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Abstract

1.

Gasdermins are effectors of pyroptosis downstream of diverse signaling pathways. Emerging
evidence suggests that a number of post-translational modifications regulate the function of
gasdermins in pyroptosis, a highly inflammatory form of cell death, and Iytic or non-lytic
secretion of intracellular contents. These include processing by different caspases and other
proteases that may activate or suppress pyroptosis, ubiquitination by a bacterial E3 ligase

that suppresses pyroptosis as an immune evasion mechanism, modifications at Cys residues

in mammalian or microbial gasdermins that promote or inhibit pyroptosis, and potential
phosphorylation that represses pyroptosis. Such diverse regulatory mechanisms by host and
microbial proteases, ubiquitin ligases, acyltransferases, kinases and phosphatases may underlie
the divergent physiological and pathological functions of gasdermins, and furnish opportunities for
therapeutic targeting of gasdermins in infectious diseases and inflammatory disorders.

Introduction

The gasdermin family was initially identified as proteins highly expressed in the epithelia of
the skin and gastrointestinal tract (Saeki, Kuwahara, Sasaki, Satoh, & Shiroishi, 2000; Sato
etal., 1998; Van Laer et al., 1998). There are six paralogs in human or murine genome:
gasdermin A (GSDMA), GSDMB, GSDMC, GSDMD, GSDME (deafness autosomal
dominant 5, DFNADS), and deafness autosomal recessive 59 (DFNB59, Pejvakin or PJVK)
(Aglietti & Dueber, 2017; Broz, Pelegrin, & Shao, 2020; Kovacs & Miao, 2017; Liu, Xia,
Zhang, Wu, & Lieberman, 2021; Schutter et al., 2021; Shi, Gao, & Shao, 2017). Renewed
enthusiasm in the gasdermin family stems from the discovery that GSDMD is the long
sought-after effector of pyroptosis, a highly inflammatory form of cell death (Cookson &
Brennan, 2001; Galluzzi et al., 2018), downstream of the infammasome signaling pathways
(He et al., 2015; Kayagaki, Stowe, Lee, & O’Rourke, 2015; Shi, Zhao, et al., 2015) (Fig. 1).

The inflammasomes are crucial innate immune signaling platforms implicated in immune
defense against infections and autoimmune/autoinflammatory disorders such as diabetes,
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multiple sclerosis and Alzheimer’s disease (Guo, Callaway, & Ting, 2015; Latz, Xiao, &
Stutz, 2013; Schroder & Tschopp, 2010, p. 2010). Activation of the inflammasomes may
lead to the maturation and secretion of proinflammatory cytokines IL-1p and IL-18, as well
as pyroptosis mediated by GSDMD upon cleavage by inflammatory caspases-1, -4, -5,
and —11 at the linker between its N- and C-terminal domains (NTDs and CTDs) (He et

al., 2015; Kayagaki et al., 2015; Shi, Zhao, et al., 2015). Pyroptosis is a crucial immune
defense mechanism against infections through the exposure of intracellular pathogens to
extracellular environment conducive to microbial killing (Aachoui, Sagulenko, Miao, &
Stacey, 2013; Ding et al., 2016; Jorgensen, Zhang, Krantz, & Miao, 2016; Liu et al.,

2016; Miao et al., 2010). On the other hand, uncontrolled pyroptosis plays a major role in
septic shock (Hagar, Powell, Aachoui, Ernst, & Miao, 2013; Kayagaki et al., 2013; Liu &
Lieberman, 2017; Rathinam, Zhao, & Shao, 2019; Shi et al., 2014) and other inflammatory
disorders (Ma et al., 2018; Van Opdenbosch & Lamkanfi, 2019).

Except for PJVK, all mammalian gasdermin family members adopt a two-domain structure
with their positively charged and conserved NTDs capable of binding phospholipids and
assembling oligomeric membrane pores (Hansen et al., 2021; Ruan, Xia, Liu, Lieberman, &
Wu, 2018; Xia et al., 2021) (Fig. 1). The CTDs bind the NTDs to prevent pore formation

in the resting states. The only exception seems to be that PJVK possesses a shortened CTD
and its NTD harbors minimal capacity to induce cell death when expressed in mammalian
cells (de Beeck et al., 2011). In addition, the GSDMB-CTD did not suppress its NTD from
lipid-binding (Chao, Kulakova, & Herzberg, 2017). The CTDs of most gasdermins are thus
viewed as autoinhibitory domains that maintain homeostasis. Furthermore, a new function
for the GSDMD-CTD was reported as a recruitment module for the inflammatory caspases
that cleave GSDMD (Liu, Wang, et al., 2020; Wang, Sun, et al., 2020). Protease processing
of the linker regions between the NTDs and CTDs of gasdermins facilitates the release of
the NTD-CTD autoinhibition to allow the NTDs to form oligomeric membrane pores (Fig.
2). There is little sequence conservation at the linker regions of gasdermins, which harbor
the majority of the known cleavage sites in gasdermins by various proteases such as the
inflammatory caspases, apoptotic caspases, neutrophil elastase, and granzymes implicated
in the activation and regulation of different gasdermin family members (Burgener et al.,
2019; Chen, Demarco, et al., 2019; He et al., 2015; Kambara et al., 2018; Kayagaki et

al., 2015; Orning et al., 2018; Rogers et al., 2017; Sarhan et al., 2018; Shi, Zhao, et al.,
2015; Taabazuing, Okondo, & Bachovchin, 2017; Wang et al., 2017; Zhou et al., 2020).
Clearly protease processing has been the most intensively studied mechanism of gasdermin
regulation.

Besides protease processing, emerging evidence suggests that gasdermins are regulated

by several other post-translational modifications such as ubiquitination, palmitoylation,
and phosphorylation. Ubiquitination is long known to be a crucial mechanism targeting
several components of the inflammasome signaling pathways including the sensor/receptor
molecules, the adaptor ASC and inflammatory cytokines (Bednash & Mallampalli, 2016;
Cockram et al., 2021; Zangiabadi & Abdul-Sater, 2022). Recent literature suggests that
GSDMB and GSDMD are ubiquitinated by a bacterial E3 ligase invasion plasmid antigen
H 7.8 (IpaH7.8), which employs its N-terminal leucine-rich repeats (LRRs) to recognize
the gasdermin NTDs, and its novel E3 ligase (NEL) domain to ubiquitinate and mark
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gasdermins for proteasome degradation (Hansen et al., 2021; Luchetti et al., 2021). This
serves as an immune evasion strategy for pathogens such as Shigella flexneri, since human
GSDMB (hGSDMB) and hGSDMD can directly induce lysis of the invading bacteria as
well as the infected host cells. In fact, IpaH7.8 is conserved among disease-causing clinical
isolates of Shigella, which suggests that targeting of gasdermins by IpaH7.8 is an important
virulence mechanism. The molecular mechanisms of such gasdermin ubiquitination are
starting to emerge with the recent publication of the structure of hGSDMB in complex with
the LRR of IpaH7.8 (Yin et al., 2023).

Yet another mechanism of gasdermin regulation was suggested by several reports on
cysteine modifications in multiple gasdermin family members including GSDMD, GSDME
and microbial gasdermin homologs that regulate their pyroptotic function. 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 murine GSDMD,
mGSDMD) was reported to be important for pyroptosis activities (Liu et al., 2016).

A recent study demonstrates that these cysteines are S-palmitoylated, which facilitates
GSDMD translocation to the plasma membrane (Balasubramanian et al., 2023). Similarly,
evidence for S-palmitoylation of mammalian GSDME (Hu, Chen, et al., 2020) and
bacterial and fungal gasdermin homologs has been reported (Johnson et al., 2022). Protein
S-palmitoylation is a common acylation of proteins that regulates membrane association,
localization, stability, or interaction with partner proteins (Aicart-Ramos, Valero, &
Rodriguez-Crespo, 2011; Linder & Deschenes, 2007), all of which may be relevant to the
function of different gasdermins.

The evidence for gasdermin phosphorylation is starting to emerge for GSDMA (Rogers
et al., 2019; Santamaria et al., 2011), GSDMD (Li, Mo, et al., 2022) and GSDME
(Rogers et al., 2019), though the mechanistic details remain to be elucidated. It appears
that gasdermin phosphorylation prevents assembly of oligomeric pores, thus suppressing
pyroptotic activities. The kinases and phosphatases that regulate such phosphorylation
events remain to be identified or validated.

This review summarizes emerging themes on gasdermin regulation by post-translational
modifications including protease cleavage, ubiquitination, lipidation, and phosphorylation.
Since the main functions of gasdermins seems to be execution of cytolysis and/or release
of inflammatory cytokines, this review will discuss how gasdermins mediate the release of
intracellular cytokines with or without pyroptosis. The fact that multiple post-translational
modifications of gasdermins regulate their function suggests that diverse mechanisms have
evolved to modulate cell death and the release of intracellular contents, which in turn
elicit strong inflammatory responses that may have beneficial or deleterious consequences.
For discussion of pore formation by gasdermins, the roles of gasdermins in inflammatory
disorders or tumor immunology, or therapeutic targeting of gasdermins, the readers are
referred to a number of excellent reviews published recently (Broz et al., 2020; Hou, Hsu,
& Hung, 2021; Liu et al., 2021; Magnani, Colantuoni, & Mortellaro, 2022; Ryder, Kondolf,
O’Keefe, Zhou, & Abbott, 2022; Schutter et al., 2021; Wang & Ruan, 2022).
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2. Processing of gasdermins by host proteases

The discovery of GSDMD and other gasdermins as executors of pyroptosis has sparked
intense interests in the molecular mechanisms of gasdermin and pyroptosis regulation
under physiological and pathological conditions. To maintain cellular homeostasis, most
gasdermin family members reside in autoinhibited conformations through NTD-CTD
interactions in the resting states. Protease processing has been shown to be the primary
mechanisms of promoting or suppressing the gasdermin NTD-mediated membrane pore-
formation and pyroptosis. The effects of protease processing is in large part dependent on
the location of the cleavage sites within gasdermins, and the conditions for the stimulation
of the relevant proteases. The diverse signaling pathways that impact proteolytic activities
towards different gasdermins reveal distinct mechanisms for regulation of pyroptosis and
cytokine release (Liu, Busscher, Storl-Desmond, & Xiao, 2022).

2.1 Protease processing and function of GSDMB

Genes encoding GSDMB are found in primates and ruminants, but not rodents or carnivores
(Tamura et al., 2007). There are six different isoforms of human GSDMB in UniProt

(The UniProt Consortium, 2023): Q8TAX9-1 to —6, with Q8TAX9-4 being the “canonical”
isoform and the longest at 416 residues, and Q8TAX9-5 only at 163 residues that has a short
C-terminal domain (CTD). Except for Q8TAX9-5, the other five variants listed in UniProt
have identical NTDs and CTDs but different NTD-CTD linker regions (Fig. 2). Nonetheless,
the five variants all harbor the same caspase cleavage sites DNVD (Panganiban et al.,

2018) (protease cleaves at the C-terminus of the underlined Asp residue) and neutrophil
elastase cleavage sites KETM (Oltra et al., 2022) within the NTDs. Cleavage at these sites
within NTDs are expected to diminish pore-forming activities. The variants also harbor the
granzyme A cleavage sites KSLG that likely facilitate liberation of NTDs from CTDs. Note
that the mRNAS coding the longest GSDMB isoform Q8TAX9-4 (416 residues) is referred
to as transcript variant 3 (NM_001165958) and transcript variant 6 (NM_001388420) that
code “isoform 3” in the nucleotide database of NCBI. This is the isoform commonly used

in hGSDMB studies. Care must be taken when a specific GSDMB isoform from a specific
database is referred to, as the different isoforms are of various lengths and possible different
function (Carl-McGrath, Schneider-Stock, Ebert, & Récken, 2008; Sun et al., 2008).

The longest isoform of hGSDMB (Q8TAX9-4) was reported to be cleaved by caspase-1

at residue 233-EEKD-236, which led to pyroptosis by the NTD (Panganiban et al., 2018).
In agreement, over-expression of the N-terminal 232 residues of this hGSDMB isoform

in HEK293T cells led to cytolysis, whereas a shorter fragment of 220 residues did not
(Panganiban et al., 2018). Notably, the 220 residue fragment in the Panganiban study is
identical among all of the hGSDMB isoforms except for the Q8 TAX9-5 isoform that harbors
no NTD. The pyroptosis-deficient fragment of 220 residues was also observed in a study

of hGSDMB cleaved at residue M220 by the neutrophil elastase, a serine protease localized
in the azurophilic granules in neutrophils, which blocks the pyroptotic activity of hGSDMB
(Oltra et al., 2022). Again the minimal pyroptosis-competent fragment of hGSDMB was
shown to be residues 1-233 in this report (Oltra et al., 2022), in agreement with the
Panganiban study. It remains to be determined what important roles the extra 12 residues
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NIHFRGKTKSFP play in mediating pore-formation or pyroptosis. These are located at the
C-terminus of the hGSDMB NTD (isoform Q8TAX9-4) encoded by exon 6. Coincidently,
another isoform Q8TAX9-3 of 403 residues, which does not contain the above 12 residues,
failed to induce pyroptosis with or without processing by caspase-1 (Panganiban et al.,
2018). Notably, among the 12 residues mentioned above is a highly conserved Phe residue in
all gasdermin variants known to induce pyroptosis (Liu et al., 2018) (Fig. 2). This conserved
F240 residue plays an important role in hGSDMD oligomerization and pore formation, as

it anchors the a3 helix of the hGSDMD NTD, which mediates a crucial interface between
adjacent NTD subunits in the pore form (Rathkey, Xiao, & Abbott, 2020).

Besides caspase-1 and neutrophil elastase, caspases-3, —6 and —7 cleave hGSDMB after
residue D91 and produce a pyroptosis-deficient form (Chao et al., 2017). On the other hand,
lymphocyte-derived granzyme A can cleave GSDMB to induce pyroptosis and contributes to
antitumor immunity. The cleavage sites are located predominantly at K244 and secondarily
at K229 within the interdomain linker (Zhou et al., 2020).

Curiously, before the discovery of gasdermins as executors of pyroptosis, a study focused on
skin cell death revealed that the hGSDMB NTD, unlike the NTDs from other gasdermins,
did not induce pyroptosis in HEK 293T cells, even though the specific hGSDMB variant or
the boundary of the hGSDMB NTD under study was not specified (Shi, Tang, et al., 2015).
The same group later published that for the longest hGSDMB isoform, the N-terminal
275-residue but not 236-residue fragment induced cell death (Chen, Shi, et al., 2019).

Even though the same 275-residue fragment of hGSDMB was previously shown to induce
cell death in HEK293T cells (Ding et al., 2016), the discrepancy between the failure of

the 236-residue fragment to induce pyroptosis here vs the 232/233-residue fragment that
was pyroptosis competent in the Panganiban study (Panganiban et al., 2018) remain to be
resolved. Both of these studies focused on the longest hGSDMB isoform. Interestingly,
co-expression of GSDMB, GSDMD, and caspase-4 revealed that the full-length hGSDMB
promoted caspase-4 cleavage of hGSDMD, perhaps through binding of the hGSDMB
N-terminal region (residues 1-83) to the CARD of caspase-4 (Chen, Shi, et al., 2019).
Another unusual feature of GSDMB is that, unlike other gasdermins, both the full-length
and NTD of GSDMB can bind phosphoinositides and sulfatides, suggesting a weak NTD-
CTD interaction that allows lipid binding within the context of the full-length protein, even
though the full-length GSDMB does not induce pyroptosis (Chao et al., 2017).

As is evident from the above, the contribution of GSDMB variants in pyroptosis and
subsequent cell lysis remains to be clarified (Li, Li, & Bai, 2020; Oltra et al., 2022;

Rana et al., 2022; Zheng, Yuan, Zhang, & Tang, 2022). For example, GSDMB cleaved by
granzyme A from NK cells mediates pyroptosis of target cells (Zhou et al., 2020), including
esophageal carcinoma cell lines. In addition, analysis of the Cancer Genome Atlas (TCGA)
database suggested a strong positive correlation between GSDMB expression and patient
survival for bladder carcinoma and skin cutaneous melanoma (Zhou et al., 2020). In contrast
to these observations, elevated GSDMB expression levels have been observed in patients
suffering from other cancers such as cervical, breast, hepatic, colon, and gastric cancers
(Carl-McGrath et al., 2008; Edgren et al., 2011; Hergueta-Redondo et al., 2016; Komiyama
et al., 2010; Lutkowska et al., 2017; Saeki, Komatsuzaki, Chiwaki, Yanagihara, & Sasaki,
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2015). As such, GSDMB expression is linked to poor prognosis and therapeutic responses,
and the development of distant metastasis of these cancers. Besides various cancers, variants
of GSDMB have been implicated in asthma (Das et al., 2016; Li et al., 2021; Moffatt et

al., 2007; Panganiban et al., 2018; Stein et al., 2018), type 1 diabetes (Saleh et al., 2011),
and inflammatory bowel disease (Christodoulou et al., 2013; Jostins et al., 2012; Rana

et al., 2022; S6derman, Berglind, & Almer, 2015). Recent studies of inflammatory bowel
disease (IBD) demonstrated that \GSDMB was highly expressed in intestinal epithelial cells
and regulated focal adhesion kinase phosphorylation to promote epithelial maintenance and
repair, instead of participating in pyroptosis (Rana et al., 2022). In this work, the hGSDMB
being studied is the longest isoform encoded by transcript 3. Nevertheless, pyroptosis could
not be ruled out as a potential pathogenic mechanism, and cleavage of hGSDMB was
observed in IBD intestinal biopsies. Future studies may clarify how the pyroptosis and
non-pyroptosis function of hGSDMB may be dependent on multiple factors including the
expression of different isoforms, susceptibility to different protease cleavage, and different
tissue environments.

2.2 Activation of hGSDMC by apoptotic caspases

In PD-L1-expressing breast cancer cells, expression of GSDMC but no other gasdermins
was enhanced, and hGSDMC cleavage was observed under hypoxia conditions upon TNFa
and cycloheximide (CHX) treatment (Hou et al., 2020). In this case, both caspase-8 and
caspase-6 can cleave hGSDMC, though the latter is not induced by TNFa and CHX
treatment. The cleavage site is at residue 362-LELD-365 of GSDMC, which allows the
resulting NTD to form pores and inducing pyroptosis (Hou et al., 2020). In another study, an
essential metabolite in the tricarboxylic acid (TCA) cycle a-ketoglutarate (a-KG) induces
pyroptosis through caspase-8-mediated cleavage of hGSDMC at residue 237-TFQD-240
(Zhang et al., 2021), which is not conserved in mGSDMC. The different cleavage site

from the previous study suggests that different stimuli may impact caspase-8 cleavage of
hGSDMC. Mechanistically, a-KG elevates ROS levels that leads to oxidation of the plasma
membrane-localized death receptor 6 (DR6). Oxidation of DR6 triggers its endocytosis

and recruitment of both procaspase-8 and hGSDMC through protein—protein interactions,
thus leading to cleavage of hGSDMC and pyroptosis. This a-KG-induced pyroptosis was
shown to inhibit tumor growth and metastasis in mouse models. Both of the above studies
demonstrate the potential of apoptotic caspase-activated GSDMC in tumor immunotherapy.

2.3 Processing of GSDMD by host proteases

GSDMD has been the most intensively studied member of the gasdermin family and was
initially reported to be cleaved by inflammatory caspases-1, —4, =5, and —11 at the linker
between its NTD and CTD (He et al., 2015; Kayagaki et al., 2015; Shi, Zhao, et al., 2015).
The cleavage site is located at residue 272-FLTD-275 in hGSDMD and 273-LLSD-276

in mGSDMD. In addition to inflammatory caspases, GSDMD is cleaved at the same

site by apoptotic caspase-8, though with less efficiency compared with the inflammatory
caspases (Chen, Demarco, et al., 2019; Orning et al., 2018; Sarhan et al., 2018). Besides
caspases, GSDMD was reported to be cleaved and activated by serine proteases such as
neutrophil elastase (ELANE) (Kambara et al., 2018; Sollberger et al., 2018) or cathepsin
G (CatG) (Burgener et al., 2019). The multiple serine protease cleavage sites are located
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at the NTD-CTD linker region, thus facilitating the NTD fragment to be released from the
CTD to assemble membrane pores. Protease processing can also inactivate GSDMD if the
cleavage sites are located within the NTD. For example, both caspase-3 and caspase-7 cleave
GSDMD at residue D87 to generate an NTD that is deficient in pore formation (Chen,
Demarco, et al., 2019; Sarhan et al., 2018; Taabazuing et al., 2017).

Investigation of GSDMD recognition by inflammatory caspases have revealed a dual site
recognition mechanism, in which the GSDMD NTD-CTD linker binds the caspase active
site, while a hydrophobic pocket at the GSDMD-CTD engages the caspase exosite near its
L2-L2" strands (Liu, Wang, et al., 2020; Wang, Sun, et al., 2020). The exosite is sufficient
to mediate GSDMD-caspase interaction, and is likely the initial enzyme-substrate contact,
referred to as priming interaction. This initial interaction brings the NTD-CTD linker within
the vicinity of the caspase active site for protease cleavage. Similar exosites have been
identified in caspase-7 that engages poly(ADP ribose) polymerase 1 (PARP) (Boucher,
Blais, & Denault, 2012), and in caspase-8 that binds the inhibitor baculovirus p35 protein
(Lu, Min, Eliezer, & Wu, 2006, p. 8). Clearly, the recognition of caspase substrates may

be influenced by their tertiary structures that provide crucial binding surface for exosites,
which contributes to the more stringent substrate selectivity for some caspases. However, it
is unclear if this also applies to the more promiscuous caspases such as caspase-3 that also
cleaves GSDMD (Wang et al., 2017). It would thus be important to clarify and characterize
diverse modes of gasdermin recognition by different proteases. A recent study by Devant
and colleagues (Devant, Cao, & Kagan, 2021) revealed three classes of caspase-4 homologs
in carnivorans. Among these, canine caspase-1/4 is a hybrid of both human caspase-4 and
caspase-1 due to its shared sequence features with both, and cleaves both pro-I1L-1p and
GSDMD. It is important to understand the molecular determinants of substrate selectivity
by different inflammatory caspases through evolution, with a focus on how GSDMD is
recognized by caspases from different species.

Because the GSDMD-NTD is able to induce strong phenotype of pyroptosis and
inflammatory responses, multiple studies have utilized GSDMD in tumor immunotherapy.
An extracellular vesicles-based GSDMD-NTD mRNA delivery system was devised to
induce pyroptosis of breast cancer cells and elicit an immunogenic tumor microenvironment
for tumor immunotherapy (Xing et al., 2023). As the endosomal sorting complexes

required for transport (ESCRT) machinery-mediated membrane repair was reported to
significantly dampen GSDMD-mediated pyroptosis (Rihl et al., 2018), blocking the calcium
influx-triggered ESCRT I1I-dependent membrane repair was investigated as a strategy to
enhance pyroptosis of primary and metastatic tumors (Li, Mo, et al., 2022). Another
membrane repair mechanism triggered by caspase-7 cleavage of acid sphingomyelinase
(ASM) may also be targeted to enhance cytolysis (Nozaki et al., 2022). Nanoparticle-
mediated release of calcium chelator BAPTA-AM was shown to strongly enhance tumor
pyroptosis from hydrogel-delivered GSDMD (Li, Mo, et al., 2022). Combination of this
strategy with immune checkpoint blockade may improve the immunotherapy efficacy
against immunogenic and non-immunogenic tumors.
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2.4 Cleavage of GSDME by caspases and granzyme B

Caspases-3 and —7 were reported to cleave human or mouse GSDME at D270 to generate
a pore-forming NTD, which causes secondary necrosis in apoptotic cells (Rogers et al.,
2017; Sarhan et al., 2018; Taabazuing et al., 2017; Wang et al., 2017). Caspase-3 plays

a dominant role in GSDME activation, while caspase-7 makes minor contributions, as
caspase-3 deficiency in macrophages nearly abolished GSDME cleavage (Sarhan et al.,
2018; Taabazuing et al., 2017). In addition to caspases, GSDME may be cleaved by
granzyme B, a serine protease expressed in NK, CD8+, or chimeric antigen receptor (CAR)
T cells (Liu, Fang, et al., 2020; Zhang et al., 2020). Granzyme B can be delivered through
perforin pores to tumor cells such as leukemia, melanoma, breast cancer and colorectal
cancer cells. Granzyme B can directly cleave GSDME, while at the same time activates
caspase-3 to further enhance GSDME cleavage. In agreement, expression of GSDME led
to suppression of tumor growth, which was only partially dependent on caspase-3. On

the other hand, GSDME-mediated pyroptosis was shown to stimulate caspase-1 activation
and GSDMD cleavage in macrophages, which resulted in excessive cytokine release that
contributed to severe cytokine release syndrome (CSR) during CAR T cell therapy (Liu,
Fang, et al., 2020; Obstfeld et al., 2017). Depletion of macrophages or inhibition of
caspase-1 and GSDMD activation may circumvent CRS without diminishing the efficacy
of tumor clearance through pyroptosis (Liu, Fang, et al., 2020).

2.5 Cleavage of GSDMA and GSDMD by microbial and allergen proteases

Besides proteases from host cells, microbial and allergen proteases have been reported to
either activate or suppress pyroptosis by gasdermins. Grampositive group A Streptococci
(GAS) expresses a cysteine protease SpeB as a virulence factor. It was shown recently

that SpeB triggers pyroptosis of skin cells by cleaving human GSDMA at residue Q246,
generating an active N-terminal fragment that induce cell death (Deng et al., 2022; LaRock
et al., 2022). As such, GSDMA functions as a sensor and effector against intracellular
bacterial infection by triggering the elimination of the infected skin cell, thus depriving the
pathogen of its protective niche. Pyroptosis of the infected cell ultimately prevents systemic
dissemination of bacteria from the epithelial barrier. Notably, extracellular SpeB does not
efficiently activate GSDMA. Cytosolic translocation of SpeB through either electroporation,
packaging in liposomes, or infection by GAS is required for activation of GSDMA-mediated
pyroptosis.

In addition to proteases from bacteria, viral proteases are known to counteract gasdermin-
mediated pyroptosis. Enterovirus 71 (EV71) is a major causative agent of hand-foot-and-
mouth disease (HFMD) in young children and has caused many large-scale epidemics
(Chang, Chen, & Chen, 2016). Protease 3C from EV71 cleaves human GSDMD at residue
Q193 within its NTD to inhibit its pyroptosis activity (Lei et al., 2017, p. 71). Such
suppression of GSDMD-mediated pyroptosis promotes EV71 replication and survival in
vivo. Presumably other microbial proteases with similar substrate specificity may subvert
GSDMD-mediated pyroptosis using similar mechanism. On the other hand, viral proteases
may also activate pyroptosis mediated by gasdermins. Oncolytic viruses such as Zika virus,
which is neurotropic, was reported to induce pyroptosis of glioblastoma cells through
cleavage and activation of GSDMD by the viral protease NS2B3 (Kao et al., 2023). Its
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cleavage site in hGSDMD is at 246-GHKR-249, and R249H mutation led to resistance to
viral protease cleavage and pyroptosis. It remains to be determined whether such GSDMD-
activating viral proteases may be utilized in tumor therapy.

In a study focusing on airway inflammation in response to allergens, it was revealed that
lung epithelial cells harbor unique mechanisms to sense allergen proteases such as papain
(Chen et al., 2022). Papain treatment led to the cleavage of hGSDMD and mGSDMD

into p35 and p40 fragments, respectively, which assemble membrane pores and promote

the secretion of IL-33, an IL-1 family of cytokines implicated in allergic inflammation.
Residues 289-GLRAE-293 in hGSDMD and 309-ELRQQ-313 in mGSDMD are necessary
for cleavage by papain, revealing novel pore formation-competent GSDMD fragments. The
endogenous protease responsible for generating the p40/p35 GSDMD fragment has yet to be
identified.

3. Regulation of GSDMB and GSDMD through ubiquitination

Human GSDMB, which is absent in rodents, and hGSDMD are ubiquitinated by a bacterial
E3 ligase IpaH7.8 as an immune evasion strategy for pathogens such as S. flexneri, since
hGSDMB and hGSDMD can directly induce lysis of the invading bacteria as well as
infected host cells (Hansen et al., 2021; Luchetti et al., 2021). The molecular mechanisms
of such gasdermin ubiquitination are starting to emerge with the recent publication of the
structure of hGSDMB in complex with the LRR of IpaH7.8 (Yin et al., 2023), which
reveals that the hGSDMB-NTD contacts the IpaH7.8 LRR through charged and hydrophobic
residues. Of interest, the GSDMB residues (E15, D21, L96D, R124 and R208) essential
for interacting with IpaH7.8 are also crucial for pore formation. Surprisingly, among the

13 hGSDMB residues that bind 1paH7.8, only 4 are conserved in hGSDMD, suggesting
that the modes of hGSDMB and hGSDMD recognition by IpaH7.8 are likely to be distinct.
Perhaps more importantly, the mechanisms of gasdermin ubiquitination by IpaH7.8 remain
poorly understood, as the IpaH7.8 NEL domain that catalyzes ubiquitination is absent in
the published structure. Moreover, binding of gasdermins by IpaH7.8 does not necessarily
lead to ubiquitination or degradation. For example, IpaH7.8 binds both hGSDMD and
mGSDMD, but only ubiquitinates and degrades the former but not the latter (Luchetti

et al., 2021; Yin et al., 2023). This escape from IpaH7.8 catalyzed ubiquitination by
mGSDMD may allow mice to employ mGSDMD-mediated pyroptosis to protect against
Shigella infection. By contrast, Shigella infection causes severe hemorrhagic gastroenteritis
in primates. Residues within the poorly conserved a1-a.2 loops in hGSDMB and hGSDMD
were suggested to influence their ubiquitination, even though no lysine residues are located
at this loop and multiple lysine residues outside this region may be ubiquitinated (Luchetti
etal., 2021; Yin et al., 2023). It is clear that we are only beginning to understand the
antagonism of gasdermins by the microbial E3 ligase, and mechanisms for the recognition
and ubiquitination of hGSDMD, as well as ubiquitination of hGSDMB remain to be
elucidated.
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4. Cys modifications in gasdermins that regulate pyroptosis

Since the initial report that the conserved Cys191 in hGSDMD and Cys192 in mGSDMD
were important for their pyroptosis activities (Liu et al., 2016), structural studies have
revealed that Cys191 is not in close proximity to other cysteines or each other in the

resting state or the oligomeric pore structure, thus unlikely to form disulfides (Liu et

al., 2019; Xia et al., 2021). Subsequently, it was reported that mutation of hGSDMD
Cys191 led to ~50% reduction of pyroptosis (Hu, Liu, et al., 2020; Rathkey et al.,

2018). Intriguingly, small molecule compounds such as necrosulfonamide (Rathkey et al.,
2018) or disulfiram (Hu, Liu, et al., 2020) covalently modify Cys191 to inhibit hGSDMD-
mediated pyroptosis. Accordingly, C191A mutation diminishes the efficacies of these
inhibitors. Furthermore, the same Cys191 was shown to be covalently modified by fumarate,
a tricarboxylic acid (TCA) cycle intermediate, which suppresses hGSDMD processing,
oligomerization and its capacity to induce pyroptosis (Humphries et al., 2020). A recent
study shed light on the mysterious Cys191/192 residues. Balasubramanian and colleagues
demonstrated that Cys191 in hGSDMD and Cys192 in mGSDMD are S-palmitoylated,
which is essential for GSDMD NTD translocation to the plasma membrane thus facilitating
pyroptosis (Balasubramanian et al., 2023). Such GSDMD palmitoylation is mediated by
palmitoyl acyltransferases zinc finger aspartate-histidine-histidine-cysteine (ZDHHC)-5/9,
and facilitated by LPS-induced reactive oxygen species (ROS). Suppression of GSDMD
palmitoylation mitigated the pathology of sepsis in mouse models.

Besides GSDMD, GSDME cysteine residues C407 and C408 are reported to be
palmitoylated during chemotherapy-induced pyroptosis, which is suppressed by an acyl
transferase inhibitor 2-bromopalmitate (Hu, Chen, et al., 2020). Such palmitoylation does
not affect GSDME cleavage by caspase-3, but may facilitate the dissociation of GSDME-
NTD from CTD thus promoting pyroptosis. Among the 23 ZDHHCs that catalyze protein
palmitoylation (Aicart-Ramos et al., 2011; Jin, Zhi, Wang, & Meng, 2021; Linder &
Deschenes, 2007), ZDHHC-2/7/11/15 were identified as enzymes that palmitoylate GSDME
(Hu, Chen, et al., 2020). In addition to Cys modifications in mammalian gasdermins, a
cysteine residue conserved in bacterial and fungal gasdermin homologs was shown to be
palmitoylated, as shown in a bacterial gasdermin structure (Johnson et al., 2022). This
stabilizes the structure and contribute to the pore-forming activities of the gasdermin

in antiphage defense. Protein S-palmitoylation is the most common form of acylation

that provides an important regulatory mechanism for membrane association, localization,
stability, or interaction with partner proteins (Aicart-Ramos et al., 2011; Linder &
Deschenes, 2007), all of which may be relevant to the function of gasdermins. The
potentially widespread S-palmitoylation of gasdermins in bacteria and fungi, as well as
evidence on S-palmitoylation in mammalian GSDMD and GSDME indicate that cysteine
modifications are conserved and important mechanisms for regulating gasdermin function.
Understanding the mechanisms for such regulation may facilitate the development of small
molecule tool compounds or potential therapeutics targeting cysteines in gasdermins and
pyroptosis.
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5. Phosphorylation of gasdermins

Phosphorylation is the most common form of protein modification and is present in most
signal transduction pathways controlling nearly every aspect of cellular physiology (Hunter,
2012). Emerging evidence suggests that some gasdermin family members may be regulated
by phosphorylation though the mechanistic details remain to be elucidated. A search of

the high-throughput mass spectrometry database PhosphoSitePlus (Hornbeck et al., 2015)
revealed that GSDME can be phosphorylated at multiple Ser and Thr residues including T6,
S69, S113, S114, T117, and S252 (Rogers et al., 2019). Mutagenesis studies revealed that
phosphomimetic T6E mutation significantly inhibited the pyroptotic activity of GSDME,
likely through preventing GSDME dimerization/oligomerization in membranes (Rogers et
al., 2019). The kinase that phosphorylates GSDME T6 residue has not been identified. The
corresponding T8 residue in GSDMA was phosphorylated in response to activation of Polo-
like kinase 1 (PIk1) (Santamaria et al., 2011), and phosphomimetic T8E mutation abolished
the pyroptotic activity of GSDMA (Rogers et al., 2019). Both T6 and T8 residues are located
at the a1 helix of the corresponding GSDMA or GSDME, and their phosphorylation may
result in electrostatic repulsion that prevents assembly of oligomeric pores.

The same phosphomimetic strategy was applied to GSDMD, which led to reduced
pyroptosis by GSDMD when multiple Ser and Thr residues were mutated to Glu residues
(Li, Pu, Huang, Zhang, & Yin, 2022). Phosphate-binding tag gel electrophoresis revealed
that Thr213 is a major site of phosphorylation, which suppresses GSDMD oligomerization.
This phosphorylation is negatively regulated by protein phosphatase 1 (PP1), in particular
two catalytic subunits PP1a and PP1vy. It remains to be determined which kinases
phosphorylate GSDMD, whether other GSDMD residues are phosphorylated and whether
such phosphorylation impacts GSDMD-mediated pyroptosis.

6. Theroles of gasdermins in cytokine release

Pore formation by gasdermins allows the release of intracellular contents such as danger
signals or cytokines to the extracellular environment. These intracellular contents in turn
orchestrate multiple aspects of innate and adaptive immunity (Declercq, De Leeuw, &
Lambrecht, 2022; Dinarello, 2009; Evavold & Kagan, 2022; Migliorini, Italiani, Pratesi,
Puxeddu, & Boraschi, 2020; Vora, Lieberman, & Wu, 2021). Some of the most intensively
studied cytokines released through the gasdermin pores are the IL-1 family of leaderless
cytokines. Due to the lack of signal peptides, the IL-1 family of cytokines do not exit the cell
via the conventional ER-Golgi secretory pathway (Dinarello, 2009; Rubartelli, Cozzolino,
Talio, & Sitia, 1990). Recent literature suggests that lytic or non-lytic release of cytokines is
mediated by various gasdermins.

6.1 Cytolytic release of cytokines from myeloid cells

In the inflammasome signaling pathway, the pro-forms of IL-1p and IL-18 are processed
by inflammatory caspases, followed by the secretion of mature cytokines facilitated by the
GSDMD pores (Evavold et al., 2018; He et al., 2015; Karmakar et al., 2020; Kayagaki

et al., 2015; Shi, Zhao, et al., 2015; Xia et al., 2021). Investigation of IL-1p/IL-18
maturation and trafficking revealed that mature IL-1p/1L-18 harbors a polybasic motif that
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directs its relocation to PIP2-rich plasma membrane ruffles through electrostatic attraction
(Monteleone et al., 2018). The pro-forms of the cytokines are unable to localize to the
plasma membrane due to the acidic nature of the pro-domain. Such localization of the
mature cytokines facilitates their slow secretion from non-pyroptotic macrophages that is
independent of GSDMD. In the presence of GSDMD activated by caspase-1 cleavage,

the speed of cytokine secretion is significantly boosted. Xia and colleagues elucidated

the molecular details of the predominantly negatively charged GSDMD pore conduit that
exhibits a preference for neutral or positively charged cargo, such as mature IL-1 or IL-18
(Xia et al., 2021). This mechanism of cargo preference is referred to as electrostatic filtering.

GSDMD-mediated cytokine secretion may be further enhanced by lysosomal cathepsins

in macrophages. While studying NAIP/NLRC4-dependent IL-1p secretion, Branco and
colleagues discovered that the most abundant lysosomal proteases cathepsins act
cooperatively with GSDMD to increase IL-1p secretion (Branco et al., 2022). IL-1p
secretion in response to cytosolic flagellin was partially blocked in GSDMD-deficient cells
but was fully abrogated upon cathepsin inhibition. The cathepsins did not affect the priming
or assembly of the NAIP/NLRC4 inflammasome, nor did they impact GSDMD cleavage,
which is in direct contrast to the roles of cathepsins in the priming and assembly of the
NLRP3-inflammasome (Campden & Zhang, 2019). How GSDMD and cathepsins act in
concert to optimize IL-1p secretion remain to be determined.

6.2 Gasdermin-mediated cytokine release in non-lytic myeloid cells

Since the discovery of GSDMD as a pore-forming effector protein mediating pyroptosis
(Broz et al., 2020; He et al., 2015; Kayagaki et al., 2015; Shi et al., 2017; Shi, Zhao,

et al., 2015), various studies have identified GSDMD pores and lytic cell death as

the primary method of IL-1p secretion from macrophages. Other studies demonstrate

that cytokine secretion, more often than not, is observed from myeloid cells that are
considered “hyperactivated” but remain viable. The pattern of non-lytic cytokine secretion
after inflammasome activation is unique to specific triggers. Several examples include LPS-
stimulated human monocytes that secret IL-1p in the absence of pyroptosis (Gaidt et al.,
2016); bacterial peptidoglycan-derived A-acetyl glucosamine that stimulates IL-1p secretion
in macrophages (Wolf et al., 2016); oxidized phospholipid (oxPAPC)-stimulated dendritic
cells secret IL-1p in the absence of cell death (Zanoni et al., 2016); Salmonella-stimulated
neutrophils, a major source of IL-1f during acute Salmonella infection, maintain viability
to sustain IL-1 release and clear infection (Chen et al., 2014). It should be noted that

in neutrophils, the GSDMD NTD forms membrane pores not in the plasma membrane,

but mostly in the membranes of intracellular organelles, particularly azurophilic granules
(Karmakar et al., 2020). Nevertheless, IL-1p secretion from neutrophils is GSDMD-
dependent, despite the absence of GSDMD pore-formation in the plasma membrane.

Multiple mechanisms have been proposed for the above hyperactivated states of myeloid
cells. For example, upon inflammasome stimulation, only a small amount of GSDMD is
expressed and/or activated such that the number of pores formed is insufficient to induce
pyroptosis but just enough to allow for transport of small proteins such as mature cytokines
(Chen et al., 2014; Evavold et al., 2018; Monteleone et al., 2018). Others suggest that
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membrane repair by the ESCRT machinery is efficient enough to prevent cell rupture but
not cytokine secretion (RUhl et al., 2018). The use of cytoprotectant, such as glycine has
demonstrated that macrophages, dendritic cells, and neutrophils are all capable of IL-1p
secretion in a GSDMD-dependent, pyroptosis-independent manner (Heilig et al., 2018).

GSDMD is not the only gasdermin capable of mediating IL-1p release after inflammasome
activation. Zhou and Abbott report two distinct phases of IL-1p release in macrophages,

in which GSDME facilitated sublytic IL-1f release in the absence of GSDMD (Zhou

& Abbott, 2021). In the presence of GSDMD, these two gasdermins work together in a
cooperative fashion to facilitate IL-1p release upon activation of the NLRP1, NLRP3, or
NLRC4 inflammasome. Interestingly, the expression levels of GSDME determine whether
IL-1p is released rapidly through cytolysis upon overexpression, or slowly and continuously
in living macrophages at endogenous expression levels. It is likely that membrane repair
mechanisms such as ESCRT may be triggered to counter pore formation by gasdermins until
the former is overwhelmed upon excessive gasdermin activation.

6.3 Gasdermin-mediated cytokine release in non-myeloid cells

Even though the gasdermin family was initially identified as proteins highly expressed in the
gastrointestinal tract and skin (Saeki et al., 2000; Sato et al., 1998; Van Laer et al., 1998),
the majority of research following the discovery of GSDMD as an effector for pyroptosis
has been focused on myeloid cells. As the field of inflammasome activation and gasdermin
function evolves, there are increasing efforts on epithelial and other non-myeloid cells. A
recent report by Bulek et al. revealed a previously undocumented role of GSDMD in guiding
the release of polyubiquitinated IL-1p via extracellular vesicles in non-pyroptotic intestinal
epithelial cells (IECs) (Bulek et al., 2020). LPS + ATP stimulation of colonic IECs led to
caspase-8-mediated NLRP3 inflammasome activation, which, instead of cleaving GSDMD
and pro-1L-1p, facilitated the release of LC3+ secretory vesicles containing Hsp90/Cdc37-
bound full-length GSDMD, active caspase-8, polyubiquitinated IL-1p, and E3 ubiquitin
ligase NEDDA4. This study highlights an interesting alternative role of GSDMD in secretory
vesicles that facilitates cytokine release, as opposed to the typical role of membrane pore
conduit for cytokine secretion.

Another investigation into the role of GSDMD in epithelial cells involves the release of
IL-1 family IL-33 (Chen et al., 2022). IL-33 is constitutively expressed in many cell types,
with particular importance in structural/stromal or barrier epithelial cells. Previously, it was
thought that IL-33 was released from cells passively via cellular injury, physical stress,

or necrosis (Martin & Martin, 2016). Treatment of lung epithelial cell lines MLE-12 and
Ab549 cells with an allergen protease, papain, resulted in translocation of IL-33 from the
nucleus to the cytoplasm via stress granule assembly, as well as cleavage of mGSDMD or
hGSDMD to generate p40 or p35 N-terminal fragments capable of forming membrane pores
(Chen et al., 2022). 1L-33 was secreted through such pores in the absence of cytolysis and
independent of caspase-1 and —11. It is notable that GSDMD may switch among various
cleavage products depending on different environmental triggers and cell types, which in
turn facilitates the release of particular cytokines responsible for specific inflammatory
response. Importantly, almost all tested allergen proteases from microbial or environmental
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sources stimulated the generation of the p40 GSDMD NTD and induced IL-33 secretion
in a dose-dependent manner. By contrast, no GSDMD fragmentation or I1L-33 release

was observed after stimulation with nonenzymatic allergens. This suggests that a common
protease stress-sensing pathway may be operating in lung epithelial cells in response to
allergen proteases, which leads to GSDMD p40 generation and IL-33 release, but not
pyroptosis. The endogenous protease responsible for generating the p40/p35 GSDMD
fragment, perhaps downstream of the allergen protease-sensing pathway, has yet to be
identified.

Besides epithelial cells, human coronary artery endothelial cells and smooth muscle

cells have been reported to secret IL-1p in response to oxidized low-density lipoprotein
(oxLDL) (Almansouri, Patel, Chamberlain, & Francis, 2022). OXLDL is known to promote
inflammatory cytokine secretion and contribute to both initiation and progression of
atherosclerosis (Itabe, Obama, & Kato, 2011; Yang et al., 2014). Treatment of these
endothelial and smooth muscle cells with oxLDL led to release of IL-1p, which was
dependent on NLRP3, caspase-1 and GSDMD for endothelial cells, and was caspase-1-
dependent for smooth muscle cells. Even though elevated LDH release was detected

for the endothelial cells, they remain alive for at least 24 h (Almansouri et al., 2022),
reminiscent of the IL-33 secreting epithelial cells without cytolysis. This study further
suggests that caspase-1 or gasdermin D inhibition may be an effective strategy for targeting
atherosclerosis.

Similar to the role of GSDME in cytokine release from macrophages, TH17 cells (but not
TH1, TH2, or Tyeg) were reported to utilize GSDME pores to release IL-1a, which was
dependent on T cell-intrinsic NLRP3 infammasome and caspase-8/3 activation (Chao et

al., 2023). The level of IL-1a secretion from Ty17 cells stimulated with anti-CD3 and anti-
CD28 was comparable to that from human monocytes primed with LPS and stimulated with
nigericin, suggesting that T17 cells are a major source of IL-1a.. Processing of pro-IL-1a
by calcium-dependent protease calpain was a prerequisite for IL-1a secretion. Even though
both GSDME and GSDMD were induced upon T cell stimulation, only GSDME was shown
to be cleaved, likely by caspase-3. Nonetheless, the IL-1a-secreting TH17 cells retained
viability and full proliferation potential compared with the non-IL-1a-secreting cells. This
is yet another example of GSDME-mediated cytokine release independent of cytolysis. This
study further demonstrates that the ability of T17 cells to secret IL-1a is an important
anti-fungal host defense mechanism, in addition to their ability to produce 1L-17.

7. Conclusions and future perspectives

The diverse regulatory mechanisms of gasdermins by host and microbial enzymes such

as proteases, ubiquitin ligases, acyltransferases, kinases and phosphatases underlie the
divergent physiological and pathological functions of gasdermins as effectors of pyroptosis
and cytokine secretion. The molecular mechanisms for the recognition of gasdermins by
this wide variety of enzymes are poorly understood except for the recent elucidation of
GSDMD recognition by inflammatory caspases (Liu, Wang, et al., 2020; Wang, Sun,

et al., 2020). Even though specific gasdermin residues targeted by some proteases (Liu,
Wang, et al., 2020) and Cys modifications have been identified, it is clear that the tertiary
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structures of gasdermins play important roles in their specific recognition by the various
host and microbial enzymes. Future studies may reveal additional gasdermin-enzyme
interfaces outside of the enzyme active site, as in the “exosite” interface between GSDMD
and inflammatory caspases. This mode of recognition may contribute to higher affinity
gasdermin binding and more stringent substrate selectivity, which is crucial to differentiate
various gasdermins family members or different gasdermin isoforms. This may be of
particular interest for GSDMB, which has multiple isoforms that may be susceptible to
different enzymatic modifications, and participate in pyroptosis or non-pyroptosis function
depending on different stimulation conditions and tissue environments.

Our understanding of gasdermin ubiquitination, Cys modification, and phosphorylation is
much limited compared with protease processing of gasdermins. Despite recent progress on
GSDMB recognition by IpaH7.8, the mechanisms of GSDMB/GSDMD ubiquitination by
IpaH7.8 remain poorly understood, especially due to the fact that binding of gasdermins by
IpaH7.8 does not necessarily lead to ubiquitination or degradation (Luchetti et al., 2021;
Yin et al., 2023). The potentially widespread S-palmitoylation of gasdermins in bacteria
and fungi, as well as evidence on S-palmitoylation in mammalian GSDMD and GSDME
indicate that cysteine modifications are conserved and important mechanisms for regulating
gasdermin function. GSDMD-mediated pyroptosis was reported to be regulated by reactive
oxygen species (ROS) that directly oxidizes Cys192 in murine GSDMD (Devant et al.,
2023). Mutation of Cys192 or absence of oxidation reduces pyroptosis in macrophages. ROS
production in mitochondria from Ragulator-Rag-mTOR Complex 1 (mTORC1) signaling
act either upstream or downstream of GSDMD processing by proteases (Evavold et al.,
2021; Zheng et al., 2021). Whether Cys oxidation occurs in other gasdermins, impacts their
pyroptosis activities, or cross-regulates S-palmitoylation remain to be determined.

Multiple gasdermins have been utilized in anti-tumor inflammatory responses including
GSDMAZ3 (Wang, Wang, et al., 2020), GSDMB (Zhou et al., 2020), GSDMC (Hou et

al., 2020), GSDMD (Li, Mo, et al., 2022; Xing et al., 2023), and GSDME (L.iu, Fang,

et al., 2020; Zhang et al., 2020). Combination of this strategy with immune checkpoint
blockade may improve the immunotherapy efficacy against multiple immunogenic and non-
immunogenic tumors. On the other hand, GSDME-mediated pyroptosis led to activation of
caspase-1 and GSDMD in macropahges, which in turn resulted in cytokine release syndrome
that is deleterious to cancer treatment (Liu, Fang, et al., 2020). In this case, the excessive
cytokine release may be partially triggered by cellular contents including ATP that stimulate
inflammasomes in macrophages. As a result, depletion of macropahges or inhibition of
caspase-1/GSDMD may block the occurrence of cytokine release syndrome. Mechanistical
understanding of the gasdermin-induced inflammatory environment and proper reduction of
excessive cytokine release may be crucial in harnessing the full potential of gasdermins in
tumor immunotherapy.

Emerging evidence suggests that gasdermins are important mediators of cytokine release
with or without pyroptosis. The types of cytokine release through lytic or non-lytic routes
may be dependent on the levels of expression of specific gasdermins, which has been
shown elegantly for GSDME (Zhou & Abbott, 2021). Besides myeloid cells, T417 cells,
epithelial cells, endothelial cells, smooth muscle cells or other are all capable of cytokine
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secretion in a gasdermin-dependent yet pyroptosis-independent manner. Recent studies of
IL-33 release from lung epithelial cells suggest a common protease stress-sensing pathway
in response to allergen proteases, which leads to GSDMD p40 fragment generation and
IL-33 release, but not pyroptosis. Intriguingly, almost all tested allergen proteases from
microbial or environmental sources stimulated the generation of the p40 fragment, while
nonenzymatic allergens did not. It is of great interest to characterize the endogenous
protease(s) responsible for generating the p40/p35 GSDMD fragment that facilitate IL-33
secretion without cytolysis.
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Fig. 1.

Di%/erse mechanisms regulate gasdermin function in pyroptosis and cytokine release.
Gasdermins in myeloid cells, epithelial cells, endothelial cells, T cells and others may

be stimulated by the inflammasome pathways, apoptotic pathways, microbial infections,
allergens, or immune response to tumors. These may result in protease cleavage,
ubiquitination, Cys acylation or oxidation, or phosphorylation of gasdermins that promote or
suppress pyroptosis. Calcium influx triggered by gasdermin pores may stimulate membrane
repair through the ESCRT machinery. Another membrane repair mechanism not depicted
here is mediated by caspase-7 that cleaves acid sphingomyelinase (ASM) to induce
endocytosis. Gasdermins may mediate lytic/sublytic cytokine release through membrane
pores, or may mediate non-lytic cytokine secretion through secretory vesicles. GSDMB has
been shown to harbor non-pyroptosis function in epithelial maintenance and repair.
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Fig. 2.

Sequence alignment of the gasdermin NTD-CTD linker region. Selected gasdermin family
members from human and mouse are shown with identical and conserved residues, cleavage
sites by caspases and other proteases marked as noted. The F240 residue in hGSDMD was
shown to be crucial for oligomerization and pore formation. Among the hGSDMB isoforms,
only three harbor the conserved Phe residue.
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