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Preface: (102 out of max 100 words)

The gasdermins are a new family of pore-forming cell death effectors that cause membrane
permeabilization and pyroptosis, a lytic pro-inflammatory type of cell death. Gasdermins consist of a
cytotoxic N-terminal domain and a C-terminal repressor domain connected by a flexible linker.
Proteolytic cleavage between these two domains releases the intramolecular inhibition on the cytotoxic
domain, allowing it to insert into cell membranes and to form large oligomeric membrane pores, which
disrupt ion homeostasis and induce cell death. In this review, we discuss the recent developments in
gasdermin research with a focus on the mechanisms that control gasdermin activation, pore formation

and the consequences of gasdermin-induced membrane permeabilization.
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Key points (list max 6)

e The gasdermins are evolutionary conserved family of cell death effectors, which
comprises 6 members (gasdermin A, B, C, D, E and Pejvakin) in humans and 10 members in
mice (gasdermin A1-3, C1-4, D, E and PJVK). They derive their name from the distinct

expression pattern of gasdermin A in the gastrointestinal tract and the dermis.

e  The archetypical member of the family is gasdermin D, which was shown to cause a
necrotic type of cell death known as ‘pyroptosis’ that is initiated after inflammasome complex
assembly.

e  All gasdermins are defined by a distinct two-domain architecture, consisting of a N-
terminal cytotoxic domain, a flexible linker and a C-terminal inhibitory domain. Interaction

between the N- and C-terminal domains keeps the gasdermins in an autoinhibited state.

e  Several proteases promote gasdermin activation by cleaving within the internal linker
and thereby relieving autoinhibition by the C-terminus. Most prominent among these are the
inflammatory caspases, a family of cysteine proteases activated within inflammasome

complexes.

. Following cleavage, the N-terminal gasdermin domain targets and inserts into cellular
membranes by interacting with the negatively charged headgroups of certain phospholipids,
phosphatidylinositol phosphates and cardiolipin. Upon membrane insertion the N-terminal

domain oligomerizes to form large anti-parallel B-barrel pores with 27-fold symmetry.

e  Gasdermin-induced pyroptosis play a prominent role in many hereditary diseases,
(auto)inflammatory disorders and in cancer, highlighting the importance of gasdermins as a
novel therapeutic target.
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Outline of main text (currently 7000 words of 5000)

Introduction

The gasdermins are a family of genes first reported in the early 2000s as candidate genes for several
alopecia-like skin mutations in mice'2. The name gasdermin was coined based on the exclusive
expression profile of the gasdermin A (GSDMA) proteins in the mouse gastrointestinal tract and the
epithelium of the skin. Early studies also noted that the gasdermins share strong sequence similarity in
their N-terminal region with Deafness autosomal dominant nonsyndromic sensorineural 5 (DFNAS5), a
protein that was linked in 1998 to autosomal dominant nonsyndromatic hearing loss in humans?®. Based
on this homology several other gasdermin family members and gasdermin-like proteins were identified
and currently the family comprises 6 paralogous genes in humans: GSDMA, GSDMB, GSDMC,
GSDMD, GSDME (a.k.a DFNA5) and PJVK (a.k.a DFNB59). By contrast, rodents lack Gsdmb, but mice
have three GSDMA homologues (Gsdma1-3), four GSDMC homologues (Gsdmc1-4), Gsdmd, Gsdme
and Pjvk.

While the gasdermin family members were easily identified based on sequence homology, the exact
biological function of these proteins remained unknown for over 15 years. Still, links to cell death and
inflammation started to emerge soon after their identification. For example, over the years a total of
nine mutations in Gsdma3 were reported to cause inflammation and alopecia in the mouse*. Gene
deletion of Gsdma3 on the other hand did not cause any discernible skin phenotype?, indicating that
these mutations conferred a gain-of-function that caused bulge stem cell depletion, hyperkeratosis and
inflammation. The most direct evidence for a role of gasdermins in cell death came from studies showing
that expression of the mutated, C-terminally truncated form of human GSDME, which causes autosomal
dominant nonsyndromatic hearing loss and results from exon 8 skipping, causes cell cycle arrest in
yeast cells and necrotic death in human cells®®. Yet, how gasdermins induce cell death and what type
of cell death is controlled by these proteins remained unclear.

The mechanism of gasdermin function was revealed by two studies in 2015 that identified GSDMD
as the sole executor of pyroptosis”:. Pyroptosis was initially defined as a caspase-1-dependent necrotic
death first reported in the late 1990s and early 2000s in pathogen-infected cells®''. Later studies
showed that pyroptosis is the main effector mechanism of pro-inflammatory caspases, a group of
proteases that is activated within so-called inflammasome complexes'2. Two distinct pathways, named
the canonical and non-canonical inflammasome, sense pathogen- or host-derived danger signals and
initiate the activation of caspase-1 and -4 in humans, or caspase-1 and -11 in mice. These caspases
cleave GSDMD, thereby releasing the N-terminal domain of GSDMD from an intramolecular inhibitory
interaction with its C-terminal domain”®'3, The N-terminal domain targets cellular membranes such as
the plasma membrane, where it assembles large pores that permeabilize the membrane and eventually
induce pyroptosis’-17.

Since the discovery of the gasdermins as the executors of pyroptosis, a host of literature started to
characterize their function in inflammasome biology, apoptosis and beyond. In this review, we discuss
the latest insights into gasdermin activation and regulation, the assembly of the gasdermin pore and

the biological functions of the gasdermin protein family.
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The gasdermins, a family of membrane pore forming proteins

The human gasdermin protein family is encoded by six genes whose overall sequence similarity ranges
from 23.9 to 49.4% (Figure 1a). The family can be further subdivided, since GSDME and PJVK also
belong to the deafness associated genes (DFN) and their protein sequences cluster together, apart
from the other human gasdermins (GSDMA-D) (Figure 1a). Evolutionarily, GSDME and PJVK are also
the most ancient gasdermin members, since similar sequences are found in lower vertebrates and in
some invertebrates'®'®. GSDMA genes sequences are found in mammals as well as in birds and
reptiles, while GSDMB, GSDMC and GSDMD genes are exclusively found in mammalian genomes and
are closely related to GSDMA (Figure 1a), indicating that they arose through gene duplication®. Mice
and rats lack Gsdmb, but mice feature several orthologues of Gsdma and Gsdmc (Figure 1a)%.

Structurally, gasdermins consist of two distinct domains connected by a flexible linker (Figure 1b),
except for PJVK that present a smaller C-terminal domain. The N-terminal gasdermin domain (GSDMNT)
displays the highest sequence similarity among all family members (similarity ranging from 28.8 to
50.5%). By contrast, the C-terminal gasdermin domains (GSDMCT) present variable lengths and lower
similarity (ranging from 1.3 to 46.3%) (Figure 1c)’8. GSDMDNT harbors the intrinsic pore-
forming/pyroptosis-inducing activity, while GSDMCT interacts with GSDMDNT and thereby inhibits its
activity in the absence of an activating signal”®'4.

GSDMA (a.k.a. gasdermin-1, GSDM, GSDM1, or FKSG9, UniProt #Q96QA5) was first cloned from
the mouse skin, and its expression is mainly restricted in humans to epithelial cells of the esophagus,
bladder and skin?>?! (Table 1). T and B lymphocytes also express detectable GSDMA protein?2. Mice
feature three GSDMA orthologous genes (Gsdma1, Gsdma2, and Gsdma3), but the expression is also
restricted to epithelia and the skin, including epidermis, hair follicles, and stomach*23-2%,

GSDMB (a.k.a. gasdermin-like, GSDML, PP4052, or PRO2521; UniProt #Q8TAX9) was found by
database homology searches using the GSDMA sequence?. GSDMB is the most divergent member of
the gasdermin family (Figure 1a) and is not present in the mouse and rat genome, although some
species of rodents have a Gsdmb ortholog. GSDMB expression has been mainly detected in airway
epithelium, esophagus, stomach, liver, small intestine, and colon, among other tissues?"?% (Table 1).
Different GSDMB splice variants have been detected in humans, with one transcript encoding a
GSDMB with caspase-1 cleavage site in the interdomain linker (encoded on exon 6)28. Consequently,
caspase-1 has been found to cleave this isoform in a recombinant cellular system and induce lytic cell
death?,

GSDMC (a.k.a. melanoma-derived leucine zipper-containing extranuclear factor, or MLZE; UniProt
#Q9BYG8) was first identified as a gene with an upregulated expression in metastatic mouse melanoma
cells®® and latter it was identified as a member of the gasdermin family25. The mouse genome presents
four Gsdmc orthologue genes?® (Figure 1a). The expression of GSDMC is restricted to esophagus,
skin, spleen and vagina (Table 1)?7. Artificially truncated GSDMCNT is able to induce pyroptosis™, but
so far it is still unknown what protease could cleavage and activate GSDMC.

GSDMD (a.k.a. gasdermin domain-containing 1, GSDMDC1, deafness, autosomal dominant 5-like,
DFNASL, or FKSG10; UniProt #P57764) was first identified by searching the human genomic database
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using the GSDMA sequence?. GSDMD is expressed in different human tissues, as well as different
subsets of leukocytes (Table 1)?227, GSDMD orthologous genes are only present in mammalian
genomes and all contain a large central domain with a cleavage site for inflammatory caspases
(caspase-1/-4/-5) (Figure 1b). It is however worth noting that in lower vertebrates, as in zebrafish
caspase-a or caspase-b (caspy and caspy2, respectively), the homologs of mammalian caspase-1 and
caspase-4/-5, are reported to induce cell death and participate in immunity 3°-32, suggesting that an
unidentified functional homolog of GSDMD might be present in these lower vertebrates. However,
additional or alternative cell death pathways in fish (as necroptotic- or apoptotic-like) could be also
responsible of this inflammatory phenotype. In mammals, caspase-1 cleaves the precursor pro-IL-1f to
generate the mature and bioactive IL-1pB cytokine. In parallel, the cleavage of GSDMD by caspase-1/-
4/-5 results in the formation of the highly lytic GSDMDNT protein fragment that allows the release of
mature IL-1p (Figure 2)7833 Lower vertebrate sequences for IL-1B lack a conserved caspase-1
processing site3234, albeit inhibition of fish caspase-a/-b, as well as, fish IL-1p is detrimental for the host
during infection323%3¢_ The appearance of GSDMD and pro-IL-1B, both with a caspase-1 processing
site in mammals, could thus have conferred to the inflammasome the control over the two key steps for
IL-1B signaling, its processing and release. By contrast, these two steps might be controlled by
homologous proteases (as caspase-a/-b) and a GSDMD homolog in lower vertebrates.

GSDME (a.k.a. inversely correlated with estrogen receptor expression 1, ICERE-1, non-syndromic
hearing impairment protein 5, or DFNA5; UniProt #060443) was initially cloned as a candidate gene
for autosomal dominant non-syndromic hearing loss® and lately was found to possess sequence and
structural similarities to the gasdermins®. GSDME is variably expressed in different human cells and
tissues, including brain, endometrium, placenta and intestine, among others (Table 1). In mice and
humans, GSDME is processed by caspase-3 and was proposed to induce pyroptosis with apoptotic
morphology '*%7. GSDME is also expressed in different species of lower vertebrates, and for example
two orthologous genes for GSDME (GsdmEa and GsdmEb) can be found in bony fish. Caspase-3
cleavage site is present in zebrafish GsdmEa, but not in GsdmEDb, suggesting that GsdmdEa could be
considered as the functional homolog of GSDME™,. It is yet unknown if GsdmEDb is processed in fish,
but if it is processed by fish caspy or caspy?2 it might act as a functional homologue of mammalian
GSDMD (see above). Interestingly, deletion of GsdmEb in zebrafish results in a malformation of the
semicircular canals of the ear®, suggesting that GsdmEb could confer the hearing loss associated with
human GSDME.

PJVK (a.k.a. autosomal recessive deafness type 59 protein, DFNB59, or GSDMF; UniProt
#QO0ZLHB) is also a protein with mutations associated to deafness, but was initially cloned from human
testis®. PJVK shares a high similarity with GSDME, and PJVK orthologous genes are present in early
chordates and invertebrates, suggesting that gasdermin family of proteins could have evolved from
these antecessors. PJVK expression is high in testis, but it is also broadly expressed in other tissues,
including the hair cells of the inner ear and other cells of the auditory system (Table 1)3°**'. So far, it is
unknown if PJVK is able to be processed by a protease or if the N-terminus or full-length PJVK forms

membrane pores.
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Signaling pathways controlling gasdermin activation

In 2015, several studies independently identified GSDMD as the executor of pyroptosis, a type of
necrotic cell death that is induced after the activation of the canonical or non-canonical inflammasome
pathways (Figure 2)78'3, Inflammasomes are multi-protein signaling complexes that are assembled in
the cytosol upon detection of host- or pathogen-derived danger signals and that promote cytokine
release, pyroptotic cell death and inflammation'2. Signaling downstream of inflammasomes is controlled
by a family of cysteine protease that known as inflammatory caspases, and that comprise caspase-1/-
4/-5 in humans and caspase-1/-11 in mice'2. These proteases induce pyroptosis by cleaving GSDMD
within its central linker domain (Figure 1b), resulting in the generation of a 31 kDa N-terminal and a 22
kDa C-terminal fragment”813, Pyroptosis is induced by GSDMDNT, since expression of the N-terminal
fragment alone is sufficient to induce pyroptosis”®13. By contrast, the C-terminal fragment acts as a
repressor as it is able to bind GSDMDNT when overexpressed and thereby block cell death®.

These results gave rise to a model, in which caspase-mediated cleavage releases the cytotoxic
GSDMDNT from an intramolecular auto-inhibition by GSDMDCT and thus allows it to induce
pyroptosis”®2°. In support of this model, it was found that the defining two-domain architecture
consisting of an N-terminal cytotoxic and a C-terminal inhibitory domain connected by a linker is shared
by all gasdermin family members (with the exception of PJVK that features a truncated C-terminal
domain), and that ectopic expression of the N-terminal domain of GSDMA, -B, -C or -E induces necrosis
with similar morphology as GSDMD-induced cell death'*. Thus, the gasdermin family emerged as new
group of cell death effectors, that is defined by its N-terminal pyroptosis-inducing domain (Box 1).

Consistent with being a substrate of inflammatory caspases, GSDMD features a caspase cleavage
motif (FLTD in humans, LLSD in the mouse) in its interdomain linker (Figure 1b)”2. Such a caspase-1
cleavage site is not found in the other gasdermins with the exception of a minor splice variant of
GSDMB?, but other protease cleavage sites might be present. In fact, human and mouse GSDME
feature a caspase-3 cleavage moatif in their linker region (Figure 1b), and consequently GSDME was
reported to be cleaved at this site upon induction of apoptosis (Figure 3)*"2. Based on this finding,
Rogers et al. proposed that GSDME causes secondary necrosis®’, a process whereby late apoptotic
cells progress to necrosis and lose their membrane integrity. Subsequent studies have now challenged
this hypothesis and shown that GSDME can only induce pyroptosis with apoptotic features upon
overexpression or in cells types that have naturally high GSDME levels*>~#, and that Gsdme-deficient
macrophages still undergo secondary necrosis**44. Interestingly, GSDME is not the only gasdermin that
can get activated after apoptosis induction. Pharmacological or pathogen-induced inhibition of TAK-1
or the treatment with SMAC mimetics can elicit GSDMD cleavage independently of caspases-1 or -
1144-46_|t has been proposed that under these conditions GSDMD is directly processed by caspase-8
(Figure 3)**%, consistent with the fact that caspase-8 can process GSDMD in vitro, albeit with slower
kinetics**. It has been also suggested that caspase-8-driven GSDMD pore formation is the cause for
potassium efflux and NLRP3 inflammasome activation in apoptotic cells*, but other findings suggest
that this is mediated by caspase-driven activation of pannexin-1 channels*. Interestingly, GSDMD
activity in apoptotic cells is negatively regulated by caspase-3 which inactivates the protein by cleaving
within the N-terminal domain (Figure 3)%4447 and thereby generating an inactive p20 fragment. These
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findings reveal a potential role for GSDMD in causing lytic cell death and inflammation after apoptosis
induction, but the physiological function of this new signaling pathway and the negative regulation by
caspase-3 still remain to be determined.

The repertoire of pathways leading to gasdermin activation has lately been expanded beyond the
caspase family. Two studies show that in activated neutrophils GSDMD can be cleaved by neutrophil
elastase*®*, a serine protease that is important for the maturation and the anti-microbial function of
neutrophils. Although elastase cleaves GSDMD at several sites upstream of the FLTD motif cleaved by
inflammatory caspases (LLSD in mouse), the cleavage still generates a functional pore-forming
fragment*®. The exact function of GSDMD in neutrophils is still debated: Gsdmad-deficient mice for
example are more resistant to E. coli challenge, probably due to the extended lifetime of neutrophils*.
On the other hand, GSDMD was proposed to be required for NETosis*®®, a process involving the
release chromatin structures, so-called neutrophil extracellular traps (NETS), to the extracellular space
by activated neutrophils. Thus, GSDMD could have both detrimental and beneficial functions in
neutrophils, depending on the type of infection and whether neutrophil survival or death is required for
pathogen restriction.

Although so far proteolysis is the only known physiological mechanism by which gasdermins get
activated, several lines of evidence indicate that the removal GSDM®T is not an absolute requirement
for gasdermin activation. Disruption of the auto-inhibitory interdomain interaction by certain mutations
can also result in gasdermin activation', indicating that the presence of the C-terminal domain per se
does not interfere with pore formation. The crystal structure of GSDMAS reveals that key features of
the interdomain interaction are the a1 helix and B1-$2 hairpin loop of GSDMAS3NT that insert deeply into
a groove with a hydrophobic core within the GSDMAS3CT'4. Consistently, mutations in the hydrophobic
core of the C-terminal domains of GSDMA, GSDMA3, GSDMC, GSDMD and GSDME all cause
pyroptosis'#, and several of the alopecia-causing Gsdma3 mutations map to the C-terminal domain and
the interdomain interaction interface. It is thus possible that physiological signaling pathways could
similarly elicit gasdermin activation by relieving autoinhibition, for example by phosphorylation or other
post-translational modifications.

Mechanism of gasdermin pore formation

Pyroptosis features plasma membrane rupture caused by gasdermin pore formation®-%3. In vitro
binding assays demonstrate that the Gasdermin N-terminus can directly interact with membrane lipids.
1417 The GSDMDNT has been shown to preferably target acidic phospholipids, phosphoinositides and
cardiolipin, albeit it can also weakly bind to phosphatidic acid and phosphatidylserine'#'6. Other
gasdermin-N domains, such as those of GSDME, GSDMA and murine GSDMAS3 exhibit the similar
lipid-binding property'#42, suggesting a common membrane-targeting mechanism for the entire
gasdermin family. Phosphoinositides are only present in the cytoplasmic leaflet of plasma membrane.
In line with this, the GSDMNT domain can only cause pyroptosis from inside of cells (extracellular
addition of an activated gasdermin does not cause membrane lysis)'* Cardiolipins, resembling the
phosphoinositides in bearing the negatively charged head groups, are present in the inner membrane

of the mitochondria in eukaryotes as well as that of the bacteria. Consistently, expression of a GSDMNT
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domain in E. coli exhibits severe toxicity, and recombinant GSDMNT protein can lyse the protoplasts of
Bacillus megaterium'*. It has been shown that the unleashed GSDMA3NT and GSDMDNT can disrupt
mitochondria®*%® and that exposure of bacteria to recombinant GSDMDNT inhibits cell growth'8, but it
remains to be clarified how the gasdermin pore-forming domain can get access to the inner membrane
location in both situations. Besides phospholipids being sufficient for the membrane targeting of the
GSDMNT domain, other membrane lipids, even showing no specific and robust binding to GSDMNT,
might also impact the action of the GSDMNT domain through influencing the physical properties of a
membrane®’. For instance, the presence of sphingomyelin can greatly promote the liposome binding of
GSDMDNT, whereas inclusion of cholesterol into the lipid membrane notably reduces the association
with GSDMDNT 1756 While lipid binding can only be observed with free GSDMNT domain for most
gasdermins, full-length GSDMB exhibits the similar lipid-binding ability as its GSDMBNT alone,
suggesting that the GSDMBCT domain does not impede the lipid binding of GSDMB. In addition to
phosphoinositide binding, GSDMB shows an exclusive specificity to sulfatide®, but the physiological
relevance remains to be determined.

Given the high sequence similarity among all GSDMNT domains, it is perceivable that most if not all
gasdermins shall employ a similar mechanism to form pores on the membrane (Figure 4.). The high-
resolution crystal structure of full-length GSDMA3'* and the recently determined cryo-EM structure of
GSDMASNT pore extracted from the reconstituted liposomes'+%8 provide an excellent template to derive
a detailed understanding of gasdermin pore formation. In the GSDMAS crystal structure, the GSDMA3NT
domain adopts an extended twisted 3-sheet structure flanked by several helices, which represents a
novel globular fold distinct from known pore-forming proteins. The helical GSDMCT domain is juxtaposed
closely at the side of the GSDMNT domain. Within the GSDMNT domain, helix a1 and a short B hairpin
located at the concave of the B-sheet structure interact strongly with the GSDM®T domain. A long loop
stretches out from one end of the B-sheet to connect to the GSDMCT domain. At the other end of the B-
sheet is a short helix held by two flexible loops, which protrudes from the globular fold and interacts
with another part of the GSDM®T domain'4. The two inter-domain interactions lock full-length GSDMA3
into an autoinhibited state. Upon disruption of the autoinhibition, the GSDMCT domain is released from
the concave surface to free the GSDMNT domain for membrane pore formation. Compared with that in
the autoinhibited state, the GSDMAS3NT pore structure shows drastic conformational changes, mainly in
two structural elements®8. The short helix that contacts the GSDMCT domain in the autoinhibited
structure, together with its flanking loops, refolds into two B strands, forming a B hairpin. In the
neighboring region, another B strand and its flanking loops also refold into B strands and form an
additional B hairpin. The four newly formed 8 strands each merge with an existing B strand in the core
B-sheet structure. The two anti-parallel B-hairpins form a long four-stranded amphiphilic 3-sheet that
extends away from the core globular fold of the gasdermin-N domain. These conformational changes
generate three oligomerization interfaces, which drives the GSDMNT domains to form a ring-shaped
pore with their amphiphilic B-sheets bundling together to assemble a membrane-inserting 8 barrel.
Mutations in the B barrel or at the oligomerization interfaces, such as E15K and L192D in GSDMD'4,
severely compromises the pore-forming activity of the GSDMNT domain®8. Each of the GSDMAS3 pores
contains about 26 to 28 GSDMNT protomers with a predominant 27-fold symmetry®® (Figure 4). The
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inner and outer diameters of the GSDMAS pore are about 18 and 28 nm, respectively, which is roughly
consistent with that measured by other methods'#*'7. The GSDMD pores are more heterogeneous with
an inner diameter ranging from 10 to 20 nm'456:%8  suggesting a context-dependent stoichiometry in
pores formed by different GSDMNT domains. The size of GSDMD pore is spacious enough to allow
mature IL-1B to pass through upon canonical inflammasome activation#3359,

The conformational changes leading to pore formation are triggered by binding of the GSDMNT
domain to membrane phospholipids. A possible lipid-binding site has been observed in the cryo-EM
structure of GSDMA3 pore®®. A deep and positively charged pocket between helix a1 and the
membrane-inserting B sheet is filled with extra electron densities that can be modeled with the head
group of cardiolipin used to reconstitute the GSDMAS pore. The surface of this pocket is fully masked
by the GSDMCT domain in the autoinhibited GSDMAS3 structure®’. As interdomain cleavage does not
unlock the autoinhibitory interaction (in the case of GSDMD and GSDME)'#*2, it remains to be
determined how the charged phospholipid heads can access the completely buried pocket to trigger
subsequent conformational changes. Alternatively, there might exist another lipid binding site in the
GSDMNT domain that serves as a priming role for full binding to the phospholipids in the membrane.
The structural changes observed in the GSDMAS pore are reminiscent of those seen with the
membrane attack complex perforin-like/cholesterol dependent cytolysin (MACPF/CDC) family although
overall structures of the two types of pore-forming proteins are quite different’#%8° For the
MACPF/CDC family, the monomeric pore-forming domain oligomerizes into a soluble prepore prior to
subsequent conformational changes-mediated membrane insertion and formation of mature pores®'62,
Using high-resolution atomic force microscopy (AFM) method, a recent study analyzed the dynamic
process of GSDMD pore formation, which reveals a mechanism of direct pore growing in the
membrane>®. GSDMDNT monomers are embedded into the lipid membranes and assemble arc- or slit-
shaped intermediate oligomers in the membrane before growing into a ring-shaped transmembrane
pore (Figure 4c). The process is continuous and does not involve a prepore transition stage®®, a feature
distinct from the MACPF/CDC family.

Consequences of gasdermin pore formation: membrane permeabilization and
pyroptosis

Sub-lytic pore formation. Although gasdermin pores eventually cause pyroptosis in experimental
systems, it is possible that cell lysis is not always the main function of these pores. Such ‘lysis-
independent’ functions have to date only been described for GSDMD pores, but it is conceivable that
this mechanism applies to other family members. Research over the last couple of years has shown
that the results of GSDMD pore formation can differ depending on cell type, the level of GSDMD
expression, activation and timing, and the efficiency of counteracting mechanisms. In mouse
macrophages, for example, activation of the NLRP3 inflammasome with the N-acetyl glucosamine
(NAG) fragment of bacterial peptidoglycan (PGN) or OxPAPC can elicit a GSDMD-dependent release
of mature IL-1p from live cells, i.e. in absence of detectable cell lysis33596364 Similarly, LPS induces IL-
1 release from living human monocytes® -8, and neutrophils also release IL-1 in a lysis-independent

manner after canonical inflammasome activation33%°. These studies not only suggest that sublytic
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GSDMD pore formation can occur, but also that sublytic GSDMD pores may be a pathway for direct
unconventional secretion of the leaderless cytokines IL-1$ and IL-18, allowing their release in absence
of cell lysis.

This lysis-independent function of gasdermin pores might also be used to release other proteins or
regulate signaling pathways®3. The relatively large size of the GSDMD pores (estimated inner diameter
up to 20 nm) did not only allow the direct release of IL-13/-18 (~5 nm molecular diameter), but also of
other small cytosolic proteins, such as small GTPases, galectins or the cysteine-type endopeptidase
inhibitor cystatins337°, Furthermore, as gasdermin pores are large unselective membrane channels, ion
fluxes caused by gasdermin pores can have profound impact on cellular signaling pathways even
before cell death become detectable. For example, potassium efflux caused by GSDMD pores triggers
NLRP3 after LPS-induced activation of the non-canonical inflammasome pathway’"72. Since
potassium-driven NLRP3 activation is a cell-intrinsic mechanism”72, potassium efflux and NLRP3
activation must occur before the cell undergoes GSDMD-driven pyroptosis. Similarly, it has been
proposed that GSDMD-dependent potassium efflux activates NLRP3 after sublytic activation of AIM2
by Legionella pneumophila’®, and that potassium efflux impairs type | interferon responses
independently of terminal cell death .

So how do cells regulate the level of gasdermin activation or pore formation to extend their lifetime,
and could membrane pore formation even be reversible? GSDMD expression is strongly regulated by
IRF275, which could allow cells to reduce overall GSDMD levels to avoid cell death. Furthermore,
caspase activity varies considerably between cell types and activation triggers, which could give rise to
conditions of sublytic GSDMD activation. In addition, studies on pore forming toxins, or mechanical or
laser-induced membrane damage have demonstrated that plasma membrane damage is not a terminal
event, and identified several types of membrane repair mechanism that restore membrane integrity
within seconds or minutes. Consistently, it was reported that GSDMD pores on the plasma membrane
can be removed by the recruitment of the endosomal sorting complexes required for transport (ESCRT)
machinery to the areas of damaged plasma membrane’””. ESCRTs are recruited to the plasma
membrane in response to the influx of Ca?* through the GSDMD pores and promote the budding and
release of vesicles that contain the damaged membrane”. If ESCRTs or other membrane repair
systems are active in neutrophils or under conditions of sublytic inflammasome activation still needs to
be demonstrated on a case-by-case basis.

Of note, vesicle release by ESCRTs”” or other membrane budding mechanism’®, could also
represent an alternative pathway for unconventional protein secretion. Early studies into inflammasome
activation noted that cells exosome shedding increases quickly after inflammasome activation and that
mature IL-1B can be found in exosomes shed from inflammasome-activated cells”®®8!. Newer studies
also show that such exosome formation and exosome-mediated IL-1p release is dependent on
GSDMD"”#2, If such vesicles unspecifically release cytosolic proteins, or if IL-1p and other protein are
preferentially packed into such vesicles remains to be determined. In summary, gasdermin pores have
emerged as master regulators of unconventional protein secretion, which depending on the level of

GSDMD activation promote the release of leaderless proteins by either 1) direct membrane
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translocation (pore function), 2) vesicle release (induction of membrane repair) or 3) passive release

by membrane lysis (pyroptosis).

Pyroptotic cell death. In most circumstances, the increasing levels of GSDMD processing and
GSDMD pores will eventually overcome regulatory mechanism and induce cell death. This specific type
of necrotic cell death controlled by the activation of inflammatory caspases was originally known as
pyroptosis'’, however since the GSDMNT domains all induce pyroptosis without caspase activation',
the term ‘pyroptosis’ could be redefined as a gasdermin-dependent type of cell death (Box 1). In cell
culture, pyroptotic cells are characterized by extensive membrane blebbing followed by ballooning of
the membrane and eventual loss of membrane integrity, probably due to osmotic lysis®®>. The exact
events that lead to cell lysis are not yet fully understood, and it is possible that gasdermin pore formation
in organellar membranes, such as in mitochondrial or nuclear membranes®%84, contributes to cell death
execution and to the morphological changes associated with pyroptotic cells. The GSDMDNT, for
example, binds cardiolipin'*'® and has been found to target the mitochondrial membrane to enhance
the production of reactive oxygen species®. GSDMA3NT is also able to damage the mitochondria and
induce mitophagy®®. In neutrophils, GSDMD is also able to bind an disrupt nuclear membrane thereby
promoting DNA extrusion during NETosis®. Therefore, even under conditions of highly efficient plasma
membrane repair’’, gasdermin pores affecting intracellular organelles might still elicit cell death.

Evidences for pyroptotic cell death in vivo comes from the study of autoinflammatory patients
suffering Cryopyrin Associated Periodic Syndrome (CAPS), where inflammasome oligomers were
detected systemically in the blood during inflammatory flares 8687, denoting a potential pyroptosis of
cells with activated inflammasomes. The activation of inflammasome ex vivo in monocytes from CAPS
patients result in a small percentage of cells with active inflammasomes 8, suggesting that not all
monocytes will undergo pyroptosis and will not result in a dramatic reduction of blood monocytes. In
fact, GSDMD-driven pyroptosis influences the pathogenesis in a mouse model of CAPS®°. More studies
are needed to evaluate the contribution of pyroptosis in vivo.

Pyroptosis is often referred to as an inflammatory form of cell death, but there is little experimental
evidence showing that pyroptosis per se causes more inflammation than apoptosis or other types of
necrotic cell death. Similarly to apoptotic or necroptotic cells, pyroptotic cells release a number of
molecules that can act as ‘find me’ signals, and present ‘eat me’ signals like phosphatidyserine on their
surface””%. Thus, it can be presumed that pyroptotic corpses are efficiently removed by efferocytosis.
However, unlike other types of necrotic cell death, pyroptosis is in most cases caused by inflammatory
caspases and thus associated with the release of mature IL-18 and other IL-1 family members'2. It is
likely, that it is the release of these factors that confers a highly pro-inflammatory phenotype to GSDMD-
dependent pyroptosis and makes it distinct from other types of necrosis. However, it cannot be excluded
that pyroptotic cells also release other unique danger signals that are generated for example as a result
of organellar rupture or caspase activity. Several studies have characterized the secretome associated
to pyroptosis, with the identification of >900 proteins released upon caspase-1 activation and plasma
membrane permeabilization’®®!. However, systematic studies comparing the secretome and

immunological outcome of pyroptosis to other types of death are not available for the moment. In
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conclusion, it can be assumed that pyroptosis results in different immunological outcomes, resulting in
a low- or high-level inflammatory response (Figure 5), and that this inflammatory response will also
depend the type of gasdermin that is activated, the mechanism of activation (protease driven or other),
the cellular environment and cell type where pyroptosis is executed and how efficiently are gasdermin

damaged-membrane repaired.

Role of gasdermins in health and disease

Gasdermin A. The expression of GSDMA is elevated in the gastrointestinal tract and skin, but silenced
in primary gastric cancers and in gastric cancer cell lines2. Restoration of GSDMA in human gastric
cancer cell lines induce apoptosis?', suggesting that GSDMA could act as a tumor suppressor gene.
However, it is unknown if GSDMA require a cleavage for its pro-apoptotic activity in cancer cells or what
is the physiological function of GSDMA in the healthy gastric epithelia. The expression of GSDMA3NT
in cultured cells induce cell death by plasma membrane permeabilization, and interestingly there is also
an upregulation of the class-Il LC3, suggesting that GSDMAS3 induced pyroptosis could be paralleled
by an autophagy component 8%, Cell death induced by the GSDMAS3NT could be suppressed by the co-
expression of the GSDMAS3CT, conferring to this domain an inhibitory function similarly to other
gasdermins®. Different mutations in Gsdmag3 are associated with skin-related phenotypes, including
keratosis and hair-loss*?3929, However, Gsdma3™ mice had no visible developmental skin
abnormalities, suggesting that these mutations function as gain-of-function%®. The physiological function
of Gsdmag3 in the skin seems associated with the development of the hair follicle °4%. Gain-of-function
mutations in Gsdma3 disrupted the autoinhibition conformation of GSDMAS, allowing GSDMA3NT
domain to induce cell death®, and therefore these mutations in Gsdma3, similar to GSDMA3NT, result
in pyroptosis with an autophagy component due to a decrease in mitochondrial activity®®. It is yet
unknown if GSDMA3NT or Gsdma3 gain-of-function mutations could directly target the mitochondrial
membrane and form pores, inducing mitochondrial failure and promoting mitophagy in parallel to

pyroptosis.

Gasdermin B. GSDMB has been involved in tumor progression and its expression is increased in
gastric, cervix and breast cancers, as well as in hepatocarcinomas®-%. In HER2-positive breast cancer
patients, increased GSDMB gene expression in tumor cells has been linked to a poor prognosis, with
reduced survival and increased metastasis, and also poor therapeutic responses to HER2-targeted
therapy, being GSDMB a co-expressed gene with ERBB2°%°. GSDMB present several splice variants
in humans, and in particular the isoform 2 is strongly associated to pro-tumorigenic and pro-metastatic
phenotypes of breast cancer cells®. So far it is unknown how GSDMB could promote cancer cell
survival, since the GSDMBNT is able to induce pyroptosis when over-expressed in cultured cells.
Different genome-wide association studies have revealed a correlation between GSDMB SNPs and an
increased susceptibility to diseases such as asthma, Crohn’s disease, and ulcerative colitis’°%-1%, The
full length GSDMB as well as GSDMBNT are both able to bind to the acidic phospholipids
phosphoinositides as well as the sulfoglycolipid sulfatide®”, and in particular GSDMB has been

proposed to function in the cellular transport of sulfatide. Different mechanisms explain the role of
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GSDMB SNPs in the pathogenesis of asthma, while some studies suggest that SNPs within GSDMBCT
result in an alteration of the GSDMB structure affecting the levels of sulfatide within cells®?, others found
that a splice variant in GSDMB associated with a lower risk of asthma, results in the deletion of an exon
that lack a caspase-1 cleavage site and therefore the ability of GSDMB to induce pyroptosis of the
airway epithelial cells?®. Further studies are required to fully understand the role of GSDMB in cancer,

infection and autoimmune diseases.

Gasdermin C. GSDMC was originally found to be strongly expressed in metastatic melanoma cells,
and thus it has been initially named melanoma-derived leucine zipper-containing extranuclear factor
(MLZE)?%1%, Along the same lines, it was recently reported that knock-down of GSDMC reduces the
proliferation of colorectal cancer cell lines'®”. However, another study suggested that GSDMC, which is
also expressed in the suprabasal region of the esophagus and the isthmus/neck region of the stomach,
is suppressed in many esophageal squamous cell carcinomas (ESCCs), suggesting that it could act as
a tumor suppressor gene'%. Thus, so far, no clear picture has emerged whether GSDMC promotes or
suppresses cancer development, and whether this function require the activation of its N-terminal pore

forming domain.

Gasdermin D. Cell culture studies have shown that while GSDMD acts as the sole executor of cell
death downstream of the non-canonical inflammasome pathway, GSDMD is not essential for cell death
after canonical inflammasome activation, indicating the existence of an alternative or back-up cell death
program?”-'3, This difference is also highlighted by GSDMD functions in vivo. Kayagaki et al. for example
demonstrated that Gsdmd-deficient mice are as protected against LPS-induced lethality as Casp11-
deficient animals’. Furthermore, both Casp?17- and Gsdmd-deficient mice showed increased
susceptibility compared to WT animals to infections with either Salmonella enterica serovar
Typhimurium ASifA or Brucella abortus®®'%, which both activate the non-canonical inflammasome in
vivo. By contrast to these findings, it is not as clear to what extent GSDMD is essential for caspase-1-
driven cell death and cytokine release. Gsdmd~~ mice are less susceptible to infection with Francisella
novicida compared to Casp1- or Aim2-deficient animals'®®'10, Similarly, it was reported that peritoneal
IL-1B levels are higher in S. Typhimurium-infected Gsdmad™ mice than Casp1Casp11~- controls'''. By
contrast, Gsdmd-deficiency fully protected mice harboring the FMF-associated Mefv V276A allele of
Pyrin against autoinflammatory disease and completely abolished all NOMID-associated inflammatory
symptoms in mice expressing the D301N gain-of-function mutation of NLRP38:12, |t thus appears that
GSDMD might play a context-dependent role in vivo, and that under certain circumstances alternative
cell death pathways are engaged in Gsdmd~~ animals that allow to protect animals against microbial

challenge after canonical inflammasome activation.

Gasdermin E. GSDME was first reported as a gene associated with nonsyndromic hearing loss in
humans3. All known mutations in GSDME results in the skipping of exon 8, thereby producing a
truncated protein with cytotoxic activity. As GSDMENT has pore forming activity and exon 8 skipping

results in a loss of the GSDMECT repressor domain, it can be assumed that GSDME-associated hearing
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loss is caused by cell death®42, However, since GSDME is expressed in all tissues, it is unclear why
cells in the inner ear preferentially undergo cell death upon auto-activation of GSDME. It is possible
that differential expression levels (see below) of GSDME might render some cell types more susceptible
to active GSDME. The physiological activation mechanism of GSDME appears to be cleavage by
apoptotic caspases-3 and -7°742, Chemotherapy drugs that activate caspase-3, such as topotecan,
etoposide, cisplatin and CPT-11, were subsequently shown to induce pyroptotic cell death in cell lines
expressing high levels of GSDME, while inducing apoptosis in GSDME-negative cells*2. Thus mouse
BMDMs, which express low levels of GSDME?*, do not undergo GSDME-dependent pyroptosis upon
engagement of intrinsic or extrinsic apoptosis, even though the GSDME is processed*>#4. Nevertheless,
GSDME might be responsible for some of the side effects of chemotherapy treatment, as mice deficient
in Gsdme are resistant to tissue damage and weight loss induced by cisplatin injection compared to
WT animals*2. Thus, GSDME has the ability to convert apoptosis into a pyroptotic cell death in a highly
cell-type specific manner.

Pejvakin. Mutations in PJVK are also associated to hearing impairment in both humans and mice.
Unlike mutations in GSDME, which cause autosomal dominant hearing loss consistent with a gain-of-
function mutation, all known mutations PJVK cause autosomal recessive hearing impairment due to
dysfunctional outer hairs cells®®40113  |nterestingly, it was shown that Pjvk”~ mice display auditory
phenotypes with early-onset progressive hearing loss, similarly to patents carrying mutations in
PJVK', This is distinct from all other gasdermin family members, where knock-out mice display no
discernible phenotype, and suggests that the mutations in PJVK actually cause a loss-of-function
phenotype. Although a pore-forming function for the PJVKNT has not yet been demonstrated, it might
be possible that its physiological function requires PJVK to be constantly active, i.e. forming channels,
even in absence of a stimulus. In fact, the PJVK®T is shorter and with no clear homology when compared
for other gasdermin family members (Figure 1c¢), and thus might not act as an inhibitory domain.
Interestingly, it has been suggested that PJVK localizes to the membrane of peroxisomes in inner hair
cells', and that it directly recruits LC3B to drive autophagy-mediated removal of damaged
peroxisomes (pexophagy) following oxidative stress caused by noise overexposure''s, PJVK-driven
pexophagy is followed by peroxisome proliferation, thereby protecting auditory hair cells from oxidative
damage. Pjvk~ mice show indeed signs of peroxisomal dysfunction and impaired antioxidant defenses,
and furthermore peroxisomes in Pjvk™ hair cells show structural abnormalities after the onset of
hearing'“. It is thought that this contributes to an exceptionally susceptibility of Pjvk”~ mice and human

patients to sound, and thus to progressive hearing loss.

Inhibition of gasdermins and its application in inflammasome-associated diseases

Given the key function of GSDMD in inflammasome-induced cell death and cytokine release, the
inhibition of the gasdermin pore is emerging as a novel target for anti-inflammatory therapy. The notion
that pyroptosis could be inhibited arose from the first studies on this type of cell death, which revealed
that cell lysis can be blocked by osmoprotectants or high concentrations of glycine (in the mM range) .

However, this strategy does not prevent the passage of molecules directly through the GSDMD pore
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(like uptake of dyes or IL-1B release), and as such cannot be suitable when targeting GSDMD-
associated inflammation33%°. The first compound described to block the execution of pyroptosis and IL-
1B release was punicalagin, a complex antioxidant polyphenol found in pomegranate''”. Punicalagin
reversibly inhibits plasma membrane permeabilization and mature IL-1p3/IL-18 release after caspase-1
activation with an ICso in the low micromolar range, without affecting the generation of GSDMDNT 117:118,
Punicalagin does not affect NLRP3 or AIM2 inflammasome activation, but blocks plasma membrane
fluidity and could interfere with the correct insertion of the GSDMDNT into the plasma membrane, its
oligomerisation and/or pore formation 7. Recently, a report suggested that punicalagin affects NLRP1
and NLRC4 inflammasome activation''®, however since punicalagin interfere with plasma membrane
fluidity and the uptake of exogenous particles and proteins to the cell, when applied before stimulation,
it might also interfere with the cellular delivery of flagellin or lethal factor as direct activators of the
inflammasome. However, further studies are needed to understand the mechanism of action of
punicalagin, and its potential specificity to GSDMD. After punicalagin wash-out, a rapid cell lysis is
observed, and this lysis was blocked by the use of lanthanides (La** and Gd3*)'"”. These metallic
chemical elements were also found to inhibit plasma membrane pores preceding pyroptosis in
macrophages'2°, however it is not known if lanthanides affect GSDMDNT oligomerization on the plasma
membrane, since they do not block IL-1f release.

Recently, there are several compounds reported to directly target GSDMD. For example,
necrosulfonamide (NSA), a cysteine-reactive drug previously shown to inhibit the necroptosis executor
mixed lineage kinase domain like pseudokinase (MLKL) in human cells, also inhibits pyroptosis in
human and mouse cells'?'. NSA binds GSDMD and inhibits GSDMDNT oligomerization on the plasma
membrane without affecting Toll-like receptor signaling, inflammasome activation, GSDMD cleavage or
cytokine maturation. NSA block plasma membrane permeabilization and IL-1p release in the low
micromolar range upon inflammasome activation and protect mice in a model of sepsis. Mechanistically,
NSA covalently modifies Cys'®! of GSDMD'2', a residue essential for pore formation®. Interestingly,
NSA did not affect cell death induced by GSDMENT, consistent with the lack of a cysteine in a similar
position in GSDME to form pores in the plasma membrane. Another compound, LDC7559, was reported
to inhibit GSDMD in human neutrophils undergoing elastase-dependent NETosis or pyroptosis in
mouse or human cells*3, yet its mechanism of action is so far unknown.

Overall, the characterization of specific gasdermin blockers has just started and validates pyroptosis
as a viable pharmaceutical target. The clinical relevance of blocking the inflammasome-IL-1 pathway
has been demonstrated in numerous in vivo models as well as in trials, being some IL-1 blockers
already approved for the treatment of autoinflammatory and chronic inflammatory diseases. The
development of novel gasdermin blockers not only will be important to understand the role of the
pyroptotic pore in different disease scenarios, but will also pave the way to develop novel treatments

for inflammatory diseases.
Conclusions and future perspectives

Since the identification of GSDMD as the effector of pyroptosis, our understanding of this emerging

family of cell death effectors has rapidly progressed. Structural and mutagenesis studies on full-length
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gasdermins, and the structure of the GSDMASNT pore, have revealed the mechanism of autoinhibition
and membrane insertion. Furthermore, a host of studies have revealed the involvement of gasdermins
in cell death beyond inflammasome-induced pyroptosis, such as in NETosis and during apoptotic cell
death. On the other hand, the known function of gasdermins have been extended by the identification
of lysis-independent function of gasdermin pores, pointing towards a critical role in unconventional
protein secretion.

Itis clear that these studies only reveal the tip of the iceberg, and that in the coming years the gasdermin
family will assume a central player in immunity, cancer therapy and beyond. Nevertheless, many
questions still remain unanswered. For example, it is crucial to identify the mechanism by which the
different gasdermins are activated, what cell types produce these active gasdermins, and what
biological effects they elicit. It is unknown if different gasdermin elicit different effects, particularly the
function of GSDMB and GSDMC are largely unknown, and if all gasdermins function in inflammation
and host defense against microbial infection.

With these advances in knowledge, pharmacological modulation of gasdermin activity will become
essential to treat different diseases. GSDMD and GSDME play important roles in causing inflammation
after infection or chemotherapy, and mutations in gasdermins and inappropriate activation are
associated with a variety of clinical conditions, including alopecia, asthma, breast cancer, gastric
cancer, autoinflammation, colorectal cancer and hearing loss. Thus, the development of specific
gasdermin inhibitors could lay the foundation the development of new therapies for genetic and

inflammatory diseases.
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BOXES:

Box. 1: Pyroptosis: a gasdermin-induced necrotic cell death

Pyroptosis was initially defined as ‘caspase-1 dependent necrosis’ by Cookson and Brennan, based on
its morphological features and the strict requirement for caspase-1 but not for other caspases''. The
term pyroptosis was chosen, from the Greek 'pyro' (meaning fire or fever) and 'ptosis' (meaning to fall),
to underline the pro-inflammatory nature of this cell death, and its link to the release of mature IL-1f3
and IL-18. With the subsequent identification of the inflammasome complex in 200222 and the discovery
of the non-canonical inflammasome pathway in 20117, pyroptosis was re-defined as an inflammasome
dependent cell death and an effector mechanism of the inflammasome. However, it also became clear
that pyroptosis is not necessarily linked to the release of mature IL-1p and IL-18, since caspase-11/-4
induce pyroptosis with all the characteristic morphological features even in absence of caspase-1. This
was further highlighted by the identification of GSDMD as the pyroptosis executor, and experiments
showing that expression of the N-terminal domain of GSDMD or other gasdermins was sufficient to
induce pyroptosis without the need for caspase activation”® 5.

Additional reports have started to even further uncouple pyroptosis and gasdermin activation from
inflammatory caspases and inflammasomes. For example, it was shown that neutrophil elastase and
caspase-8 can cleave and activate GSDMD to cause death*445484% and that caspase-3 process
GSDME to cause pyroptosis-like cell death® 2. Since in all cases cell death morphologically resembles
pyroptosis and depends on the activation of a gasdermin-family member, it seems clear that the term
pyroptosis again requires redefinition. We therefore propose to define ‘pyroptosis’ as a ‘gasdermin-
induced necrotic cell death’, and propose to apply this term to all gasdermin family members that can
cause cell death by membrane permeabilization. We also suggest to use this term independently of the
actual mechanism of gasdermin activation and the cell type it occurs in. We acknowledge that the
upstream signaling events or the type of cells affected can modify the ability of pyroptosis to provoke
inflammation or an immune response — pyroptosis caused by caspase-1 will involve release of mature
IL-18 while GSDME-dependent pyroptosis might not — however this is linked to the activation

mechanism per se and not to the function of gasdermins as cell death executor.

FIGURES:

Fig. 1. The gasdermin protein family

a | Phylogenetic tree showing the divergence of the human, mouse and rat gasdermin proteins. Scale
indicates the number of substitutions for each amino acid in the sequence. Phylogenetic tree was
generated from UniProt sequences by the European Bioinformatics Institute (EMBL-EBI) Clustal
Omega tool and drawn by FigTree software version 1.4.3. b | Domain structure of human GSDMD and
GSDME featuring caspase cleavage sequences in the linker (top) and structure of the membrane

inserted N-terminal domain (bottom). ¢ | Alignment of human gasdermin proteins. Green and orange
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(in b, c) mark the first a-helix that specifically interact with phospholipids and the four parallel 3-strands

that insert into the membrane, respectively.

Fig. 2. Role of GSDMD in canonical and non-canonical inflammasome activation

a | Canonical inflammasomes are assembled by cytosolic pattern recognition receptors Pyrin, AIM2,
NAIP-NLRC4, NLRP3 and NLRP1. These sensors recognize pathogen-associated molecular patterns,
endogenous danger signals or alteration to cellular homeostasis caused by cell death, injury or
infection. The receptors recruit the adaptor protein ASC and pro-caspase-1 through homotypic
interactions between PYDs and CARDs domains. Caspase-1 is activated within the inflammasome and
active caspase-1 processes GSDMD as well as cytokines such as pro-IL-1p and pro-IL-18 (not shown).
Upon permeabilization of the plasma membrane by GSDMD pores, cells undergo a lytic,
proinflammatory cell death (pyroptosis) that promotes the release of mature IL-1p/-18. In absence of
cell lysis, GSDMD pores can also allow direct release of cytokines. b | The non-canonical
inflammasome pathway results in the activation of caspase-11 in mice or caspase-4 and caspase-5 in
humans. Binding of lipopolysaccharide (LPS) from Gram-negative bacteria induces the oligomerization
and activation of these caspases, allowing them to cleave GSDMD. The GSDMD pores allow in a first
step potassium release, resulting in the activation of the NLRP3 inflammasome and IL-1B/-18
maturation. In a second step GSDMD pores cause pyroptosis, thereby driving the release of mature

cytokines.

Fig. 3. Activation of gasdermins by apoptotic caspases

Certain extrinsic stimuli, such as genotoxic stress with concurrent IAP loss or pathogen-induced TAK-
1 inhibition, can promote the RIP1-dependent assembly of cytosolic caspase-8-activating complexes
(complex llb/ripoptosome). Active caspase-8 drives apoptosis by activating effector caspases,
caspase-3 and caspase-7, but also cleaves GSDMD to generate an active N-terminal fragment. Active
GSDMD can induce pore formation, is however restricted by caspase-3-dependent cleavage at
aspartate D87 (D88 in mice), which generates the inactive p20/p10 fragments of GSDMD. Caspase-3
can also cleave and activate GSDME, which can convert apoptosis into pyroptosis in cells with high
GSDME expression levels. GSDME-induced death is distinct from secondary necrosis, which proceeds
in a GSDMD/GSDME-independent manner.

Fig. 4. Mechanism of gasdermin membrane insertion and pore formation

Interdomain interaction between the GSDMNT and GSDMCT keep the protein in an autoinhibited state.
Within the GSDMNT domain, helix a1 and a short B hairpin located at the concave of the B-sheet
structure interact strongly with the GSDMCT domain. In addition, a long loop stretches out from one end
of the b -sheet to connect to the GSDMCT. Once autoinhibition is disrupted, such as by caspase
cleavage of GSDMD and GSDME, the GSDMCT is released from the concave surface, thereby freeing
the GSDMNT for membrane insertion and pore formation. Membrane-targeting requires phospholipids
with negatively charged head groups, as found on the inner leaflet of the plasma membrane. Compared

to the autoinhibited state, the pore conformation of GSDMNT shows drastic conformational changes,
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involving the refolding of new b-strands that merge with the twisted b -sheet structure. These changes
also generate new oligomerization interfaces that drive the assembly of a membrane-spanning b-barrel,
the GSDMNT pore.

Fig. 5. Inmunological outcomes of gasdermin pore formation and pyroptosis.

Pyroptotic cells release a number of intracellular molecules that can activate the immune system by
acting as alarmins and ‘find me’ signals. If gasdermin pores are repaired and the gasdermin activating
signal terminated, the release of intracellular content can be transient and restricted to small molecules
able to pass across gasdermin pores (DMAPSs). In the presence of pathogens or damage associated
signals that activate NF-kB, pyroptosis will be the result of the activation of the NLRP3 inflammasome
and associates with the activation of caspase-1 and release of pro-inflammatory cytokines (IL-1p, IL-
18), as well as small intracellular proteins (DAMPs) that permeate across gasdermin pores. In this
situation, if gasdermin pores at the plasma membrane are not repaired, pyroptosis will terminate with a
burst in pro-inflammatory cytokine release, together with the release of large intracellular components
(as inflammasome oligomers), resulting in a highly pro-inflammatory pyroptosis. Therefore, pyroptosis
can most likely result in different immunological outcomes, resulting in a low- or high-level inflammatory

response.

TABLES:

Table 1: Gasdermin expression profile

GSDMA| GSDMB | GSDMC | GSDMD | GSDME | PJVK

Digestive system:

Colon o o
Esophagus o o o .
Liver ° o
Pancreas o
Salivary gland . .
Small intestine o o o
Stomach o o

Reproductive system:

Fallopian tube o
Ovary . . .
Prostate o
Testis ) o o
Uterus o o o
Vagina o o o o
Respiratory system:
Airway epithelium o
Lung o o

Urinary system:

Bladder ° o o °
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711
712
713
714

715

Kidney

Circulatory system:

Artery

Heart

Central Nervous System:

Brain

Pituitary

Other tissues:

Adipose tissue

Breast

Skin

Spleen

Thyroid

Immune cells:

T cells CD4

T cells CD8

B cells

NK cells

Monocytes

Median expression of transcript per million (TPM) >10 for tissues, or >5 for cells; from the Genotype-

Tissue Expression (GTEX) Project for tissues'?, or the Database of Immune Cell Expression for

cells'5,

20



716
717
718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

References

Sato, H. et al. A new mutation Rim3 resembling Re(den) is mapped close to retinoic acid
receptor alpha (Rara) gene on mouse chromosome 11. Mamm. Genome 9, 20-25 (1998).
Saeki, N., Kuwahara, Y., Sasaki, H., Satoh, H. & Shiroishi, T. Gasdermin (Gsdm)
localizing to mouse Chromosome 11 is predominantly expressed in upper gastrointestinal
tract but significantly suppressed in human gastric cancer cells. Mamm Genome 11, 718—
24 (2000).

Van Laer, L. ef al. Nonsyndromic hearing impairment is associated with a mutation in
DFNAS. Nat. Genet. 20, 194—-197 (1998).

Tanaka, S., Mizushina, Y., Kato, Y., Tamura, M. & Shiroishi, T. Functional conservation
of Gsdma cluster genes specifically duplicated in the mouse genome. G3 (Bethesda) 3,
1843-50 (2013).

Van Rossom, S. et al. The splicing mutant of the human tumor suppressor protein
DFNAS induces programmed cell death when expressed in the yeast Saccharomyces
cerevisiae. Front Oncol 2,77 (2012).

Op de Beeck, K. et al. The DFNAS gene, responsible for hearing loss and involved in
cancer, encodes a novel apoptosis-inducing protein. Eur J Hum Genet 19, 965-73 (2011).
Kayagaki, N. et al. Caspase-11 cleaves gasdermin D for non-canonical inflammasome
signalling. Nature 526, 66671 (2015).

Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell
death. Nature 526, 660-5 (2015).

Zychlinsky, A., Prevost, M. C. & Sansonetti, P. J. Shigella flexneri induces apoptosis in

infected macrophages. Nature 358, 167-169 (1992).

21



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hilbi, H., Chen, Y., Thirumalai, K. & Zychlinsky, A. The interleukin 1beta-converting
enzyme, caspase 1, is activated during Shigella flexneri-induced apoptosis in human
monocyte-derived macrophages. Infect Immun 65, 5165-70 (1997).

Cookson, B. T. & Brennan, M. A. Pro-inflammatory programmed cell death. Trends
Microbiol. 9, 113—114 (2001).

Broz, P. & Dixit, V. M. Inflammasomes: mechanism of assembly, regulation and
signalling. Nat Rev Immunol 16, 407-20 (2016).

He, W. T. et al. Gasdermin D is an executor of pyroptosis and required for interleukin-
Ibeta secretion. Cell Res 25, 1285-98 (2015).

Ding, J. et al. Pore-forming activity and structural autoinhibition of the gasdermin family.
Nature 535, 111-6 (2016).

Sborgi, L. et al. GSDMD membrane pore formation constitutes the mechanism of
pyroptotic cell death. EMBO J 35, 176678 (2016).

Liu, X. et al. Inflammasome-activated gasdermin D causes pyroptosis by forming
membrane pores. Nature 535, 153-8 (2016).

Aglietti, R. A. et al. GsdmD p30 elicited by caspase-11 during pyroptosis forms pores in
membranes. Proc. Natl. Acad. Sci. U.S.A. 113, 78587863 (2016).

Zerbino, D. R. et al. Ensembl 2018. Nucleic Acids Res. 46, D754-D761 (2018).
Kersey, P. J. et al. Ensembl Genomes 2018: an integrated omics infrastructure for non-
vertebrate species. Nucleic Acids Res. 46, D802—D808 (2018).

Broz, P. Immunology: Caspase target drives pyroptosis. Nature 526, 642-3 (2015).
Saeki, N. et al. GASDERMIN, suppressed frequently in gastric cancer, is a target of
LMO1 in TGF-beta-dependent apoptotic signalling. Oncogene 26, 6488-98 (2007).
Rieckmann, J. C. ef al. Social network architecture of human immune cells unveiled by

quantitative proteomics. Nat. Immunol. 18, 583-593 (2017).

22



766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

23.

24.

25.

26.

27.

28.

29.

30.

31.

Runkel, F. et al. The dominant alopecia phenotypes Bareskin, Rex-denuded, and Reduced
Coat 2 are caused by mutations in gasdermin 3. Genomics 84, 824-35 (2004).

Lunny, D. P. et al. Mutations in gasdermin 3 cause aberrant differentiation of the hair
follicle and sebaceous gland. J Invest Dermatol 124, 615-21 (2005).

Tamura, M. et al. Members of a novel gene family, Gsdm, are expressed exclusively in
the epithelium of the skin and gastrointestinal tract in a highly tissue-specific manner.
Genomics 89, 618-29 (2007).

Katoh, M. & Katoh, M. Identification and characterization of ARHGAP24 and
ARHGAP25 genes in silico. Int. J. Mol. Med. 14, 333-338 (2004).

Fagerberg, L. et al. Analysis of the human tissue-specific expression by genome-wide
integration of transcriptomics and antibody-based proteomics. Mol. Cell Proteomics 13,
397406 (2014).

Panganiban, R. A. ef al. A functional splice variant associated with decreased asthma risk
abolishes the ability of gasdermin B to induce epithelial cell pyroptosis. J. Allergy Clin.
Immunol. 142, 1469-1478.e2 (2018).

Watabe, K. et al. Structure, expression and chromosome mapping of MLZE, a novel gene
which is preferentially expressed in metastatic melanoma cells. Jpn. J. Cancer Res. 92,
140-151 (2001).

Masumoto, J. et al. Caspy, a zebrafish caspase, activated by ASC oligomerization is
required for pharyngeal arch development. J. Biol. Chem. 278, 4268—4276 (2003).
Vincent, W. J. B., Freisinger, C. M., Lam, P.-Y., Huttenlocher, A. & Sauer, J.-D.
Macrophages mediate flagellin induced inflammasome activation and host defense in

zebrafish. Cell. Microbiol. 18, 591-604 (2016).

23



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ogryzko, N. V. et al. Zebrafish tissue injury causes upregulation of interleukin-1 and
caspase-dependent amplification of the inflammatory response. Dis Model Mech 7, 259—
264 (2014).

Heilig, R. et al. The Gasdermin-D pore acts as a conduit for IL-1f secretion in mice. Eur.
J. Immunol. 48, 584-592 (2018).

Bird, S., Wang, T., Zou, J., Cunningham, C. & Secombes, C. J. The first cytokine
sequence within cartilaginous fish: IL-1 beta in the small spotted catshark (Scyliorhinus
canicula). J. Immunol. 168, 3329-3340 (2002).

Yang, D. et al. Sensing of cytosolic LPS through caspy2 pyrin domain mediates
noncanonical inflammasome activation in zebrafish. Nature Communications 9, 3052
(2018).

Tyrkalska, S. D. et al. Neutrophils mediate Salmonella Typhimurium clearance through
the GBP4 inflammasome-dependent production of prostaglandins. Nat Commun 7, 12077
(2016).

Rogers, C. et al. Cleavage of DFNAS by caspase-3 during apoptosis mediates
progression to secondary necrotic/pyroptotic cell death. Nat Commun 8, 14128 (2017).
Busch-Nentwich, E., Sollner, C., Roehl, H. & Nicolson, T. The deafness gene dfna$5 is
crucial for ugdh expression and HA production in the developing ear in zebrafish.
Development 131, 943-951 (2004).

Delmaghani, S. et al. Mutations in the gene encoding pejvakin, a newly identified protein
of the afferent auditory pathway, cause DFNB59 auditory neuropathy. Nat. Genet. 38,
770-778 (2006).

Collin, R. W. J. et al. Involvement of DFNB59 mutations in autosomal recessive

nonsyndromic hearing impairment. Hum. Mutat. 28, 718-723 (2007).

24



813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Liu, W., Kinnefors, A., Bostrom, M., Edin, F. & Rask-Andersen, H. Distribution of
pejvakin in human spiral ganglion: An immunohistochemical study. Cochlear Implants
Int 14,225-231 (2013).

Wang, Y. et al. Chemotherapy drugs induce pyroptosis through caspase-3 cleavage of a
gasdermin. Nature 547, 99-103 (2017).

Lee, B. L. et al. ASC- and caspase-8-dependent apoptotic pathway diverges from the
NLRC4 inflammasome in macrophages. Sci Rep 8, 3788 (2018).

Chen, K. W. et al. Extrinsic and intrinsic apoptosis activate pannexin-1 to drive NLRP3
inflammasome assembly. EMBO J. (2019). doi:10.15252/embj.2019101638

Orning, P. et al. Pathogen blockade of TAKI1 triggers caspase-8-dependent cleavage of
gasdermin D and cell death. Science 362, 1064—1069 (2018).

Sarhan, J. et al. Caspase-8 induces cleavage of gasdermin D to elicit pyroptosis during
Yersinia infection. Proc. Natl. Acad. Sci. U.S.A. 115, E10888—E10897 (2018).
Taabazuing, C. Y., Okondo, M. C. & Bachovchin, D. A. Pyroptosis and Apoptosis
Pathways Engage in Bidirectional Crosstalk in Monocytes and Macrophages. Cell Chem
Biol 24, 507-514.e4 (2017).

Sollberger, G. et al. Gasdermin D plays a vital role in the generation of neutrophil
extracellular traps. Sci Immunol 3, (2018).

Kambara, H. ef al. Gasdermin D Exerts Anti-inflammatory Effects by Promoting
Neutrophil Death. Cell Rep 22, 2924-2936 (2018).

Chen, K. W. et al. Noncanonical inflammasome signaling elicits gasdermin D-dependent
neutrophil extracellular traps. Sci Immunol 3, (2018).

Aglietti, R. A. & Dueber, E. C. Recent Insights into the Molecular Mechanisms
Underlying Pyroptosis and Gasdermin Family Functions. Trends Immunol. 38, 261-271

(2017).

25



838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shi, J., Gao, W. & Shao, F. Pyroptosis: Gasdermin-Mediated Programmed Necrotic Cell
Death. Trends Biochem Sci (2016). doi:10.1016/].tibs.2016.10.004

Jorgensen, 1., Rayamajhi, M. & Miao, E. A. Programmed cell death as a defence against
infection. Nat. Rev. Immunol. 17, 151-164 (2017).

Lin, P. H., Lin, H. Y., Kuo, C. C. & Yang, L. T. N-terminal functional domain of
Gasdermin A3 regulates mitochondrial homeostasis via mitochondrial targeting. J
Biomed Sci 22, 44 (2015).

Shi, P. et al. Loss of conserved Gsdma3 self-regulation causes autophagy and cell death.
Biochem J 468, 325-36 (2015).

Mulvihill, E. ef al. Mechanism of membrane pore formation by human gasdermin-D.
EMBO J. 37, (2018).

Chao, K. L., Kulakova, L. & Herzberg, O. Gene polymorphism linked to increased
asthma and IBD risk alters gasdermin-B structure, a sulfatide and phosphoinositide
binding protein. Proc. Natl. Acad. Sci. U.S.A. 114, E1128-E1137 (2017).

Ruan, J., Xia, S., Liu, X., Lieberman, J. & Wu, H. Cryo-EM structure of the gasdermin
A3 membrane pore. Nature 557, 62—67 (2018).

Evavold, C. L. et al. The Pore-Forming Protein Gasdermin D Regulates Interleukin-1
Secretion from Living Macrophages. Immunity 48, 35-44.e6 (2018).

Reboul, C. F., Whisstock, J. C. & Dunstone, M. A. Giant MACPF/CDC pore forming
toxins: A class of their own. Biochim. Biophys. Acta 1858, 475-486 (2016).

Pee, K. van ef al. CryoEM structures of membrane pore and prepore complex reveal
cytolytic mechanism of Pneumolysin. eLife (2017). doi:10.7554/eLife.23644

Tilley, S. J., Orlova, E. V., Gilbert, R. J. C., Andrew, P. W. & Saibil, H. R. Structural

basis of pore formation by the bacterial toxin pneumolysin. Cel/ 121, 247-256 (2005).

26



862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Wolf, A. J. et al. Hexokinase Is an Innate Immune Receptor for the Detection of Bacterial
Peptidoglycan. Cell 166, 624-36 (2016).

Zanoni, I. et al. An endogenous caspase-11 ligand elicits interleukin-1 release from living
dendritic cells. Science 352, 1232—6 (2016).

Gaidt, M. M. et al. Human Monocytes Engage an Alternative Inflammasome Pathway.
Immunity 44, 833—-846 (2016).

Vigano, E. et al. Human caspase-4 and caspase-5 regulate the one-step non-canonical
inflammasome activation in monocytes. Nat Commun 6, 8761 (2015).

Mangan, D. F., Welch, G. R. & Wahl, S. M. Lipopolysaccharide, tumor necrosis factor-
alpha, and IL-1 beta prevent programmed cell death (apoptosis) in human peripheral
blood monocytes. J. Immunol. 146, 1541-1546 (1991).

Perera, L. P. & Waldmann, T. A. Activation of human monocytes induces differential
resistance to apoptosis with rapid down regulation of caspase-8/FLICE. Proc. Natl. Acad.
Sci. U.S.A. 95, 1430814313 (1998).

Chen, K. W. et al. The neutrophil NLRC4 inflammasome selectively promotes IL-1beta
maturation without pyroptosis during acute Salmonella challenge. Cell Rep 8, 57082
(2014).

de Torre-Minguela, C., Barbera-Cremades, M., Gomez, A. 1., Martin-Sanchez, F. &
Pelegrin, P. Macrophage activation and polarization modify P2X7 receptor secretome
influencing the inflammatory process. Sci Rep 6, 22586 (2016).

Kayagaki, N. ef al. Non-canonical inflammasome activation targets caspase-11. Nature
479, 117-21 (2011).

Riihl, S. & Broz, P. Caspase-11 activates a canonical NLRP3 inflammasome by

promoting K(+) efflux. Eur. J. Immunol. 45, 2927-2936 (2015).

27



886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

Cunha, L. D. ef al. AIM2 Engages Active but Unprocessed Caspase-1 to Induce
Noncanonical Activation of the NLRP3 Inflammasome. Cell Rep 20, 794-805 (2017).
Banerjee, 1. et al. Gasdermin D Restrains Type I Interferon Response to Cytosolic DNA
by Disrupting lonic Homeostasis. Immunity 49, 413-426.e5 (2018).

Kayagaki, N. et al. IRF2 transcriptionally induces GSDMD expression for pyroptosis. Sci
Signal 12, (2019).

Cooper, S. T. & McNeil, P. L. Membrane Repair: Mechanisms and Pathophysiology.
Physiological Reviews 95, 1205-1240 (2015).

Riihl, S. et al. ESCRT-dependent membrane repair negatively regulates pyroptosis
downstream of GSDMD activation. Science 362, 956-960 (2018).

Schoenauer, R. et al. P2X7 receptors mediate resistance to toxin-induced cell lysis.
Biochim. Biophys. Acta 1843, 915-922 (2014).

MacKenzie, A. et al. Rapid secretion of interleukin-1beta by microvesicle shedding.
Immunity 15, 825-35 (2001).

Andrei, C. et al. The secretory route of the leaderless protein interleukin 1beta involves
exocytosis of endolysosome-related vesicles. Mol Biol Cell 10, 146375 (1999).
Rubartelli, A., Cozzolino, F., Talio, M. & Sitia, R. A novel secretory pathway for
interleukin-1 beta, a protein lacking a signal sequence. EMBO J 9, 1503—10 (1990).
Mitra, S. & Sarkar, A. Microparticulate P2X7 and GSDM-D mediated regulation of
functional IL-1p release. Purinergic Signal. 15, 119—123 (2019).

Fink, S. L. & Cookson, B. T. Apoptosis, pyroptosis, and necrosis: mechanistic
description of dead and dying eukaryotic cells. Infect Immun 73, 1907-16 (2005).
Rogers, C. et al. Gasdermin pores permeabilize mitochondria to augment caspase-3

activation during apoptosis and inflammasome activation. Nat Commun 10, 1689 (2019).

28



910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

Platnich, J. M. ef al. Shiga Toxin/Lipopolysaccharide Activates Caspase-4 and
Gasdermin D to Trigger Mitochondrial Reactive Oxygen Species Upstream of the
NLRP3 Inflammasome. Cell Rep 25, 1525-1536.e7 (2018).

Baroja-Mazo, A. et al. The NLRP3 inflammasome is released as a particulate danger
signal that amplifies the inflammatory response. Nat Immunol 15, 73848 (2014).
Rowczenio, D. M. et al. Late-Onset Cryopyrin-Associated Periodic Syndromes Caused
by Somatic NLRP3 Mosaicism-UK Single Center Experience. Front Immunol 8, 1410
(2017).

Mensa-Vilaro, A. et al. Brief Report: Late-Onset Cryopyrin-Associated Periodic
Syndrome Due to Myeloid-Restricted Somatic NLRP3 Mosaicism. Arthritis &
Rheumatology (Hoboken, N.J.) 68, 3035-3041 (2016).

Xiao, J. et al. Gasdermin D mediates the pathogenesis of neonatal-onset multisystem
inflammatory disease in mice. PLoS Biol. 16, €3000047 (2018).

Green, D. R., Oguin, T. H. & Martinez, J. The clearance of dying cells: table for two.
Cell Death Differ 23, 915-26 (2016).

Keller, M., Ruegg, A., Werner, S. & Beer, H. D. Active caspase-1 is a regulator of
unconventional protein secretion. Cel/ 132, 818-31 (2008).

Kumar, S. ef al. Gsdma3(I359N) is a novel ENU-induced mutant mouse line for studying
the function of Gasdermin A3 in the hair follicle and epidermis. J Dermatol Sci 67, 190—
2 (2012).

Zhou, Y. et al. Gsdma3 mutation causes bulge stem cell depletion and alopecia mediated
by skin inflammation. Am. J. Pathol. 180, 763-774 (2012).

Ruge, F. et al. Delineating immune-mediated mechanisms underlying hair follicle

destruction in the mouse mutant defolliculated. J Invest Dermatol 131, 572-9 (2011).

29



934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

95. Tanaka, S. ef al. A new Gsdma3 mutation affecting anagen phase of first hair cycle.
Biochem Biophys Res Commun 359, 902-907 (2007).

96. Carl-McGrath, S., Schneider-Stock, R., Ebert, M. & Rocken, C. Differential expression
and localisation of gasdermin-like (GSDML), a novel member of the cancer-associated
GSDMDC protein family, in neoplastic and non-neoplastic gastric, hepatic, and colon
tissues. Pathology 40, 13-24 (2008).

97. Sun, Q. et al. Expression of GSDML Associates with Tumor Progression in Uterine
Cervix Cancer. Trans! Oncol 1, 73—-83 (2008).

98. Hergueta-Redondo, M. et al. Gasdermin-B promotes invasion and metastasis in breast
cancer cells. PLoS One 9, €90099 (2014).

99. Hergueta-Redondo, M. et al. Gasdermin B expression predicts poor clinical outcome in
HER2-positive breast cancer. Oncotarget 7, 56295-56308 (2016).

100.  Wu, H. ef al. Genetic variation in ORM1-like 3 (ORMDL3) and gasdermin-like
(GSDML) and childhood asthma. Allergy 64, 629-35 (2009).

101.  Yu,J. et al. Polymorphisms in GSDMA and GSDMB are associated with asthma
susceptibility, atopy and BHR. Pediatr. Pulmonol. 46, 701-708 (2011).

102.  Zhao, C.-N. et al. The Association of GSDMB and ORMDL3 Gene Polymorphisms
With Asthma: A Meta-Analysis. Allergy Asthma Immunol Res 7, 175-185 (2015).

103. Soderman, J., Berglind, L. & Almer, S. Gene Expression-Genotype Analysis
Implicates GSDMA, GSDMB, and LRRC3C as Contributors to Inflammatory Bowel
Disease Susceptibility. Biomed Res Int 2015, (2015).

104. Verlaan, D. J. et al. Allele-specific chromatin remodeling in the
ZPBP2/GSDMB/ORMDL3 locus associated with the risk of asthma and autoimmune

disease. Am. J. Hum. Genet. 85, 377-393 (2009).

30



958 105. Das, S., Miller, M. & Broide, D. H. Chromosome 17q21 Genes ORMDL3 and

959 GSDMB in Asthma and Immune Diseases. Adv. Immunol. 135, 1-52 (2017).

960 106. Saeki, N. et al. Distinctive expression and function of four GSDM family genes
961 (GSDMA-D) in normal and malignant upper gastrointestinal epithelium. Genes

962 Chromosomes Cancer 48, 261-271 (2009).

963  107. Miguchi, M. et al. Gasdermin C Is Upregulated by Inactivation of Transforming
964 Growth Factor beta Receptor Type II in the Presence of Mutated Apc, Promoting

965 Colorectal Cancer Proliferation. PLoS One 11, €0166422 (2016).

966 108. Cerqueira, D. M. et al. Guanylate-binding protein 5 licenses caspase-11 for

967 Gasdermin-D mediated host resistance to Brucella abortus infection. PLoS Pathog. 14,
968 €1007519 (2018).

969  109. Schneider, K. S. ef al. The Inflammasome Drives GSDMD-Independent Secondary
970 Pyroptosis and IL-1 Release in the Absence of Caspase-1 Protease Activity. Cell Rep 21,
971 3846-3859 (2017).

972  110. Zhu, Q., Zheng, M., Balakrishnan, A., Karki, R. & Kanneganti, T.-D. Gasdermin D

973 Promotes AIM2 Inflammasome Activation and Is Required for Host Protection against
974 Francisella novicida. The Journal of Immunology ji1800788 (2018).
975 doi:10.4049/jimmunol.1800788

976  111. Monteleone, M. et al. Interleukin-1B Maturation Triggers Its Relocation to the Plasma
977 Membrane for Gasdermin-D-Dependent and -Independent Secretion. Cell Rep 24, 1425—
978 1433 (2018).

979 112. Kanneganti, A. et al. GSDMD is critical for autoinflammatory pathology in a mouse
980 model of Familial Mediterranean Fever. J. Exp. Med. 215, 1519-1529 (2018).

981 113.  Mujtaba, G., Bukhari, I., Fatima, A. & Naz, S. A p.C343S missense mutation in PJVK

982 causes progressive hearing loss. Gene 504, 98—101 (2012).

31



983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

114. Delmaghani, S. ef al. Hypervulnerability to Sound Exposure through Impaired
Adaptive Proliferation of Peroxisomes. Cell 163, 894-906 (2015).

115. Defourny, J. et al. Pejvakin-mediated pexophagy protects auditory hair cells against
noise-induced damage. Proc. Natl. Acad. Sci. U.S.A. 116, 8010-8017 (2019).

116. Fink, S. L. & Cookson, B. T. Caspase-1-dependent pore formation during pyroptosis
leads to osmotic lysis of infected host macrophages. Cell. Microbiol. 8, 1812—1825
(2006).

117. Martin-Sanchez, F. ef al. Inflammasome-dependent IL-1f release depends upon
membrane permeabilisation. Cell Death Differ. 23, 1219-1231 (2016).

118. Tapia, V. S. ef al. The three cytokines IL-1p, IL-18, and IL-1a share related but
distinct secretory routes. J. Biol. Chem. (2019). doi:10.1074/jbc.RA119.008009

119. de Vasconcelos, N. M., Van Opdenbosch, N., Van Gorp, H., Parthoens, E. &
Lamkanfi, M. Single-cell analysis of pyroptosis dynamics reveals conserved GSDMD-
mediated subcellular events that precede plasma membrane rupture. Cell Death Differ.
26, 146161 (2019).

120. Russo, H. M. et al. Active Caspase-1 Induces Plasma Membrane Pores That Precede
Pyroptotic Lysis and Are Blocked by Lanthanides. J Immunol 197, 1353—-67 (2016).

121. Rathkey, J. K. et al. Chemical disruption of the pyroptotic pore-forming protein
gasdermin D inhibits inflammatory cell death and sepsis. Sci Immunol 3, (2018).

122.  Martinon, F., Burns, K. & Tschopp, J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta. Mo/ Cell 10,
417-26 (2002).

123.  Broz, P. et al. Caspase-11 increases susceptibility to Salmonella infection in the

absence of caspase-1. Nature 490, 288-91 (2012).

32



1007

1008

1009

1010

1011

124.

125.

Carithers, L. J. & Moore, H. M. The Genotype-Tissue Expression (GTEx) Project.
Biopreserv Biobank 13, 307-308 (2015).
Schmiedel, B. J. et al. Impact of Genetic Polymorphisms on Human Immune Cell

Gene Expression. Cell 175, 1701-1715.e16 (2018).

33



Broz P, Pelegrin P. and Shao F. Figure 1

a

GSDMA
GSDMB
GsbMC
GSDMD
GSDME
PIVK

GSDMA
GSDMB
GspMC
GSDMD
GSDME
PIVK

Caspase-1/-4/-11

GSDMD HNFLTD'GVPA

suaides 1

Caspase-3

\
GSDME EFAFIDMPDA

oo Pyroptosis triggering  Repressor
- domain domain

sueides H

aso
R. norvegious oy s

”//735,?”(75\9

GSDMA3

al B1 B2 B3

~MTMFENVIRALARQLNPRGDLTPLDSLIDFKRFHPFCLVLRKR-KSTLFW-GARYVRTDY TLLDVLEPGSS PS—DPTDT! KNMLDTRVEGDVD- - VPKT NsTLEvQT——mv;\PKA;—ETVQ:RK;A—A)H;PLKE—MQDQCENLWWEWETVQ*VTLERAGKAE—ACFSLPF

MFSVEEEITRIVVKEMDAGGDMIAVRSLVDADRFRCFHLYGEKR -~~~ TFF~ GL?HYTTGLTLMDILDTDJDKWLDELDSGL.‘G\J- ~KAEFQILDNVDSTGELIVRLPKE I T1SGS FQGFHHOKIKISE - -NRIS-QQYLATLENRKLK-RELPFSFR-SINTRENLYLVTETLETVKEETLKS DR~

~QYKI
PFHFSDIMIOKHKADMGYNYGIEVSVSGEASVDHGCSLEFQI - -V TIPS PNL-EDFQKRKLLDPEPSFLKE-CRRRGDNLY VY TEAVELINNTVLYDSSSVN- ILGKIAL

MPSMLERTSKNLVKETG-SKDLTPVKYLLSATKLROFYVILRKKKDSRSSFWEQS DYVPVEFSLNDILEPSSSVL-ET!

MGSA! DHGGEFIPYTSLOSSTGFQPYCLVVRKP-SSSHFH- KFavKrvuL;I(DILEFDAAEP—DVQRGR SFHFYDAMDGOTQGSVELAAPGQAKT AcrAAvstssTsvaysLs¢DPNTWQLLHERHJQPEHWLQQ LRSRGDN TEVLQTQKEVEVIRT SL
M 'LREVDADGDLIAVSNLNDSDKLQLLSLVTKKK~ CHQRPKYQFLSLTLGDVLIEDQFPSPVVVESDEVKYEGKFANHVSGTL-ETALGKVKLNE GTLRK DLQOLIRDSAERTINL-RNPVLQQVLEGRNEVLCVLTQKITTMOKCYISEHMQVEEKCGGIVG
MERRRURSEURCUCDGORLYEVE SLSEADKYQPLSLY VKKK~ RCELFPR!(FTSTPFTLKDILLGDREISAGISSYOLLNYEDESDVSLYGRRGNHIVNDVGINVAGSDSIAVKA rcivrkﬂm— --VEVSTLLKEITTRKINF-DHSLIR; LCVVMESTRTTROCSLSVHAGI]

NHKEAVT T PKGCVLAFRVRQLMVKGKDE LI VGDY JGFRTLKEEVQRET: --QOVEKLSRVGQSSLLSSLSKL

GHLS YKHKGOREVTI PPNRVLS YRVKQLV FPNKETMSAG-LDIT RGKTKSFPEGKSL SRNMKEKL VLKDLTEEKRKDVLNSLAKC---LGKEDIR~

WITYE===KEQGOGESLRVKKKALTLOKGMVMAYKRKQLY IKEKAT-LIS-DDDEQRTFQDEYEISE! wey————cmkazc LPSFHTISPTLFNASSNDMKLKPELFLTQOFLSGHLPKYEQV--~HILPVGRIEE PFWONFKHLOEEVFOKT - ===~ ~KTLAQLSKDVODVMFYS TLAM-~~LRDRGAL-~ODLMN
PGATC----LOGEGQGHLSQKKTVTIPSGS TLAFRVAQLY1DSDLDVLLF - PDKKQRTF TSEGAWPQLPSGLS LHNFL TDGVPAEGAFTEDFQGLRAEVET TS~ -KELELLDRELCQLLLEGLEGV---LRDQLAL--RALEE
IQTKTVQ\ISATEDGNVTKDSNV\YLEIPI\I\TTIAYGVIELY\'KLDGQFEE‘CLLRG<QGGFENKKRIDaVYLDPLVFREFAE‘IDMPDAAHGISS---QDGPLS\/LKQI\TLLLERNF- ~HPFAELPEPQOTALSDIFQAVLFDDELLMVLEPVCDDLVSGLS PTVAVLGELKPROQQDLY -
~-RFHFYM-DEQNPKGRDKAIVEPAHTTIAFSVFELFTYLDGAFDLCVTSVSKGGFER FALLYRL--RNILF] VISRSQLYLDDLF- --SDYYDKPLSMT--=-DI~- - -SLKEGTHIRVNLLNHNIPKGECILCG

-E LALEGALDKGHEVTLEALPKDV-LLSKEAVGATLY FVGALTELSEAQQKLLVKSMEKKT LPVQLKLVES TMEQNFLLDKE- IFPL PELLSSLGDEELTLTEALVGLSGLEVORSGPQYMWDPDTLPRLCALYAGLSLLOQLTKAS-——-= 445
~VSE-VLISGELHMEDPDKPLLSSLENAAGVLVEARAKATLDFLDALLELSEEQQ-FVAEALEKGTLPLLKDQVKS VME ASSPPDMDYDPEAR-ILCALYVVVSILLELAEGPTSVSS 411
-LE----LDSSGHLDGPGGATLKKLOQDSNHAWFNPKDPILYLLEATMVLS DEQHDLLACSMEKR I LLOQQELVRS ILEPNFR IPFTL LAPLOSEGLAITYGLLEECGLRMELDNPRSTHDVEAKMPLSALYGTLSLLOQL 508
-LEQGQSLGPVEPLDGPAGAVLECLVLSSGMLYPELAT PYVYLLGALTMLSETQHKLLAEALESQTLLGPLELVGSLLEQSAPWOE] LGNSWGEG-APAWVLLDECGLELGEDTPHVCHEP RMCALYASLALLSGL 484
AFLOLYGCSLOGGCPGPEDAGSKOLE! TAYFLVSALAI \RALLGTCCKLQI1PTLCHLLRALSDDGVSDLEDPTLT PLKDTERFGIVORLFASADT JKAVILKDSKVFPLLLCITLNGLCALG! 496

352

MGNFKRETVYGCFQCSVD QKYVRL PCEDIR




Gasdermin-D function in canonical inflammasome activation
Broz P, Pelegrin P.and Shao F. Figure 2a
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Gasdermin-D function in non-canonical inflammasome activation
Broz P, Pelegrin P. and Shao F.. Figure 2b
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Function of gasdermins in canonical inflammasome activation
Broz P, Pelegrin P. and Shao F. Figure 3
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Broz P, Pelegrin P. and Shao F. Figure 5
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