysis™. It is therefore likely that disulfiram inhibits both
caspases and GSDMD. In a fluorogenic caspase activity assay that
measures the release of 7-amino-4-methylcoumarin (AMC) from
the inflammatory caspase substrate Ac-YVAD-AMC, disulfiram
indeed inhibited recombinant caspase-1 and caspase-11 with IC,
of 0.15+0.04pM and 0.73+0.07 uM, respectively (Extended Data
Fig. 3a-d). Adding Cu(Il), which stabilizes the DTC disulfiram
metabolite, did not strongly change disulfiram caspase inhibition
in vitro (Extended Data Fig. 3e-h).

To separate the relative contribution of caspase-11 versus
GSDMD inhibition on pore formation, we first examined lipo-
some leakage by precleaved GSDMD. Disulfiram inhibited lipo-
some leakage by precleaved GSDMD with an IC, of 0.26 +0.01 pM
(Fig. 3a) that was comparable to its ICy, of 0.30+0.01 pM for inhib-
iting full-length GSDMD plus caspase-11 (Fig. le). Disulfiram did
not inhibit pore formation of precleaved GSDMA3, suggesting that
disulfiram does not inhibit the entire GSDM family (Fig. 3b). We
then performed a time course of liposome leakage (Fig. 3c) and
GSDMD cleavage by caspase-11 (Fig. 3d) in the presence or absence
of disulfiram (50 pM). GSDMD processing by caspase-11 was unaf-
fected by disulfiram, but processed GSDMD-NT did not cause lipo-
some leakage if disulfiram was present. These data demonstrate that
the inhibitory effect of disulfiram in the liposome leakage assay is
mainly mediated by direct inhibition of GSDMD pore formation,
rather than inhibition of caspase-11.

To confirm that disulfiram inhibits pore formation, we used
GSDMD and covalently circularized lipid nanodiscs® constructed
with phosphatidylserine, an acidic lipid, and phosphatidylcholine.
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Fig. 1| High-throughput screen identifies disulfiram as an inhibitor of GSDMD pore formation. a, Terbium (Tb**)/dipicolinic acid (DPA) fluorescence
liposome leakage assay. b, Percentage inhibition of liposome leakage by each compound, assayed at 25 pg ml~' (~50 pM for most compounds). Cutoff
was 50% inhibition. ¢, IC., values of the 12 screening hits after excluding Tb3*/DPA assay quenchers and hits without a saturatable IC, curve. n=3
independent experiments. The top seven hits were assessed for GSDMD binding by MST. n=3 independent experiments. d, Chemical structure of
compound C-23 (disulfiram). e, Dose response curve of disulfiram in liposome leakage assay. n=3 independent experiments. The mean +s.e.m. is shown.
f, MST measurement of the binding of Alexa 488-labeled His-MBP-GSDMD (80 nM) with C-22, C-23 or C-24. n=3 independent experiments. The

mean + s.e.m. is shown.

Adding precleaved GSDMD to assembled nanodiscs reconstituted
pores that were visible by negative staining electron microscopy
(Fig. 3e). When precleaved GSDMD was treated with disulfiram
before being added to the nanodiscs, pore formation was completely
blocked (Fig. 3e). However, disulfiram addition after pore forma-
tion did not disrupt already assembled pores (Fig. 3e). Thus, disul-
firam inhibits pore formation, but does not disassemble already
formed pores.

Disulfiram targets Cysl191 on human GSDMD. Disulfiram
has been shown to inactivate reactive Cys residues by covalent
modification™. Indeed, when disulfiram was preincubated with
N-acetylcysteine, which contains a reactive Cys that can inactivate
Cys-reactive drugs, the ability of disulfiram to protect THP-1 cells
from nigericin-mediated pyroptosis was eliminated (Extended Data
Fig. 4a), consistent with disulfiram acting by modification of a reac-
tive Cys in GSDMD. To probe the mechanism of GSDMD inhibition
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by disulfiram, we used nano-liquid chromatography-tandem mass
spectrometry (nano-LC-MS/MS) to analyze disulfiram-treated
human GSDMD. Tryptic fragments indicated a dithiodiethylcar-
bamoyl adduct of Cys191, in which half of the symmetrical disulfi-
ram molecule is attached to the thiol (Fig. 4a,b and Extended Data
Fig. 4b,c). Indeed, Cys191 is important for GSDMD pore formation
in cells, since oligomerization was compromised by Ala mutation of
the corresponding Cys192 in mouse GSDMD". This Cys residue,
conserved in GSDMD, but not in other GSDM family members, is
accessible in both the full-length autoinhibited structure and the
N-terminal pore form models, generated based on mouse GSDMA3
structures™ (Fig. 4c and Extended Data Fig. 5a). Corresponding to
Leul83 of GSDMA3, Cys191 sits at the distal tip of the membrane
spanning region at the beginning of the 8 strand within the p7-8
hairpin, which is a key element in the p-barrel that forms the pore’.
Analysis of Cys reactivity using PROPKA* indicates that Cys191
is the most reactive among all Cys residues in GSDMD. Consistent
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Fig. 2 | Disulfiram inhibits pyroptosis and IL-1p secretion. a-d, PMA-differentiated LPS-primed human THP-1 were pretreated with indicated

concentrations of each compound for 1h before adding nigericin or medium. The number of surviving cells was determined by CellTiter-Glo assay (a,b),
pyroptosis was measured by SYTOX green uptake in the presence of no inhibitor or 30 uM C-23 or z-VAD-fmk (¢), and IL-18 in culture supernatants was
assessed by ELISA (d) 2h later. e-g, Mouse iBMDMs were pretreated with each compound for Th before electroporation with PBS or LPS. The number

of surviving cells was determined by CellTiter-Glo assay (e,f) and IL-1B in culture supernatants was assessed by ELISA 2.5h later (g). h, HT-29 cells were
pretreated (10 and 50 pM) or not with disulfiram (C-23) or 2pM NSA or 10 pM Nec for 1h before adding 20 ngmI~" TNF (T), 100 nM SMAC mimetic (S)
and 20 pM z-VAD-fmk (Z) and analyzed for cell viability by CellTiter-Glo assay 24 h later. Graphs in a,d,e,g,h show mean +s.d.; data are representative of

three independent experiments with replicates (n=3) and similar results. Data were analyzed using a two-tailed Student’s t-test. **P < 0.01.

with its high reactivity, a time course analysis showed that disulfiram
inhibited liposome leakage as soon as the reaction could be mea-
sured, within 2 min of incubation (Extended Data Fig. 5b).

To confirm that disulfiram acts on Cys191, we first compared the
disulfiram IC;, values for pore formation in liposomes treated with
wild-type, C38A control or C191A human GSDMD plus caspase-11.
The IC,, for disulfiram acting on C191A GSDMD was roughly
eight-fold higher than on wild-type GSDMD, while the activity on
C38A was similar to wild-type GSDMD (Fig. 4d), confirming the
importance of Cys191 for disulfiram activity. The residual inhi-
bition of the Cys191 mutant may be due to disulfiram modifica-
tions of other Cys residues in the mutant GSDMD. To confirm the
importance of Cys191 in pore formation, cell death was measured
by lactate dehydrogenase (LDH) release in human embryonic kid-
ney 293T (HEK293T) cells ectopically expressing full-length human
wild-type or C191S mutant GSDMD with or without caspase-11.
Although wild-type or C191S GSDMD alone did not compromise
cell survival, wild-type GSDMD and caspase-11 together caused
substantial cell death, which was reduced for C191S GSDMD and
caspase-11 (Fig. 4e). Similarly, cell death caused by ectopic expres-
sion of mouse GSDMD-NT (mGSDMD-NT) was notably reduced
in HEK293T cells expressing the analogous C192S mutant, but only
modestly in cells expressing C39A mGSDMD-NT (Extended Data
Fig. 5¢). These results confirm the role of Cys191 and Cys192 in
GSDMD-NT pore formation in humans and mice, respectively,
consistent with previous results'®*.
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To further confirm that disulfiram acts on Cys191, we next assessed
disulfiram inhibition of LDH release in HEK293T cells expressing
caspase-11 and wild-type or C191S GSDMD. As expected, wild-type
GSDMD-induced cell death was strongly inhibited by disulfiram in
a dose-dependent manner beginning at the lowest concentration
tested (10pM), but the reduced cell death caused by expression of
caspase-11 and C191S GSDMD was only inhibited when four times
as much disulfiram was added (Fig. 4f). These data indicate that
disulfiram inhibits GSDMD pore formation mainly by covalently
modifying Cys191. In addition, they indicate that disulfiram inhibits
cell death mainly through its effect on GSDMD-NT pore formation
because if disulfiram strongly inhibited caspase-11, it would have pro-
vided better protection from death of cells expressing caspase-11 and
C191S GSDMD. The residual weak inhibition of cell death by caspase
activation of C191S GSDMD could have been caused by disulfiram
modification of other Cys in GSDMD when Cys191 is not present.
Collectively, Cys191 in human GSDMD is the main target of covalent
modification by disulfiram.

GSDMD pore formation, but not its cleavage or other earlier
events in the inflammasome pathway, is the main target of disul-
firam. To further elucidate the cellular mechanism of pyropto-
sis inhibition by disulfiram, we analyzed its effects on the entire
inflammasome activation pathway. Nigericin activates the assem-
bly of the NLRP3 canonical inflammasome using an adaptor
called apoptosis-associated speck-like protein containing a caspase
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recruitment domain (ASC), which can be visualized in immuno-
fluorescence microscopy as specks. When LPS-primed THP-1
cells were treated with nigericin in the absence of inhibitors, ASC
specks were detected in ~30% of cells (Fig. 5a,b). As expected, speck
formation was not inhibited by z-VAD-fmk, since caspase activa-
tion occurs downstream of inflammasome assembly. Disulfiram,
added at 1h before nigericin, only modestly inhibited ASC speck
formation (Fig. 5a,b).

Canonical inflammasome assembly activates caspase-1, which
cleaves pro-IL-1p and GSDMD, and the latter is needed to release
processed IL-1P and to induce pyroptosis. To assess which steps
in NLRP3-mediated inflammation were inhibited post ASC speck
formation, LPS-primed THP-1 cells were treated with vehicle,
30 pM z-VAD-fmk or disulfiram 1h before adding nigericin, and
cleavage and activation of caspase-1, GSDMD and pro-IL-1f were
analyzed by immunoblot of whole cell lysates 1h later (Fig. 5¢
and Extended Data Fig. 6). Secretion of processed IL-1p was
also assessed by immunoblot of culture supernatants (Fig. 5c¢).
Caspase-1, GSDMD and pro-IL-1p cleavage to their active forms

740

was clearly detected in the absence of inhibitors, and disulfiram
treatment had no apparent effect on their proteolytic process-
ing. In contrast and as expected, z-VAD-fmk treatment inhibited
the processing of all three proteins. Despite lack of inhibition of
pro-IL-1f processing, no IL-1p was detected in the culture super-
natant in cells treated with disulfiram, suggesting blockage of
GSDMD pore formation.

Next, we assessed the effect of z-VAD-fmk and disulfiram on LPS
plus nigericin-induced GSDMD pore formation by immunofluores-
cence microscopy using a monoclonal antibody we generated that
recognizes both uncleaved GSDMD and its pore form (Fig. 5d,e and
Extended Data Fig. 6). In the absence of any inhibitor, the GSDMD
antibody stained both the cytosol and the plasma membrane of LPS
plus nigericin treated cells, which formed characteristic pyroptotic
bubbles''. Both inhibitors completely blocked GSDMD membrane
staining and the appearance of pyroptotic bubbles.

To determine whether disulfiram also primarily acts by block-
ing GSDMD pores in mouse macrophages, we treated LPS-primed
iBMDMs with vehicle, z-VAD-fmk, disulfiram or two Cys-reactive
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compounds, NSA, which has been found to also inhibit pyroptosis®™
and BAY 11-7082, an NLRP3 inhibitor”, for 1 h before adding nige-
ricin, and assessed by immunoblot cleavage of caspase-1, GSDMD
and pro-IL-1 in cell lysates, and IL-1p release into culture superna-
tants 1 h later (Fig. 5f). Caspase-1, GSDMD and pro-IL-1f cleavage
to their active forms was clearly detected in the absence of inhibitors.
Disulfiram had no apparent effect on their proteolytic processing,
but completely blocked IL-1p release. In contrast the other inhibi-
tors all acted upstream to completely suppress caspase-1 process-
ing and hence processing of the caspase-1 substrates, GSDMD and
IL-1p. Thus, disulfiram’s effect on caspase-1-mediated pyroptosis in
human and mouse cells is mainly due to inhibition of GSDMD pore
formation rather than inhibition of inflammatory caspase cleav-
age of GSDMD or other upstream events (Fig. 5g). In contrast, the
other inhibitors inhibited pyroptosis and IL-1p release by blocking
caspase-1 activity.

Disulfiram suppressed LPS-induced sepsis in mice. To investigate
the in vivo effect of disulfiram, we examined LPS-induced sepsis
in C57BL/6] mice. Mice were treated with vehicle or disulfiram

intraperitoneally before challenge with LPS using a drug dose
(50 mgkg™) that was equivalent, after allometric scaling to account
for body surface area, to 284 mgd™" in humans, which is within
the 125-500mgd~" dose range clinically approved to treat alcohol
dependence®. Whereas the lowest concentration of LPS (15mgkg™)
killed three of eight control mice after 96 h, all the disulfiram-treated
mice survived (P=0.0318) (Fig. 6a). Serum IL-1p, TNF and IL-6
concentrations were strongly reduced 12 h after LPS challenge when
all mice were alive (P<0.0003) (Fig. 6b-d). To check whether the
reduction in IL-6 and TNF was secondary to GSDMD inhibition, we
compared the serum levels of IL-1B, TNF and IL-6 in Gsdmd~'~ and
wild-type mice in the presence or absence of disulfiram (Extended
Data Fig. 7a-c). Gsdmd~'~ mice, as predicted, produced little IL-1p.
Although Gsdmd~"~ mice secreted TNF and IL-6, the serum levels
of these cytokines in Gsdmd~'~ mice was lower than in wild-type
mice and was not substantially reduced by disulfiram. Collectively,
these data indicate that disulfiram’s suppression of TNF and IL-6
secretion in wild-type mice was largely dependent on its inhibi-
tion of GSDMD pore formation. Following LPS challenge at the
intermediate concentration (25mgkg™), all the control mice died
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and stimulated with nigericin or medium, were analyzed for ASC specks (a,b), caspase-1, GSDMD and pro-IL-1p cleavage and IL-1 release by immunoblot of
whole cell lysate (WCL) or culture supernatants (Sup; ¢), and redistribution of GSDMD to the plasma membrane (d,e). Representative images of ASC specks
(arrowheads) (a) and mean +s.d. percentage of cells with ASC specks analyzed 20 min after adding nigericin (b) are shown. The ratios of cells with ASC
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Scale bar in a, 20 um. WCL and Sup were gathered 1h after adding nigericin, and the data are representative of three independent experiments (c). Cells were
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are representative confocal microscopy images (d) and quantification (e) of the proportion of cells with GSDMD membrane staining and pyroptotic bubbles.
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*P<0.05; **P<0.01. g, Model of inflammasome pathway steps and their inhibition by disulfiram, with a main effect on GSDMD.

within 72 h, but five of eight of the disulfiram-treated mice survived
(P=0.0063) (Fig. 6e). At the highest LPS challenge (50mgkg™),
while all the control mice died within a day, death was substantially
delayed by disulfiram treatment and one of eight mice survived
(P<0.0001) (Fig. 61).

LPS not only causes noncanonical inflammasome activation
intracellularly, which does not need priming, but also primes
NLRP3 inflammasome activation, which may amplify septic shock.

However, genetic deficiency of NLRP3, ASC, caspase-1 or the
IL-1 receptor did not offer substantial survival advantages in mice
challenged with LPS in previous studies; in contrast, caspase-11
or GSDMD deficiency protected mice from septic death**, sug-
gesting that the noncanonical inflammasome pathway domi-
nates LPS-induced sepsis. Consistent with these previous studies,
Casp117'~ and Gsdmd™'~ mice, but not Caspl~'~ mice, were resistant
to death from LPS (Fig. 6g). Further, disulfiram protected Caspl~'~
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three independent times.

mice from lethal LPS challenge but did not substantially affect the
survival of CasplI~'~ and Gsdmd~'~ mice since all but one mouse
in each undrugged control group survived. Peritoneal macrophages
gathered 6 h post LPS challenge of wild-type mice also showed simi-
lar levels of NLRP3, and full-length and cleaved GSDMD with or
without disulfiram treatment (Fig. 6h), suggesting that disulfiram
did not inhibit priming or GSDMD cleavage.

To better mimic the clinical situation in which sepsis is usually
diagnosed only after the inflammatory cascade has begun, disulfi-
ram administration was deferred until just after LPS (25mgkg™)
challenge and 12h later (Fig. 6i). Post LPS disulfiram treatment
markedly delayed death. To determine whether Cu(II) could
improve protection from sepsis, we also examined whether Cu(II)
supplementation enhanced the effectiveness of disulfiram admin-
istered post LPS (Fig. 6i). Mice pretreated with Cu gluconate and
given disulfiram after LPS challenge had improved survival com-
pared to mock-treated control mice. Although all the control mice

and mice treated with disulfiram alone died, two of eight mice given
both Cu(II) and disulfiram survived (Fig. 6i). Thus, disulfiram given
after LPS partially protected mice and administration of Cu(II) may
have improved its activity.

Other reported GSDMD inhibitors did not directly inhibit
GSDMD pore formation. The Cys-reactive necroptotic inhibitor
NSA and Bay 11-7082 were shown to inhibit GSDMD-mediated
pyroptosis®® and the NLRP3 inflammasome”, respectively. To
elucidate whether disulfiram is different from these and other
Cys-reactive compounds such as dimethyl fumarate (DME, a drug
used in the treatment of psoriasis and multiple sclerosis), afatinib (a
drug that inhibits epidermal growth factor receptor family kinases)
and ibrutinib (a drug that inhibits Bruton’s tyrosine kinase), we
investigated their effects on GSDMD and caspase-11-mediated lipo-
some leakage. NSA and Bay 11-7082 moderately inhibited liposome
leakage but were much less potent than disulfiram (Extended Data
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Fig. 8a,b), while DMF, afatinib and ibrutinib had hardly any activ-
ity (Extended Data Fig. 8c—e). In addition, the activity of NSA and
Bay 11-7082 in liposome leakage was attributed to caspase inhibi-
tion because both compounds inhibited the processing of caspase-1,
IL-1p and GSDMD in cells, similar to z-VAD-fmk (Fig. 5f). We also
tested LDC7559, a small molecule identified from a cellular screen
for inhibitors of NETosis that was also found to inhibit pyropto-
sis"’. However, LDC7559 had no activity when assessed at up to
50 uM in the liposome leakage assay using recombinant GSDMD
and caspase-11 (Extended Data Fig. 8f). These data suggest that not
all Cys-reactive compounds have activity against GSDMD, and that
disulfiram is so far the only direct and potent inhibitor of GSDMD.

Discussion

Inflammasomes have been implicated in many human diseases.
The discovery of GSDMD as the final common step in pyroptosis
and inflammatory cytokine release after inflammasome activation
raises a new approach for targeted therapy of inflammatory disease.
A GSDMD inhibitor is an especially attractive therapeutic because
it will potentially inhibit inflammation induced by activation of all
inflammasome pathways triggered by any stimulus, unlike NLRP3
inhibitors that inhibit just one specific inflammasome. Moreover,
blocking pore formation will inhibit the exit and inflammatory
effects of all molecules whose release is increased by pyroptosis,
unlike anti-IL-1p or anti-IL-18 biologics that act on just one down-
stream mediator. However, despite intense interest’>*’, no bona fide
GSDMD inhibitors have been reported.

In this study, we found that disulfiram is a potent inhibitor of
GSDMD pore formation in vitro, in cells and in vivo. In vitro, it
suppresses liposome leakage mediated by caspase-11-cleaved
GSDMD. In cells, it inhibits pyroptosis and inflammatory cytokine
release in both canonical and noncanonical inflammasome path-
ways. When supplemented with Cu(II) to stabilize its metabolic
intermediate, disulfiram exhibits a cellular potency similar to its
in vitro potency. In vivo, it protects mice from lethal LPS-induced
septic shock. These activities of GSDMD are mediated primar-
ily by blocking GSDMD pore formation rather than its proteolytic
processing. Mechanistically, disulfiram modifies Cys191 of human
GSDMD, which is conserved as Cys192 of mouse GSDMD but is
not conserved in other members of the GSDM family such as mouse
GSDMA3. By interfering with GSDMD pore formation, disulfiram
provides an effective means to stop the cascade of inflammation
that underlies sepsis.

Our data indicate that disulfiram is selective for GSDMD in
several ways. First, within the steps in inflammasome pathways,
disulfiram mainly blocks GSDMD pore formation, but has only a
modest effect on earlier steps. Second, a number of FDA-approved
Cys-modifying drugs, including the highly reactive DMF used to
treat multiple sclerosis, did not show activity against GSDMD, sug-
gesting that the presence of Cys-reactive groups per se is not suf-
ficient to modify GSDMD and to hinder pore formation. Third,
while disulfiram may also modify other proteins in a cell due to its
Cys-reactive nature, the consequence of these other modifications is
not important for the inflammasome pathway and is not cytotoxic.
The current literature is consistent with the notion that different
cellular targets become important for different cellular challenges.
For example, in patients who excessively consume alcohol, disulfi-
ram’s inhibition of ALDH makes it a useful alcohol deterrent due to
its effects on acetaldehyde accumulation, which causes flushing and
other aversive reactions**™. In contrast, disulfiram’s modification of
NPL4, an adaptor of the p97 segregase, modulates multiple regula-
tory and stress-response pathways in cancer cells to promote their
death”. The well-established safety profile of disulfiram in humans*
in over six decades of clinical use indicates that disulfiram’s modi-
fications of other cellular targets do not lead to appreciable clini-
cal toxicity. Hence, given the inadequacy of current treatments of
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inflammation, it is worth exploring repurposing this old drug for
treating inflammatory diseases.
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Methods

Mice. The mice were 8-week-old female C57BL/6] wild-type and Casp11~'~, and
were purchased from The Jackson Laboratory. Caspl~~ mice were kindly licensed
by T.-D. Kanneganti (St. Jude Children’s Research Hospital) and provided by R.T.
Gazzinelli (University of Massachusetts Medical School). Gsdmd~'~ mice were a gift
from T. Shiroishi (National Institute of Genetics, Japan). Mice were maintained at
the SPF facility at Harvard Medical School. All mouse experiments were conducted
using protocols approved by the Animal Care and Use Committees of Boston
Children’s Hospital and Harvard Medical School.

Drug administration and LPS-induced sepsis in mice. Mice were treated with
disulfiram (50 mgkg™") formulated in sesame oil (12.5mgml™) or vehicle (Ctrl)
by intraperitoneal injection at indicated times. In the indicated group of mice in
Fig. 61, Cu(II) (0.15mgkg™') was administered intraperitoneally 6 h before the
first injection of disulfiram. Sepsis was induced in C57BL/6 mice (8-10 weeks
old) by intraperitoneal injection of LPS (Escherichia coli O111:B4) at indicated
concentrations. Peritoneal cells were collected by rinsing the peritoneal cavity with
ice cold PBS containing 3% FBS 6h after LPS challenge. To measure cytokines,
blood samples were collected by tail vein bleed 12h post LPS challenge and
allowed to clot at room temperature. Sera obtained after centrifugation at
2,000g for 10 min were analyzed for inflammatory cytokines by enzyme linked
immunosorbent assay (ELISA).

Reagents. f-mercaptoethanol (2ME), dithiothreitol, terbium(III) chloride
(TbCl,), dipicolinic acid (DPA), disulfiram, Cu(II), PMA, DMSO, NSA, Nec, BAY
11-7082, DME, ibrutinib and afatinib were from Sigma-Aldrich. Ultra-LPS and
nigericin were from InvivoGen. The pan-caspase inhibitor z-VAD-fmk was from
BD Biosciences. The complete protease inhibitor cocktail and the PhosSTOP
phosphatase inhibitor cocktail were from Roche. LDC7559 was synthesized by
Intonation Research Laboratories.

The monoclonal antibody against GSDMD was generated in house by
immunizing 6-week-old BALB/c mice with recombinant human GSDMD and
boosting with recombinant human GSDMD-NT according to standard protocols.
Serum samples were collected to assess titers of reactive antibodies and spleen
cells were fused with SP2/0 myeloma cells. Hybridomas were selected and
supernatants from the resulting clones were screened by ELISA, immunoblot and
immunofluorescence microscopy. Tubulin antibody was from Sigma-Aldrich.
Cleaved human caspase-1 (Asp297) antibody and NLRP3 antibody were from Cell
Signaling Technology. ASC antibody (AL177) and mouse caspase-1 p20 antibody
were from AdipoGen. Human and mouse IL-1p antibodies were from R&D
Systems. HMGB1 and mouse GSDMD antibodies were from Abcam.

Protein expression and purification. Full-length human GSDMD

sequence was cloned into the pDB.His.MBP vector with a tobacco etch virus
(TEV)-cleavable N-terminal His,-MBP tag using Ndel and Xhol restriction sites.
Human GSDMD-3C and mouse GSDMA3-3C mutants were constructed by
QuikChange Mutagenesis (Agilent Technologies). For expression of full-length
GSDMD, GSDMD-3C, GSDMA3 and GSDMA3-3C, E. coli BL21 (DE3)

cells harboring the indicated plasmids were grown at 18 °C overnight in LB
medium supplemented with 50 pg ml~! kanamycin after induction with 0.5mM
isopropyl-p-p-thiogalactopyranoside when optical density (ODy,,) reached 0.8.
Cells were ultrasonicated in lysis buffer containing 25 mM Tris-HCl at pH 8.0,
150 mM NaCl, 20 mM imidazole and 5mM 2ME. The lysate was clarified by
centrifugation at 40,000g at 4 °C for 1h. The supernatant containing the target
protein was incubated with Ni-NTA resin (Qiagen) for 30 min at 4°C. After
incubation, the resin—supernatant mixture was poured into a column and the
resin was washed with lysis buffer. The protein was eluted using the lysis buffer
supplemented with 100 mM imidazole. The His,-MBP tag was removed by
overnight TEV protease digestion at 16 °C. The cleaved protein was purified using
HiTrap Q ion-exchange and Superdex 200 gel-filtration columns (GE Healthcare
Life Sciences).

Caspase-11 sequence was cloned into the pFastBac-HTa vector with a TEV
cleavable N-terminal His,-tag using EcoRI and Xhol restriction sites. The
baculoviruses were prepared using the Bac-to-Bac system (Invitrogen), and the
protein was expressed in Sf9 cells following the manufacturer’s instructions.
His-caspase-11 baculovirus (10 ml) was used to infect 11 of Sf9 cells. Cells were
collected 48 h after infection and His,-caspase-11 was purified following the same
protocol as for His;-MBP-GSDMD. Eluate from Ni-NTA resin was collected for
subsequent assays.

Liposome preparation. Phosphatidylcholine (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine, 25 mgml™ in chloroform; 80 pl), PE (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine, 25 mgml™" in chloroform; 128 pl)
and cardiolipin (CL, 133’-bis(1,2-dioleoyl-sn-glycero-3-phospho)-sn-glycerol
(sodium salt), 25 mgml~" in chloroform; 64 pl) were mixed and the solvent was
evaporated under a stream of N, gas. The lipid mixture was suspended in 1 ml
Buffer A (20mM HEPES at pH7.4, 150 mM NaCl, 50 mM sodium citrate and
15mM TbCL) for 3 min. The suspension was pushed through 100 nm Whatman
Nuclepore Track-Etched Membrane 30 times to obtain homogeneous liposomes.

The filtered suspension was purified by size exclusion column (Superose 6,
10/300 GL) in Buffer B (20 mM HEPES, 150 mM NaCl) to remove TbCl, outside
liposomes. Void fractions were pooled to produce a stock of PC/PE/CL liposomes
(1.6mM). The liposomes are diluted to 50 pM with Buffer C (20 mM HEPES,

150 mM NaCl and 50 pM DPA) for use in high-throughput screening.

High-throughput screen for GSDMD inhibitors. Liposome leakage was detected by
an increase in fluorescence when Tb** bound to DPA in Buffer C. Human GSDMD
(0.3 uM), dispensed into 384-well plates (Corning 3820) containing PC/PE/CL
liposomes (50 pM liposome lipids), was incubated with compounds from the
ICCB-Longwood Screening Facility collection for 1h before addition of caspase-11
(0.15pM) to each well. The fluorescence intensity of each well was measured

at 545 nm with an excitation of 276 nm 1h after addition of caspase-11 using a
PerkinElmer EnVision plate reader. The final percentage inhibition was calculated as
((fluorescence . compouna — {ILOTrESCENCE yive contror)/ (flLIOTESCENCE 1111 controt —
fluorescence, egive_conirol)) X 100, where wells with GSDMD without inhibitors

were used as positive controls and with caspase-11 as negative controls. Next,

50% inhibition was arbitrarily chosen as a threshold. The hits were evaluated in
concentration-response experiments in a dose range of 0.008-50 pM to determine
IC,,. For liposome leakage assay using GSDMD-NT, human GSDMD (0.3 pM),
incubated with caspase-11 (0.03 uM) at 4°C for 24 h, was incubated with disulfiram
at indicated concentrations for 1 h before addition of liposomes (50 pM) and
fluorescence measurements.

Fluorescent protein labeling and MST binding assay. His,-MBP-GSDMD was
labeled with AlexaFluor-488 using the Molecular Probes protein labeling kit.
Binding of inhibitors to GSDMD was evaluated using MST. Ligands (49 nM-

150 uM) were incubated with purified AlexaFluor-488-labeled protein (80 nM)
for 30 min in assay buffer (20 mM HEPES at pH7.4, 150 mM NaCl, 0.05% Tween
20). The sample was loaded into NanoTemper Monolith NT.115 glass capillaries
and MST carried out using 20% LED power and 40% MST power. Ky, values were
calculated using the mass action equation and NanoTemper software.

Caspase-1 and caspase-11 inhibition assays. The fluorogenic assay for caspase-1
and caspase-11 activity is based on release of 7-amino-4-methylcoumarin (AMC)
from the caspase substrate Ac-YVAD-AMC. Compounds (8 nM-50 uM) were
incubated with 0.5 U of caspase-1 or caspase-11 for 30 min in assay buffer (20 mM
HEPES, 150 mM NaCl) in 384-well plates (Corning 3820) before addition of
Ac-YVAD-AMC (40 uM) to initiate the reactions. Reactions were monitored

in a SpectraMax M5 plate reader (Molecular Devices) with excitation/emission
wavelengths at 350/460 nm. The fluorescence intensity of each reaction was
recorded every 2 min for 2h.

Mass spectrometry and sample preparation. Gel bands were cut into 1 mm size
pieces and placed into separate 1.5ml polypropylene tubes. Then 100 pl of 50%
acetonitrile in 50 mM ammonium bicarbonate buffer was added to each tube and
the samples were then incubated at room temperature for 20 min. This step was
repeated if necessary to destain the gel. Then, the gel slice was incubated with
55mM iodoacetamide (in 50 mM ammonium bicarbonate) for 45 min in the
dark at room temperature, before the gel was washed sequentially with 50 mM
ammonium bicarbonate, water and acetonitrile. Samples were then dried in a
Speedvac for 20 min. Trypsin (Promega Corp.) (10ngpl™' in 25 mM ammonium
bicarbonate, pH 8.0) was added to each sample tube to just cover the gel, and
samples were then incubated at 37°C for 6h or overnight.

After digestion, samples were acidified with 0.1% formic acid and 3 pl of
tryptic peptide solution was injected. Nano-LC-MS/MS was performed on a
Thermo Scientific Orbitrap Fusion system, coupled with a Dionex Ultimat 3000
nanohigh-performance liquid chromatographer and auto-sampler with 40 well
standard trays. Samples were injected onto a trap column (300 pm i.d. X 5mm,
C18 PepMap 100) and then onto a C18 reversed-phase nano-LC column (Acclaim
PepMap 100 75 pm X 25 cm), heated to 50 °C. Flow rate was set to 400 nl min™
with 60 min liquid chromatography gradient, using mobile phases A (99.9% water,
0.1% formic acid) and B (99.9% acetonitrile, 0.1% formic acid). Eluted peptides
were sprayed through a charged emitter tip (PicoTip Emitter, New Objective,
10+ 1 pm) into the mass spectrometer. Parameters were: tip voltage, +2.2kV;
Fourier transform mass spectrometry mode for MS acquisition of precursor ions
(resolution 120,000); ion trap mass spectrometry mode for subsequent MS/MS via
higher-energy collisional dissociation on top speed in 3.

Proteome Discoverer 1.4 was used for protein identification and modification
analysis. UniPort human database was used to analyze raw data. Other
parameters include the following: selecting the enzyme as trypsin; maximum
missed cleavages of 2; dynamic modifications are carbamidomethyl (control),
diethyldithiocarbamate (from disulfiram) on cysteine; oxidized methionine,
deaminated asparagine and glutamine; precursor tolerance set at 10 ppm; MS/MS
fragment tolerance set at 0.6 Da and +2 to +4 charged peptides are considered.
Peptide false discovery rate was set to be smaller than 1% for a significant match.

Cell lines and treatments. THP-1 (obtained from ATCC) were grown in RPMI
with 10% heat-inactivated fetal bovine serum, supplemented with 100 Uml~!
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penicillin G, 100 pgml™ streptomycin sulfate, 6mM HEPES, 1.6 mM L-glutamine
and 50 pM 2ME. HEK293T and HCT116 cells (obtained from ATCC) were
cultured in DMEM with the same supplements. C57BL/6 mouse iBMDM cells
were kindly provided by J. Kagan (Boston Children’s Hospital) and cultured in
DMEM with the same supplements. HT-29 cells were kindly provided by J. Yuan
(Harvard Medical School) and cultured in McCoy’s 5A medium, supplemented
with 10% FBS and 1% penicillin and streptomycin. Cells were verified to be free
of mycoplasma contamination. Transient transfection of HEK293T cells was
performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. iBMDM cells were transfected by nucleofection using the Amaxa
Nucleofector kit (VPA-1009). Generally, THP-1 cells were first differentiated by
incubation with 50nM PMA for 36 h and then primed with LPS (1 pgml~*) for
4h before treatment with nigericin (20 pM). For noncanonical inflammasome
activation, 1 million iBMDM cells were electroporated with 1 pg ultra-LPS. To
measure IL-1p release, iBMDMs were primed with LPS (1 mgml™) for 2h (and
then removed) before disulfiram treatment and subsequent LPS transfection for
2.5h. iBMDMs were not primed for other experiments. To activate the AIM2
inflammasome and subsequent pyroptotic cell death, iBMDM:s were transfected
with 2 pg poly(dA:dT) using Lipofectamine 2000 for 4h. Necroptosis was induced
in HT-29 cells by adding 20 ngml~' TNE, 100 nM SMAC mimetic and 20 uM
2-VAD-fmk for 24 h.

Cytotoxicity and cell viability assays. Cell death and cell viability were determined
by the lactate dehydrogenase release assay using the CytoTox96 Non-Radioactive
Cytotoxicity Assay kit (Promega) and by measuring ATP levels using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega), respectively, according
to the manufacturer’s instructions. Luminescence and absorbance were measured
on a BioTek Synergy 2 plate reader. For the cell death assay in HEK293T cells,

0.5 pg plasmids encoding indicated proteins were transfected into HEK293T

cells by calcium-phosphate transfection. Medium was changed and disulfiram

was added 8 h post transfection; cell death was determined by CytoTox96 assay
12h later. To assess cell permeability, cells were cultured in Tris-buffered saline
plus 25 mM HEPES, 5mM glucose and 0.1% BSA containing 1 pM SYTOX green
(Molecular Probes) and fluorescence at 528 nm after excitation at 485nm was
continuously recorded for 66 min after nigericin treatment at 3-min intervals using
a BioTek Synergy plate reader.

Pore reconstitution on nanodiscs and negative staining electron microscopy.
The coding sequence of the membrane scaffold protein NW50 was cloned into
a pET-28a vector, and the protein was expressed in E. coli BL21(DE3), purified
via a refolding procedure and covalently circularized with sortase according to a
previously described protocol*. A lipid mixture containing phosphatidylserine
and phosphatidylcholine (molar ratio of 3 to 7) was solubilized in 60 mM
sodium cholate and incubated with circularized NW50 on ice for 1 h to
assemble nanodiscs. Sodium cholate was then removed by incubation overnight
at 4°C with Bio-beads SM-2 (Bio-Rad). The Bio-beads were then removed
using a 0.22 pm filter, and the assembled nanodiscs were further purified

using a Superose 6 10/300 gel-filtration column (GE Healthcare Life Sciences)
equilibrated with Buffer D (50 mM Tris-HCI at pH 8.0, 150 mM NacCl) to
remove excess lipids. To form GSDMD pores on the nanodiscs, purified human
GSDMD-3C was incubated with 3C protease in the presence of nanodiscs for 6h
on ice. The pores were further purified over a Superose 6 column equilibrated
with Buffer D. To assess the effect of disulfiram, human GSDMD-3C plus 3C
protease was either incubated with disulfiram (molar ratio of 1 to 1) for 30 min
on ice before adding to nanodiscs (pretreatment) or disulfiram was added

for 30 min on ice to already assembled pores (post treatment). For negative
staining electron microscopy, a 5-pl sample was placed onto a glow-discharged
carbon-coated copper grid (Electron Microscopy Sciences), washed twice

with Buffer A, stained with 1% uranyl formate for 1 min, and air dried. The
grids were imaged on the Tecnai G* Spirit BioTWIN electron microscope and
recorded with an AMT 2k charge coupled-device camera (Harvard Medical
School Electron Microscopy Facility).

Immunoblot analysis. Cell extracts were prepared using RIPA buffer (50 mM
Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5%
deoxycholate) supplemented with a complete protease inhibitor cocktail (Roche)
and a PhosSTOP phosphatase inhibitor cocktail (Roche). Samples were subjected
to SDS-PAGE and the resolved proteins were then transferred to a polyvinylidene
fluoride membrane (Millipore). Immunoblots were probed with indicated
antibodies and visualized using a SuperSignal West Pico chemiluminescence ECL
kit (Pierce).

Caspase-1 activity assay in cells. To measure caspase-1 activation, THP-1 cells

were seeded into 96-well plates and differentiated with PMA. After the indicated
treatments, cells were incubated with a fluorescent active caspase-1 substrate
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FAM-YVAD-FMK (Immunochemistry Technologies). Samples were read on a
BioTek Synergy 2 plate reader.

Measurement of cytokines. Concentrations of IL-1p, TNF and IL-6 in culture
supernatants or mouse serum were measured by ELISA kit (R&D Systems)
according to the manufacturer’s instructions, except in Extended Data Fig. 7, where
cytokines were measured by Luminex Multiplex Assay (Invitrogen).

Immunostaining and confocal microscopy. Cells grown on coverslips were

fixed for 15 min with 4% paraformaldehyde in PBS, permeabilized for 5min in
0.1% Triton X-100 in PBS and blocked using 5% BSA for 1 h. Then, cells were
stained with the indicated primary antibodies followed by incubation with
fluorescent-conjugated secondary antibodies (Jackson ImmunoResearch). Nuclei
were counterstained with DAPI (4,6-diamidino-2-phenylindole) (Sigma-Aldrich).
Slides were mounted using Aqua-Poly/Mount (Dako). Images were captured using
a laser scanning confocal microscope (Olympus Fluoview FV1000

Confocal System) with a X63 water immersion objective and Olympus

Fluoview software (Olympus). All confocal images are representative of three
independent experiments.

Statistics. Student’s ¢-test was used for the statistical analysis of two independent
treatments. Mouse survival curves and statistics were analyzed using the Mantel-
Cox log-rank test. Multiple comparisons between two groups were performed by
multiple t-tests with type I error correction. Type I errors were corrected by the
Holm-Sidak method.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All relevant data are available in the Source Data or Extended Data of the manuscript.
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Extended Data Fig. 1| Optimization and hits from the liposome leakage assay screen. (a-c) Optimization of the Tb**/DPA assay. a, GSDMD (2.5pM)
and caspase-11 (2.5 uM) were incubated in liposome solutions at various concentrations in 20 mM HEPES buffer (150 mM NaCl) for Th. The concentration
of liposome lipids for the screen was set at 50 puM. n=3 independent experiments. The mean + s.e.m. is shown. b, Different concentrations of GSDMD
and caspase-11 (1:1 ratio) were incubated in liposome (50 pM) solutions for Th. The concentration of GSDMD used in the screen was set at 0.3pM. n=3
independent experiments. The mean + s.e.m. is shown. ¢, Different concentrations of caspase-11 and GSDMD (0.3 pM) were incubated in liposome

(50 pM) solutions for Th. The concentration of caspase-11 used in the screen was set at 0.15pM. n=3 independent experiments. The mean + s.e.m. is
shown. 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 disulfiram (C-23) ranging from 5-40 pM for 1h before transfection with PBS or poly(dA:dT) and analyzed
for cell viability by CellTiter-Glo assay 4 hrs later. Graphs show mean =+ s.d; data are representative of three independent experiments with replicates
(n=3) and similar results. Data were analyzed using two-tailed Student's t-test. **P <0.01.
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Extended Data Fig. 3 | Effect of disulfiram on 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 disulfiram. Caspases (0.5 U) were incubated with disulfiram (at indicated concentrations for 1h before adding
Ac-YVAD-AMC (40 uM)). (c,d) Dose response curve of disulfiram in the caspase-1(a) and caspase-11 (b) activity assay. (e,f) Time course of caspase-1
(e) and caspase-11 (f) activity in the presence of indicated concentrations of disulfiram + Cu(ll). Caspases (0.5 U) were incubated with disulfiram + Cu(ll)
(at indicated concentrations for 1h before adding Ac-YVAD-AMC (40 pM)). (g,h) Dose response curve of disulfiram + Cu(ll) in the caspase-1 (e) and
caspase-11 (f) activity assay. (a-h) n=3 independent experiments. The mean + s.e.m. is shown. Fluorescence intensity at 460 nm was measured after

excitation at 350 nm.
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Extended Data Fig. 4 | Disulfiram covalently modifies human GSDMD on Cys 191. a, Disulfiram was preincubated for 1Th with N-acetylcysteine (NAC,
500 pM) or medium before evaluating whether it inhibited pyroptosis of LPS + nigericin treated THP-1 cells. Disulfiram 2-fold dilutions ranged from

5-40 uM. Graphs show mean + s.d; data are representative of three independent experiments with replicates (n=3) and similar results. Data were
analyzed using two-tailed Student's t-test. Graphs show the mean + s.d. and data shown are representative of three independent experiments. **P < 0.01.
(b, ) nano-LC-MS/MS spectrum for the peptide containing C191 in human GSDMD. Data are representative of three independent experiments. b, MS/MS
spectrum for peptide FSLPGATCLQGEGQGHLSQK modified on cysteine (red) by carbamidomethyl. Protein coverage was 73%. ¢, MS/MS spectrum for
peptide FSLPGATCLQGEGQGHLSQK modified on cysteine (red) by disulfiram. Protein coverage was 72%.
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Extended Data Fig. 5 | Disulfiram covalently modifies GSDMD Cys191. a, Sequence alignment of GSDMA3, hGSDMA, mGSDMD and hGSDMD showing
Cys residues (highlighted in red). b, GSDMD (0.3 pM) was preincubated with the indicated concentrations of disulfiram (0-5.6 pM) for indicated times
(2-90 min) before caspase-11 (0.15pM) and liposomes (50 pM) were added. n=3 independent experiments. The mean + s.e.m. is shown. ¢, FL. mouse
GSDMD or wildtype, C192S or C39A GSDMD-NT were transiently expressed in HEK293T cells. Cell death was determined by CytoTox96 cytotoxicity
assay 20 hrs after transfection. ¢, shows the mean + s.d. of 1 representative experiment of three independent experiments performed. Comparison in (¢)
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was calculated by two-tailed Student's t-test. *P < 0.05.
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Extended Data Fig. 6 | 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, 293 T and THP-1 cells, treated or not with
nigericin, were immunoblotted with the indicated antibodies. 293 T cells do not express endogenous GSDMD. ¢, 293T and THP-1 cells were stained with
the anti-GSDMD monoclonal antibody and co-stained with DAPI (blue). 293T cells show no background staining. Data are representative of at least three
independent experiments.
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Extended Data Fig. 7 | Disulfiram protects against LPS-induced sepsis. (a-c) Mice were pretreated with disulfiram (50 mg/kg) or vehicle (Ctrl) by
intraperitoneal injection 24 and 4 hrs before intraperitoneal challenge with 15mg/kg LPS and followed for survival. Serum IL-1p (a), TNF (b) and IL-6 (c)
were measured by Luminex Multiplex Assay (n=5/group) 6 hrs post LPS challenge. Shown are mean + s.e.m. Statistical differences between the groups
were calculated by multiple t-test. Type | error was corrected by the Holm-Sidak method.
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Extended Data Fig. 8 | Dose response curve of other compounds in GSDMD-mediated liposome leakage assay. Dose response curve of

necrosulfonamide (a), Bay 11-7082 (b), dimethyl fumarate (DMF) (¢), afatinib (d), ibrutinib (e), and LDC7559 (f) in liposome leakage induced by 0.3 pM
GSDMD plus 0.15uM caspase-11. (a-f) n=3 independent experiments. The mean + s.e.m. is shown.
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Sample size We chose sample size based on pilot experiments and literature reports in the field to achieve at least 80% power and a two-sided type | error
of 5%. The chosen sample size was sufficient to determine statistical significance in our model.

Data exclusions  No data were excluded.
Replication All experiments were performed at least twice or three times with similar results.
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Cleaved caspase-1 (Asp297) antibody (D57A2, Cell Signaling Technology, Cat#4199, 1:1000)
Anti-ASC antibody (AL177, AdipoGen, Cat#AG-25B-0006-C100, Lot#A29071801, 1:500)
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) THP-1, HEK293T, HCT 116 and Sf9 cells were obtained from ATCC; C57BL/6 mouse-derived iBMDM cells were kindly provided
by Jonathan Kagan (Boston Children's Hospital); HT-29 cells were kindly provided by Junying Yuan (Harvard Medical School).
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Mycoplasma contamination All cell lines were tested to be mycoplasma-negative by PCR.

Commonly misidentified lines  no commonly misidentified cell lines are used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8-week-old female C57BL/6 wild-type mice were used.

Wild animals This study did not involve wild animals.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight All procedures were conducted using protocols approved by the Harvard Medical School IACUC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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	FDA-approved disulfiram inhibits pyroptosis by blocking gasdermin D pore formation

	Results

	High-throughput screening identified disulfiram as a potent inhibitor of GSDMD-induced liposome leakage. 
	Disulfiram inhibits pyroptosis in cells. 
	Liposome leakage inhibition is mediated primarily by direct GSDMD pore formation. 
	Disulfiram targets Cys191 on human GSDMD. 
	GSDMD pore formation, but not its cleavage or other earlier events in the inflammasome pathway, is the main target of disul ...
	Disulfiram suppressed LPS-induced sepsis in mice. 
	Other reported GSDMD inhibitors did not directly inhibit GSDMD pore formation. 
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