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Significance

Pyroptosis is an inflammatory 
form of cell death that plays 
important roles in host defense 
and inflammatory disorders. 
Despite intensive studies, the 
molecular events underlying the 
gasdermin D (GSDMD)- mediated 
pyroptosis remain poorly 
understood. Previous work 
characterized S- palmitoylation for 
gasdermins from bacteria, fungi, 
invertebrates, as well as 
mammalian GSDME. Here, we 
report that a conserved residue 
Cys191 in human GSDMD was 
S- palmitoylated, which promoted 
GSDMD- mediated pyroptosis and 
cytokine release through 
membrane localization. Our work 
suggests that palmitoylation may 
be a shared regulatory 
mechanism for this family of 
pore- forming proteins that 
transition from autoinhibited 
soluble forms to oligomeric pore 
forms inserted into the 
membrane and points to avenues 
for therapeutically targeting 
S- palmitoylation of gasdermins in 
inflammatory disorders.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution- NonCommercial- NoDerivatives License 4.0 
(CC BY- NC- ND).
1Z.L. and S.L. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
xixiaolu@mail.ustc.edu.cn or tsx@case.edu.
3Present address: Department of Pathology, Heersink 
School of Medicine, University of Alabama at Birmingham, 
Birmingham, AL 35249.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2400883121/- /DCSupplemental.

Published July 9, 2024.

IMMUNOLOGY AND INFLAMMATION

Palmitoylation at a conserved cysteine residue facilitates 
gasdermin D- mediated pyroptosis and cytokine release
Zhonghua Liua,b,1,2, Sai Lia,b,1 , Chuanping Wanga, Kaylynn J. Vidmara, Syrena Braceya , Ling Lic, Belinda Willardc , Masaru Miyagid, Tong Lane , 
Bryan C. Dickinsone , Abdullah Osmea,3 , Theresa T. Pizarroa , and Tsan Sam Xiaoa,2

Affiliations are included on p. 10.

Edited by Katherine Fitzgerald, University of Massachusetts Medical School, Worcester, MA; received January 15, 2024; accepted June 6, 2024

Gasdermin D (GSDMD)- mediated pyroptotic cell death drives inflammatory cytokine 
release and downstream immune responses upon inflammasome activation, which play 
important roles in host defense and inflammatory disorders. Upon activation by pro-
teases, the GSDMD N- terminal domain (NTD) undergoes oligomerization and mem-
brane translocation in the presence of lipids to assemble pores. Despite intensive studies, 
the molecular events underlying the transition of GSDMD from an autoinhibited solu-
ble form to an oligomeric pore form inserted into the membrane remain incompletely 
understood. Previous work characterized S- palmitoylation for gasdermins from bacteria, 
fungi, invertebrates, as well as mammalian gasdermin E (GSDME). Here, we report that 
a conserved residue Cys191 in human GSDMD was S- palmitoylated, which promoted 
GSDMD- mediated pyroptosis and cytokine release. Mutation of Cys191 or treatment 
with palmitoyltransferase inhibitors cyano- myracrylamide (CMA) or 2- bromopalmitate 
(2BP) suppressed GSDMD palmitoylation, its localization to the membrane and damp-
ened pyroptosis or IL- 1β secretion. Furthermore, Gsdmd- dependent inflammatory 
responses were alleviated by inhibition of palmitoylation in vivo. By contrast, coex-
pression of GSDMD with palmitoyltransferases enhanced pyroptotic cell death, while 
introduction of exogenous palmitoylation sequences fully restored pyroptotic activities 
to the C191A mutant, suggesting that palmitoylation- mediated membrane localization 
may be distinct from other molecular events such as GSDMD conformational change 
during pore assembly. Collectively, our study suggests that S- palmitoylation may be 
a shared regulatory mechanism for GSDMD and other gasdermins, which points to 
potential avenues for therapeutically targeting S- palmitoylation of gasdermins in inflam-
matory disorders.

gasdermin D | pyroptosis | S- palmitoylation | ZDHHC palmitoyltransferase | inflammasome

The inflammasomes are crucial innate immune signaling platforms implicated in immune 
defense against infections and autoimmune/autoinflammatory disorders such as multiple 
sclerosis and Alzheimer’s disease (1–3). Activation of the inflammasomes may lead to the 
maturation and secretion of proinflammatory cytokines IL- 1β and IL- 18, as well as pyroptosis, 
a highly inflammatory form of lytic cell death mediated by gasdermin D (GSDMD) (4–6). 
GSDMD belongs to a family of six paralogs GSDMA- GSDME and DFNB59 (Pejvakin) 
(7, 8). Most of these proteins reside in autoinhibited conformations through intramolecular 
association of their N-  and C- terminal domains (NTDs and CTDs). Upon activation of the 
inflammasome pathways, GSDMD is cleaved by inflammatory caspases- 1, 4, 5, and 11 at 
its linker between NTD and CTD. This facilitates the release of the NTD–CTD autoinhi
bition in the presence of phospholipids, which in turn catalyzes drastic conformational changes 
in the NTDs. Perhaps concurrently, the NTDs translocate to the membrane, oligomerize, 
and assemble membrane pores to induce lytic cell death (9–15). In addition to cleavage by 
inflammatory caspases, GSDMD can be processed by caspase- 8, neutrophil elastase (ELANE), 
and cathepsin G to induce pyroptosis (16–20). Such lytic cell death facilitates the release of 
intracellular contents such as cytokines and other danger signals, which in turn recruit other 
immune cells to amplify and perpetuate inflammation. As such, pyroptosis may function as 
an immune defense mechanism against infections through the exposure of intracellular path
ogens to extracellular environment conducive to microbial killing (9, 10, 21–23); on the 
other hand, uncontrolled pyroptosis plays a major role in septic shock (24–28) and other 
inflammatory disorders (29, 30). Therefore, regulation of gasdermin- mediated pyroptosis has 
important implications in various pathological conditions.

Even though protease processing is the most intensively studied mechanisms of gasder
min regulation, emerging evidence suggests that gasdermins are modulated by other 
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posttranslational modifications. For example, human GSDMB 
(hGSDMB, absent in rodents) and hGSDMD are ubiquitinated 
and marked for proteasome degradation by a bacterial E3 ligase 
invasion plasmid antigen H 7.8 (IpaH7.8) (31, 32). This serves 
as an immune evasion strategy for pathogens such as Shigella flex-
neri. Yet another mechanism of gasdermin regulation was sug
gested for GSDME and microbial gasdermin homologs. GSDME 
was reported to be S- palmitoylated at two Cys residues (33). 
Mutation of the palmitoylation sites or suppression of palmitoy
lation through 2BP treatment diminished pyroptosis induced by 
caspase- 3 cleavage (33). In addition to cysteine S- palmitoylation 
in mammalian GSDME, a cysteine residue conserved in bacterial 
and fungal gasdermin homologs was shown to be S- palmitoylated 
and function in antiphage defense, as illustrated in a bacterial 
gasdermin structure (34). In the above cases, palmitoylation facil
itates pore formation by gasdermins through either release of 
NTD–CTD autoinhibition or stabilization of the gasdermin 
structure. Whether palmitoylation plays other roles in gasdermin 
regulation remains to be elucidated.

Similar to GSDME and microbial gasdermins, Cys modifica
tions in GSDMD have been suggested by several groups although 
the molecular mechanisms remain ill defined. Shortly after the 
discovery of GSDMD as a pyroptosis effector, a cysteine residue 
conserved among GSDMDs from different species (Cys191 in 
hGSDMD and Cys192 in mGSDMD) was reported to be impor
tant for pyroptotic activities (10). In agreement, we and others 
have shown that mutation of hGSDMD Cys191 or mGSDMD 
C192 led to impaired LDH release and/or PI uptake, suggesting 
that the process of pyroptosis was diminished in the absence of 
this conserved cysteine residue (35–37). On the other hand, struc
tural studies have revealed that Cys191 is not in close proximity 
to other cysteines or each other in either the resting state or the 
oligomeric pore structure, thus unlikely to form disulfides (15, 38, 
39). Small molecule compounds such as necrosulfonamide (35) 
or disulfiram (36) have been reported to covalently modify Cys191 
to inhibit hGSDMD- mediated pyroptosis. Furthermore, Cys191 
in hGSDMD and Cys192 in mGSDMD were shown to be cova
lently modified by fumarate (40), a tricarboxylic acid (TCA) cycle 
intermediate. This modification is referred to as succination, which 
suppresses GSDMD processing, oligomerization, and pyroptotic 
activities. In contrast to the above Cys modifications that inhibit 
pyroptosis, reactive oxygen species (ROS) was shown to potentiate 
pyroptosis and this process was dependent on Cys192 in 
mGSDMD (37). In fact, ~23% mGSDMD was reported to be 
oxidized at Cys192 in immortalized bone marrow–derived mac
rophages (iBMDMs) (37). Whether other posttranslational mod
ifications target Cys191/192 in hGSDMD/mGSDMD in a similar 
manner as the S- palmitoylation of GSDME and how such mod
ifications may regulate pyroptosis during inflammasome activation 
remain largely unexplored.

S- palmitoylation of cysteine residues, catalyzed by a family of 
23 zinc finger aspartate–histidine–histidine–cysteine (ZDHHC) 
protein acyltransferases (PATs) in mammals, is the most common 
lipid modification of membrane- associated proteins (41–47), 
among which are mammalian GSDME and bacterial gasdermins. 
Since GSDMD associates with membrane to assemble oligomeric 
pores (9–13) and the conserved Cys191/192 is clearly important 
for its pyroptosis function, we hypothesize that Cys191/192 may 
be palmitoylated which modulates GSDMD association with 
membrane. Here, we report that the conserved Cys191 in 
hGSDMD was indeed S- palmitoylated and this posttranslational 
modification promoted pyroptosis. Mutation of Cys191 or treat
ment with palmitoyltransferase inhibitors cyano- myracrylamide 
(CMA) (48) or 2- bromopalmitate (2BP) (49) suppressed GSDMD 

localization to the membrane and dampened pyroptotic cell death 
or IL- 1β secretion. In agreement, coexpression of GSDMD with 
palmitoyltransferases enhanced pyroptotic cell death, and exoge
nous palmitoylation sequences could fully restore pyroptotic activ
ities to the C191A mutant. By contrast, GSDMD expression or 
cleavage was not affected by palmitoylation. Perhaps not surpris
ingly, S- palmitoylation was similarly observed for gasdermins from 
bacteria, fungi, invertebrates (34, 50–52) as well as mammals (33), 
suggesting that palmitoylation may be a shared regulatory mech
anism for membrane translocation by this family of pore- forming 
proteins.

Results

Inhibition of Palmitoylation Suppresses GSDMD- Mediated 
Pyroptosis. S- palmitoylation is a common reversible modification 
of cysteines in membrane- associated proteins (41–46), among 
which are mammalian GSDME and bacterial gasdermins. Since 
the conserved Cys191 in hGSDMD and Cys192 in mGSDMD 
have been reported to contribute to their pyroptosis activities, 
we hypothesized that these cysteines may be palmitoylated which 
modulates the function of GSDMD. To first analyze whether 
GSDMD- mediated pyroptosis is affected by palmitoylation, 
phorbol- 12- myristate- 13- acetate (PMA) differentiated THP- 
1 cells were treated with lipopolysaccharides (LPS) followed 
by nigericin to stimulate the NLRP3 inflammasome and 
GSDMD- mediated pyroptosis (4–6). The cells were treated 
in the absence or presence of a specific palmitoyltransferase 
inhibitor CMA (48) to probe its effects on pyroptosis, namely, 
lactate dehydrogenase (LDH) release, as well as IL- 1β secretion. 
Interestingly, CMA suppressed LDH release (Fig. 1A) and IL- 
1β secretion (Fig. 1B) in a time- dependent manner, suggesting 
that inhibition of palmitoylation negatively regulates the process 
of pyroptosis and cytokine secretion. This was corroborated with 
treatment using another inhibitor of palmitoyltransferases 2BP, 
which also diminished LDH release (Fig. 1A) and IL- 1β secretion 
(Fig. 1B). Similarly, propidium iodide (PI) uptake, a measurement 
of compromised plasma membrane integrity, was also suppressed 
(Fig.  1C). The effects of palmitoyltransferase inhibitors were 
dose- dependent. Treatment with increasing concentrations of 
2BP in both THP- 1 cells and mouse iBMDMs demonstrated a 
dose- dependent suppression of LDH release and IL- 1β secretion 
(SI  Appendix, Fig.  S1 A and B), suggesting minimal toxicity 
from 2BP treatment at the time frame and concentration range 
used in our experiments. Our data thus suggest that inhibition 
of palmitoylation suppresses GSDMD- mediated pyroptosis and 
IL- 1β secretion.

Palmitoylation of hGSDMD- NTD Contributes to Pyroptosis. To 
probe the potential palmitoylation of GSDMD, we employed 
an acyl- biotin exchange (ABE) assay (53, 54), a well- established 
method in which hydroxylamine (HAM) hydrolyzes the labile 
thioester bonds between acyl chains and Cys residues, leaving 
free sulfhydryl groups that can be subsequently labeled with 
biotin and enriched with streptavidin agarose. Using the THP- 
1 cells stimulated with LPS and nigericin mentioned above, we 
first employed the ABE assay to probe the palmitoylation of 
endogenous GSDMD. Endogenous GSDMD was palmitoylated 
upon LPS treatment, which was elevated upon NLRP3 activation 
through nigericin treatment (Fig.  2A). This was significantly 
suppressed by 2BP treatment, and correlates with our observation 
that inhibition of palmitoylation negatively regulates pyroptosis 
and cytokine secretion (Fig. 1 A and B). Our data thus suggest 
that palmitoylation of GSDMD may contribute to its pyroptosis 
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activities. Notably, the levels of GSDMD expression or cleavage 
was not affected by 2BP treatment (Fig.  2A), suggesting that 
palmitoylation of GSDMD may instead impact downstream 
events such as GSDMD pore formation in the membrane.

GSDMD contains an NTD and a CTD connected by a flexible 
linker. To investigate which domain of GSDMD is palmitoylated, 
ABE assays were performed with HEK293T cells expressing the 
full- length or NTD/CTD of hGSDMD. Both the full- length and 
the NTD of hGSDMD were palmitoylated (Fig. 2B), whereas the 

CTD was not (SI Appendix, Fig. S2A) even though it contains five 
Cys residues. As was observed in THP- 1 cells, GSDMD palmi
toylation was suppressed by 2BP treatment (Fig. 2B), which corre
lates with dampened LDH release from HEK293T cells transiently 
expressing hGSDMD- NTD (Fig. 2C). Using a tetracycline-  
inducible expression system in HEK293T cells, which was more 
amenable to tracking the time course of pyroptosis upon induction 
of hGSDMD- NTD expression, we observed that LDH release 
was suppressed upon 2BP treatment in a time- dependent manner 

A

B

C

Fig. 1.   Inhibition of palmitoylation suppresses GSDMD- mediated pyroptosis and cytokine release. (A) PMA differentiated THP- 1 cells were treated with 1 μg/mL 
LPS for 4 h followed by 20 μM nigericin in the presence or absence of 100 μM CMA or 2BP. LDH release was measured at 0.5 or 1 h after nigericin treatment.  
(B) THP- 1 cells were treated as in (A). IL- 1β secretion was measured after nigericin treatment. (C) THP- 1 cells treated in (A) were stained with propidium iodide after 
0.5 or 1 h of nigericin treatment. “BF” denotes bright- field and “PI” denotes staining with propidium iodide. (Scale bars, 200 μm.) Quantitation of the PI- positive 
cells is shown on the right. Data are plotted as mean ± SD from at least three independent experiments. Statistical analyses were performed using two- way 
ANOVA with Bonferroni’s multiple comparisons test versus the “LPS+Nig” samples. *P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.0001. See also SI Appendix, Fig. S1.
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(Fig. 2D). This is consistent with the delayed pyroptosis observed 
in the transient expression system (Fig. 2C) and in THP- 1 cells 
(Fig. 1A). In agreement, propidium iodide (PI) uptake upon 
hGSDMD- NTD expression was also dampened by 2BP treatment 
(SI Appendix, Fig. S2B). Collectively, our data suggest that palmi
toylation of hGSDMD- NTD contributes to pyroptosis. 
Interestingly, ABE assays also demonstrated that the full- length 
(SI Appendix, Fig. S2C) and NTDs (SI Appendix, Fig. S2D) from 
other gasdermin family members may also be palmitoylated, sug
gesting a shared mechanism of posttranslational modification for 
the gasdermin family members.

hGSDMD Is Palmitoylated at Cys191. As our data from both 
THP- 1 and HEK293T cells suggest that GSDMD- mediated 
pyroptosis is regulated by palmitoylation and the NTD of 
hGSDMD may be palmitoylated, we turned our attention to 
potential S- palmitoylation site(s) among the three Cys residues 
(Cys38, Cys56, Cys191) in hGSDMD- NTD. To determine the 

palmitoylation site(s), point mutation of the Cys residues was 
introduced followed by ABE assays. Palmitoylation of hGSDMD- 
NTD was significantly reduced when Cys191 was mutated to Ala, 
in contrast to mutations of the other two Cys residues (Fig. 3A). 
In agreement, the C191A mutant exhibited much delayed lytic 
cell death as the time course of LDH release was monitored using 
the tetracycline- inducible expression system, compared with the 
C38A and C56A mutants that were indistinguishable from the 
wildtype (Fig. 3B and SI Appendix, Fig. S3A). The delayed kinetics 
of lytic cell death by the C191A mutant was similarly observed 
using the transient expression system (SI Appendix, Fig. S3B). Our 
data thus suggest that Cys191 of hGSDMD is palmitoylated and 
contributes to pyroptosis.

Many membrane- associated proteins contain signature 
sequences harboring known palmitoylated Cys residues. Some 
examples of these are 10 to 15 residue sequences from the N 
terminus of human growth- associated protein- 43 (GAP43) (55), 
or the C termini of yeast amino acid transporters GAP1 and 

A

B

C D

Fig. 2.   S- palmitoylation of GSDMD in THP- 1 and HEK293T cells. (A) PMA differentiated THP- 1 cells were treated with LPS and nigericin, in the presence or absence 
of 100 μM 2BP. After 1 h of nigericin treatment, ABE assays were performed and GSDMD was probed with anti- hGSDMD antibody. The red arrows mark the 
hGSDMD- NTD. (B) FLAG- tagged full- length (“FL,” Left panel) and N- terminal domain (“NTD,” Right panel) from human GSDMD expressed in HEK293T cells were 
subjected to ABE assays, in the absence or presence of 100 μM 2BP. (C) LDH release from HEK293T cells transiently expressing hGSDMD- NTD in the presence 
or absence of 2BP was analyzed at 6 or 8 h posttransfection. (D) LDH release from HEK293T cells expressing hGSDMD- NTD in a tetracycline- inducible system 
was analyzed 2, 4, 6, or 8 h following tetracycline induction. Data are plotted as mean ± SD from at least three independent experiments. Statistical analyses 
were performed using two- way ANOVA with Bonferroni’s multiple comparisons versus the NTD samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
See also SI Appendix, Fig. S2.
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CAN1 (56). To investigate whether these sequences could com
pensate for the loss of palmitoylation in the C191A mutant, we 
introduced them at the N or C terminus of the C191A mutant 
to generate chimera hGSDMD- NTDs. Interestingly, despite the 
different palmitoylation sequences from human and yeast proteins, 
and the location of these sequences at the N or C terminus rather 
than at an internal loop as Cys191, these sequences restored pal
mitoylation to the chimeras (Fig. 3C). Furthermore, the chimeras 
were able to induce LDH release to levels comparable to that by 
the wildtype hGSDMD- NTD (Fig. 3D). Our data thus demon
strate that exogenous palmitoylation sequences at different loca
tions of hGSDMD- NTD can compensate for the loss of 
palmitoylation at Cys191 and pyroptosis by the C191A mutant, 
suggesting that the C191A mutant harbors no other defects except 
for the loss of palmitoylation. This further supports the impor
tance of palmitoylation for GSDMD- mediated pyroptosis.

Cys191 Palmitoylation Regulates Membrane Localization of  
hGSDMD. Palmitoylation is known to modulate trafficking of  
integral and peripheral membrane proteins (41–46). As palmi
toylation did not affect the levels of GSDMD expression or its 
cleavage (Fig. 2A), we investigated whether palmitoylation may 
regulate GSDMD membrane localization. Subcellular fractionation 
was performed for HEK293T cells expressing the wildtype or the 
C191A mutant hGSDMD- NTD. The wildtype hGSDMD- NTD 
was located predominately in the membrane fraction with trace 
amount in the cytosolic fraction (Fig. 4A). By contrast, treatment 
with 2BP led to a significant portion of hGSDMD- NTD being 
retained in the cytosolic fraction (Fig. 4A). The C191A mutant 
displayed a distribution pattern of hGSDMD- NTD similar to that 
of the 2BP- treated sample (Fig. 4A), suggesting that absence or 

inhibition of palmitoylation shifted the distribution of GSDMD 
away from the membrane. In agreement, imaging of cells expressing 
GFP- tagged hGSDMD- NTD revealed that the wildtype protein 
was primarily located at the cell surface, whereas both 2BP- treated 
or C191A mutant of hGSDMD- NTD were retained primarily in 
the cytosol (Fig. 4B). Furthermore, subcellular fractionation of the 
hGSDMD- NTD chimeras mentioned above revealed dominant 
localization of the chimeras in the membrane fraction (SI Appendix, 
Fig. S3C), similar to the wildtype protein and correlated with the 
palmitoylation and LDH release data. Collectively, these findings 
highlight the role of palmitoylation in regulating the localization of 
hGSDMD- NTD at the membrane, which may impact its ability 
to assemble membrane pores and induce pyroptosis.

ZDHHC7 Palmitoylates GSDMD and Promotes Pyroptosis. 
Palmitoylation is catalyzed by a family of 23 palmitoyl S- 
acyltransferase ZDHHCs, and these enzymes often harbor 
overlapping substrate specificities (41–46). To probe which 
ZDHHC PATs are responsible for the palmitoylation of 
hGSDMD, we first examined the expression levels of ZDHHC 
proteins in LPS- primed THP- 1 cells through quantitative RT- 
qPCR as reported (57). The normalized RT- qPCR data showed 
that ZDHHC4, 5, 6, 7, 9, 11, 16, and 20 were expressed at 
relatively high levels compared with other ZDHHCs (SI Appendix, 
Fig. S4A). As expression of the wildtype hGSDMD- NTD led to 
high levels of LDH release within a short period of time (Fig. 2), 
we looked for a hGSDMD- NTD mutant that harbors reduced 
pyroptosis activity to allow the effects of ZDHHCs to be observable 
within a reasonable timeframe when they were coexpressed with 
hGSDMD- NTD. Our previous work on the full- length GSDMD 
(38) and the published GSDMD pore structure (15) revealed the 

A C

B
D

Fig.  3.   Cysteine 191 of hGSDMD is palmitoylated. (A) The wildtype hGSDMD- NTD (denoted “WT”) or C38A, C56A, and C191A mutants were expressed in 
HEK293T cells and ABE assays were performed to probe potential palmitoylation. (B) Time course of LDH release from cells in (A) expressing the wildtype or 
mutant hGSDMD- NTDs. (C) ABE assays were performed with HEK293T cells expressing hGSDMD- NTD in the wildtype form, C191A mutant form, and the C191A 
mutant chimera forms containing palmitoylation sequences at the N or C terminus of hGSDMD- NTD. The exogenous palmitoylation sequences are as follows: 
N10 is from the N terminus of human GAP43 protein with the sequence MLCCMRRTKQ; C13FWC is from the C terminus of yeast CAN1 protein with the sequence 
DHEPKTFWDKFWNFWC; C15 is from the C terminus of yeast GAP1 protein with the sequence MATKPRWYRIWNFWC. (D) Time course of LDH release from cells in 
(C) expressing the wildtype or C191A mutant hGSDMD- NTD, or mutant chimeras harboring the exogenous palmitoylation sequences. Data are plotted as mean 
± SD from at least three independent experiments. Statistical analyses were performed using two- way ANOVA with Bonferroni’s multiple comparisons versus 
the WT or “C191A” samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: not significant. See also SI Appendix, Fig. S3.
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importance of the α1 helix in both membrane lipid binding and 
oligomerization. We then found that an F5A mutant, located at 
the α1 helix of GSDMD, harbors impaired pyroptosis function 
as shown in Fig. 5, perhaps due to its reduced lipid- binding and/
or oligomerization ability. Using this hGSDMD- NTD mutant, 
coexpression of ZDHHCs led to increased pyroptosis as assayed 
through LDH release, with ZDHHC7 demonstrating the highest 
level of enhancement (Fig.  5A). In agreement, palmitoylation 
of hGSDMD- NTD was elevated the most upon coexpression 
with ZDHHC7 (Fig. 5B). Similarly, coexpression of ZDHHC7 
with the murine GSDMD- NTD F5A mutant led to increased 
pyroptosis and mGSDMD- NTD palmitoylation (Fig. 5 C and 
D). Collectively, these data suggest that ZDHHC7 can catalyze 
palmitoylation of hGSDMD- NTD and mGSDMD- NTD, which 
facilitates pyroptosis.

Inhibition of Palmitoylation Alleviates Gsdmd- Dependent 
Inflammatory Tissue Damage and Death. To probe the role 
of palmitoylation in regulating GSDMD function in  vivo, 
intraperitoneal (i.p.) LPS injection was performed with 6-  to 
8- wk- old age-  and sex- matched C57BL6/J mice (~20 g each). 
Prior to LPS injection, mice were pretreated with 2BP (20 or 
50 mg/kg, i.p.). Pretreatment with 2BP increased the survival 
of LPS- injected mice in a dose- dependent manner as a higher 
amount of 2BP treatment led to increased survival (Fig. 6A), in 
agreement with the dose- dependent suppression of pyroptosis 
observed in macrophages (SI  Appendix, Fig.  S1). Importantly, 

injection of LPS in Gsdmd deficient mice did not affect survival, 
consistent with previous reports that the LPS- induced death in 
mice was primarily dependent on Gsdmd (4–6). Furthermore, 
treatment of mice with 2BP alone did not lead to death of the 
animals for up to 8 d, suggesting minimal toxicity for the dosage 
used here (Fig. 6A). In agreement with the survival data, severe 
lung tissue damage was observed in LPS- treated WT mice, with 
intra- alveolar edema, mixed inflammatory infiltrates, and mildly 
thickened bronchial walls (Fig. 6B). Pretreatment with low dose 
2BP improved LPS- induced lung damage with visible alveolar 
hemorrhage and lymphocytic infiltration (Fig. 6B), while high 
dose 2BP largely restored alveolar structure with only scattered 
lymphocytic infiltrates (Fig. 6B). In contrast to the WT mice, 
Gsdmd−/− mice were largely protected from LPS- induced lung 
injury with moderate alveolar damage and interstitial inflammation 
(Fig. 6B), while alveolar structure was generally normal/preserved 
with high dose 2BP (Fig. 6B). Control Gsdmd−/− mice administered 
2BP only (Fig.  6B) showed normal lung histology with intact 
alveolar structures, similar to vehicle- treated mice. Consistent with 
the above observations, in WT mice injected with LPS, serum 
cytokine levels for IL- 1β, IL- 18, IL- 6, IL- 12p70, TNF, GM- 
CSF, IFNγ, and IL- 2 were significantly elevated and were dose- 
dependently reduced upon 2BP treatment (Fig. 6C). By contrast, 
the serum cytokine levels for the Gsdmd−/− mice injected with LPS 
showed minimal or no increase. Taken together, our data suggest 
that Gsdmd- dependent inflammatory tissue damage and death are 
alleviated by palmitoylation inhibition in vivo.

Discussion

Gasdermin- mediated pyroptosis plays important roles in inflam
mation and host defense. The regulatory mechanisms for pore- 
formation and pyroptosis by gasdermins remain incompletely 
understood. Here, we report that a conserved Cys191 residue in 
hGSDMD was S- palmitoylated and this posttranslational modifi
cation was important for hGSDMD localization to the membrane, 
which promoted pyroptosis and cytokine release. Mutation of 
Cys191 or treatment with palmitoyltransferase inhibitors such as 
CMA or 2BP suppressed hGSDMD membrane localization, 
pyroptotic cell death, or IL- 1β secretion, without apparent impact 
on GSDMD cleavage. By contrast, coexpression of hGSDMD with 
palmitoyltransferases enhanced pyroptotic cell death. Our data thus 
suggest that pyroptosis is facilitated by palmitoylation. Furthermore, 
addition of exogenous palmitoylation sequences at different loca
tions of hGSDMD- NTD was fully capable of rescuing palmitoy
lation and pyroptotic activities of the C191A mutant. This 
demonstrates that the loss of palmitoylation at Cys191 can be fully 
compensated for by the exogenous palmitoylation sequences, and 
the C191A mutant harbors no other defects except for the loss of 
palmitoylation. In other words, palmitoylation- mediated mem
brane localization may be distinct from other molecular events such 
as GSDMD cleavage or conformational change during pore assem
bly. Collectively, our data support a model in which palmitoylation 
at Cys191 facilitates membrane localization of GSDMD, which 
promotes pyroptosis and cytokine release (Fig. 7).

Despite intensive studies, the molecular events underlying the 
transition of GSDMD from an autoinhibited soluble form to an 
oligomeric pore form inserted into the membrane remain incom
pletely understood. The S- palmitoylation- facilitated membrane 
localization described here may be distinct from other events in 
GSDMD- mediated pyroptosis: S- palmitoylation of Cys191 may 
facilitate membrane localization of hGSDMD that promotes pore 
assembly, whereas the conformational change of hGSDMD per 
se may still proceed in the absence of palmitoylation, albeit with 

A

B

Fig. 4.   Palmitoylation of hGSDMD facilitates its localization to the plasma 
membrane. (A) Analysis of the membrane or cytosolic fractions of HEK293T cells 
expressing the wildtype or C191A mutant of hGSDMD- NTD. The percentage of 
GSDMD in the membrane fractions for the NTD, NTD+2BP, and C191A samples 
is marked. (B) Subcellular localization of GFP- tagged wildtype or C191A mutant 
of hGSDMD- NTD with or without 2BP treatment. (Scale bars, 5 μm.)

http://www.pnas.org/lookup/doi/10.1073/pnas.2400883121#supplementary-materials
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much diminished efficiency of pore formation in light of the 
delayed pyroptosis with the C191A mutant. Notably, a recent 
report further suggested that palmitoylation of GSDMD pro
moted both membrane localization and oligomerization (58). In 
the current study, when pyroptosis was monitored in a time 
course, inhibition of palmitoylation or the C191A mutation 
delayed hGSDMD- mediated pyroptosis but did not completely 
abrogate it. In agreement, Johnson and colleagues recently 
reported that for several bacterial gasdermins, membrane insertion 
of palmitoyl moiety is critical for efficient pore formation (34, 
59). Although deficiency in S- palmitoylation did not completely 
abrogate GSDMD- mediated pyroptosis, modulating the efficiency 
of gasdermin pore formation through palmitoylation may have 
important physiological consequences in vivo. For example, this 
may allow time for membrane repair mediated by the endosomal 
sorting complexes required for transport (ESCRT) machinery (60) 
or caspase- 7- activated acid sphingomyelinase (ASM) (61), thus 
alleviating or reversing certain inflammatory process involving 
pyroptosis.

S- palmitoylation, first observed in viral glycoproteins (62), is the 
most common lipid modification of proteins that regulates protein 
stability, trafficking, membrane localization, and interaction with 

lipids or other proteins (41–46). It has been reported for diverse 
proteins such as small GTPase Ras (63), innate immune receptor 
or signaling molecules NLRP3 (64), NOD1/2 (65) or STING (66), 
and the SARS- CoV- 2 spike protein (67–69). S- palmitoylation bears 
similarity to phosphorylation, is dynamic, and reversible, due to the 
labile thioester linkage that is catalyzed by a family of 23 palmitoyl 
S- acyltransferase ZDHHCs, which are membrane proteins them
selves and therefore may have ready access to substrates within or 
near the membrane (41–46). As a result, it is possible that mem
brane localization and palmitoylation of substrates by ZDHHCs 
may mutually enhance each other. Here, we identified ZDHHC7 
as the primary enzyme that palmitoylates hGSDMD and 
mGSDMD to regulate their pyroptotic activities in HEK293T cells. 
While this manuscript was in preparation, three reports suggested 
that GSDMD is palmitoylated in macrophages by several ZDHHCs 
including ZDHHC5, 7, and 9, which regulates pyroptosis (58, 70, 
71). Given the broad substrate specificities and inherent redundan
cies of ZDHHC enzymes (72, 73), it is perhaps not surprising that 
there are overlapping specificities among different ZDHHCs for 
GSDMD palmitoylation under different stimulation conditions in 
different cells or tissues. Our study and others thus advance our 
understanding of gasdermin regulation by a different family of 

A B

C D

Fig. 5.   ZDHHC palmitoyltransferases catalyze the palmitoylation of hGSDMD and mGSDMD. (A) LDH release from HEK293T cells expressing the F5A mutant 
of hGSDMD- NTD along with various ZDHHC palmitoyltransferases, 12 or 24 h posttransfection. (B) ABE assays were performed for HEK293T cells coexpressing 
hGSDMD- NTD F5A mutant and ZDHHC5, 7, or 9 enzymes, 24 h posttransfection. (C) LDH release from HEK293T cells expressing the F5A mutant of mGSDMD- 
NTD along with various ZDHHC palmitoyltransferases, 24 h posttransfection. (D) ABE assays were performed for HEK293T cells coexpressing mGSDMD- NTD F5A 
mutant and ZDHHC5, 7, or 9 enzymes, 24 h posttransfection. Data are plotted as mean ± SD from at least three independent experiments. Statistical analyses 
were performed using two- way (A) or one- way (C) ANOVA with Bonferroni’s multiple comparisons test versus the “F5A+GFP” samples. *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001, ns: not significant. See also SI Appendix, Fig. S4.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400883121#supplementary-materials
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enzymes, the ZDHHC palmitoyltransferases, in addition to the 
other known enzymes involved in posttranslational modifications 
of gasdermins through protease processing (4–6, 74, 75) or ubiq
uitination (31, 32, 76–78). The selective palmitoylation of 
Cys191/192 in GSDMD by ZDHHC enzymes suggests potential 
avenues for therapeutically targeting palmitoyltransferases catalyzing 
S- palmitoylation of GSDMD in inflammatory disorders.

It is currently unclear how GSDMD palmitoylation is regulated. 
Conceivably, diverse inflammatory signaling pathways may modulate 
the expression or enzymatic activities of the ZDHHC enzymes, reg
ulate the location of the enzymes among the ER, Golgi, plasma 

membrane, and other membrane structures, impact the colocalization 
of ZDHHC and GSDMD, etc. We demonstrated that GSDMD 
was palmitoylated upon LPS treatment of macrophages, and nigericin 
treatment further augmented the total amount of palmitoylated 
GSDMD. This is consistent with similar observations by recent pub
lications, which reported upregulation of ZDHHC enzymes upon 
LPS stimulation of macrophages (58). The reported different levels 
of GSDMD palmitoylation using different concentrations of LPS 
further suggests potential regulatory mechanism for inflammatory 
responses to various stimulations. Furthermore, GSDMD palmitoy
lation was reported to be augmented by ROS (58, 70), in agreement 

A

C

B

Fig. 6.   Inhibition of palmitoylation mitigates inflammation and death of LPS- injected mice. (A) C57BL6/J (WT) and Gsdmd−/− mice were pretreated with 2BP or 
vehicle, and challenged 4 h later with LPS or vehicle. After administration of LPS/vehicle, survival was monitored twice daily for 5 d (120 h) and once daily for 
remaining 3 d. The Kaplan–Meier survival curve is representative of 4 to 5 experiments (n ≥ 3/experiment); ##P < 0.01 vs. vehicle, *P < 0.05, **P < 0.01 vs. LPS 
alone by log- rank (Mantel- Cox) test. (B) In separate experiments, mice were killed 12 h after LPS/vehicle, and the representative histologic images of H&E- stained 
lungs are shown. Severely damaged alveoli with intra- alveolar edema, mixed inflammatory infiltrates consisting of neutrophils, lymphocytes, macrophages, 
occasional plasma cells, and mildly thickened bronchial walls were observed in WT mice treated with LPS (Upper, Middle Left panel). Pretreatment with low dose 
2BP improved LPS- induced lung damage, but alveolar hemorrhage with red blood cells and lymphocytic infiltration occupying alveolar spaces/interstitial tissues 
were still evident (Upper, Middle Right panel), while high dose 2BP had a dramatic effect, largely restoring alveolar structure with only scattered lymphocytic 
infiltrates (Upper, Far Right panel). In contrast to the WT mice, Gsdmd−/− mice were largely protected from LPS- induced lung injury, but showed moderate alveolar 
damage with interstitial inflammation (Lower, Middle Left panel), while alveolar structure was generally normal/preserved with high dose 2BP (Lower, Middle 
Right panel). Control Gsdmd−/− mice administered 2BP only (Lower, Far Right panel) and vehicle- treated mice (Upper/Lower, Far Left panels) showed normal lung 
histology with intact alveolar structures. Original mag: X20 (n = 5); Av, alveolar space; Br, bronchiole. (C) Serum cytokine levels were measured 12 h after LPS/
vehicle treatment and plotted for WT and Gsdmd−/− or Gsdmd−/− only on either Left or Right (when present) y axes, respectively. Data presented as mean ± SEM 
(n = 5); *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by post hoc multiple comparisons using Šídák’s test following significant (P < 0.05) one- way ANOVA.
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with the observation that GSDMD association with membranes was 
promoted by mitochondrial ROS (79). Another previous publication 
employing quantitative mass spectrometry to analyze murine 
GSDMD- NTD expressed in macrophages demonstrated that differ
ent fractions of multiple Cys residues were oxidized (37), ranging 
from 1.1% to 22.9%, including Cys192, Cys265, Cys57, and Cys77. 
Cys192 in mGSDMD is the equivalence of Cys191 in hGSDMD 
and was oxidized at the highest level at 22.9%. ROS may affect 
palmitoylation through multiple mechanisms, for example, either 
through direct targeting any combination of the above Cys residues 
in GSDMD, or through regulating other proteins such as the 
ZDHHC enzymes. Notably, our experiments using extraneous pal
mitoylation sequences to rescue palmitoylation and pyroptotic activ
ities of the C191A mutant do not exclude the potential roles of ROS, 
due to the presence of other Cys residues in hGSDMD and the 
introduced palmitoylation sequences. In fact, targeted chemical pro
teomic approaches such as acyl- resin assisted capture (acyl- RAC) have 
identified proteins undergoing S- palmitoylation alongside other 
cysteine oxidative modifications (44, 80), suggesting potential com
binatorial posttranslational modifications at various cysteines. As a 
result, palmitoylation and other Cys modifications such as oxidation 
may work in concert to regulate the structure and function of 
pore- forming proteins such as gasdermins.

Even though the scope of this work is limited to the studies of 
GSDMD, our findings are consistent with previous reports of wide
spread S- palmitoylation of gasdermins from bacteria, fungi, and 
invertebrates (34, 50, 51, 59), as well as mammalian GSDME (33). 
Our preliminary study also suggests that other mammalian gasder
min family members GSDMA- GSDME may be S- palmitoylated. 
It is thus conceivable that this posttranslational modification may 
be a shared regulatory mechanism throughout evolution for pro
teins such as gasdermins that translocate between the cytosol and 
membrane compartments. These regulatory mechanisms now 
include stabilization of gasdermin structure, facilitation of NTD–
CTD dissociation, and promotion of membrane localization. The 
mechanisms of how palmitoylation modulates the structure and 

function of gasdermins, how gasdermins are recognized by specific 
palmitoyltransferases, and how diverse signaling pathways converge 
on the regulation of palmitoylation of different gasdermins will be 
exciting future avenues of investigation.

Materials and Methods

Cell Lines. HEK- 293T and THP- 1 cells were purchased from ATCC (Monassas, 
VA). iBMDM cells are from Eicke Latz (81). HEK- 293T cells and iBMDM cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Grand Island, 
NY) supplemented with 10% FBS (Gemini BioProducts, West Sacramento, CA) 
and 1% penicillin/streptomycin (Gibco). THP- 1 cells were cultured in RPMI 1640 
medium (Gibco) containing 10% FBS, 1% penicillin/streptomycin, and 50 µM 
2- mercaptoethanol (Acros Organics, NJ).

Antibodies. Monoclonal anti- mouse GSDMD antibody (A- 7, sc- 393656) and 
monoclonal anti- β- actin antibody (sc- 47778) were from Santa Cruz Biotechnology 
(Dallas, TX), monoclonal anti- Flag M2 antibody (F3165) was from Millipore Sigma 
(St Louis, MO), anti- human GSDMD monoclonal antibody (E8G3F, #97558) and 
anti- Na+, K+- ATPase antibody (#3010S) were from Cell Signaling Technology 
(Danvers, MA). All primary antibodies for western blot were used following the 
manufacturer’s instructions. The secondary antibodies against mouse and rabbit 
IgG were purchased from Cell Signaling Technology (Danvers, MA) and used 
according to the manufacturer’s instructions.

Cloning and Site- Directed Mutagenesis. Coding sequences for the full- length 
and NTD of human GSDMA, GSDMB, GSDMC, GSDMD, and GSDME as well as the 
mouse GSDMD were cloned into pcDNA4/TO or pEGFP vectors. All mutants were 
generated using the overlap extension PCR mutation method and confirmed 
by sequencing.

Expression of Gasdermins and Cytotoxicity Assay. THP- 1 cells grown in 
RPMI 1640 medium supplemented with 10% FBS were plated in 6- well plates 
and treated overnight with 100 ng/mL phorbol 12- myristate 13- acetate (PMA) 
(Millipore Sigma, St. Louis, MO). THP- 1 cells grown in RPMI medium and iBMDM 
cells grown in DMEM were primed with 1 μg/mL LPS (Millipore Sigma, St. Louis, 
MO) for 4 h before stimulating with 20 µM nigericin (Millipore Sigma, St. Louis, 
MO) to active the NLRP3 inflammasome. In some conditions, 100 μM 2BP or CMA 
was added to the media 45 min before adding 20 μM nigericin. LDH release from 
each well at different time points was measured using the cytotoxicity detection 
kit from Roche (Indianapolis, IN) following the manufacturer’s instructions.

For transient transfection, HEK293T cells grown in DMEM plus 10% fetal 
bovine serum (FBS) were transfected with plasmids using calcium phosphate 
or polyethylenimine (PEI) max (Polysciences, Warrington, PA). For tetracycline- 
inducible expression, pcDNA6/TR vector encoding Tet repressor (Thermo Fisher 
Scientific, Waltham, MA) was stably transfected into HEK293T cells under the 
selection of 5 to 10 μg/mL blasticidin. Various pCDNA4/TO vectors encoding 
gasdermins were then transfected into these cells. After overnight culture 
of the transfected cells, expression of indicated protein was induced with 
1 μg/mL tetracycline. For fractionation experiments of the chimeras, cells 
were treated with tetracycline for 24 h. For coexpression of the F5A mutant 
of GSDMD- NTD and ZDHHCs, expression plasmids encoding the F5A mutant 
and individual ZDHHC enzyme were transfected at a 1:1.5 (w:w) ratio. After 
overnight culture of the transfected cells, 2 μg/mL tetracycline was added to 
induce expression of GSDMD- NTD, and the culture supernatants were col-
lected after 24 h to assay for LDH release using a cytotoxicity detection kit from 
Roche (Indianapolis, IN) following the manufacturer’s instructions. The LDH 
release was expressed as a percentage of total LDH content upon 1% Triton 
X- 100 treatment of the cells.

IL- 1β Release Assay. To measure secreted IL- 1β, enzyme- linked immunosorbent 
assay (ELISA) was performed with the collected culture supernatants mentioned 
above. THP- 1 or iBMDM cells were primed with LPS (1 μg/mL) for 4 h, followed 
by treatment with DMSO, 100 μM 2BP, or CMA for 45 min before adding 20 μM 
nigericin to stimulate the NLRP3 inflammasome. After 30 min stimulation, IL- 1β 
in the culture media was measured and quantified using human IL- 1 beta/IL- 1F2 
QuantiGlo ELISA kit (QLB00B, R&D systems, Minneapolis, MN) and Mouse IL- 1 

Fig.  7.   Palmitoylation facilitates GSDMD- mediated pore formation and 
release of inflammatory cytokines. A model of how palmitoylation facilitates 
GSDMD- NTD localization to the membrane, thus promoting pyroptosis and 
cytokine release.
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beta/IL- 1F2 DuoSet ELISA Kit (DY401, R&D systems, Minneapolis, MN) following 
the manufacturer’s instructions.

Microscopy Imaging of Cell Lines. To examine cell morphology and propidium 
iodide uptake, brightfield and fluorescent images of cells in 6- well plates were 
captured using an Olympus IX73 inverted fluorescent microscope. HEK293T cells 
were plated in eight chamber slides (Lab- Tek, Nunc Inc. Naperville, IL), 6 h post-
transfection with plasmids coding for GFP or GFP- tagged hGSDMD- NTD, with or 
without 100 μM 2BP treatment. Cells were washed once with 1×PBS, then fixed 
with a buffer containing 4% formaldehyde in PBS and incubated for 10 min at 
room temperature. The slides were washed twice with 1×PBS, then PBS plus 
0.1% Triton X- 100 was added to permeabilize for 5 min at room temperature. 
After washing with 1×PBS, the slides were mounted with ProLong Gold antifade 
reagent with DAPI (Thermo Fisher Scientific, Waltham, MA) and imaged with the 
Olympus IX73 inverted microscope.

ABE Assay. The ABE protocol was adapted from a previous protocol (53). Cells 
were lysed with lysis buffer containing 50 mM Triethanolamine (TEA) (Millipore 
Sigma, St. Louis, MO), pH 7.0, 150 mM NaCl, 4% SDS, 4 mM EDTA with freshly 
added protease inhibitor cocktail (Roche, Indianapolis, IN), 1,500 units/ml 
Benzonase (#70664- 3, Novagen, Darmstadt, Germany), and 5 mM PMSF. 
Brief sonication was used to facilitate complete lysis and reduce viscosity. 
The protein samples were precipitated with chilled methanol: chloroform: 
water (400 µL: 150 µL: 300 µL per 100 µL protein samples; then washed 
twice with 1 mL methanol) and the resulting pellet was dissolved in a reaction 
buffer containing 50 mM TEA, pH 7.0, 150 mM NaCl, 4% SDS, and 4 mM 
EDTA. 400 µg total protein was treated with 10 mM neutralized TCEP for 30 
min with rotation, subsequently 140 mM N- ethylmaleimide (NEM, Thermo 
Fisher Scientific, Waltham, MA) was added to cap the reduced cysteines for 
3 h at room temperature with shaking. After a second round of methanol–
chloroform–water precipitation, the protein pellet was resuspended in 60 µL 
reaction buffer and split into two 30 µL aliquots for the +/− hydroxylamine 
(NH2OH, HAM) conditions: for the +HAM samples, 90 µL of 1 M neutralized 
HAM dissolved in 0.2% Triton X- 100, 50 mM TEA, pH 7.0, 150 mM NaCl was 
added; for the control, the above solution without HAM was added. After 3 h 
of incubation at room temperature, proteins were methanol–chloroform–water 
precipitated for a third time. The protein samples were dissolved in the reac-
tion buffer and incubated with 1 mM biotin HPDP (APExBio, Houston, TX) for 
30 min. The protein samples were precipitated again and dissolved in 2% 
SDS, 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, and diluted 1:10 with 
an immobilization buffer containing 0.5% Triton X- 100, 50 mM Tris, pH 7.5, 
150 mM NaCl, and 5 mM EDTA. The protein samples were incubated with 
50 µL streptavidin agarose beads (Thermo Fisher Scientific, Waltham, MA) at 
4 °C overnight. Then the beads were washed four times with 1% Triton X- 100, 
50 mM Tris, pH 7.5, 150 mM NaCl, and 5 mM EDTA. The beads were boiled at 
95 °C for 10 min with 2×Laemmli buffer containing 2- mercaptoethanol and 
subjected to SDS- PAGE and/or western blotting analysis.

Subcellular Fractionation. HEK293T cells expressing GSDMD were harvested 
and washed with cold 1×PBS. After resuspension with cold 1×PBS contain-
ing a protease inhibitor cocktail (Roche, Indianapolis, IN), cells were lysed 
through sonication. Cell lysates were then centrifuged at 100,000×g for 30 
min to obtain the membrane and cytosolic fractions. After washing with cold 
1×PBS, cell membrane fraction was dissolved in a buffer containing 2% SDS, 
50 mM Tris, pH 7.5, 150 mM NaCl, and 5 mM EDTA. The cytosolic fraction 
was precipitated using chilled methanol: chloroform: water (400 µL: 150 µL: 
300 µL per 100 µL lysate). The pellet was washed twice with 1 mL methanol, 
and dissolved in a buffer containing 2% SDS, 50 mM Tris, pH 7.5, 150 mM 
NaCl, and 5 mM EDTA. The membrane and cytosolic fractions were subjected 
to SDS- PAGE and western blot.

qRT- PCR. qRT- PCR were performed with samples of THP- 1 cells primed with LPS 
(1 μg/mL) for 4 h. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany), and RNA was reverse transcribed to cDNA using iScript Reverse Transcription 
Supermix for RT- qPCR (Bio- Rad, Hercules, CA) following the manufacturer’s stand-
ard protocol. qRT- PCR of samples was performed using primers for GAPDH (forward, 
5′- GTCTCCTCTGACTTCAACAGCG- 3′ and reverse, 5′- ACCACCCTGTTGCTGTAGCCAA- 3′), 
and primers for ZDHHC enzymes described previously (57). qRT- PCR were performed 

with iQ SYBR Green Supermix (Bio- Rad, Hercules, CA) using a Bio- Rad CFX 96 
 real- time PCR detection system following the manufacturer’s standard protocol. The 
gene expression level was normalized to that for GAPDH.

In Vivo Studies. Experiments were conducted in a blinded manner, with 
mice randomized to different interventions using a progressive numeric label, 
the code only known to animal caretakers and revealed at the end of each 
experiment. 6-  to 8- wk- old age-  and sex- matched C57BL/6 J- Gsdmdem1Vnce/J 
(Gsdmd−/−) (Strain #:032663, The Jackson Laboratory, Bar Harbor, ME) and WT 
mice were treated with 2BP (cat#238422, Sigma- Aldrich, St. Louis, MO) 4 h 
prior to administration of LPS (Escherichia coli O111:B4, cat #L2630, Sigma- 
Aldrich) and monitored for up to 8 d post- LPS injection. Briefly, lyophilized 2BP 
was reconstituted in DMSO and further diluted in PBS with probe sonication 
to increase solubility properties. Experimental mice (~20 g) were pretreated 
with either vehicle or 2BP (20 or 50 mg/kg, i.p.), and subsequently with either 
vehicle or LPS (25 mg/kg, i.p.). Mice were monitored for survival twice daily 
for first 5d and once daily for next 3d. In separate experiments using the 
aforementioned protocol, whole blood was collected 12 h after LPS/vehicle 
from anesthetized mice by cardiac puncture, with serum obtained after cen-
trifugation at 15,000 rcf for 10 min at 4  °C and stored at −20  °C for later 
cytokine assay (see below). Experimental mice were then immediately killed 
and whole lungs removed for histological evaluation. All procedures were 
approved by the CWRU Institutional Animal Care and Use Committee and 
were in accordance with the Association for Assessment and Accreditation of 
Laboratory Animal Care guidelines.

Tissue Harvest and Cytokine Assays. Whole lung tissues were processed 
by the Histology/Imaging Core (Core C) of the Cleveland DDRCC (NIH P30 
DK097948). Briefly, immediately after harvest, lungs were submerged in 4% 
PFA (ChemCruz Biotechnology, Inc., Dallas, TX), rinsed in 70% ethanol after 24 h, 
processed, paraffin- embedded, and sectioned at 3 to 4 μm. Specimens were 
stained with H&E and evaluated by a trained pathologist blinded to experimental 
groups. Cytokine levels were measured in serum from experimental mice by the 
Bioanalyte Core at CWRU. Specifically, serum samples were run in duplicate by 
Luminex xMAP technology using the ProcartaPlexTM Mouse Th1/Th2 Cytokine 
Panel, 11plex, according to the manufacturer’s instructions (cat#EPX110- 
20820- 901, Invitrogen, Thermo Fisher Scientific, Waltham, MA), and protein 
levels reported as pg/ml for each cytokine.

Quantification and Statistical Analysis. Statistical analyses were performed 
with program Excel (Microsoft Corporation, Redmond, WA), Origin (OriginLab, 
Northampton, MA), or GraphPad Prism (GraphPad Software, Boston, MA).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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