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Abstract

NOD-like receptor (NLRY), family pyrin domain containing 3 (NLRP3) assembles an intracellular
protein complex known as the NLRP3 inflammasome upon sensing certain pathogen products
or sterile danger signals. Gain-of-function mutations such as the D301N substitution in NLRP3,
which cause its constitutive activation (NLRP3CA) also results in inflammasome assembly. This
inflammasome processes pro-interleukin-1 g (pro-1L-1p) and pro-1L-18 into bioactive IL-1p
and IL-18, respectively, and cleaves gasdermin D (GSDMD). GSDMD N-terminal fragments
form plasma membrane pores that facilitate the secretion of IL-1p and IL-18 and lead to

the inflammatory cell death pyroptosis. Accordingly, GSDMD inactivation results in negligible
spontaneous inflammation in various experimental models such as in AM/p3“A* mice lacking
GSDMD (N/Irp3°A™*; Gsdmad™~ mice). Here, we found that N/3¢A*; Gsdmad ™~ mice, when
challenged with LPS or TNF-a, still secreted IL-1p and IL-18, indicating inflammasome
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activation independent of GSDMD. Accordingly, Gsamad™~ macrophages failed to secrete

IL-1p and undergo pyroptosis when briefly exposed to NLRP3 inflammasome activators (LPS
and nigericin), but released these cytokines when persistently activated. Sustained NLRP3
inflammasome induced caspase-8/-3 and GSDME cleavage, and IL-1 maturation /n vitroin
Gsdmad™~ macrophages. Thus, a salvage inflammatory pathway involving caspase-8/-3-GSDME
was activated following NLRP3 activation when the canonical NLRP3-GSDMD signaling was
blocked. Consistent with genetic data, the active metabolite of FDA-approved disulfiram CuET,
which inhibited GSDMD and GSDME cleavage in macrophages, reduced the severe inflammation
and tissue damage that occurred in the M/rp3“A mice. Thus, NLRP3 inflammasome activation
overwhelms the protection afforded by GSDMD deficiency, rewiring signaling cascades through
mechanisms that include GSDME to propagate inflammation.

ONE SENTENCE SUMMARY

Sustained stimulation of the NLRP3 inflammasome causes inflammation in the absence of
GSDMD.

INTRODUCTION

The innate immune receptor NOD-like receptor (NLR), family pyrin domain containing 3
(NLRP3) assembles an intracellular protein complex known as the NLRP3 inflammasome
upon sensing plasma membrane perturbations caused by certain microbial products or
sterile danger signals (1-3). This inflammasome leads to cell death and inflammatory
responses. The macromolecular structure of the inflammasome is formed by NLRP3, the
adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC), and
caspase-1, which becomes activated when it is recruited to inflammasomes. Caspase-1,
which is activated by all the canonical inflammasomes, cleaves inactive pro-interleukin-18
(pro-1L-1B) and pro-IL-18 into bioactive IL-1f and IL-18, respectively (2, 3); it also

cleaves gasdermin D (GSDMD), generating N-terminal fragments which oligomerize within
the plasma membrane to form pores through which IL-1p and IL-18 are secreted (4-8).
Excessive pore formation compromises the integrity of the plasma membrane, causing a
lytic form of cell death known as pyroptosis. In some situations, cells can survive GSDMD
activation but still release inflammatory cytokines in a GSDMD-dependent process, thus
have been termed “hyperactivated” (6). Pyroptosis is a double-edged sword - it releases
inflammatory factors that recruit immune cells to sites of pathogenic infection, which attack
and phagocytose pathogens, destroy their replication niches and boost adaptive immune
responses (9, 10). However, excessive or uncontrolled pyroptosis and inflammatory cytokine
release can lead to organ damage, circulatory collapse or even death (11-13).

GSDMD is also cleaved by caspase-11 (mouse ortholog of human caspase-4 and -5)
(14), neutrophil elastase and cathepsin G (15-18), caspase-3 (19), and caspase-8 (20, 21).
Cleavage by all of these proteases, except caspase-3 which inactivates GSDMD, produces
a pore-forming N-terminal fragment. Caspase-3 also cleaves gasdermin E (GSDME, also
known as DNFADS), producing active N-terminal fragments whose pore-forming activity
promotes pyroptosis in response to apoptotic stimuli (22-24), including chemotherapeutic
drugs (25, 26), Yersiniainfection (20), glucocorticoid treatment (24), and inflammasome
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activators in cells lacking GSDMD or caspase-1 (27, 28). GSDME is also a substrate of
granzyme B (23, 29). The role of GSDME in cell death may be cell context-dependent as it
is seemingly dispensable for pyroptosis in certain cell types or experimental conditions (19,
20, 30-33). The function of GSDME in mediating the release of inflammatory cytokines is
less studied. A recent study reported that IL-1a was secreted through GSDME conduits in
caspase-1and —11 deficient macrophages, but pro-IL-1p was neither processed nor released
(28). Thus, like GSDMD, cleaved GSDME generates pore-forming fragments that can
release cytokines and cause pyroptosis.

Chronic activation of the NLRP3 inflammasome by endogenous host danger-associated
molecular patterns and the ensuing excessive production of IL-1f and IL-18 underlie the
pathogenesis of several autoimmune and autoinflammatory diseases, including inflammatory
bowel disease (34-36) and rheumatoid arthritis (37-39), and contribute to the severity of
atherosclerosis (40, 41), gout (42-45), and diabetes (46). Gain-of-function mutations in
NLRP3 cause a spectrum of autoinflammatory disorders known as cryopyrin-associated
periodic syndromes (CAPS), whose severity is linked to specific NLRP3 mutations.
Neonatal-onset multisystem inflammatory disease (NOMID) is the most severe and familial
cold autoinflammatory syndrome (FCAS) and Muckle-Wells syndrome (MWS) are less
severe (12, 13). Clinical manifestations of CAPS include systemic inflammation, skin
lesions, central nervous system symptoms including headache, hearing loss and learning
difficulties, and skeletal anomalies (13, 47-51). Mice genetically engineered to express
NLRP3 variants that harbor mutations found in CAPS patients (NLRP3%A) develop severe
systemic inflammation characterized by excessive secretion of IL-1p and IL-18, multi-
organ damage, and premature death (52, 53). Although young NOMID mice lacking the
IL-1 receptor do not develop inflammation (54), a persistent low-grade inflammation is
reported in FCAS mice and MWS mice with defective I1L-1 and IL-18 signaling (55),
suggesting that pyroptosis may be the culprit. In support of this view, knocking out
GSDMD prevents the pathogenesis of NOMID (56), Familial Mediterranean Fever (FMF)
(57), and experimental autoimmune encephalitis (58). However, how these mutant mice
with an underlying dysregulated NLRP3 inflammasome activity withstand superimposed
inflammatory challenges has not been studied.

CAPS and several other diseases of dysregulated inflammasome activity, including FMF
and macrophage activation syndrome which are caused by PYR/N and NLRC4 mutations,
respectively, are treated with I1L-1 blockers (59). These therapies have significantly improved
the quality of life of affected individuals, but the disease does not always resolve (60-63).
The underlying mechanisms of resistance are not understood, but lingering low-grade
inflammation driven by 1L-18 and pyroptosis is suspected. To identify drugs that block the
integrating nodes of inflammasome signaling, recent studies screened several safe marketed
drugs for anti-GSDMD activity. They identified disulfiram, also known as Antabuse, an
FDA-approved drug for the treatment of alcohol addiction, and dimethyl fumarate, also
known as Tecfidera used to treat multiple sclerosis, as inhibitors of GSDMD and pyroptosis
(58, 64). Both drugs also inhibited LPS-induced IL-1p and IL-18 secretion /n vifro and

in vivo (65). These observations provide a rationale for evaluating pyroptosis inhibitors in
animal inflammasomopathy models.
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In this study, we used mice bearing one allele of M/rp3with D301N substitution,

which induces constitutive activation of NLRP3 (NLRP3CA), and challenged them

with inflammatory stimuli (LPS or TNF-a) to understand better the role of GSDMD

in promoting inflammation. We found that NLRP3 inflammasome activation caused
IL-1 family cytokine secretion and pyroptosis in Gsama™" cells, responses that were
associated with caspase-8/-3 and GSDME cleavage. The active metabolite of disulfiram,
bis(diethyldithiocarbamate)-copper (CUET), inhibited the cleavage of both GSDMD and
GSDME as well as ASC activation, protecting mice from the pathology caused by
dysregulated NLRP3 inflammasome. Thus, the inflammatory actions of dysregulated
NLRP3 inflammasome involve GSDME in Gsamd~~ cells and are inhibited by CuET.

Gsdmd deficient mice expressing hyperactive NLRP3 inflammasome aged normally

D301N substitution in NLRP3 imposes conformational changes and constitutive activation
of NLRP3 (NLRP3CA); this autosomal dominant mutation ultimately causes an
inflammatory disease in M/rp3~* mice that resembles human NOMID (52, 66). Most
Nirp3°A* mice die prematurely around 3 weeks of age due to severe systemic inflammation
that damages multiple organs, including the skin, brain, bones, and spleen (52, 66, 67).
Gsdma™~ and NIrp3~* mice lacking GSDMD (NMIrp3SA*; Gsdma™~ mice) grow normally
and are indistinguishable from their wild-type (WT) counterparts when monitored for up

to 66 days, indicating strong GSDMD-dependence of inflammation in NOMID mice (56).
However, mice expressing constitutively activated NLRP3 as a result of L351P substitution
that are genetically deficient in /-1 and //-18 unexpectedly show signs of lingering
inflammation (55). This finding prompted us to monitor M/rm3¢A*; Gsdma™~ mice for
longer time periods. Mouse survival, white blood cell (WBC) counts, and spleen weight

of NIrp3¢A*; Gsdma™~and Gsdma™~ mice remained indistinguishable at 6 months and

12 months of age (fig. S1A). Accordingly, the architecture of the spleen and the liver was
histologically similar between both genotypes (fig. S1, B and C). Thus, Nlrp3°A*: Gsdmad ™~
mice age normally in homeostatic conditions, consistent with our previous study (56).

LPS or TNF-a induced IL-1f and IL-18 secretion in NIrp3¢A/*:Gsdmd™~ but
not Gsdmd ™~ mice.—Gsdmad™~ mice, unlike caspase-11~~ mice, are not fully protected
from death caused by a lethal dose of LPS (14), suggesting that there might be a GSDMD-
independent inflammatory pathway. Baseline blood serum IL-1p, IL-18, and IL-6 were low
and comparable in WT and Gsdma™~ mice but were constitutively increased in Mp3cA*
mice and returned to normal in Mr3A*; Gsdma™~ mice as expected (Fig. 1). After

LPS challenge, serum IL-1@ and 1L-18 increased in WT mice, but not in Gsdmad™~ mice.
However, in AV/rp3A* mice these cytokine levels were about 10-fold higher than in LPS-
stimulated WT mice and surprisingly were not substantially reduced in Mmp3¢A*; Gsamad~"~
mice. LPS stimulated high serum levels of IL-6 and CXCL1 in all the genotypes. TNF-a
injection increased serum IL-1f and IL-18 in M/rp3“A but not in WT or Gsamd™~ mice,
but this increase was significantly reduced but not eliminated in N/rp3“A*; Gsdma™"~ mice.
TNF-a also elevated serum IL-6 and CXCL1 in all genotypes, but induced more IL-6 in
NIrp3¢A* mice which was still above the level in WT mice (Fig, 1). These results indicate
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that both GSDMD-dependent and GSDMD-independent inflammation is induced in the
setting of intense NLRP3 inflammasome activation.

LPS stimulated IL-1p release and GSDME cleavage by NIrp3¢A+:Gsdmd~~ BMDMs

To examine how GSDMD deficiency affects IL-1p secretion /in vitro, its levels were
measured after treatment of WT, AV/ro8SA* or Nlrm3SA*; Gsdmad™~ bone marrow-derived
macrophages (BMDMs) primed with LPS and exposed to nigericin, which induces the
assembly of the NLRP3 inflammasome (56). LPS alone induced IL-1p secretion in
NI3SA% cells (Fig. 2A). Nigericin increased the release of IL-1p by LPS-primed cells
in the three genotypes, though this response was delayed in double mutant cells, reaching
levels comparable to WT and AV/ro8A% cells by 2 hours. We also assessed cell death

by measuring the release of lactate dehydrogenase (LDH) into the cell supernatant. While
LPS and nigericin were required for LDH release from WT BMDMs, endotoxin alone
induced these responses in N/rp8A* and NIrpBCA* :Gsdma™" cells, though this response
was attenuated in double mutant cells and enhanced by nigericin in both genotypes (Fig.
2B). While GSDMs are the executioners of pyroptosis, mixed lineage kinase domain-like
pseudokinase (MLKL) plays a critical role in the cell death necroptosis, the programmed
form of necrosis. MLKL perforates the plasma cell membrane and executes necroptosis
upon phosphorylation by receptor interacting serine/threonine kinase 3 (RIPK3) (68, 69).
We determined whether MLKL was involved in the responses of Np3SA* Gsdma "~
BMDMs. MLKL was not phosphorylated in N3SA*,Gsdma~~ BMDMs treated with
LPS or LPS plus nigericin, (fig. S2), suggesting that the delayed death of these cells

was necroptosis-independent. Thus, IL-1p secretion and pyroptosis are attenuated in
NIr3CA% ,Gsdma™~ compared to WT and AV/rm3SA* BMDMs in response to NLRP3
inflammasome activators. However, these responses are undistinguishable among the three
cell types where the NLRP3 inflammasome is persistently activated.

To study NLRP3 inflammasome signaling in GSDMD sufficient or insufficient cells, we
treated WT, Mip3SA*, and Nirp3¢A :Gsdma™~ BMDMs with LPS in the absence or
presence of nigericin. While the combination of LPS and nigericin was required for the
formation of ASC specks , a readout of activated inflammasomes (fig. S3) and the cleavage
of GSDMD and caspase-1 in WT BMDMs, LPS alone induced these responses in M/m3¢A*
and NIrp3A* :Gsdma~ cells (Fig. 2C; fig. S3), consistent with the constitutively activated
state of NLRP3 (52). However, the combination of LPS and nigericin caused more GSDMD
and caspase-1 cleavage than LPS alone in cells with constitutively active NLRP3 (Fig. 2C).
Whenever caspase-1 was cleaved in these cells there was a faint caspase-8, —3 cleavage
band. Although full length GSDME was easily visualized in WT and A/rp3¢A* BMDMs,
cleavage of GSDME was not readily detected. However, in N34 :Gsdma™~ cells,
although basal levels of caspase-8, —3 and GSDME appeared similar to levels in WT or
NIrm3A* BMDMs, cleaved caspase-8 (p18 fragment) and caspase-3 (p17 fragment), which
are fully active, were more prominent and GSDME cleavage was readily detected (Fig.

2C). Neither GSDME nor caspase-8, -3 cleavage in N/rp3°~* :Gsdma™~ BMDMs required
nigericin. Thus, in MrEBSA*,Gsdma™" cells, caspase-8, —3 and GSDME are activated by
LPS.
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GSDME was involved in IL-1f and IL-18 secretion induced by LPS or TNF-a in
NIrp3CA™*:Gsdmd~~ mice
To determine whether GSDMD-independent inflammation in LPS-treated mice might be
due to GSDME activation, we first compared baseline and LPS-stimulated blood serum
cytokines (IL-1B, IL-18, IL-6, and CXCL1) in Gsadme™~ and Gsdmad™~;Gsdme™" animals
bearing unmutated NV/rp3. Baseline cytokine levels were comparable between Gsdme™~
and Gsdmd™~;Gsdme™~ mice and were similar to levels in WT animals (Fig. 3A). After
LPS challenge, the IL-1 family cytokines were similarly elevated in Gsdme™~ mice as
in WT mice but did not increase in Gsamad~~;Gsame™~ animals. LPS induced elevated
IL-6 and CXCL1 in all genotypes. Next, we measured IL-1f levels in response to LPS
or TNF-a in WT, Nip3SA%, Nirn3CA*; Gsdmd™~, and Nirp3“A*, Gsdmad™~; Gsdme™~
mice. NIrp3“A*: Gsdme™~ mice were not generated since LPS-induced responses were not
impaired in Gsdme™" animals (Fig. 3A). LPS or TNF-a induced IL-1p production in WT,
NIrp3°A*, and Nirp3cA*; Gsdma™~ mice (Fig. 3B). Notably, IL-1p levels were decreased
in Nlrp3CA*: Gsdmad™=; Gsdme™~ compared to N/p3¢A'*; Gsdma™~ mice. These results
suggest that GSDME participates in NLRP3 inflammasome signaling in states of GSDMD
deficiency.

GSDME was cleaved in BMDMs lacking GSDMD and involved in IL-1p and LDH release

To further examine the impact of GSDMD and GSDME deficiency on LPS plus nigericin
induced pyroptosis and IL-1p processing and release in vitro, WT, Gsadmd~~, Gsdme™", and
Gsdma™~;Gsdme™~ BMDM:s lacking constitutively activated NLRP3 were pretreated with
LPS for 3 hours and then with nigericin for up to 4 hours. Within 20 minutes of adding
nigericin, caspase-1, and —3 were cleaved in all 4 cell lines (Fig. 4A, and fig. S4, A and

B). Similar to our findings in Fig. 3A in M/rr3¢A* BMDMs, in cells bearing unmutated
Nirp3treated with LPS and nigericin, GSDMD was cleaved in WT and Gsdme™~ BMDMs.
Consistent with the notion that caspase-8 directly activates caspase-3, the catalytically active
caspase-8 p18 and caspase-3 pl7 fragments were both more prominent in cells lacking
GSDMD. GSDME cleavage was detected only in Gsamad ™" cells. GSDMD and GSDME
cleavage was detected at the same time as caspase activation. Since GSDME was not readily
cleaved in WT BMDMs, the time-dependent decline of its levels in WT cells was likely
secondary to pyroptosis. Thus, GSDME cleavage occurred after NLRP3 inflammasome
activation not only in M8SA* :Gsdmd™~ BMDMs (Fig. 3A) but also Gsama™~ BMDMS.

Next, we examined whether caspase-1 was required to activate caspase-3 and GSDME

by treating caspase-1 deficient BMDMSs with LPS and nigericin. Consistent with previous
reports (70), LPS and nigericin activated caspase-3, and promoted the generation of the
GSDMD p10 fragment in CaspZ™~ BMDMs, although caspase-3 and GSDMD processing
were delayed compared to caspase-1 sufficient cells (fig. S4C). GSDME cleavage was
detected in CaspZ™~ BMDM:s at the same time as fully processed caspase-3. Thus, although
the maturation of caspase-1 and GSDMD was unperturbed by GSDME deficiency, NLRP3
inflammasome activation forced GSDME processing in cells lacking either caspase-1 or
GSDMD.
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We examined the extent to which GSDME mediated IL-1p and LDH release in GSDMD
deficient cells. Although LPS-primed Gsdmd™~ BMDMs did not release IL-1f or LDH

at early time-points up to 1 hour after nigericin addition, they were as active as WT cells

in secreting IL-1p and releasing LDH at later time-points (Fig. 4, B and C) and in dose-
dependent manner (fig. S4D). Loss of GSDME did not affect IL-1f and pyroptosis, but these
readouts were significantly impaired, but not abrogated, in Gsdmad™"; Gsdme™~ BMDMs
(Fig. 4B). Likewise, LDH release was delayed and IL-1p levels were nearly undetectable

in caspase-17~ BMDMs (fig. S4E), suggesting that cleaved and secreted IL-1f but not
intracellular pro-1L-1p was detected in the supernatants of A/rp8A* Gsdma™" (Fig. 3B) or
Gsdmd™~ (Fig. 4B) BMDM cultures. GSDME cleavage and IL-1p secretion in Gsadmad™"~
and NIrp3A*: Gsdma~~ BMDM s induced by LPS and nigericin were inhibited by the pan
caspase inhibitor, zZVAD (fig. S5, A and B), results that were consistent with the reported
cleavage of GSDME by caspase-3 (22-24). zZVAD failed to consistently inhibited LDH
release (fig. S5C), and caspase-11 was not activated in these experimental conditions where
LPS was added extracellularly (fig. S6A). As a result, GSDME processing (fig. S6A), IL-1p
secretion and LDH release (fig. S6B) were comparable between WT and caspase-117~
BMDM:s.

Finally, we studied the effects of LPS on WT, NVlre3SA*, Niri3SA* :Gsdma™~, and

NI A% ,Gsdma™=; Gsdme™~ BMDMs. LPS alone did not stimulate IL-1f secretion
(Fig. 5A) and LDH release (Fig. 5B) in WT cells, as expected. However, LPS induced
IL-1B secretion and LDH release in M/rp3SA*; howeverm the inhibition of this response
was transient in M/rm8SA:Gsadma™~ BMDMs (up to 9 hours) and it was sustained in
NIrBCA* :Gsdmad ™~ Gsdme™~ BMDMs up to 24 hours (Fig. 5A and B). Thus, the
release of IL-1p and LDH was persistently inhibited, though not completely eradicated,
in Gsdmad™"~; Gsdme™~ BMDM:s subjected to sustained NLRP3 inflammasome activation.

CUET inhibited GSDMD, GSDME, and IL-1p maturation and LDH release

Disulfiram and its active metabolite, bis(diethyldithiocarbamate)-copper (CUET), antagonize
GSDMD pore-forming activity but have not been reported to inhibit GSDME pore
formation (64). To investigate whether these compounds might inhibit GSDMD-independent
pyroptosis, WT, Gsdmd™~, Gsdme™", and Gsdmd™"; Gsdme™~ BMDMs were treated with
LPS for 3 hours and then CUET or vehicle for 1 hour followed by an additional 3 hours

of incubation with nigericin. In the absence of CUET, GSDMD was cleaved in WT and
Gsdme™~ BMDMs (Fig. 6A) and caspase-1 deficient BMDMs (fig. S7A), consistent with
the results shown in Fig. 4. While GSDME was cleaved only in Gsamd™" cells, caspase-1
and caspase-3 were cleaved in all cell lines. However, although the full-length caspase
protein bands sharply decreased, the signals of their cleaved fragments were faint (Fig.

6A), presumably because they might have been released to the extracellular milieu during
pyroptosis (71-73), which was maximal in cells treated with nigericin for 2 hours. GSDMD,
GSDME, and caspase-1 cleavage was consistently inhibited by CUET, in a dose-dependent
manner (Fig. 6A, and fig. S7A). The band for cleaved caspase-3 was more prominent in
CuET-treated than untreated WT, Gsdma™"~, and Gsadme™~ BMDMs. CUET inhibited the
release of IL-18 and LDH in all cell genotypes (Fig. 6, B and C, and fig. S7B), but was

less efficacious in Gsamad™~; Gsdme™~ BMDMs, in which cytokine release and pyroptosis
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were attenuated (Fig. 6, B and C). Disulfiram and CuET both inhibited IL-1p and LDH
release in WT BMDMs with comparable dose response curves (fig. S7C-F). Thus, CUET
inhibits the maturation of both GSDMD and GSDME, inhibiting both GSDMD-dependent
and -independent pyroptosis and IL-1{ release.

CUET inhibited NLRP3 inflammasome-dependent but not -independent responses

The ability of CUET to inhibit the cleavage of GSDMD and GSDME downstream of
caspase-1 and caspase-3, respectively, raises concerns that this compound may act as a

pan caspase inhibitor. To determine whether CUET inhibits inflammasome-independent
GSDME-maturation, BMDMs were treated with raptinal or TNF-a and 5Z-7-oxozeaenol
(5Z-7, a TGF-B-activated kinase-1 inhibitor) in the presence or absence of CUET;

both treatments are known to activate caspase-3 and GSDME-dependent pyroptosis
independently of any inflammasome (23, 74). CUET did not inhibit the cleavage of GSDMD
(to p10 GSDMD), GSDME, or caspase-3 induced by raptinal or TNF-a. and 5Z-7 (Fig. 7,

A and B, and fig. S8A) and if anything appeared to enhance their cleavage in response to
these stimuli (Fig. 7B). To determine why CUET inhibited the cleavage of these proteins

in response to NLRP3 inflammasome activation but not apoptotic stimuli, we analyzed

its effects on NF-xB and MAPK activation. CUET had no effect on LPS stimulated
phosphorylation of IxBa., NF-xB/p65, and p38 MAPK (fig. S8B). We also analyzed CUET
effects on LPS plus nigericin-induced inflammasome activation by measuring the formation
of ASC specks, a key step in inflammasome assembly and activation, using WT BMDMs
expressing fluorescent Asc-citrine. To minimize potential effects of CUET on inflammasome
priming signals, the drug was added to LPS-primed cells and immediately followed by
adding nigericin. The formation of ASC specks was significantly inhibited by CuET (Fig.
7C). These results suggest that CUET inhibits NLRP3 inflammasome activation, but not
GSDME, caspase-3 or LPS-induced NF-xB or MAPK activation.

CUET prevented inflammasomopathy in NIrp3cA'* mice

Based on its /n vitro potency in inhibiting the release of cytokines and pyroptosis,

CUET should improve the disease outcomes of A/rp3SA* mice. To test this idea,

CUET was intraperitoneally injected to 10-day-old pups, once every 2 days (75). CUET
significantly improved the survival rate of A/rp8A* mice (fig. S9A) and reduced
splenomegaly in these mice (fig. S9B). Despite improved survival, treated- MV/rp3A*
mice still showed early mortality, likely due to the severe inflammation already activated
before treatment was initiated. To control the onset of this possible inflammation, we
leveraged the Nirp3*/D30IN). Cre-ERT™ model for postnatal inducible activation of the
NLRP3CA (iNLRP3CA) inflammasome in adult mice to test the efficacy of prophylactically
administrated CUET. Three-month-old mice were injected with tamoxifen 3 times/week
for 2 weeks. \Vehicle or CUET were injected 2 days before starting tamoxifen and
continued 3 times/week for 6 weeks. iM/rp3°A* mice all survived but developed cachexia,
splenomegaly, leukocytosis and neutrophilia, which were significantly attenuated by CUET
(Fig. 8A). CuET prevented inflammation in the liver and the disorganization of splenic
architecture in iM/p3~* mice as assessed by H & E staining and had no apparent

effect on these tissues in WT controls (Fig. 8B, and fig. S9C). Although the effects

of CUET were not analyzed in N/rp3°A*; Gsdma™~ mice due to the limited number of
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animals for /in vivo studies, we determined its actions on these cells /n vitro. We found

that CUET inhibited IL-1B secretion and LDH release in WT and N/rp3<A*; Gsdma ™~
BMDM s (fig. S$10). Thus, our findings show that CuET-treated AV/rp3“A/* mice phenocopy
NIrp3CA* Gsdma™~ Gsdme™ mice, consistent with the ability of this drug to inhibit
GSDMD and GSDME cleavage (Fig. S11).

DISCUSSION

NIrm3CA* (NOMID) mice die perinatally because of severe systemic multi-organ
complications driven by excessive blood levels of IL-1p and IL-18 (52, 76). N/p3CA*
mice lacking GSDMD (NV/ro8SA*: Gsdma™~ mice) grew and aged normally and are

fertile. Consistent with these observations, ablation of GSDMD reduces inflammation and
improves disease outcomes in mouse models of NOMID, sepsis, Familial Mediterranean
Fever (FMF), and experimental autoimmune encephalitis (14, 56, 57, 77). However, when
stressed by exposure to LPS, Mip3SA*: Gsdmad™~ mice unexpectedly secreted high amounts
of IL-1p and IL-18. The combination of these inflammatory stimuli with constitutively
active NLRP3 overwhelmed the protection provided by GSDMD or caspase-1 deficiency

to various extents, rewiring signaling cascades through caspase-3 and GSDME likely

to cause pyroptosis (22, 25). These observations suggest that therapeutic inhibition of
GSDMD may not be sufficient to prevent complications such as those associated with
infections, which have the potential to activate not only GSDMD but also GSDME.

This scenario can be tested preclinically by assessing the consequences of infections or
injuries in NOMID or FMF mice lacking GSDMD, which can be viewed as animals

with an underlying inflammatory condition. Thus, though apparently normal in homeostatic
conditions, M/ro3CA*: Gsdma™~ mice are vulnerable to stressful insults.

Both NMI3CA™*, Gsadmad~~ BMDMs and Gsadmad™~ BMDMs produced IL-1f and underwent
pyroptosis in response to LPS, although these responses were delayed in both cell lines
compared to WT cells, occurring only upon sustained exposure to NLRP3 inflammasome
activators. The responsiveness of Gsdma™~ cells to LPS in vitro suggested that exposure

of GSDMD-deficient mice to endotoxin for a long period may lead to significant IL-13

and IL-18 secretion. Consistent with this, a small proportion of Gsamad™~ mice die

upon LPS-challenge (14, 64). Pyroptosis and cytokine release by GSDMD or caspase-1
deficient cells positively correlated with caspase-3 and GSDME activation and were
significantly suppressed in Nip3CA*: Gsdmad™~; Gsdme™" cells and Gsdmd™~; Gsdme™~
cells, suggesting that caspase-3 activation of GSDME was largely responsible for
inflammatory death when NLRP3 was activated but the canonical caspase-1-GSDMD
pathway was not available. Consistent with our findings on GSDM complementation, a
recent study reported that the TLR1/TLR2 agonist Pam3CSK4 promotes the release of
IL-1a by caspase-1 deficient macrophages through GSDME conduits (28). In our study,
caspase-3 activation was enhanced by GSDMD or caspase-1 genetic deficiency. We did

not explore the mechanism responsible for increased caspase-8 and caspase-3 activation in
these settings, but one possibility was that caspase-8 was efficiently recruited to the NLRP3
complex when caspase-1 or GSDMD was absent and very potent at processing caspase-3,
which in turn activated GSDME. It is worth noting that there was some residual IL-1f
release and pyroptosis in chronically activated NV/rp3CA*; Gsdmad™=: Gsdme™" cells and
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Gsdmad™"; Gsdme™~ BMDMs, suggesting that another GSDMD and GSDME independent
inflammation pathway may be activated downstream of NLRP3, potentially involving
another caspase and/or another gasdermin. From our study it remains uncertain whether
cytokines are secreted through GSDME pores in the setting of caspase-1 or GSDMD
deficiency or are released when the cell membrane is grossly disrupted and LDH is released,
as was recently reported (82, 83). Taken together, these results suggest that macrophages
have more than one salvage mechanism to ensure that signals transmitted by inflammasome
activators result in inflammation. However, outcomes such as temperature changes and
immune cell recruitment to tissues in LPS-treated N/r3CA*: Gsdma™~; Gsdme™~ mice were
not assessed in this study, but are themes of interest for future investigations.

Drug discovery and repurposing efforts have identified the FDA-approved drugs dimethyl
fumarate and disulfiram as GSDMD inhibitors (58, 64). Covalent modification of Cys191
in human and Cys192 in mouse is the proposed main mechanism through which disulfiram
inhibits GSDMD pore-forming activity, although dimethyl fumarate likely works through
another mechanism (64). Here, we report that the disulfiram metabolite CUET exhibited
remarkable efficacy in the M/rp3“A inflammasomopathy model as it prevented systemic
inflammation and the damage to the liver and spleen. Mechanistically, we found that

CUET suppressed cytokine secretion and pyroptosis caused by both GSDMD and GSDME.
However, CUET inhibited GSDME cleavage and pyroptosis in cells stimulated with NLRP3
inflammasome activators but not apoptotic stimuli. These results ruled out GSDME as

the major direct target of CUET inhibitory actions, a view that was consistent with the
compound’s ability to inhibit the formation of ASC specks. Although, as far as we are
aware, direct inhibition of GSDME pore formation by disulfiram has never been measured,
Cys191/192 is not conserved in mouse GSDME and therefore disulfiram is not predicted

to be a potent regulator of GSDME. However, as a cysteine-reactive drug, disulfiram has
the potential to inactivate other enzymes, including the caspase cysteine proteases and other
proteins with reactive cysteines that are modulated by cellular redox status, which include
the NLRP3 inflammasome (84). When a potent drug target such as GSDMD is not present,
disulfiram may switch to inhibit other less reactive substrates, a scenario that may explain
the inhibitory effects of CUET in cell lacking GSDMD and GSDME. However, we currently
have limited knowledge on the selectivity profile of CuET, thus future studies will need to
investigate how it inhibits ASC polymerization and whether it antagonizes other early steps
of inflammasome signaling.

This study revealed that ablation of GSDMD in M/rm3A* mice did not prevent these
animals from producing excessive levels of IL-1p and IL-18 in response to inflammatory
challenges. Importantly, the disease severity in M/3SA* mice was remarkably reduced

by CUET, a drug that interferes directly or indirectly with both GSDMD-dependent and
independent inflammation. Our findings suggest that disulfiram might be worth testing in
CAPS patients for whom existing therapies that inhibit IL-1 or other inflammatory cytokines
do not adequately suppress disease symptoms.
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MATERIALS AND METHODS
Study design

Animals

The objective of this study was to determine the responses of the seemingly normal
Gsdmad™~ mice expressing constitutive active NLRP3 — yet viewed as animals with

an underlying inflammatory condition — to inflammatory stimuli (e.g., LPS, TNF-a).
To achieve this goal, we used various strategies, including genetic and pharmacological
manipulation, biochemical, histology, and immunostaning approaches.

Casp1™~were kindly provided by Dr. Thirumala-Devi Kanneganti (St. Jude Children's
Research Hospital). Cre-ER™ (B6.Cg-Tg(CAG-cre/Esr1*)5Amc/J) mice and /ysozyme M-
Cre mice were purchased from The Jackson Laboratory (Sacramento, CA). N/rp3(D30IN)/+
mice were kindly provided by Dr. Hal Hoffman (University of California, San Diego), and
have been previously described (52, 54, 85). N/rp3°A* mice with constitutive activation of
NLRP3 in myeloid cells driven by /ysozyme M-Cre have been previously described (54).
Cre-ER™ mice and NIrp3(P30IN)/* mice were crossed to generate Nirp3(D30IN)/*: Cre-
ER™ mice and Cre-ER™ mice. Injection of tamoxifen (i.p., 75 mg/kg body weight;
Sigma-Aldrich) to Mrp31P30IN)/*. Cre-ER™ mice and Cre-ER™ mice to yield inducible
NIrp3“A (iNIrp3<A) mice and control mice, respectively, has been previously described (85).
Gsdma'~ mice were kindly provided by Dr. V. M. Dixit (Genentech, South San Francisco,
CA). Asc-citrineand Gsdme™~ mice were purchased from The Jackson Laboratory
(Sacramento, CA). All mice were on the C57BL6J background and mouse genotyping was
performed by PCR. All procedures were approved by the Institutional Animal Care and Use
Committee of Washington University School of Medicine in St. Louis.

Administration of drugs, LPS, and TNF-a

Mice were i.p. injected with CUET (TCI America, OR) (1 mg/kg) formulated in sesame

oil (0.2 mg/ml) or vehicle, once every other day, 3 times per week. Ten day-old
NIrB3SA*mice were treated with vehicle or CUET for 9 weeks; 12-week-old iN/rp3CA*
and control mice were treated with vehicle or CUET 3 times/week for 6 weeks. For

LPS challenge experiments, WT, Gsadmad ™", Gsdme™"~, Gsdmad™"~; Gsdme™", Niri3¢A*,
NIrBCA*: Gsdma™~ and NIrBCA*; Gsdmd™~; Gsdme™~ mice were i.p. injected with 15
ma/kg LPS (Escherichia coli 0111:B4, Sigma, MO). Mice were i.p. injected with 0.5 mg/kg
TNF-a (Biolegend, CA).

Serum cytokine assay

Blood was collected by cardiac puncture 6 hours or 2 hours after LPS or TNF-a challenge,
and was allowed to clot at room temperature. Serum obtained after centrifugation at 2,000 x
g for 10 minutes was used for determinations of cytokine and chemokine levels by V-PLEX
Plus Proinflammatory Panell Mouse Kit (Meso Scale Diagnostics, MD), except I1L-18,
which was analyzed by enzyme linked immunosorbent assay (ELISA) kit (Sigma, MO).
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BMDMs were obtained by culturing mouse bone marrow cells in culture media containing
a 1:10 dilution of supernatant from the fibroblastic cell line CMG 14-12 as a source of
macrophage colony-stimulating factor (86), a mitogenic factor for BMDMs, for 4-5 days
in a 15-cm dish as previously described (85). Briefly, nonadherent cells were removed by
vigorous washes with PBS, and adherent BMDMs were detached with trypsin-EDTA and
cultured in culture media containing a 1:10 dilution of CMG for various experiments.

For all /n vitro pharmacology experiments except otherwise specified, cells were pre-treated
with vehicle (0.1% DMSO, final concentration) or inhibitors (in 0.1% DMSO, final
concentration) for 1 hour before stimulation with the indicated ligand or ligands. Protein
expression was analyzed by ELISA or Western blot as described below. To activate the
NLRP3 inflammasome, BMDM s were plated at 10* cells per well on a 96-well plate or 10°
cells per well on a 6-well plate overnight. Cells were primed with LPS and then with 15 uM
nigericin (AdipoGen) as indicated, and conditioned media were collected for the analysis of
IL-1B and LDH.

Tissue samples were processed as described previously (85). In brief, liver, and spleen were
fixed in 10% formalin overnight. Fixed tissues were embedded in paraffin, sectioned at 5-um
thicknesses, and mounted on glass slides. The sections were stained with H&E as described
previously (85). Photographs were taken using ZEISS microscopy (Carl Zeiss Industrial
Metrology, MN).

Peripheral blood analyses

Mouse blood was collected by cardiac puncture in the EDTA-containing tubes. Complete
blood counts were performed by the Washington University School of Medicine as
previously described (54).

Western blot analysis

Cell extracts were prepared by lysing cells with RIPA buffer (50 mM Tris, 150 mM

NaCl, 1 mM EDTA, 0.5% NaDOAc, 0.1% SDS, and 1.0% NP-40) plus phosphatase and
protease inhibitors (2 mM NaVO4, 10 mM NaF, and 1 mM PMSF) and Complete protease
inhibitor cocktail (Roche, CA). For tissue extracts, liver tissues were homogenized and lysed
with RIPA buffer containing phosphatase and protease inhibitors. Protein concentrations
were determined by the Bio-Rad Laboratories method, and equal amounts of proteins

were subjected to SDS-PAGE gels (12%) as previously described (56). Proteins were
transferred onto nitrocellulose membranes and incubated with antibodies against GSDMD
(1;1,000; Abcam, MA), GSDME (1;1,000; Abcam, MA), caspase-1 (1;1,000; Abcam, MA),
caspase-3 (1:1,000; Cell Signaling Technologies, MA), p38 MAPK (1:1,000; Cell Signaling
Technologies, MA), B-actin (1:2,000; Santa Cruz Biotechnology, TX), p65/p-p65 (1:1,000;
Cell Signaling Technologies, MA), 1xBa/p-1xBa (1:1,000; Cell Signaling Technologies,
MA), or pMLKL (1:1,000; Cell Signaling Technologies, MA) overnight at 4°C followed by
incubation for 1 hour with secondary goat anti-mouse IRDye 800 (Thermo Fisher Scientific,
MA) or goat anti—rabbit Alexa Fluor 680 (Thermo Fisher Scientific, MA), respectively. The
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results were visualized using the Odyssey infrared imaging system (LI-COR Biosciences,
NE).

LDH assay and IL-1p ELISA

Cell death was assessed by the release of LDH in conditioned medium using LDH
Cytotoxicity Detection Kit (TaKaRa, CA). IL-1p levels in conditioned media were measured
by an ELISA kit (eBiosciences, NY).

ASC specks assay

Asc-citrine, WT, and NIro8CA*; Gsdma™~ BMDMs were plated at 104 cells per well on

a 16-well glass plate overnight. Cells were primed with LPS for 3 hours and pretreated

or not with CUET for 15 minutes before adding 15 uM nigericin (AdipoGen, CA) for

30 minutes. Cells were washed with PBS and fixed with 4% polyformalin buffer for 10
minutes at room temperature. For immunostaining, WT and NV/ip3SA*: Gsdmad~~ BMDMs
were permeabilized with 0.2% Triton in PBS for 20 minutes, blocked with 0.2% Triton, 1%
BSA, and CD61 antibody (1:1000; Alexa Fluor 647, BD, NJ) in PBS for 30 minutes, and
were incubated with ASC antibody (1:1000; clone 2EI-7, EMD Millipore, MA) overnight at
4°C in blocking buffer, followed by incubation with secondary antibody (Alexa Fluor 594,
Life Technologies) for 30 minutes. Cells were counterstained with Fluoro-gel 11 containing
DAPI (Fluoro-Gel, Fisher Scientific Intl INC, PA). Asc-citrine photographs were taken using
ZEISS microscopy (Carl Zeiss Industrial Metrology, MN). ASC immunostaining images
were taken using a Leica inverted microscope with a TCS SPEII confocal module and
processed using LAS X software (Leica Microsystems Inc, IL). Quantification of ASC
specks was carried out using ImageJ.

Statistical analysis

Statistical analysis was performed using the Student’s t test, one-way ANOVA with Tukey’s
multiple comparisons test, or two-way ANOVA with Tukey’s multiple comparisons test,
Dunnett's multiple comparisons test, or Sidak's multiple comparisons test as well as the
Log-rank (Mantel-Cox) test for comparison of survival curves using the GraphPad Prism 8.0
Software. Values are expressed as mean + SEM or means + SD, as indicated. *p < 0.05 was
considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LPSor TNF-a induced IL-1B and | L-18 secretion in by NIrp3¢A’+;Gsdmd ™'~ but not

Gsdmd ™~ mice.

Three-month-old WT, Gsdmd™~, Nir8¢A*, and Nirp3SA*; Gsdma™~ mice were injected
with 15 mg/kg LPS for 6 hours or 0.5 mg/kg TNF-a. for 2 hours. PBS-administrated mice
served as controls. N=4-6 mice/group. Serum cytokine levels were measured by V-PLEX
Plus Proinflammatory Panel 1 Mouse Kit, except for IL-18, which were assessed by ELISA.

Data are mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. One-Way ANOVA. LPS,

lipopolysaccharide; IL, interleukin; WT, wild type; ca, constitutive activation; TNF-a, tumor

necrosis factor a.
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Figure 2. LPS stimulated IL-1p release and GSDME cleavage by NIrp3cA/*;Gsdmd ™'~ BMDMs.
BMDMs were expanded /n vitro in M-CSF-containing media from bone marrow cells

isolated from WT, NIroBCA*, or NIro3CA*; Gsdma™~ mice. BMDMs were primed with
100 ng/ml LPS for 1, 2, 3, or 4 hours and treated with 15 uM nigericin for 20 minutes,

40 minutes, 1, 2, 3, 4 hours. IL-1p (A) and LDH (B) in the conditioned media were
measured by ELISA and by the cytotoxicity detection Kit, respectively. (C) The indicated
proteins in the whole cell lysates were analyzed by immunoblotting. Data are mean +

SEM from experimental triplicates and are representative of at least three independent
experiments. **P < 0.01; ***P < 0.001; *P < 0.01; ##P < 0.001. ** *** N/rp3CA* or
NIrm3CA* Gsdma™~ compared to WT; #, ### Nijrpl3 CA*: Gsdma ™~ compared to Nirp3cA%,
One-Way ANOVA. BMDMs, bone marrow-derived macrophages; cCasp, cleaved caspase;
cGSDM, cleaved gasdermin; h, hour; IL-1p, interleukin-1p; LDH, lactate dehydrogenase;
LPS, lipopolysaccharide; min, minute; M-CSF, macrophage colony-stimulating factor; WT,
wild type; CA, constitutive activation.
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Figure 3. GSDME wasinvolved in IL-1f and I L-18 secretion induced by LPSor TNF-a in
NIrp3CA™*: Gsdmd ™~ mice.

Three-month-old WT, Gsdme™~, Gsdme™~ and Gsdmd™~; Gsdme™~ mice (A) or WT,
NIrBCA* | NIrB A%, Gsdmad™~ and NInm8A'*, Gsdmd ™~ Gsdme™~ mice (B) were injected
with 15 mg/kg LPS for 6 hours or 0.5 mg/kg TNF-a for 2 hours. PBS-administrated mice
served as controls. N=3-5 mice/group. Serum cytokine levels were measured by V-PLEX
Plus Proinflammatory Panel 1 Mouse Kit, except for IL-18, which were assessed by ELISA.
Data are mean + SEM. ***P < 0.001. One-Way ANOVA. LPS, lipopolysaccharide; IL,
interleukin; WT, wild type; CA, constitutive activation; TNF-a,, tumor necrosis factor a..
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Figure 4. GSDME was cleaved in Gsdmd ™~ BMDMsand involved in IL-1B and LDH release.
BMDMs from bone marrow isolated from WT, Gsama™~, Gsdme™" or Gsdmad™=,Gsdme™~

mice were expanded /n vitro in M-CSF-containing media. BMDMs were primed with 100
ng/ml LPS for 3 hours and treated with 15 pM nigericin for 20 minutes, 40 minutes,

1, 2, 3, 4 hours. (A) The indicated proteins in the whole cell lysates were analyzed by
immunoblotting. IL-1p (B) and LDH (C) in the conditioned media were measured by
ELISA and by the cytotoxicity detection Kit, respectively. Data are mean = SD from
experimental triplicates and are representative of at least three independent experiments. *P
< 0.05; **P < 0.01; ***P < 0.001. *,** ***compared to WT. One-Way ANOVA. BMDMs,
bone marrow-derived macrophages; cCasp, cleaved caspase; cGSDM, cleaved gasdermin;
h, hour; IL-1B, interleukin-1p; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; min,
minute; nig, nigericin; M-CSF, macrophage colony-stimulating factor; WT, wild type.
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Figure5. GSDME wasinvolved in IL-1f and L DH release by NIrpBCA/+;Gsdmd‘/‘ BMDMs.
BMDMs were expanded /n vitro in M-CSF-containing media from bone marrow cells

isolated from WT, NIrolBCA*, Niro3CA*: Gsdma™~, Nirp3°~*: Gsdma™~; Gsdme™~ mice.
BMDMs were treated with 100 ng/ml LPS for 3, 6, 9, 12, 18 or 24 hours. IL-1p (A)

and LDH (B) in the conditioned media were measured by ELISA and by the cytotoxicity
detection Kit, respectively. Data are mean + SEM from experimental triplicates and are
representative of at least three independent experiments. **P < 0.01; ***P < 0.001; #P <
0.01; ##P < 0.001. *** N3 CA*; Gsdmad™~ or NIrp3“A'*, Gsdmd™~; Gsdme™~ compared to
NIrp3CA*, # N 3CA™, Gsdmad™=; Gsdme™~ compared to NIro3CA*: Gsdmat’~. One-Way
ANOVA. BMDMs, bone marrow-derived macrophages; h, hour; IL-1p, interleukin-1p;
LDH, lactate dehydrogenase; LPS, lipopolysaccharide; M-CSF, macrophage colony-
stimulating factor; WT, wild type; CA, constitutive activation.

Sci Immunol. Author manuscript; available in PMC 2022 April 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al. Page 25
A WT BMDMs Gsdmd’”- BMDMs Gsdme”- BMDMs Gsdmd’;Gsdme”- BMDMs
Nigericin (15 uM) - - 3h 3h 3h 3h  3h 3h 3h 3h 3h 3h 3h 3h
LPS (100ng/ml) - 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h 3h
CuET - 5 - 1uM 5uM 1uM 5uM - - 1uM 5uM 1uM 5uM
GSDMD > = S e s w | — e —— p53
c¢GSDMD » —_— p30
GSDME » —— —— — — p55
cGSDME » -— p35
P HW =S BT S =g ===
cCasp-1»> = — am— —— p10
Casp-3» —— =—— =% —— — - —— T — e —— — e . . ()32
cCasp-3% reima e e o — 8119
B-actin » — —— T — — MﬁA —— p42
B C
B\ T B Gsdmd’- Bl Gsdme”- BB Gsdma’;Gsdme™”
15 _ 100 *kk Fkk o
g é *k
5 10 2
£ o 50
2 05 ®
- T
- 5
0 O LI LI LI LI
LPS@Bh) - ++++ ~++++ “++++ -~ ++++ LPS(Bh) - ++++ ~++++ "~ ++++ "~ ++++
Nig(3h) - - +++ --+++ --+++ - -+++ Nig(Bh)= =~ ##+ -~ %&4 ““44+ ~-Ft+#
CuET (uM)- - -15 ---15 ---15 ---15 CuET (uM)- - -15 - -"15 -~ ~15 ---15

Figure 6. CUET inhibited GSDMD, GSDME, and IL-1B maturation and L DH release.
BMDMs were expanded /n vitro in M-CSF-containing media from bone marrow cells

isolated from WT, Gsdmd™~, Gsdme™", or Gsdmad™"~; Gsdme™~ mice. BMDMs were
primed with 100 ng/ml LPS for 3 hours and treated with vehicle or CUET for 1 hour

before adding 15 uM nigericin for 3 hours. (A) The indicated proteins in the whole cell
lysates were analyzed by immunoblotting. IL-1p (B) and LDH (C) in the conditioned

media were measured by ELISA and by the cytotoxicity detection Kit, respectively. Data
are mean + SD from experimental triplicates and are representative of at least three
independent experiments. **P < 0.01; ***P < 0.001. Two-Way ANOVA. BMDMs, bone
marrow-derived macrophages; cCasp, cleaved caspase; cGSDM, cleaved gasdermin; h, hour;
IL-1p, interleukin-1p; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; min, minute;
nig, nigericin; M-CSF, macrophage colony-stimulating factor; WT, wild type.
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Figure 7. CUET inhibited NL RP3 inflammasome-dependent but not -independent responses.
BMDMs were expanded /n vitro M-CSF-containing media from bone marrow cells isolated

from WT or Gsdmd™~ mice. (A) WT BMDMs were pretreated with vehicle or CuET for 1
hour, and were stimulated with vehicle or 10 uM Raptinal for 1 hour. (B) WT and Gsdmd™~
BMDMs were pretreated with vehicle or CUET for 1 hour, and were stimulated with 100
ng/ml TNF-a and 1 uM 5Z-7-oxozeaenol (TAKL inhibitor) for 4 hours. The indicated
proteins in the whole cell lysates were analyzed by immunoblotting (A and B). (C) WT
BMDMs from Asc-citrine mice were primed with 100 ng/ml LPS for 3 hours and treated
with vehicle or 1 uM CuET for 15 minutes, then with15 uM nigericin for additional 30
minutes. ASC specks were visualized under fluorescence microscopy and quantified using
imageJ. Data are mean = SEM from experimental triplicates and are representative of at least
three independent experiments. ***P < 0.001. One-Way ANOVA. BMDMs, bone marrow-
derived macrophages; cCasp, cleaved caspase; CUET, bis(diethyldithiocarbamate)-copper;
cGSDM, cleaved gasdermin; h, hour; LPS, lipopolysaccharide; nig, nigericin; M-CSF,
macrophage colony-stimulating factor; WT, wild type.

Sci Immunol. Author manuscript; available in PMC 2022 April 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al. Page 27

o Vehicle o CuET

A

& ~

S 20 . . 325
— )

g’m.ég £ 55 S 20 ®o

£ [)

S glBF o&x. =32 2 15 I

5 o -§- o 5§73 S 10 s o

g-10{ ° ® 38 S . oo

2 20 °_ BE 2 2

@ WT  iNIrp3c~+ WT  iNIp3cA+ WT  iNIrp3cA+ WT  iNIrp3°4+

B WT + vehicle WT + CuET iNIrp3¢4%+ 4+ vehicle iNIrp3¢4%+ 4+ CUET

T E B

x

o

[a\)

S

£

£

IS

w

w

]

T

)

=

-

Spleen (H&E staining) 10X

Figure 8. CUET prevented inflammasomopathy in the inducible NL RP3CA* (iNL RP3CA/)
model.

Three-month-old mice were injected with tamoxifen once every other day, 3 times a week
for 2 weeks. Injections with vehicle or 1 mg/kg body weight CUET started 2 days before
the tamoxifen regimen, and were carried out once every other day, 3 times a week for 6
weeks. All injections were given intraperitoneally. N=6-11 mice/group. (A) Body weight
change, spleen weight, WBC; and neutrophils. Data are means + SEM. Two-Way ANOVA.
*P < 0.05; **P < 0.01; ***P < 0.001. (B) Representative H&E staining of liver and

spleen sections. WBC, white blood cell; WT, wild-type; CA, constitutive activation; CuET,
bis(diethyldithiocarbamate)-copper; iNLRP3CA™*  inducible NLRP3CA*,
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