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Gasdermin D pore-forming activity is redox-sensitive
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e Reactive oxygen species (ROS) promote oligomerization of
GSDMD and pyroptosis

e ROS induction can overcome pyroptosis defects in
Ragulator-Rag-deficient cells

e Several cysteine residues in GSDMD become oxidized during
pyroptosis

e Cys192 in GSDMD is necessary and sufficient for ROS
responsiveness
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In brief

Devant et al. investigate the actions of
reactive oxygen species on the pore-
forming protein GSDMD. They show that
oxidation of a specific cysteine in GSDMD
(C192) promotes its oligomerization,
pore-forming activity, and pyroptosis.
These findings reveal GSDMD as a redox-
regulated protein that connects cellular
redox state to inflammatory cell death.
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SUMMARY

Reactive oxygen species (ROS) regulate the activities of inflammasomes, which are innate immune signaling
organelles that induce pyroptosis. The mechanisms by which ROS control inflammasome activities are
unclear and may be multifaceted. Herein, we report that the protein gasdermin D (GSDMD), which forms
membrane pores upon cleavage by inflammasome-associated caspases, is a direct target of ROS. Exoge-
nous and endogenous sources of ROS, and ROS-inducing stimuli that prime cells for pyroptosis induction,
promote oligomerization of cleaved GSDMD, leading to membrane rupture and cell death. We find that ROS
enhance GSDMD activities through oxidative modification of cysteine 192 (C192). Within macrophages,
GSDMD mutants lacking C192 show impaired ability to form membrane pores and induce pyroptosis. Recip-
rocal mutagenesis studies reveal that C192 is the only cysteine within GSDMD that mediates ROS respon-

siveness. Cellular redox state is therefore a key determinant of GSDMD activities.

INTRODUCTION

Reactive oxygen species (ROS) are produced by multiple mech-
anisms within cells, ranging from enzymatic activities to byprod-
ucts of aerobic respiration.’ ROS can covalently modify proteins,
DNA, and other biological molecules. The unregulated produc-
tion of high amounts of ROS can be destructive to cells, as
oxidized membranes may lose barrier function, oxidized DNA
can result in mutation, and oxidized proteins can display altered
biochemical activities. ROS include unstable short-lived mole-
cules such as superoxide and hydroxyl! free radicals as well as
more stable forms such as hydrogen peroxide. In extreme situa-
tions, such as following ionizing radiation, ROS can alter cellular
behaviors in such catastrophic ways that lysis occurs.” However,
ROS also serve regulatory functions through modifications of
proteins, DNA, or membranes that alter signaling activities and
cellular behaviors.> Numerous examples of the influence of
redox signaling have emerged, in particular in the context of
environmental and inflammatory responses.*®

Among the inflammatory mediators controlled by ROS is the
interleukin-1 (IL-1) family of cytokines. IL-1B, the best-charac-
terized member of this family, is most commonly released
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from cells through the actions of the protein gasdermin D
(GSDMD).>” GSDMD forms pores in the plasma membrane
that can lead to a lytic form of cell death known as pyroptosis.®
GSDMD and IL-1B are both synthesized as inactive pro-pro-
teins that must be cleaved to achieve pore-forming abilities
or inflammatory activities, respectively.'" These cleavage
events can be mediated by caspase-1, the principal enzymatic
component of a large multiprotein complex called inflamma-
some.'? Inflammasomes are not present within resting cells
but are assembled upon cellular encounters with infectious or
non-infectious threats to the host. The mechanisms by which
inflammasomes are assembled have been the subject of
intense investigation, with ROS being one of the first identified
regulators of this process. Tschopp and colleagues recognized
this link when they found that mitochondrial poisons that
disrupt the electron transport chain (ETC) and induce ROS pro-
duction can promote the assembly of inflammasomes contain-
ing the protein NLRP3."® In addition, more recent work has
illustrated that microbial detection by Toll-like receptors
(TLRs) can lead to ROS production from mitochondria, which
amplifies the expression of the genes encoding NLRP3 and
IL-1B and positions NLRP3 and caspase-1 on these
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Figure 1. Dox-induced expression of NT-GSDMD leads to RIPK1- and caspase-8-independent pyroptosis
(A) Immunoblot analysis of RagA-deficient iBMDM clonal cell lines.
(B-E) RagA-deficient iBMDM or non-target sgRNA (WT) control cells were treated with LPS (1 pg/mL) alone or co-treated with LPS (1 pg/mL) and the TAK1
inhibitor 5z7 (250 nM) for 3 h. PI fluorescence and LDH release were quantified as a measure of membrane disruption/lysis (B and C). GSDMD processing and
oligomerization were assessed by immunoblot under reducing (D) or non-reducing (E) conditions.
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organelles.'*'® Based on these studies, the prevailing concept
is that ROS act at the apex of inflammasome pathways to regu-
late their function. However, whether and how ROS act at other
stages of pyroptosis pathways remains undefined.

We recently identified the Ragulator-Rag complex, which is
best known for its control of cellular metabolism, as a positive
regulator of GSDMD-mediated cell death.'” We found that
GSDMD oligomerization into membrane pores that induce
pyroptosis was defective in macrophages that lack the
Ragulator-Rag components RagA or RagC. A link to ROS
regulation was suggested, as defects in GSDMD pore-forming
activity in RagA- or RagC-deficient cells could be rescued by
the supply of exogenous ROS or induction of endogenous
ROS from mitochondria. Incidentally, another study also re-
ported a role for Ragulator-Rag in pyroptosis.'® While both
studies used genome-wide genetic screens to identify regulators
of GSDMD-mediated pyroptosis, the experimental systems
were different. The latter report studied a pathway that is
induced when TLRs are activated concomitantly with inhibitors
of the kinase TAK1, leading to caspase-8- and GSDMD-depen-
dent pyroptosis. In contrast, our study used a reductionist
system whereby macrophages were engineered to contain a
doxycycline (Dox)-inducible transgene encoding the pore-form-
ing domain of GSDMD (known as NT-GSDMD). Thus,
whereas our study bypassed upstream regulatory events that
lead to GSDMD cleavage and pore formation, the study by
Zheng and colleagues'® stimulated proteins that act upstream
of GSDMD.

Herein, we sought to better define the role of Ragulator-Rag
and ROS in the regulation of GSDMD activities. We used our
Dox-inducible NT-GSDMD system to focus our studies on the
terminal events in pyroptosis. Moreover, to further enable our
studies, we used a version of GSDMD that contains an 1105N
mutation. NT-GSDMD [105N retains the ability to form mem-
brane pores but does so more slowly than its wild-type (WT)
counterpart.”'® This variant allowed for an increased window
of time to study GSDMD through microscopy and biochemical
analysis prior to cell rupture. Our studies revealed that under
steady-state conditions, Ragulator-Rag is required for basal
ROS production within cells that enables NT-GSDMD oligomer-
ization and pyroptosis. Diverse immune signaling pathways or
environmental perturbations that induce ROS can bypass the
requirement of Ragulator-Rag and promote NT-GSDMD oligo-
merization and pore formation. Finally, we found that GSDMD
is directly oxidized at multiple cysteine residues, with cysteine
192 (C192) being necessary and sufficient for ROS-mediated
potentiation of GSDMD pore formation and pyroptosis. These
findings reveal GSDMD as a redox-regulated protein that
directly connects cellular redox state to inflammatory cell death
via pyroptosis.
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RESULTS

The two studies characterizing Ragulator-Rag in pyroptosis
focused on distinct subunits of this protein complex. To compare
the findings that were made, we created a common set of ge-
netic tools and performed assays using pyroptosis stimuli that
had been previously used in each of these studies.'”'® We
generated immortalized murine bone marrow-derived macro-
phages (iBMDMs) deficient for the Ragulator-Rag component
RagA, the central GTPase that controls Ragulator functions.
We electroporated Cas9-expressing iBMDMs with three
different single guide RNAs (sgRNAs) targeting Rraga, the gene
encoding RagA. Complete ablation of the RagA protein was
observed in the resulting clonal iBMDM lines (Figure 1A). These
cells were co-stimulated with the TLR4 ligand bacterial lipopoly-
saccharide (LPS) and the chemical 5z7, an inhibitor of TAK1. This
treatment has been used to stimulate RIPK1- and caspase-8-
mediated pyroptosis.'®?° Pyroptosis was assessed by moni-
toring the release of the cytosolic enzyme lactate dehydroge-
nase (LDH) into the extracellular space. In addition, membrane
permeabilization was assessed by staining cells with propidium
iodide (Pl), a membrane-impermeable dye that fluoresces upon
binding intracellular nucleic acids. Cells that received a non-
target control sgRNA (referred to as WT) stained strongly for PI
and released LDH after LPS+5z7 treatment (Figures 1B and
1C). In contrast, RagA-deficient cells were protected from py-
roptosis induction using both of these assays (Figures 1B and
1C). Processing of GSDMD was unchanged in RagA-deficient
cells compared with WT cells, but we observed a decrease in
GSDMD oligomer formation (Figures 1D, 1E, and S1A). Thus,
similar to studies focused on other components of the
Ragulator-Rag complex,'® our results suggest that RagA is
required for pyroptosis induced by LPS+5z7, but the underlying
mechanism may vary depending on the specific Ragulator-Rag
component.

We considered these findings in the context of our recent dis-
covery that RagA was required for pyroptosis induced by the
Dox-mediated expression of NT-GSDMD [105N, hereafter
referred to as NT-GSDMD."” It was possible that Dox may stim-
ulate RIPK1 and caspase-8, leading to NT-GSDMD-mediated
pore formation. If this possibility was correct, impairing the
function of RIPK1 or caspase-8 should lead to decreased pyrop-
tosis upon Dox induction of NT-GSDMD. We first tested this
hypothesis using small-molecule inhibitors. We Dox-induced
NT-GSDMD in the presence of chemical inhibitors of RIPK1 (7-
CIl-O-Nec-1), the related kinase RIPK3 (GSK’872), or the pan-
caspase inhibitor ZVAD. None of the inhibitors had a significant
effect on Dox-induced cell death, as indicated by LDH release
(Figure S1B). The inhibitor concentrations used in this analysis
were functional, as we confirmed that these concentrations

(F) Immunobilot analysis of RagA-, caspase-8-, or RIPK1-deficient iBMDMs expressing NT-GSDMD under Dox-inducible promoter.

(G and H) RagA-, caspase-8-, or RIPK1-deficient iBMDMs expressing NT-GSDMD under Dox-inducible promoter were treated with LPS (1 ng/mL) alone or co-
treated with LPS and the TAK1 inhibitor 5z7 (250 nM) for 6 h. PI fluorescence and LDH release were quantified as measure of membrane disruption/lysis.
(I-K) RagA-, caspase-8-, or RIPK1-deficient iBMDMs iBMDMs expressing NT-GSDMD under Dox-inducible promoter were treated with Dox (0.5 pg/mL) for 16 h.
Pl fluorescence and LDH release were quantified as measure of membrane disruption/lysis. Fraction of BFP-positive cells was measured by flow cytometry. Cells
indicated as WT were electroporated with a non-targeting sgRNA. Data are mean + SEM of three experiments. Immunoblots show representative result of three
repeats. Statistical significance was determined by two-way ANOVA: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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of 7-CL-O-Nec-1 inhibited LPS+5z7-induced pyroptosis (Fig-
ures S1C and S1D). Furthermore, GSK’872 inhibited LPS +
zVAD-induced necroptosis, and zVAD inhibited GSDMD cleav-
age in LPS+5z7-treated cells (Figure S1C-S1E). To corroborate
these findings, we generated cells lacking the genes encoding
caspase-8 or RIPK1 (Figure 1F). We functionally confirmed
RIPK1 and caspase-8 deficiencies, as the cells lacking these
proteins were protected from LPS+5z7-induced pyroptosis,
even after treatments of up to 6 h (Figures 1G and 1H). Interest-
ingly, at this late time point, RagA-deficient cells died to a similar
extent as WT cells (Figures 1G, 1H, and S1F). These results indi-
cate that RIPK1 and caspase-8 are required for LPS+5z7-
induced cell death at all time points examined, whereas RagA
is most important for the rapid pyroptotic response induced by
LPS+5z7. Similar to the findings made with chemical inhibitors,
neither caspase-8 nor RIPK1 deficiencies impacted the PI
staining or LDH release that was observed upon expression of
NT-GSDMD (Figures 11 and 1J). In contrast, RagA-deficient cells
were protected from cell death under the same conditions
(Figures 11 and 1J). Using the BFP-tag that is appended to the
C-terminus of NT-GSDMD, we verified that the frequency of
BFP-positive cells was unchanged under all experimental condi-
tions (Figure 1K). These collective findings indicate that RagA is
required for pyroptosis in response to both LPS+5z7 treatments
and Dox-induced expression of NT-GSDMD.

The common node in the pyroptotic events induced by
LPS+5z7 and Dox treatments is GSDMD, suggesting that
RagA acts at this stage in the pathway. To address the functions
of GSDMD specifically, our subsequent work used the Dox-
inducible system for NT-GSDMD activities. To better understand
the link between RagA and GSDMD, we focused on the role of
Ragulator-Rag in ROS regulation. We assembled a panel of
agents that increase cellular ROS in distinct manners. This panel
consists of two microbial products, LPS and fungal B-glucans,
the environmental toxin sodium arsenite, and two mitochondrial
ETC inhibitors, rotenone and TTFA.?'*® Rotenone is an ROS
fluxing agent, whereas treatment with TTFA is not expected to in-
crease cellular ROS."® Live-cell confocal microscopy was used
to assess ROS production by staining with the redox-sensitive
fluorescent probe CM-H,DCFDA. We found that treatment with
Dox to induce NT-GSDMD expression led to an increase in
cellular ROS in WT cells, but not in RagA-deficient cells
(Figures 2A and 2B). Treatments of cells with LPS, B-glucan, so-
dium arsenite, or rotenone induced ROS in RagA-deficient cells,
whereas TTFA did not (Figures 2A and 2B). Based on the ability of
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these agents to bypass the ROS production defects of RagA-
deficient cells, we examined their ability to rescue defects in
NT-GSDMD oligomer formation, Pl staining, and LDH release.
Dox induction of NT-GSDMD led to an increase in Pl staining
and LDH release in WT cells, which was reduced in RagA-defi-
cient cells (Figures 2C and 2D). Interestingly, all the agents that
rescued the ROS production defects in RagA-deficient cells
(LPS, B-glucan, sodium arsenite, rotenone) also rescued PI
staining and LDH release defects in these cells (Figures 2C and
2D). Importantly, the rescue of Pl staining and LDH release
was accompanied by an increase in GSDMD oligomerization
(Figure 2E).2 When we co-treated WT cells with Dox and the
same panel of compounds, we observed accelerated plasma
membrane perforation compared with cells treated with Dox
alone (Figure S2A). In the absence of NT-GSDMD, these com-
pounds did not affect membrane permeability (Figure S2B).
The strongest ROS inducers (rotenone, sodium arsenite) ex-
hibited the strongest acceleration of plasma membrane perfora-
tion (Figure S2A). These data demonstrate that a diverse array of
ROS-fluxing stimuli, including those that are commonly used to
prime cells for inflammasome responsiveness, are capable of
restoring GSDMD pore formation and pyroptosis in RagA-defi-
cient cells and enhancing these processes in WT cells.

To complement the biochemical analysis of ROS-induced
GSDMD oligomer formation, we examined oligomerization of
GSDMD within individual cells in situ by fluorescence recovery
after photo bleaching (FRAP) on BFP-tagged NT-GSDMD.
Following induction of NT-GSDMD-BFP in RagA-deficient or
WT cells, we targeted membrane-localized BFP fluorescence
areas for photobleaching and monitored subsequent fluores-
cence recovery (Figures 2F and 2G). Multimerization of a mem-
brane-bound protein into a larger complex leads to reduced
two-dimensional diffusion, as compared with monomers. This
reduced diffusion leads to longer fluorescence recovery times
following photobleaching, as well as a reduction in the total
mobile fraction or percent recovery over the timescale of the
experiment.24 Consistent with this notion, RagA-deficient cells,
where GSDMD oligomerization is impaired, exhibited an
increased mobile fraction compared with WT cells (Figures 2G
and 2H). Consistent with our biochemical analyses, treatment
with ROS-inducing agents rotenone or sodium arsenite reduced
the percent recovery in RagA-deficient cells (Figures 2G and 2H).
In contrast, TTFA did not alter fluorescence recovery of NT-
GSDMD in RagA-deficient cells (Figure 2H). These experiments
in live macrophages support the conclusion that ROS control

Figure 2. Priming with microbial products or environmental toxins induces ROS and promotes GSDMD pore formation
RagA-deficient or WT iBMDMs expressing NT-GSDMD under Dox-inducible promoter were treated with Dox (2 ng/mL in A, B, E or 0.5 pg/mL in C, D) for 8 h.
PAMPs (1 pg/mL of LPS; 1 mg/mL of B-glucan) were present throughout the entire stimulation period. Toxins (20 pM sodium arsenite; 5 M rotenone; 100 uM

TTFA) were added after 4 h.

(A and B) Cells were stained using the ROS-reactive dye CM-H2DCFDA and signal was quantified by fluorescence microscopy.

(

E
F
(
(

C and D) PI fluorescence and LDH release were quantified as measure of membrane disruption/lysis.

GSDMD oligomerization was assessed by immunoblot under non-reducing conditions.

Representative confocal image of WT cell after Dox induction of NT-GSDMD-BFP for 8 h. Circles indicate areas for measurement of FRAP.

G) Representative FRAP curves from WT cells, and RagA-deficient cells co-treated with sodium arsenite.

H) Mean proportion of FRAP of NT-GSDMD-BFP signal in WT and RagA-deficient iBMDMs after Dox induction (2 pg/mL) for 8 h. Arsenite (20 uM), Rotenone

(5 uM), or TTFA (100 uM) were added after 4 h. Cells indicated as WT were transduced with an empty vector. Data are mean + SEM of at least three experiments.
Immunoblots and microscopy images show representative result of three repeats. Statistical significance was determined by one-way ANOVA (B-D) or two-way
ANOVA with Tukey’s or Dunnett’s post hoc testing (H): *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. NT-GSDMD is oxidized upon pyroptosis induction in a RagA-dependent manner

(A) Schematic of proteomics approach to determine absolute cysteine oxidation. CPT, cysteine-reactive phosphate tag; IAM, iodoacetamide; TMT, tandem
mass tag.

(B) Quantitative mass spectrometry analysis of oxidative state of cysteine residues in NT-GSDMD. iBMDMs expressing NT-GSDMD-BFP under Dox-inducible
promoter were treated with 2 pg/mL Dox for 8 h. n.d. indicates that no peptides containing this cysteine residue were detected and oxidative state could therefore
not be determined.

(C and D) Pulldown and immunoblot analyses to assess relative cysteine oxidation in RagA- or RagC-deficient, or empty-vector-treated iBMDMs (WT) expressing
NT-GSDMD-BFP under Dox-inducible promoter. Cells were treated with Dox (2 ug/mL) for 8 h. Toxins (20 uM sodium arsenite; 5 uM rotenone; 100 uM TTFA) were
added after 4 h.

(E) Pulldown and immunoblot analyses to assess relative cysteine oxidation in GSDMD KO iBMDMs expressing indicated NT-GSDMD mutants under Dox-
inducible promoter. Cells were treated with Dox (2 ng/mL) for 8 h.

(F) Pulldown and immunoblot analyses to assess relative cysteine oxidation in WT iBMDMs. Cells were primed with LPS (1 pg/mL) for 4 h or left unprimed before
stimulation with Flatox for 2 h. Data presented in (E) were generated using a bulk population of cells. Data in (B) are represented as mean + SEM of four inde-

pendent repeats. Immunoblots show representative result of three (C-E) or two (F) independent repeats.

GSDMD oligomerization and pore formation within the plasma
membrane.

Redox-regulation of proteins often occurs via direct modifica-
tion of thiol-containing amino acid residues such as cysteines. A
possible mechanism for ROS-mediated GSDMD pore regulation
would be direct oxidation of cysteine residues within NT-
GSDMD. We therefore investigated whether any cysteines in
NT-GSDMD are oxidized during pyroptosis. We determined
the absolute fraction of oxidation for four out of six cysteines in
NT-GSDMD (C57, C77, C192, C265) following Dox induction us-
ing a mass spectrometry-based approach that allows for the

6 Cell Reports 42, 112008, January 31, 2023

quantification of reversible oxidation of thiols (Figure 3A).?° Ab-
solute cysteine oxidation values varied between 1.1% (C55)
and 22.9% (C192) (Figure 3B). These results suggest that C192
is oxidized during pyroptosis. To corroborate these results, we
analyzed relative cysteine oxidation by pulling down oxidized
cysteine (sulfenic acid) residues using a biotin-maleimide
probe.?® We detected a strong signal for GSDMD in WT cells
upon Dox treatment (Figures 3C and S3A). This signal is dimin-
ished in RagA- or RagC-deficient cells, a finding consistent
with lower basal and induced cellular ROS in the absence of
Ragulator-Rag functions (Figures 3C, 2A, and 2B). When
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Figure 4. ROS-induced enhancement of pyroptosis is dependent on C192 in GSDMD
(A and D) Immunoblot analysis of whole-cell lysates of GSDMD KO iBMDM expressing indicated NT-GSDMD mutants under a Dox-inducible promoter or

transduced with an empty vector (EV). Cells were treated with 1 ug/mL of Dox for 4 h or left untreated.
(B, C, and G) GSDMD KO iBMDMs expressing indicated NT-GSDMD variants under a Dox-inducible promoter or transduced with an empty vector (EV) were
treated with Dox (1 ng/mL) for 8 h. DMSO or disulfiram was added after 4 h to a final concentration 25 uM (G). H,O, was added after 6 h to a final concentration of

625 uM. PI fluorescence and LDH release were quantified as a measure of membrane disruption/lysis (B and C).

(legend continued on next page)
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RagA-deficient cells were co-treated with the ROS-inducing
agents rotenone or sodium arsenite, NT-GSDMD oxidation
was partially restored (Figures 3D and S3B). Using this orthog-
onal pulldown assay, we confirmed that cysteine oxidation within
NT-GSDMD can occur at multiple residues, as suggested by our
mass spectrometry quantification. We observed no notable
reduction in pulldown efficiency when examining C39A or
C192A mutants (Figures 3E and S3C), likely due to sufficient
cysteine oxidation on other residues (Figure 3B). Highlighting
the on-target specificity of the pulldown assay, we observed
complete loss of signal in the No Cys mutant, in which all cyste-
ines were mutated to alanine (Figure 3E). Last, we performed a
similar pulldown experiment in WT iBMDMs stimulated with the
synthetic toxin Flatox, an inducer of NAIP/NLRC4 inflamma-
some-dependent pyroptosis.?” In Flatox-treated cells, the
oxidized cysteine pulldown assay identified cleaved NT-
GSDMD, suggesting that endogenous NT-GSDMD becomes
oxidized during pyroptosis (Figure 3F). Overall, these data indi-
cate that GSDMD protein can detect ROS directly.

Next, we investigated whether oxidation of specific cysteine
residues in NT-GSDMD affects its ability to form pores and
induce cell death. If this was the case, mutation of cysteine to
a non-oxidizable amino acid (e.g., alanine) should affect the abil-
ity of such mutant to form pores and induce cell death. Notably,
several cysteines in the N-terminal domain of GSDMD, including
C191/192 and C38/C39 in human/murine GSDMD, have been
implicated in GSDMD oligomerization and pore formation.®2%2°
To investigate the importance of these cysteine residues for
GSDMD-mediated cell death, we engineered GSDMD-deficient
iBMDMs to express NT-GSDMD carrying C39A or C192A muta-
tions, or an NT-GSDMD variant where all six cysteines have been
mutated to alanine (No Cys) under the control of a Dox-inducible
promoter. Dox treatments led to the production of comparable
amounts of all NT-GSDMD proteins (Figure 4A), but none of
the mutant NT-GSDMD variants exhibited a decreased basal
ability to induce pyroptosis (Figures 4B and 4C). Based on the
suggested role of ROS in GSDMD pore formation, we deter-
mined if an additional supply with ROS, as would be the case
during inflammasome priming, might reveal a phenotype in the
context of cysteine substitution. To examine this possibility, we
induced NT-GSDMD variants with Dox and provided exogenous
ROS by co-treating cells with H,O,. Under these conditions, we
observed an enhancement of pore-forming activities induced by
WT NT-GSDMD and the C39A mutant (Figures 4B and 4C). In
contrast, no ROS-mediated enhancement of Pl staining or LDH
release was observed in cells expressing the C192A or the No
Cys mutant (Figures 4B and 4C). Similar results were obtained
with cells expressing NT-GSDMD constructs lacking the 1105N
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mutations or when mitochondrial ROS were triggered by rote-
none (Figures S4A-S4C, 4E, and 4F). Interestingly, C192 was
sufficient to enable ROS-mediated enhancement of pore forma-
tion. A boost in Pl staining by H,O, was observed in cells
expressing an NT-GSDMD variant in which all cysteine residues
were mutated to alanine except C192 (Figure 4G). This boost in
Pl signal was abrogated by the C192-targeting drug disulfiram
(Figure 4G).%° These findings support the role of ROS as a poten-
tiator of GSDMD pore-forming activities and establish C192 as a
necessary and sufficient regulator of these events.

To test the importance of C192 in response to a natural pyrop-
totic stimulus, we reconstituted GSDMD-deficient cells with full-
length GSDMD variants carrying the above-described mutations
(WT, C39A, C192A, No Cys; Figure S4D). We induced pyroptosis
by LPS+5z7 treatment and monitored membrane permeabiliza-
tion and cell death induction by PI staining and LDH assay. Pl
staining and LDH release, but not GSDMD cleavage, were
impaired in cells expressing GSDMD C192A or the No Cys
mutant compared with cells expressing WT GSDMD
(Figures 4H-4K). Mutating C39 in GSDMD to alanine, on the
other hand, had no effect on the kinetics of LPS+5z7-induced
pyroptosis (Figures 4H-4K).

DISCUSSION

A central point that emerges from this study is that ROS can
directly potentiate NT-GSDMD oligomerization, independently
of upstream inflammasome effects. Based on the established
role of ROS at the apex of the NLRP3 pathway and recent
reports suggesting ROS-mediated regulation of the inflamma-
some adaptor protein ASC and the enzyme caspase-1,'*°"3?
we propose the idea of an ROS regulatory cascade, akin to
phosphorylation cascades, where multiple nodes in a pathway
are subject to the same type of regulation (ROS or phosphoryla-
tion; Figure S4E). This idea has important implications for the use
of LPS and other innate immune agonists that flux ROS as prim-
ing agents to promote inflammasome activities.

We propose an additional role for the priming step in inflam-
masome activation (often referred to as signal 1). In addition to
the invoked transcriptional changes (upregulation of inflamma-
some components and pro-IL-1'°'%), priming agents induce
ROS that potentiate GSDMD oligomer formation and pyroptosis.
Moreover, the common association of ROS with mitochondrial
dysfunction and microbial infection suggests that ROS may act
as a secondary messenger within host defense pathways to
communicate threat level through regulation of distinct inflam-
masome-related proteins. As ROS metabolites may also nega-
tively regulate catalytic cysteines within inflammatory caspases,

(E and F) GSDMD KO iBMDM s expressing indicated NT-GSDMD variants under a Dox-inducible promoter or transduced with an empty vector (EV) were treated
with Dox (0.5 pg/mL) for 8 h. Rotenone was added after 4 h to a final concentration of 5 pM. Pl fluorescence and LDH release were quantified as a measure of

membrane disruption/lysis.

(H-K) GSDMD KO iBMDMs expressing indicated full-length GSDMD variants or GFP were treated with LPS (1 ng/mL) or co-treated with LPS (1 ng/mL) and the
TAK1 inhibitor 5z7 (250 nM) for 2 h. LDH release and PI fluorescence was quantified in real time (H) or at the endpoint (I and J) to assess plasma membrane
disruption. Processing of GSDMD was assessed by immunoblot (K). Data shown in (A)-(G) were generated using representative clonal cell populations. Clonal
populations used were directly derived from bulk populations used in Figure 3E. Unless stated otherwise, data are mean + SEM of at least three experiments,
except for EV in (B) and (C), which is mean + SEM of two experiments. Immunoblots show representative results of three repeats. Pl curves are represented as
mean + SD of two technical replicates and representative of three repeats. Statistical significance was determined by two-way ANOVA with Tukey’s post hoc

testing: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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we expect that spatial and temporal consideration of ROS pro-
duction will emerge in future studies as critical for pyroptotic
signaling.®®

Mechanistically, our finding that cysteines in NT-GSDMD are
oxidized by ROS in a Rag-Ragulator-dependent manner is
notable, as cysteine residues are known targets of several
metabolite-based and small-molecule GSDMD inhibitors. For
example, C192 is targeted by the cysteine-reactive inhibitors
disulfiram, necrosulfamide, and dimethyl fumarate, highlighting
that this residue is accessible for posttranslational modifications
(PTMs).25%° Consistent with these reports, our analyses of
GSDMD lacking C192 or all cysteine residues yielded a defect
in LPS+5z7-mediated pyroptosis. Our functional analyses using
Dox-induced NT-GSDMD carrying the same mutations revealed
a necessary and sufficient role for C192 for potentiation of
GSDMD pore-forming activities upon ROS stimulation. We do
not expect a role for disulfide bonds, as this is inconsistent
with the positioning of C192 in a recent high-resolution structure
of oligomerized GSDMD.** We favor a model whereby ROS-
mediated oxidation of cysteines aids the addition or removal of
an activating or inhibitory PTM, respectively. Recent reports sug-
gest that host metabolic states may modify GSDMD with an
inhibitory mark.”®*® Hence, our data may represent removal of
an inhibitory mark on C192 in a subset of GSDMD molecules.
Overall, we propose that GSDMD function is directly controlled
by cellular redox state, a finding that provides a mandate to
explore GSDMD cysteine oxidation as a biomarker of productive
inflammasome activation.

Limitations of the study

While we mechanistically focus on the terminal step in the pyrop-
tosis pathway, namely pore formation by the caspase cleavage
fragment NT-GSDMD, it is likely that ROS can regulate distinct
upstream steps within pyroptotic signaling. Further studies
with natural stimulations and infections will allow us to assay
the impact of ROS on other steps in the pathway. Consistent
with this idea, a recent study reported a role for the Ragulator
component Lamtor1 in NLRP3-dependent inflammasome acti-
vation.®® We have not yet uncovered the specific mechanism
by which cysteine oxidation mediates increased GSDMD pore
formation and membrane permeability. In addition to a direct ef-
fect mediated by C192 in NT-GSDMD, we cannot rule out that
there may be additional effects of ROS production that help
membrane permeability, such as inhibition of autophagy or
direct membrane oxidation.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal Anti-B actin MilliporeSigma A5441; RRID:AB_476744

Mouse monoclonal Anti-B-Actin
Peroxidase AffiniPure Goat Anti-Mouse
IgG (H + L)

Peroxidase AffiniPure Goat Anti-Rabbit
IgG H+L)

Rabbit monoclonal Anti-GSDMD
Rabbit monoclonal Anti-RagA

Rabbit polyclonal Anti-tagRFP

Rabbit monoclonal Anti-caspase-8
Rabbit monoclonal Anti-RIPK1

Cell Signaling Technology
Jackson ImmunoResearch

Jackson ImmunoResearch

Abcam

Cell Signaling Technology
Evrogen

Cell Signaling Technology
Cell Signaling Technology

3700S; RRID:AB_2242334
115-035-003; RRID:AB_10015289

111-035-003; RRID:AB_2313567

ab209845; RRID:AB_2783550
4357S; RRID:AB_10545136
AB233; RRID:AB_2571743
4790S; RRID:AB_10545768
3493S; RRID:AB_2305314

Bacterial and virus strains

Escherichia coli TOP10 Invitrogen C404010
Competent Escherichia coli DH5a Jonathan Kagan Laboratory N/A
Chemicals, peptides, and recombinant proteins

Lethal factor flagellin fusion protein (Lfn-Fla) Jonathan Kagan Laboratory'” N/A
Protective antigen List Biological Labs #171E
BamHl restriction enzyme Thermo ER0055
Benzonase EMD Millipore 70664-3
B-glucan peptide Invivogen tirl-bgp
Blasticidin Fisher Scientific A1113903
Bond-Breaker TCEP solution, neutral pH ThermoFisher Scientific 77720
CM-H,DCFDA ThermoFisher Scientific c6827
Complete protease inhibitor tablets Sigma Aldrich 11836170001
Dimethyl sulfoxide Sigma Aldrich D2438
Doxycycline hyclate Sigma Aldrich D9891-1G
dNTP mix Quanta Biosciences 95062-200
Dulbecco’s MEM, high glucose, L-glut, pyruvate ThermoFisher Scientific 11995-073
E. coli LPS Serotype O111:B4 S-form Enzo Life Sciences ALX-581-012-L002
Ultrapure LPS, E. coli 0111:B4 Invivogen tirl-3pelps
EcoRl restriction enzyme Thermo ER0275
EDTA (sterile 0.5 M solution) Fisher Scientific 15575-020
Murine recombinant LPS binding protein (LBP) R&D Systems 6635-LP/CF
Fetal bovine serum ThermoFisher Scientific/GIBCO 10500064
G418 Invivogen ant-gn-5
G418 SIGMA (Roche) 4727894001
Glycerol Fisher BP229-1

1 M HEPES solution, pH 7.0 ThermoFisher Scientific 11995-073

Hydrogen peroxide (30% w/w) stock solution
L-glutamine

Lipofectamine 2000

Neutravidine agarose

Nonidet P40 (NP-40)

Notl-HF restriction enzyme
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MilliporeSigma
ThermoFisher Scientific
Invitrogen

ThermoFisher Scientific
United States Biochemical
NEB

H1009-100ML
25030081; 25030164
11668019

29200

19628

#R3189
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REAGENT or RESOURCE SOURCE IDENTIFIER
OptiMEM reduced serum media ThermoFisher Scientific 31985062
Pen/Strep ThermoFisher Scientific 15-140-122; 15-140-163
Phosphate-buffered saline (PBS); pH 7.4 ThermoFisher Scientific/GIBCO 10010-023
Phusion HF Polymerase ThermoFisher Scientific F-530L
Polybrene MerckMillipore TR-1003-G
Puromycin Invivogen ant-pr-1
Propidium iodide MilliporeSigma P4864-10ML
Rotenone Tocris 3616

Sall-HF restriction enzyme NEB #R3138
Sepharose 6B beads MilliporeSigma CL6B200-100ML
Sodium Chloride MilliporeSigma S9625
Sodium m-Arsenite MilliporeSigma S7400-100G
Sodium Pyruvate ThermoFisher Scientific 11360070
SDS solution 20% ThermoFisher Scientific AM9820

Tris base MilliporeSigma T-1503

TTFA (2-Thenoyltrifluoroacetone) Sigma T27006-25G
T4 ligase NEB M0202S
N-ethylmaleimide MilliporeSigma 04259
Biotin-maleimide Vector Laboratories SP-1501-12
lodoacetamide Sigma-Aldrich Cat#l1149
Lys-C Wako Chemicals Cat#125-05061
Trypsin Promega Cat#V5113
Hydroxylamine MilliporeSigma Cat#438227
Neocuprine MilliporeSigma N1501

DTPA MilliporeSigma D6518

EPPS MilliporeSigma Cat#E9502
Cysteine-reactive phosphate tags (CPTs) Chouchani lab®® N/A

Methanol VWR BDH1135-4LG
Urea MilliporeSigma U5378
Disulfiram MilliporeSigma 86720

Critical commercial assays

100 mL Tip Neon Transfection Kit ThermoFisher Scientific MPK10096
CyQuant LDH Cytotoxicity Assay Kit ThermoFisher Scientific C20301

Pierce BCA Protein Assay kit ThermoFisher Scientific 23227

Micro BCA™ Protein Assay Kit ThermoFisher Scientific Cat#23235
Sep-Pak C18 Cartridges Waters Cat#WAT054955
16-plex TMT reagents ThermoFisher Scientific Cat#A44520
Q5 Site-directed mutagenesis kit NEB E0554S

BFP catcher beads Antibodies online ABIN5311512
Experimental models: Cell lines

Cas9 Kl iBMDM Jonathan Kagan Laboratory'” N/A

iBMDM Cas9 Kl Tet3G Doxycycline Jonathan Kagan Laboratory'” N/A

Inducible NT-GSDMD-BFP

iBMDM Cas9 Kl Tet3G Doxycycline Jonathan Kagan Laboratory'’ N/A

Inducible NT-GSDMD-BFP pXPR-054-

empty vector

iBMDM Cas9 Kl Tet3G Doxycycline Jonathan Kagan Laboratory'’ N/A

Inducible NT-GSDMD-BFP pXPR-054-
RagC-sgRNA1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

iBMDM Cas9 Kl Tet3G Doxycycline Jonathan Kagan Laboratory'” N/A

Inducible NT-GSDMD-BFP pXPR-054-RagA-

sgRNA1

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + Non-target

synthetic sgRNA

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + RagA

synthetic sgRNA-1

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + RagA synthetic sgRNA-2

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + RagA synthetic sgRNA-3

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + RIPK1 synthetic sgRNA-1

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + RIPK1 synthetic sgRNA-2

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + Caspase-8 synthetic

sgRNA-1

iBMDM Cas9 Kl Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-BFP + Caspase-8 synthetic

sgRNA-2

GSDMD KO iBMDM Jonathan Kagan N/A
Laboratory'”

GSDMD KO iBMDM Tet3G This paper N/A

GSDMD KO iBMDM Tet3G pRETROX-TRE3G empty vector This paper N/A

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-C192A

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-No Cys (C39A, C57A, C77A, C122A,

C192A, C265A)

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-I105N

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-1105N-C39A

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-I105N-C192A

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-I105N-No Cys (C39A, C57A, C77A,

C122A, C192A, C265A)

GSDMD KO iBMDM Tet3G Doxycycline This paper N/A

Inducible NT-GSDMD-I105N C192only (C39A, C57A,

C77A, C122A, C265A)

GSDMD KO iBMDM pMSCV IRES EGFP empty vector This paper N/A

GSDMD KO iBMDM Full-length GSDMD This paper N/A

GSDMD KO iBMDM Full-length GSDMD-C39A This paper N/A

GSDMD KO iBMDM Full-length GSDMD-C192A This paper N/A

GSDMD KO iBMDM Full-length GSDMD-No Cys (C39A, C57A, This paper N/A

C77A, C122A, C192A, C265A)

Platinum-GP retroviral packaging cell line Cell Biolabs RV-103
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Q5 mutagenesis_ mGSDMD_C192A_fwd: IDT N/A
TGGAGCTTTAgccTTGAAGGGTGAAGGCAAG

Q5 mutagenesis_ MGSDMD_C192A _rev: IDT N/A
GGCAGCGTAAACTGGCCT

mGSDMD_C39A_fwd: IDT N/A
CAGGCCCTACgccCTTCTGAACAGGAAATTTTC

mGSDMD_C39A rev: IDT N/A
AAGCTGGTGGAGTTCCGC

Notl_Kozak_mGSDMD_fwd: IDT N/A
ttctcttGCGGCCGCGCCACCATGCCATCGGCC

Sall_Myc-tag_mGSDMD_rev tttctctttGTCGACcta IDT N/A
CAGATCCTCTTCTGAGATGAGT

TTTTGTTCACAAGGTTTCTGGCCTAGACTTGac

mGSDMD_I105N-fwd: Evavold et al."” N/A
GGAGAAGGGAAAAATTCTGGTGGGGCT

mGSDMD_I105N-rev: Evavold et al."” N/A
AGCCCCACCAGAATTTTTCCCTTCTCC

mGSDMD_C39A-fwd: This paper, Merck N/A
CTTCAGGCCCTACGCCCTTCTGAACAGG

mGSDMD_C39A-rev: This paper, Merck N/A
CCTGTTCAGAAGGGCGTAGGGCCTGAAG

mGSDMD_C192A-fwd: This paper, Merck N/A
CCTGGAGCTTTAGCCTTGAAGGGTGAAG

mGSDMD_C192A-rev: This paper, Merck N/A
CTTCACCCTTCAAGGCTAAAGCTCCAGG

mGSDMD_A192C-fwd: This paper, Merck N/A
CCTGGAGCTTTATGCTTGAAGGGTGAAG

mGSDMD_A192C-rev: This paper, Merck N/A
CTTCACCCTTCAAGCATAAAGCTCCAGG

BamHI-GSDMD-fwd: Evavold et al."’ N/A
CGGATCCGCCACCATGCCATCGGCCTTTGAGAAAG

GSDMD-NT-rev: GGAATTCCCTAATCTGACAGGA This paper, Merck N/A

GACTGAGCTGC

Non-target complete synthetic sgRNA: IDT N/A
AAAUGUGAGAUCAGAGUAAU

RagA complete synthetic sgRNA-1: IDT Mm.Cas9.RRAGA.1.AP
GGTTCCCCAAGAATCGGACG

RagA complete synthetic sgRNA-2: IDT; Evavold et al."” N/A
GATCAGCTGATAGACGATGC

RagA complete synthetic sgRNA-3: IDT Mm.Cas9.RRAGA.1.AA
GTGGGAGTGCTCCACGTCGA

RIPK1 complete synthetic sgRNA-1: IDT Mm.Cas9.RIPK1.1.AA
TACACGTCCGACTTCTCCGT

RIPK1 complete synthetic sgRNA-2: IDT Mm.Cas9.RIPK1.1.AC
AGTCGAGTGGTGAAGCTACT

Caspase-8 complete synthetic sgRNA-1: IDT Mm.Cas9.CASP8.1.AA
CTTCCTAGACTGCAACCGAG

Caspase-8 complete synthetic sgRNA-2: IDT Mm.Cas9.CASP8.1.AB
GTGGGATGTAGTCCAAGCAC

Recombinant DNA

pRetroX-Tet3G Clontech 631188
pRETROX-TRE3G Clontech 631188

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pRETROX-TRE3G_NT-GSDMD This paper N/A
pRETROX-TRE3G_NT-GSDMD-I105N This paper N/A
pRETROX-TRE3G_NT-GSDMD-I105N-C1920nly This paper N/A
pRETROX-TRE3G_NT-GSDMD-I105N-C192A This paper N/A
pRETROX-TRE3G_NT-GSDMD-I105N-C39A This paper N/A
pRETROX-TRE3G_NT-GSDMD-I105N-No Cys This paper N/A
pRETROX-TRE3G_NT-GSDMD-C192A This paper N/A
pRETROX-TRE3G_NT-GSDMD-No Cys This paper N/A

pMSCV IRES EGFP-GSDMD-Myc This paper N/A

pMSCV IRES EGFP-GSDMD-C39A-Myc This paper N/A

pMSCV IRES EGFP-GSDMD-C192A-Myc This paper N/A

pMSCV IRES EGFP-GSDMD-No Cys-Myc This paper N/A

Software and algorithms

SparkControl v.3.2 Tecan N/A

ImagedJ NIH https://imagej.nih.gov/ij/
Xcalibur ThermoFisher Scientific Cat#OPTON-30965
Comet Eng et al.®” http://comet-ms.sourceforge.net

Masspike (in house)
Protein Digestion Simulator

R version 4.0.2
RStudio 2022.02.3 + 492

Huttlin et al.*®

Pacific Northwest
National Laboratory

R Project
R Studio Team

N/A
https://pnnl-comp-mass-spec.github.io/
Protein-Digestion-Simulator/
https://www.r-project.org
https://rstudio.com

Prism 6 and 8.0 GraphPad https://www.graphpad.com/scientific-
software/prism/

FlowdJo (v10.3.0) FlowJo https://www.flowjo.com/

Microsoft Excel Microsoft N/A

lllustrator CC 2019 Adobe https://www.adobe.com/products/
illustrator.html

Zen Black Zeiss https://www.micro-shop.zeiss.com/
en/us/
softwarefinder/software-categories/
zen-black/

Other

Live cell imaging, p-Dish 35 mm, high Ibidi 81156

p-slide 8 well Ibidi 80826

LSM880 confocal laser scanning microscope Zeiss N/A

with Airy scan

Spark microplate reader Tecan N/A

FACSMelody Cell Sorter BD N/A

BD LSRFortessa Cell Analyzer BD N/A

Costar, Black 96 well plate w/ lid, clear flat Costar 3603

bottom, TC treated

NuPAGE 4-12% gradient gels

MOPS SDS Running buffer (20x)
Incucyte SX5

Synergy Mx microplate reader
ChemiDoc MP Imaging System

Zeba Desalt Spin columns (7kDa cutoff)
Orbitrap Eclipse Mass Spectrometer
EASY-nLC 1200 System

FAIMSPro

ThermoFisher
ThermoFisher

Sartorius

Biotek

BioRad

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

NP0321BOX; NP0323BOX
NP0001

N/A

1897

17001402

89891

Cat#FSN04-10000
Cat#L.C140
Cat#FMS02-10001
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http://comet-ms.sourceforge.net
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https://pnnl-comp-mass-spec.github.io/Protein-Digestion-Simulator/
https://www.r-project.org
https://rstudio.com
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.flowjo.com/
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https://www.thermofisher.com/order/catalog/product/NP0323BOX
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jonathan
C. Kagan (jonathan.kagan@childrens.harvard.edu).

Materials availability
All materials generated in this study are available from the lead contact.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

All cells were cultured in humidified incubators at 37°C and 5% CO,. Immortalized bone marrow-derived macrophages (iBMDMs)
and Platinum GP cells (Cell Biolabs) were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), Penicillin + Strepto-
mycin, L-Glutamine and Sodium pyruvate, herafter referred to as complete DMEM (cDMEM) and cultured in tissue-culture treated
10 cm dishes or T175 tissue culture flasks (Corning). iBMDMs and Platinum-GP cells were passaged using PBS + 4 mM EDTA or
0.25% trypsin + EDTA (Gibco), respectively.

METHOD DETAILS

Reagents and antibodies

E. coli LPS (serotype O:111 B4) was purchased from Enzo Biosciences as a ready-to-use stock solution of 1 mg/mL B-glucan-pep-
tide was from Invivogen and dissolved at 5 mg/mL in sterile PBS. ZVAD-FMK (Invivogen) was resuspended in sterile DMSO to a
concentration of 20 mM and used at a final concentration of 20 uM or 50 uM. Propidium iodide solution (1 mg/mL) was purchased
from MilliporeSigma or Thermo Scientific. RIPK1 inhibitor (7-CI-O-Nec-1) and RIPK3 inhibitor (GSK’872) were both from
MilliporeSigma. TAK1 inhibitor (5z7) was purchased from Sigma and resuspended in sterile DMSO at 2.5 mM. Disulfiram (Sigma-
Aldrich) was prepared in sterile DMSO (50 mM). Doxycycline hyclate was from Sigma and resupended at 1 mM or 1 mg/mL in sterile
H>0. Sodium arsenite (MilliporeSigma) was dissolved in H,O to a concentration of 100 mM and sterile-filtered through a 0.2 ym
syringe filter before use. Rotenone (Sigma-Aldrich) was disolved in sterile DMSO at 12.7 mM. Recombinant murine LBP was
purchased from R&D, diluted to 1 mg/mL in sterile PBS and snap-frozen in LN2. G418 was from Invivogen and puromycin was
from Gibco. Stabilized hydrogen perodxide (H>O.) solution (30%) was purchased from Sigma-Aldrich.

Following antibodies were used as primary antibodies for immunoblotting: mouse monoclonal anti-B-actin (MilliporeSigma,
1:5000), rabbit monoclonal anti-GSDMD (Abcam, 1:1000), rabbit monoclonal anti-RagA (Cell Signaling, 1:1000), rabbit monoclonal
anti-caspase-8 (Cell Signaling, 1:1000), rabbit monoclonal anti-RIPK1 (Cell signaling, 1:1000), rabbit polyclonal anti-tagRFP (Evro-
gen, 1:1000). HRP-conjugated goat anti-mouse and goat anti-rabbit IgG (H + L) secondary antibodies were from Jackson
ImmunoResearch and diluted 1:5000.

Constructs
Gene encoding mouse full-length GSDMD was ordered from Synobiological. gBlock encoding full-length mouse GSDMD with all cys-
teines in the N-terminal domain mutated to alanine and C-terminal Myc-tag (No Cys mutant) was ordered from Integrated DNA Tech-
nologies. WT and No Cys mutant full-length GSDMD constructs were cloned into pMSCV IRES EGFP using Not/ and Sall restriction
sites. In order to add a C-terminal Myc-tag to WT GSDMD, sequence encoding the tag was included in the reverse primer. Point
mutations (C39A and C192A) were introduced using the Q5 mutagenesis kit (NEB) according to manufacturer’s protocols.
N-terminal GSDMD (1-276; WT and No Cys mutant) was amplified by PCR and subcloned into pRETROX-TRE3G vector using
BamHI and EcoRl restriction sites. 105N, C39A, C192A or A192C point mutations in were introduced by site-directed mutagenesis.
All constructs were verified by Sanger sequencing.

Cell lines

iBMDMs derived from a Cas9 knock-in mouse or a GSDMD KO mouse and Cas9-expressing iBMDMs expressing an NT-GSDMD-
tagBFP fusion protein with an 1105N mutation (referred to as NT-GSDMD) under the control of a Dox-inducible promoter (parental line
used to generate KOs for Figure 1; empty vector-transduced and RagA KO cells used in Figures 2, 3, and 4) were generated
previously.'”
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Dox-inducible murine NT-GSDMD variants (with or without 1105N mutation) were introduced into GSDMD KO iBMDMs by sequen-
tial transduction with two pantropic retroviruses. First, the TET3G tetracycline transactivator protein was introduced. To do so, 1.2 X
10°® Platinum-GP retrovirus packaging cells were seeded per well in a 6-well tissue culture plate. On the next day, cells were trans-
fected with pCMV-VSV-G (1.5 ug) and pRETROX TET3G (2.5 pg) (Clontech) using Lipofectamine 2000 (10 pL). The same day 3 x 10°
GSDMD KO cells were seeded per well of 6-well plate. The next day, medium was replaced with 1 mL of complete medium with poly-
brene (2 ng/mL) and retroviral supernatant was filtered through 0.45-micron syringe filter and added to cells. Three days after trans-
duction, transduced cells were selected by growth in cDMEM including 1.5 mg/ml G-418. Clonal cell lines were derived by limited
serial dilution. GSDMD-NT(I105N) variants were introduced into single cell GSDMD-KO/Tet3G cell line by transduction of respective
pantropic viruses using the protocol described above where pRETROX TRE3G vectors encoding GSDMD-NT(1105N) variants were
used as transfer plasmids. Selection of transduced cells was performed by growth in 10 ug/mL puromycin and 1.5 mg/ml G-418
medium.

To stably introduce full-length murine GSDMD variants into cells, 2.5 x 10% HEK293T cells were seeded in a 10 cm cell culture dish.
On the next day, cells were transfected with 9 ng of pMSCV IRES EGFP encoding the protein of interest, 6 ug of pCL-ECO and 3 pg of
pCMV-VSVG using Lipofectamine 2000 (ThermoFisher) according to the manufacturer’s instructions. After 18-24 h at 37°C, medium
was changed to 6 mL of cDMEM and virus was collected 24 h afterward. Supernatants were centrifuged to pellet cellular debris (400 x
g, 5 min) and filtered through a 0.45 pm PVDF syringe filter. ~1 x 10 GSDMD KO iBMDMs were transduced twice on two consec-
utive days in a 6-well plate by adding 4.5 mL of viral supernatant supplemented with Polybrene (1:2000; EMD Millipore) per well, fol-
lowed by centrifugation for 1 h at 1250 x g and 30°C. GFP™ cells were sorted twice on a FACSMelody cell sorter (BD Biosciences).
Since GFP expression in these cells correlates with transgene expression, sorting on select bins during the second sort allowed for
the control of transgene expression level. This approach was used to produce cell lines with near-endogenous and low expression of
GSDMD. Transgene expression was confirmed by immunobloting.

Generation of KO cell lines using CRISPR/Cas9 technology

CRISPR KO cell lines were generated by electroporation of synthetic sgRNAs into Cas9-expressing iBMDMs using the Neon trans-
fection system (Thermo Fisher) as described before."” Briefly, 1.2 x 10° Cas9-expressing iBMDMs were resuspended in 120 pL of
R buffer, mixed with 2 puL of sgRNA (ordered from IDT and resuspended in nuclease-free water at a concentration of 100 M) and
electroporated using a 100 pL electroporation pipette tip with two 10 ms pulses at a voltage of 1400 V. Cells were then dispensed
directly into a 6-well plate containing 3 mL of cDMEM and cultured for 3-5 days before assessing bulk KO efficiency by immunoblot.
These cell lines were further single cell cloned by limited serial dilution to obtain clonal KO cell populations with complete ablation of
the target protein. sgRNA sequences were previously published or pre-designed by IDT.

GSDMD cleavage and oligomerization assay

0.5 x 10° iBMDMs expressing NT-GSDMD under a Dox-inducible promoter were seeded in 12-well plates in 1 mL of cDMEM and
incubated at 37°C and 5% CO, overnight. Media was exchanged for 1 mL of Opti-MEM containing 2 pg/mL of Dox to induce the
expression of NT-GSDMD-tagBFP for 8 h at 37°C and 5% CO.. As indicated, cells were cotreated with ROS-inducing agents or
PAMPs. 50 pL of Opti-MEM containing rotenone (5 uM final concentration), TTFA (100 uM final concentration) or sodium arsenite
(20 uM final concentration) was added to the cell culture media after 4 h. LPS (1 ng/mL) and B-glucan peptide (1 mg/mL) were present
in the cell culture media throughout the entire 8 h incubation period. To ensure efficient priming by LPS in the absence of serum,
2 pg/mL of recombinant murine LBP was added to LPS stimulated cells. To end the reaction 250 uL of 5X SDS loading buffer
was added to each well to capture proteins present in both the cell lysates and supernatants. Samples were homogenized by passing
them through a 26-gauge needle, split equally into two tubes and 75 pL of TCEP or H,O was added to generate non-reducing and
reducing immunoblot samples. After heating to 65°C for 10 min, proteins were separated by SDS-PAGE on a 4%-12% acrylamide
gradient gel (Thermo Fisher) and transgene was detected viaimmunoblot using a tag-RFP-specific antibody. Since the GSDMD pore
is resistant to SDS under non-reducing conditions, oligomerization of NT-GSDMD was indicated by a gel shift toward higher molec-
ular weight. Densitometry analyses to quantify band intensities were performed using Imaged software. To quantify GSDMD process-
ing, intensity of band representing NT-GSDMD was quantified and normalized to corresponding actin signal. Band intensities in
RagA-deficient cells were then normalized to signal in WT cells (separate for each experiment). To quantify GSDMD oligomerization,
raw band intensity of oligomer band was divided by band intensity of monomer band in the same lane.

Dox-induction of NT-GSDMD

0.5-1 x 10° iIBMDMs expressing NT-GSDMD under a Dox-inducible promoter (WT cells transduced with empty vector or electro-
porated with non-target sgRNA, RagA KO, caspase-8 KO or RIPK1 KO) were seeded in duplicate or triplicate wells in a black
96-well plate in 200 uL of cDMEM. To induce the transgene, media was exchanged for 200 uL fresh cDMEM containing Dox (0.5-
2 png/ml as indicated in Figure legends) and plasma membrane perforation/cell lysis were quantified by PI staining and LDH assay
after 8 h or 16 h as described below. For inhibitor studies, cells were pretreated with zZVAD (20 uM or 50 uM), RIPK1 inhibitor
(1 uM or 5 uM), or RIPK3 inhibitor (1 uM or 5 uM) for 1 h and inhibitors were co-administered during Dox treatment. Disulfiram
(25 uM) was added after 4 h of Dox treatment. To induce ROS, cells were co-treated with ROS-inducing agents or PAMPs. 10 pL
of cDMEM containing rotenone (5 uM final concentration), TTFA (100 uM final concentration) or sodium arsenite (20 uM final
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concentration) was added to the cell culture media after 4 h. LPS and B-glucan peptide were present in the cell culture media during
the entire stimulation. For direct ROS stimulation, 10 pL of stabilized hydrogen peroxide was added to the cells after 6 h to a final
concentration of 625 pM.

To assess fraction of cells expressing NT-GSDMD-BFP, cells were detached using 150 pL of PBS + 4 mM EDTA and analyzed via
flow cytometry on a BD LSRFortessa Cell Analyzer (BD Biosciences). Transgene expression was detected in the PacBlue channel.

Induction of caspase-8 and RIPK1-mediated pyroptosis by TAK1 inhibitor treatment

Co-treatment of cells with TAK1 inhibitor (5z7) and LPS was used to induce caspase-8- and RIPK1-dependent pyroptosis. 1 x 10°
iBMDMs were seeded in duplicate wells in a black 96-well plate in 200 pL of cDMEM. After incubation at 37°C and 5% CO, for 1-2 h to
facilitate cell attachment, media was exchanged for 200 uL fresh cDMEM containing 5z7 (250 nM) and LPS (1 pg/mL). Cells were
incubated for another 3 or 6 h at 37°C and 5% CO, before quantifying cell death by PI staining and LDH release assay.

Propidium iodide staining and LDH assay

To assess plasma membrane perforation or cellular lysis as a proxy of cell death, we quantified fluorescence after Pl staining or
lactate dehydrogenase release using the CyQuant LDH cytotoxicity assay kit from Thermo Fisher. Briefly, 10 pL of pre-diluted Pl so-
lution was added to the cells (1:300 final dilution) 30 min prior to the end of the stimulation and following a centrifugation step to ensure
all cells are in the bottom plane of the wells, (5 min at 400 x g) fluorescence was measured on a Tecan Spark or Biotek Synergy Mx
device at an excitation wavelength of 530 nm and an emission wavelength of 617 nm. For the LDH assay, 50 uL of cell culture
supernatant per well was transferred into a fresh 96-well plate before adding 50 uL of LDH assay buffer and incubation for 10—
20 min at 37°C. Reaction was stopped by adding 50 uL of LDH stop solution to each well. Absorbance at 490 nm and 680 nm
was meaured on a Tecan Spark or Biotek Synergy Mx plate reader. In both assays, signal was normalized to lysis control wells (equal
number of cells lysed with detergent-containing lysis buffer).

To assess plasma membrane perforation in real-time we stained cells with Pl as described above and determined fuorescence
over time on a Tecan spark equilibrated to 37°C at atmospheric CO, (short term assays up to 2 h; media was supplemented with
50 mM HEPES, pH 7.0 to stabilize pH in culture media) or an Incucyte SX5 device (Sartorius) installed inside a tissue culture incubator
at 37°C and 5% CO, (long term assays). P| fluorescence was detected in the orange channel of the Incucyte device at an integration
time of 400 ms per image. Cells were segmented based on brightfield image and frequency of Pl-positive cells was determined using
commercial software provided with the Incucyte device.

Pulldown of oxidized GSDMD

Determination of relative cysteine oxidation was performed as described before with modifications.?® 10 x 10° iBMDMs expressing
NT-GSDMD under a Dox-inducible promoter (empty vector-transduced or RagA KO) were seeded in tissue culture-treated 10 cm
dishes in 10 mL of cDMEM and incubated at 37°C and 5% CO, overnight. Media was exchanged for 10 mL of cDMEM containing
2 png/mL of Dox to induce the expression of NT-GSDMD for 8 h at 37°C and 5% CO.. As indicated, cells were co-treated with ROS-
inducing agents. 500 pL of cDMEM containing rotenone (5 uM final concentration), TTFA (100 uM final concentration) or sodium
arsenite (20 uM final concentration) was added to the cell culture media after 4 h. To study protein oxidation during NAIP/NLRC4-
dependent pyroptosis, WT iBMDMs were stimulated with the synthetic toxin Flatox.?” 10 x 10° WT iBMDMs were seeded in tissue
culture-treated 10 cm dishes in 10 mL cDMEM and incubated at 37°C and 5% CO, overnight. Cells were primed by adding 10 mL of
cDMEM containing 1 ng/mL of LPS and incubated at 37°C and 5% CO, for 4 h. Flatox was assembled by mixing 200 ng/mL of a
Lethal-factor-Flagellin fusion protein (LFn-Fla; expressed and purified in insect cells as described previously'’) and 500 ng/mL of
anthrax protective antigen (List Biologicals) in cDMEM and added to cells (10 mL per plate) for 2 h.

Post-stimulation, cells were lifted using PBS + 4 mM EDTA, washed once in cold PBS, and directly resuspended with lysis buffer
(RIPA) containing protease inhibitors and 100 mM N-ethylmaleimide to directly label cysteine-containing proteins at the time of lysis.
After incubation on ice for 1 h, lysate was clarified by centrifugation at 16,000 x g at 4°C for 15 min. Protein concentrations were
normalized by BCA Assay (Pierce ThermoFisher, Rockford, IL, USA) and excess N-ethylmaleimide was removed by filtration with
Zeba spin columns with a 7 kDa cut-off (Thermo Fisher). Sulfenic acid residues were selectively reduced with 200 mM sodium arse-
nite and newly released free thiols were labeled by adding 1 mM biotin-maleimide. The mixture was incubated at 37°C for 1 h. Excess
biotin-maleimide was removed using Zeba spin desalting columns. The protein mixture pre-cleared with Sepharose 6B beads
(MilliporeSigma) on a rotator at room temperature for 2 h. The eluate was further incubated with NeutrAvidin agarose beads (Thermo
Scientific) overnight 4°C to pull down biotin-labeled proteins. NeutrAvidin agarose was washed extensively with wash buffer (50 mM
Tris, pH 7.5, 600 mM NaCl, 1 mM EDTA, 0.5% NP-40) and then cold PBS. Enriched proteins were eluted by boiling the NeutrAvidin
agarose resin in 4x SDS buffer. Proteins were separated by SDS-PAGE and amount of oxidized NT-GSDMD was assessed by immu-
noblot using a tagBFP or GSDMD-specific antibody.

Fluorescence recovery after photo bleaching (FRAP)

FRAP experiments were performed on a Zeiss 880 laser scanning confocal microscope using the in-built FRAP module within the
microscope control software Zen Black. 0.5 x 108 iBMDMs expressing BFP-tagged NT-GSDMD under the control of a Dox-inducible
promoter were plated on a 35 mm p-Dish (Ibidi; Munich, Germany) in 1 mL of cDMEM and incubated overnight at 37°C, 5% CO..
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Media was exchanged for 1 mL of Opti-MEM containing 2 ng/mL Dox for 8 h to induce transgene expression. As indicated, cells were
cotreated with ROS-inducing agents or PAMPs. 50 pL of Opti-MEM containing rotenone (5 uM final concentration), TTFA (100 uM
final concentration) or sodium arsenite (20 uM final concentration) was added to the cell culture media after 4 h. Following treatments
cells were scanned using a 63X oil immersion lens with the 405 nm laser. Regions of interest (ROI) were created at cell membranes
and fluorescence bleached by rapid scanning of increased laser power (5-10%) to a bleach depth of 40-60%. Time-lapse images
were acquired over a 3-min time course post-bleaching at 2-s intervals. Images were processed in Zen and FRAP data were fitted to a
single exponential model using GraphPad Prism.

Data analysis was performed using previously published methods.?* Fluorescence intensities of regions of interest (ROI) in the
bleaching area (ROIb = bleached area) were recorded for each time point. The final data was normalized to pre-bleached intensities
of the ROIs data and fitted to a single exponential recovery curve. Percent fluorescence recovery (mobile fraction) was calculated
from the plateau (Vmax) of the fitted curves normalized to the total bleached fluorescence.

ROS measurements

0.5 x 10°iBMDMs expressing BFP-tagged NT-GSDMD under the control of a Dox-inducible promoter (RagA-deficient or WT cells)
were plated on a 35 mm p-Dish (Ibidi; Munich, Germany) in 1 mL of cDMEM and incubated overnight at 37°C, 5% CO,. Media was
exchanged for 1 mL of Opti-MEM containing 2 png/mL Dox for 8 h to induce transgene expression. As indicated, cells were cotreated
with ROS-inducing agents or PAMPs. 50 pL of Opti-MEM containing rotenone (5 M final concentration), TTFA (100 uM final concen-
tration) or sodium arsenite (20 uM final concentration) was added to the cell culture media after 4 h. LPS (1 pg/mL) and B-glucan
peptide (1 mg/mL) were present in the cell culture media throughout the entire 8 h incubation period. To ensure efficient priming
by LPS in the absence of serum, 2 pg/mL of recombinant murine LBP was added to LPS stimulated cells. Post-stimulation, cells
were loaded with 5uM CM-H,DCFDA (Thermofisher Scientific) for 10 min at 37°C. Cells were washed three times with PBS and imme-
diately imaged at 37°C on a Zeiss 880 laser scanning confocal microscope using 63X oil immersion lens and 488 nm laser excitation.
5 x 5 tiled 2D images were obtained from at least three different areas per dish. Images were analyzed and mean fluorescence
intensity (MFI) of segmented cells was measured using the intensity analysis function in ImagedJ.

Proteomics

Strategy for determining the fraction of oxidized cysteine residues in GSDMD-NT was adapted from a previous publication.”®
iBMDMs expressing BFP-tagged NT-GSDMD under the control of a Dox-inducible promoter were seeded in ten 15 cm dishes
(35 x 10° cells per dish) and grown overnight at 37°C, 5% CO,. Expression of transgene was induced by adding 20 mL of cDMEM
with 2 ng/mL Dox per plate followed by incubation for 8 h at 37°C, 5% CO,. Cells and supernatants were collected and cells were
pelleted by centrifugation at 500 x g, 10 min. Cell were resuspended in 20 mL of PBS, pH 7.4, split equally into two tubes and centri-
fuged again at 500 x g, 10 min. Cells pellets were lysed in 2.5 mL of labeling buffer (100 mM HEPES pH 8.5, 0.5% SDS, 4 M Urea,
1 mM EDTA, 1 mM DTPA, 10 uM neocuprine) supplemented with 90 units/mL benzonase, complete Mini protease inhibitors (Roche)
and either 10 mM iodoacetamide or 10 mM cysteine-reactive phosphate tag (CPT) for differential labeling of unmodified cysteine
residues.”® Cell lysates were homogenized by passing them 10 times through an 18-gauge needle and sonication for 5 min (50%
amplitude, 30s on/off cycles) and labeling reaction was allowed to proceed for 2 h at 37°C while gently rotating. Buffer was
exchanged to IP buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM EDTA, 5% glycerol) and BFP-tagged
GSDMD-NT was immunoprecipitated using 75 uL of BFP-catcher beads per sample using the fused BFP-domain as a handle. After
incubation overnight at 4°C while gently rotating, beads were washed five times with 1 mL of IP buffer and bound proteins were eluted
from the beads by adding 500 pL of labeling buffer supplemented with 5 mM TCEP and 10 mM iodoacetamide. After incubation for 2 h
at 37°C while gently rotating (during this step reversibly modified/oxidized cysteines are reduced and labeled with iodoacetamide),
beads were spun down (2000 x g, 1 min) and supernatants containing IAM and/or CPT labeled proteins were collected.

Proteins were then precipitated by adding tricholoroacetic acid to 20% v/v, and protein pellets were washed three times with cold
methanol. Pellets were resuspended in 200 mM N-(2-Hydroxyethyl)piperazine-N’'-(3-propanesulfonic acid) (EPPS) buffer pH = 8, and
digested using a combination of Lys-C and trypsin at an enzyme-to-protein ratio of 1:100 overnight at 37°C. Each sample was labeled
by 25 pg of the TMTpro-16 reagents for 1 h at room temperature. The reaction was quenched using 5 pL of 5% hydroxylamine for
15 min. Samples were then combined, dried, and reconstituted in 1% formic acid. The mixture was desalted via StageTip, dried in a
speedvac, and reconstituted in a solution containing 5% acetonitrile and 4% formic acid for liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

All peptides were loaded onto an in-house 100-pum capillary column packed with 35 cm of Accucore 150 resin (2.6 um,150 ,&). The
Orbitrap Eclipse Tribrid Mass Spectrometer (Thermo) coupled with an Easy-nLC 1200 (Thermo) was used for measurements. The
sample was analyzed using a 180-min gradient consisting of 2%-23% acetonitrile, 0.125% formic acid at 500 nL/min flow rate. A
FAIMSPro (Thermo) device was used to separate precursors®® with default settings and three compensation voltages (—35V/-
45V/-55V). Under each voltage, peptide ions were collected in data-dependent mode using a mass range of m/z 400-1600 using
2 s cycles. Resolution for MS1 was set at 120,000. Singly-charged ions were discarded. 35% normalized collisional energy (NCE)
was used for for MS2. Dynamic exclusion window was set to 120 s for MS2 with maximum ion injection time of 50 ms. Quantification
of TMT reporter ion were performed using the multinotch SPS-MS3 method with 45% NCE for MS3.%°
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All raw files were converted to mzXML,and searched with the Comet algorithm®’ on an in-house database search engine.*® Data-
base searching included all mouse (Mus musculus) entries from UniProt (http://www.uniprot.org, downloaded July 29'", 2020).
Reversed sequences and common contaminants (keratins, trypsin, etc) were also appended to the list. The following parameters
were used for searching: 25 ppm precursor mass tolerance; 1.0 Da product ion mass tolerance; full tryptic digestion; up to 3 missed
cleavages; variable modification: oxidation of methionine (+15.9949), and carboxyamidomethylation (+57.0214637236) on cysteines;
static modifications: TMTpro (+304.2071) on lysine and peptide N terminus. False discovery rate (FDR) was controlled to <1% on
peptide level. Peptides that are shorter than seven amino acids were discarded. Site localization was determined using the
ModScore (AScore) algorithm.*! TMT reporter ion signal to noise ratios were used for quantification of peptide abundance.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was determined by two-way ANOVA or one-way ANOVA with Dunnet’s or Tukey’s post-hoc testing using

GraphPad Prism software. Statistical details for each experiment (including statistical test used, value and definition of n, definition
of center and dispersion/precision measures) can be found in the figure legends.
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Supplementary Figure 1: Inhibitors of RIPK1 or caspase-8 do not affect Dox-induced NT-GSDMD-
dependent pyroptosis.

(A) Quantification of GSDMD processing in LPS+5z7-treated WT and RagA-deficient cells (refers to Figure 1 D)

(B) iBMDMs expressing NT-GSDMD under Dox-inducible promoter were pretreated with pan-caspase inhibitor
(zVAD), RIPK1 inhibitor (7-Cl-O-Nec-1) or RIPK3 inhibitor (GSK’872) at indicated concentrations for 1 h.
Transgene expression was induced with Dox (0.5 pg/ml) in the presence of inhibitors for 16 h and LDH release
into supernatant was quantified.

(C-E) WT or GSDMD-deficient iBMDMs were pretreated with 50 uM pan-caspase inhibitor (zZVAD), 5 uM RIPK1
inhibitor (7-Cl-O-Nec-1) or 5 yM RIPKS inhibitor (GSK’872) at indicated concentrations for 1 h. Cells were then
either left untreated or co-treated with LPS (1 pg/ml) and the TAK1 inhibitor 5z7 (250 nM) for 3 h in the presence
of respective inhibitors. Pl uptake and LDH release into cell culture supernatants were quantified to assess
plasma membrane disruption and cellular lysis, respectively, and cleavage of GSDMD was determined by
immunoblot.

(F) WT or RagA-deficient iBMDMs were treated with LPS or LPS + 5z7 and LDH release into the supernatant
was quantified after 3 h or 6 h. Cells indicated as WT were electroporated with a non-targeting sgRNA. Data are
represented as mean + SEM of at least three independent experiments. Immunoblots show representative result
of three independent repeats. Statistical significance was determined by two-way ANOVA: *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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Supplementary Figure 2: Treatment with microbial products or environmental toxins enhances

pyroptosis in WT cells.

(A, B) WT iBMDMs expressing NT-GSDMD protein under Dox-inducible promoter were treated with Dox (2
Mg/ml) for 8 h or left unstimulated. Indicated PAMPs (1 ug/ml of LPS; 1 mg/ml of B-glucan) were present
throughout entire stimulation period, while toxins (20 uM sodium arsenite; 5 uM rotenone; 100 uM TTFA) were
added after 4 h. Fraction of Pl-positive cells was assessed in real-time on an Incucyte device.

Cells indicated as WT were transduced with an empty vector construct. Data are represented as mean + SEM
of three independent experiments.



$e o &
99 939
o9 WT _RagAKO §§§§
3 3 5
« 58 28 TSI
a & & & 58 wa & £ 5§
z &
+ +

+ TTFA

kDa + + Dox

a-tagBFP - & & % | «GSDMD
o B e T .
35 40

Supplementary Figure 3: Input for pulldown assays to determine relative cysteine oxidation.

(A, B) Immunoblot analyses of RagA-deficient, RagC-deficient or empty-vector treated iBMDMs (WT) expressing
NT-GSDMD-BFP fusion protein under Dox-inducible promoter. Cells were treated with Dox (2 pg/ml) for 8 h.
Indicated toxins (20 uM sodium arsenite; 5 uM rotenone; 100 uM TTFA) were added after 4 h.

(C) Immunoblot analyses of GSDMD-deficient cells expressing indicated NT-GSDMD mutants under Dox-
inducible promoter. Cells were treated with Dox (2 pg/ml) for 8 h.
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Supplementary Figure 4: C192-mediated enhancement of pyroptosis by ROS is recapitulated in cells
expressing non-hypomorphic NT-GSDMD.

(A, B) GSDMD KO iBMDMs expressing indicating NT-GSDMD variants without 1105N mutation under a Dox-
inducible promoter or transduced with an empty vector (EV) were treated with Dox (0.05 pg/ml) for 8 h. H.O»
was added after 2 h to a final concentration of 625 uM. Pl uptake was quantified to assess plasma membrane
disruption and LDH release into cell culture supernatants was quantified as a measure of cellular lysis.

(C) Immunoblot analysis of whole-cell lysates of GSDMD-deficient iBMDM expressing indicated NT-GSDMD
mutants without 12105N mutation under a Dox-inducible promoter or transduced with an empty vector (EV). Cells
were treated with 0.5 pg/ml of Dox for 4 h.



(D) Immunoblot analysis of whole-cell lysates of GSDMD-deficient iBMDM expressing indicated full-length
GSDMD variants (with C-terminal Myc-tag for detection).

(E) Schematic representation of regulation of a generic signaling pathway by a post-translational modification
(PTM), control of the cGAS-STING pathway by phosphorylation and inflammasome signaling pathway by
reactive oxygen species (ROS). Inhibitory modifications are labeled in red, activating modifications are labeled
in green. IFN = interferon.

Data are represented as mean + SEM of four (A) or three (B) independent experiments. Immunoblots are
representative of at least three independent experiments.

Statistical significance was determined by two-way ANOVA: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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