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Abstract

Pyroptosis is a form of lytic programmed cell death initiated by inflammasomes, which detect
cytosolic contamination or perturbation. This drives activation of caspase-1 or caspase-11/4/5,
which cleave gasdermin D, separating its N-terminal pore-forming domain (PFD) from the C-
terminal repressor domain (RD). The PFD oligomerizes to form large pores in the membrane that
drive swelling and membrane rupture. Gasdermin D is one of six (in humans) gasdermin family
members; several other gasdermins have also been shown to form pores that cause pyroptosis after
cleavage to activate their PFDs. One of these, gasdermin E, is activated by caspase-3 cleavage. We
review our current understanding of pyroptosis as well as current knowledge of the gasdermin
family.
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Pyroptosis defends against intracellular infection

Immune cells such as phagocytes that include macrophages and neutrophils actively survey
the extracellular space and target bacteria, fungi, and parasites. Many pathogens invade host
cells and, consequently, avoid detection by phagocytes and downstream cell intrinsic
defenses. The continued existence of the infected cell threatens the host, and the solution is
to kill the infected cell.

Killing infected cells can be accomplished through either cell-intrinsic or cell-extrinsic
mechanisms. If the cell itself can identify its compromised state, it will activate cell-intrinsic
death mechanisms that include cell-intrinsic apoptosis, necroptosis, and pyroptosis
(Glossary). Unfortunately, many intracellular pathogens evade or inhibit cell-intrinsic
programmed cell death (Glossary). Our last lines of defense are cytotoxic cells in the
innate and adaptive immune systems, including natural killer cells and cytotoxic T
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lymphocytes that can induce cell-extrinsic apoptosis of infected cells. A comparison of
intrinsic and extrinsic forms of cell death have been reviewed elsewhere [1].

Among intrinsic forms of cell death, pyroptosis has received increased attention recently.
Pyroptosis can defend against intracellular infection by eliminating the compromised cell,
thereby removing the pathogen’s protective niche, and simultaneously eliciting an
inflammatory response. The utility of pyroptosis against intracellular pathogens can be
studied by engineering normally evasive bacteria to be detected by inflammasomes (Text
Box 1). For example, Salmonella Typhimurium and Listeria monocytogenes, which evade
inflammasomes during systemic infection by repressing flagellin, among other strategies[1],
have been engineered to force flagellin expression during the intracellular phase of infection.
These modified bacteria reveal that pyroptosis kills the compromised host cell but does not
kill the intracellular bacteria[1]. These bacteria remain trapped within the corpse of the
pyroptotic cell in a structure we term the pore-induced intracellular trap (PIT)[2]
(Glossary; Figure 1). The PIT holds bacteria in place and simultaneously increases the
number of neutrophil chemoattractants[2,3] including DAMPs and eicosanoids[4].
Neutrophils, or perhaps ROS-producing macrophages[5], engulf and kill the trapped bacteria
when they efferocytose (Glossary) the PIT[2,3].

Box 1
Inflammasomes survey the cytosol for contamination or perturbation

Inflammasomes (Glossary) are innate immune sensors that survey the cytosol for
contamination or cellular perturbation, and in response they trigger pyroptosis.
Inflammasomes defend against numerous pathogens, although many evade detection.
However, when aberrantly activated, inflammasomes drive immunopathology and sepsis.
For example, the NAIP/NLRC4 inflammasome detects bacterial type 111 and type IV
secretion systems when they aberrantly inject rod, needle, or flagellin protein into the
cytosol[74]. Once activated, the NAIP/NLRC4 inflammasome activates the protease
caspase-1, which in turn cleaves the inflammatory cytokines pro-1L-1f and pro-IL-18 to
their mature forms and also triggers pyroptotic membrane rupture. Other caspase-1-
activating inflammasomes respond to cytosolic contamination by DNA (AIM2) or
proteases (NLRP1), to perturbations within the Rho GTPases (Pyrin), or to catastrophic
disruption of cellular physiology (NLRP3)[74]. In parallel, murine caspase-11, and it
humans orthologs caspase-4 and -5, independently activate pyroptosis but cannot directly
cleave pro-1L-1f and pro-I1L-18. Unlike other caspases, caspase-11/4/5 are activated by
direct interaction with cytosolic LPS[74].

Pyroptosis is perhaps most effective in defense against bacteria that evolved in hosts without
inflammasomes. Chromobacterium violaceum and Burkholderia thailandensis are two
environmental bacteria with the strongest known phenotypes of infection in inflammasome-
deficient mice[6,7] (reviewed further in [8]). Pyroptosis is implicated as a major defense
mechanism against these ubiquitous environmental pathogens.
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Recently, gasdermin D (Glossary) was discovered to form a pore and act as the effector for
pyroptosis. Gasdermin D is a member of a family of conserved proteins that includes
gasdermin A, B, C, D, E, and DFNB59[9,10] (Table 1), most of which have now been shown
to have pore-forming activity. Previously, gasdermin E and DFNB59 were proposed to be
excluded from the gasdermin family, and instead called gasdermin-related proteins[11],
however we prefer to simplify the nomenclature by including all six genes in a single
gasdermin family, given recent advances[12,13]. Most family members maintain the same
domain structure with significant similarity between the pore forming domain and repressor
domain, but divergent linkers[10]. DFNB59 is an exception with a divergent, shorter C-
terminal domain. The pore forming domain of most members can induce cell
death[10,12,14,15], although this has not yet been examined for DFNB59. Whereas humans
and most other mammals have one copy of each gasdermin, mice have triplicated gasdermin
A (gasdermin A1-3), deleted gasdermin B, and quadruplicated gasdermin C (gasdermin
C1-4). Each gasdermin member has a distinct and restricted pattern of expression.

Here, we review insights into pyroptosis in light of the discovery of gasdermin D, and our
current knowledge of members of the gasdermin family.

Gasdermin D pores are the effectors of pyroptosis

Cleaved gasdermin D oligomerizes to form the pyroptotic pore

Cleavage of gasdermin D was recently discovered to be the mechanism by which Caspase-1
and -11 triggers pyroptosis[10,14,16]. Gasdermin D is expressed in immune cells and in
intestinal epithelial cells[11,17]. In humans, gasdermin D is composed of a 242 amino acid
(aa) amino-terminal domain (also called N-domain, NT, or gasdermin domain) connected by
a 43 aa linker to a 199 aa carboxy-terminal domain (also called C-domain or CT) (Figure 2).
The amino-terminal domain forms a gasdermin pore (Glossary)[15,18], and thus we
propose to term it the “pore-forming domain” (PFD). This pyroptotic pore forming activity
has been demonstrated for most gasdermins[10,15]. However, this activity is held in check
by the carboxy-terminal domain[10], which we propose to term as the “repressor domain”
(RD). After the linker is cleaved, the RD separates from the PFD. The liberated PFD then
integrates into the cell membrane, where an estimated 16 PFD monomers oligomerize to
form a large 10-15 nm diameter pore[15,18,19]; another group suggests 21 nm[20].

The predicted structure of gasdermin D, based on the crystal structure of gasdermin A3,
reveals an interesting mechanism of autoinhibition. The PFD and RD interact by a large
surface area between these domains. The linker domain ties the two domains together at one
end of the structure, while the a4 helix of the PFD extends far across the C-domain to the
opposite end, where it binds to a pocket in the RD[15]. Upon activation, either caspase-1 or
-11 cleaves the linker after amino acid 275 at a conserved (F/L)LTD motif[10,14].
Presumably, when the linker is cleaved, the interface dissociates, the a4 helix is released
from its pocket, and the PFD is released from the RD (Figure 2). Interestingly, gasdermin D
can also be cleaved by caspase-3 within the PFD[12], which should inactivate the PFD and
thus prevent pyroptosis once caspase-3 initiates apoptosis.
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The gasdermin D pore has affinity for liposomes containing lipids with double phosphates
on the glycerol scaffold (cardiolipin) or phosphorylated head groups (phosphatidylinositol
phosphate PIP, and PIP, species), and it may have a lower affinity for triple-phosphorylated
PIP3 and the zwitterion head group phosphatidylserine (PS)[15,18]. Gasdermin D does not
bind the non-charged head group lipid phosphatidylinositol (PI) or the positively charged
head group lipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE)[15,18].
Thus, gasdermin D has greatest affinity for lipid species whose head groups have negative
charge. Since PIP species and PS are restricted to the cytosolic leaflet of the plasma
membrane, gasdermin D can only form pores from the cytosolic face. Neighboring cells are
thus protected from gasdermin D arising from adjacent cells[18]. Cardiolipin is a component
of the inner mitochondrial membrane and bacterial membranes. It is unclear whether
gasdermin D will have access to the inner leaflet of the mitochondria.

Gasdermin D pore formation mediates pyroptosis

The open gasdermin D pore breaks the normal permeability barrier of the plasma membrane
(Box 2). The most catastrophic effect is disruption of the normal separation of sodium and
potassium across the plasma membrane. Normally, the cytosol has a low concentration of
sodium and a high concentration of potassium, which is reversed in extracellular fluid. This
concentration gradient exists in the context of the electrical gradient across the plasma
membrane that draws positive ions into the relatively negative cytosol. Consequently, when a
pore opens in the plasma membrane, the forces created by the concentration gradient driving
potassium out of the cell are roughly counterbalanced by the electrical forces that pull
potassium into the cytosol, resulting in a minimal net potassium flux initially. In contrast,
sodium is drawn into the cell by both its concentration gradient and the electrical gradient,
resulting in a large inward sodium flux. As sodium flows into the cytosol, it brings with it
hydrating water, causing the cell volume to increase.

Box 2
Considering the gasdermin pore and methods to detect pyroptosis

With the knowledge of gasdermin D as a 10-15nm pore that drives a membrane rupture
event, it is worth reevaluating the interpretation of experimental markers of caspase-1
activation and pyroptotic membrane rupture. These include propidium, IL-1p, GFP,
tdRFP, and lactate dehydrogenase (LDH).

Propidium staining is often used as a proxy for membrane rupture, and indeed the two are
often simultaneous[2]. Based on the concentration of propidium and sodium we expect
that for every 1 propidium molecule that enters the cell, roughly 80,000 Na* molecules
enter. This means that swelling may occur faster than propidium staining by simple
stoichiometry. Thus, in a cell undergoing pyroptosis without sufficient compensatory
mechanisms, the membrane rupture likely occurs before significant amounts of
propidium can be detected inside the cell. However, caution should be used since
propidium is very small and, thus, passes freely through the gasdermin pore[28]. It is
therefore formally possible that a cell can repair its membrane to remove the gasdermin
pore, as was recently shown during necroptosis[24]. That propidium is not simply a
marker for membrane rupture and in fact enters through gasdermin pores is illustrated by
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the fact that propidium can enter cells after inflammasome activation even when swelling
and membrane rupture are inhibited with glycine[28] (which acts through mysterious
mechanisms[75,76]).

With a predicted maximum diameter of 4.5nm, IL-1p should pass through the gasdermin
pore[15,18], explaining how IL-1p can be released in the absence of pyroptosis[26—28].
With a maximum diameter of 5.4nm, GFP may also pass through the gasdermin pore
prior to membrane rupture. Thus, studies using both IL-1p and GFP to evaluate
pyroptosis must take into account the caveats discussed for propidium above. In contrast,
the larger tandem dimer of RFP (tdRFP, also called tdimer2, whose modern variant is
tdTomato [77]) and lactate dehydrogenase (LDH) seem to not pass through the gasdermin
pore, and appear to only be released by the membrane rupture event. Indeed, unlike
propidium entry, LDH release is impeded by glycine[28].

In summary, molecules and proteins may pass through the gasdermin pore, or through the
membrane rupture, or both. Measuring proteins and small molecules of different sizes
may allow experimental separation of the gasdermin pore formation from membrane
rupture. Similarly, the use of glycine to delay membrane rupture facilitates evaluation of
the consequences of pore formation compared to membrane rupture.

GFP IL-1B IL-18 LDH gFP
-0 o }Ewelling\ ' -

Membrane
& Rupture

extracellular

space :
: » Propidium
- Na*
* Glycine H,0
Figure I.

Considering the gasdermin pore and methods to detect pyroptosis

If few gasdermin pores are present, the cell should react by initiating compensatory
mechanisms to decrease volume, called regulatory volume decrease. Among these are
swelling-activated K*, CI~, and organic osmolyte (e.g. taurine) channels that export these
solutes and their accompanying water[21]. If the number of pores in the plasma membrane
remains small, normal emergency exocytic membrane fusion events should patch the pore-
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containing membrane similar to how ESCRT machinery removes MLKL pores from the
membrane during necroptosis[22—24]. One can also imagine a hypothetical cell where the
quantity of gasdermin D is pre-set to such a low concentration that it never exceeds the
regulatory volume decrease capacity and therefore never undergoes pyroptosis.

Alternatively, if gasdermin pores are present in numbers exceeding the cell’s compensatory
capabilities, cell volume inevitably increases. Once the volume exceeds membrane capacity,
the plasma membrane separates from the cortical cytoskeleton in large fluid-filled
“balloons”. These “balloons” are distinct from apoptotic “blebs” by morphology and
composition[10]. Shortly thereafter, a membrane rupture event occurs that releases soluble
cytosolic contents. This tear is large enough to immediately dissipate soluble proteins like
LDH (Box 2), but organelles are retained[2]. After the rupture event, we presume that
osmotic pressure equalizes, stopping further volume increases.

In summary, two membrane-breaching events occur after caspase-1/11 activation: i) the
gasdermin D pore opens; and soon thereafter ii) the membrane ruptures (Figure 2). We use
the term “pyroptosis” as synonymous with the membrane rupture event resulting from
gasdermin pores[10]. Inflammasome activation has also been implicated in expulsion of
intestinal epithelial cells (IECs) from the intestinal epithelium prior to pyroptosis in response
to microbial infection. While gasdermin D is required for pyroptosis but dispensable for
expulsion of IECs[25], the possibility remains that other gasdermins may play a role in IEC
expulsion, either alone or with redundancy.

Gasdermin D pore releases IL-18 and IL-18

During pyroptosis, caspase-1 cleaves IL-1f and IL-18 to generate mature cytokines prior to
membrane rupture. As IL-1p and IL-18 lack a normal secretion signal, they are cytosol-
restricted proteins. The possibility that pyroptotic membrane rupture was the release
mechanism was at odds with observations of IL-1 release in the absence of pyroptosis[26—
30]. Thus, whether these cytokines were actively secreted from cells or whether they were
instead released by pyroptotic membrane rupture had remained unclear.

Remarkably, the 10-15 nm diameter of the gasdermin pore is large enough to allow passage
of IL-1B (4.5 nm)[15,18] and IL-18 (5.0 nm), which explains the mechanism by which these
proteins are released from cells prior to lysis. Importantly, the gasdermin pore is small
enough to restrict larger molecules; 25-30 nm diameter ribosomes and larger organelles will
not pass through the pore[2]. How can a cell release IL-1p/1L-18 through a gasdermin pore
without lysing soon after? Theoretically, a cell with few gasdermin pores could shut off the
inflammasome[31], remove the pores through exocytic patching mechanisms[22-24], and
survive. This would release IL-1p and IL-18 through a transient gasdermin pore without
killing the cell[26-30]. An additional layer of complexity arises from the membrane
patching event itself, which could release a membrane-bound exosome that contains not only
the gasdermin pore, but also any processed IL-1 that is nearby, perhaps explaining IL-18
observed in microparticles[32,33].
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Gasdermin D pores may target other membranes

The gasdermin D pore can insert into bacterial membranes, which are rich in cardiolipin,
and kill the bacteria, at least in vitro[18]. However, since bacteria survive pyroptosis[2,34],
the physiologic relevance of bacterial membrane-targeting remains unclear. For vacuolar
bacteria, the PFD would require passing through an existing gasdermin pore in the vacuole
to oligomerize on the bacterial membrane; thus, vacuolar bacteria may have minimal
exposure to the gasdermin pore. Indeed, S. Typhimurium that has been engineered to trigger
pyroptosis survives in vivo. While these bacteria survive, they are damaged during the
process of pyroptosis[2]. This damage might be caused by the gasdermin D pore[18], but
also possibly damage from rapid volume (and presumably pressure) shifts during pyroptosis
or from ROS generated from mitochondria during pyroptosis[35]. For cytosolic bacteria, the
gasdermin D pore should have direct access to bacterial membranes, which has been
suggested to be toxic to L. monocytogenes in vitro[18], although L. monocytogenes and
another cytosol-invasive bacterium have been shown to survive pyroptosis in vitro [2]. Thus,
bacteria remain alive in vivo after pyroptosis, but it remains unclear if pyroptosis damages
bacteria to accelerate killing by secondary phagocytes that efferocytose these PIT-trapped
bacteria.

Many organelles have cytosolic leaflets that are composed of lipids similar to the inner
leaflet of the plasma membrane. If the gasdermin pore inserts into the endoplasmic
reticulum, it would release calcium stores into the cytosol. This likely contributes to the
calcium flux observed after caspase-1 activation but prior to pyroptosis[4,36]. The
cytoplasmic leaflet of vacuoles also resembles the cytoplasmic leaflet of the plasma
membrane. However, vacuolar fluid contents likely reflect the extracellular fluid. Therefore,
insertion of the gasdermin pore into the vacuolar membrane would allow ionic flux that in
theory should cause sodium to flow from the vacuole into the cytosol, thereby shrinking the
vacuole. Thus, vacuolar bacteria may remain doubly trapped: first within the membrane-
bound and compressed vacuole, and second within the PIT.

Gasdermin A

Gasdermin A is expressed in epithelial cells of the skin, tongue, esophagus, stomach,
mammary glands, and umbilical cord[9,37,38]. In mice, gasdermin Al is expressed
primarily in suprabasal epidermis, hair follicles, and forestomach[11,38-40]; gasdermin A2
is expressed primarily in glandular stomach[9]; and gasdermin A3 is expressed primarily in
suprabasal epidermis[11,38,40-42]. Multiple spontaneous mutations in gasdermin A3 have
been associated with spontaneous alopecia and hyperkeratosis[40-45]. Histologically,
inflammation and a resulting depletion of skin bulge stem cells have been observed in mice
with Gsdma3 mutations[44,46]. Additionally, one Gsdma3 mutation causes defective of
mammary gland development[47]. In contrast, gasdermin A3 knockout mice are
phenotypically normal[38]. The alopecia phenotypes therefore likely result from gain-of-
function mutations. Indeed, in vitro, these disease-causing mutations in gasdermin A3 result
in an inability of the RD to effectively inhibit the PFD, causing increased spontaneous pore
formation in the absence of linker cleavage[10]. These mutations therefore suggest that
gasdermin A may play a role in causing inflammation within the skin. In humans, single
nucleotide polymorphisms (SNPs) in GSDMA have been associated with asthma[48]. Only
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one study has suggests gasdermin A expression in the lung[49], consequently, the
mechanism by which gasdermin A contributes to asthma remains unclear.

Gasdermin B

Like GSDMA, GSDMB SNPs are also associated with asthma in multiple
populations[48,50-52]. Gasdermin B expression has been detected in lymphocytes,
esophagus, stomach, liver, and colon[9,37]. While one group did not observe significant
expression of gasdermin B in the lung[49], another group did observe gasdermin B in the
lung and implicated it in influencing expression of genes related to airway remodeling and
hyper-responsiveness[53]. Furthermore, one disease-associated SNP causes an alteration in
the conformational flexibility and surface charge of a region in the RD[54]. The GSDMB
SNPs and the GSDMB region of chromosome 17g21 have been associated with several
other immune diseases as well[55-62]. Since GSDMA and GSDMB are genetically linked
to each other as well as ORMDL3 (a gene encoding a sphingolipid biosynthesis regulator
with SNPs also associated with asthma) within chromosome 17q12-21, it may be that the
linkage with asthma is either due to one or some combination of these genes. The study of
gasdermin B in vivo will be more difficult because mice naturally lack the gene.

A recent report shows that gasdermin B can be cleaved by caspase-3, -6, and -7 within the
PFD[54], similar to PFD cleavage of gasdermin D[12]. Thus, both gasdermin B and
gasdermin D may be inactivated during apoptosis to prevent pyroptosis after caspase-3
activates (although this idea is must be reconciled with caspase-3 activating gasdermin E,
see below).

Gasdermin C

Little is known about the function of gasdermin C. Gasdermin C is expressed in esophagus,
stomach, trachea, spleen, intestines, bladder, and skin[9,37]. Gasdermin C expression is
increased in metastatic melanoma[63] but suppressed in esophageal and gastric cancer[17];
however, to date, it has not otherwise been implicated in disease of humans or mice. In mice,
gasdermin C1, C2, and C4 are expressed in stomach, large and small intestines, bladder, and
prostate while C3 is restricted to bladder, prostate, and large intestines[37].

Gasdermin E (DFNA5S)

Mutations in GSDME are associated with development of heritable, nonsyndromal deafness
(thus the original name: deafness autosomal dominant 5, DFNA5)[64—-66]. Because this
protein can form a pore and induce pyroptosis, Wang et al. proposed to rename it gasdermin
E[13], and we adopt this nomenclature here. GSDME is expressed in placenta, brain, heart,
kidney, cochlea, intestines, and IgE-primed mast cells[9,37]. Deafness associated with
GSDME is characterized by an autosomal dominant inheritance and gradual loss of hearing,
typically starting at high frequency by age fifteen[67]. All known mutations in GSDME
associated with deafness are characterized by skipping of exon 8, resulting in frameshifts
and the formation of truncated gasdermin E protein[64—66]. The truncated RD fails to
repress the PFD, resulting in a gain-of-function[13]. Knocking out GSDME in mice does not
result in deafness[68].
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Caspase-3 was recently shown to specifically cleave gasdermin E, which then forms pores in
the plasma membrane and triggers Iytic cell death in response to caspase-3 activators such as
chemotherapeutic drugs, TNF, and viral infection[12,13]. It was proposed that gasdermin E
is the effector of secondary necrosis[12]; that is lysis of apoptotic cells after prolonged time
if apoptotic cells are not efferocytosed. However, a recent study demonstrated that only
specific cells express gasdermin E, and proposed that in such cells caspase-3 activation is
switched from driving an apoptotic program to causing pyroptosis[13]. Thus, certain cells
are programmed to undergo pyroptosis instead of apoptosis. Gsdme-knockout mice were
shown to be resistant to the toxicity of chemotherapy drugs such as cisplatin[13].

It is reasonable to expect that gain-of-function mutations in gasdermin E could lead to
progressive deafness by increasing susceptibility for cells within the auditory system to
undergo programmed cell death. Why hair cells in the ear are uniquely susceptible to this is
unclear. Transcription of GSDME increases in response to p53 activation, and its expression
is silenced in colorectal, gastric, and breast cancer, suggesting a possible role of gasdermin E
in suppressing cancer[67].

DFNB59 (also called PJVK) encodes the protein pejvakin, which, like gasdermin E, is
associated with deafness[69,70]. If DFNB59 is later shown to form a pore, it may be
appropriate to re-name it as “gasdermin F”. DFNB59 has been detected in hair cells of the
inner ear and other cells of the auditory system, but it is also broadly expressed[69]. In
humans, mutations in DFNB59 are associated with autosomal recessive nonsyndromic
sensorineural hearing loss with or without cochlear dysfunction[69,70]. Unlike GSDME
mutations, DFNB59 mutations are heterogeneous, including both truncations and missense
mutations (p.T54l or p.R183W). In mice, functional pejvakin was necessary to allow
existing peroxisomes to proliferate and protect cochlear sensory hair cells and auditory
neurons from noise-induced generation of reactive oxidative species[71]. The ability of
pejvakin to form pores and the possible role of pejvakin pore formation in mediating
proliferation of peroxisomes remains unknown. One possibility is that pejvakin forms a pore
to transport proteins into the peroxisomes necessary for peroxisome proliferation in response
to increased ROS. Indeed, several PEX proteins are already known to mediate import of
large proteins into peroxisomes through the formation of transient pores[72]. Another group
has suggested that pejvakin instead functions through interactions with cytoskeletal proteins
or through a structural role in hair cells[73].

Concluding Remarks

The involvement of gasdermins with pyroptosis is a remarkable recent discovery. That the
human genome encodes six proteins with the potential to form pores in the membrane and
cause lysis opens up a large landscape of study (see Outstanding Questions). At least five
inflammasomes can activate caspase-1[1], driving pyroptosis via gasdermin D.
Caspase-11/4/5 also cleave gasdermin D to cause pyroptosis. Are there other sensor systems
with similar complexity upstream of the other gasdermins? Are these other gasdermins
similarly used to defend against microbial infection, and can they contribute to
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immunopathology? These pore-forming cytosolic proteins are extremely hazardous to the
cell, and inappropriate activation is already associated with deafness and alopecia as well as
exacerbation of sepsis in animal models[14]. Do other immunopathologic diseases arise
from incorrect activation of gasdermins and pyroptotic cell death? The gasdermins open up
these and many other questions regarding how these six gasdermins are triggered, and of
what benefit the resulting pyroptosis is to the organism.

Outstanding questions

. Does gasdermin D damage intracellular microbes in vivo?
. What sensors are upstream of gasdermins?
. What is the role of remaining gasdermin family members in vivo? In

particular, do they play a role in defense against microbial infection and
immunopathology?

. How do effects of the various gasdermins differ from each other?

. How do the roles and effects of gasdermins differ in non-immune cells from
known effects in immune cells?

. What is the benefit of DFNAS driving apoptotic signals into membrane
rupture?

. Do any pathogens directly inhibit gasdermin function?

Glossary

Efferocytosis

phagocytosis or endocytosis of dead cells by another cell. Apoptotic bodies are typically
efferocytosed by macrophages, but can also be efferocytosed by stromal cells. We recently
proposed to extend the term efferocytosis to include phagocytosis of PITs by neutrophils

Gasdermin

a family of protein (6 in humans, 10 in mice) that have a homologous N-terminal gasdermin
domain. Upon activation, this domain forms a pore in the plasma membrane (this activity
has not been studied for DFNB59 at this time). Gasdermins are activated by proteolytic
cleavage between their N-terminal and C-terminal domains

Gasdermin pore
the pore formed by an activated gasdermin PFD, sometimes previously called the
“pyroptotic pore”

Inflammasome

a platform that activates caspase-1. The inflammasome includes the sensor protein (NLR,
AIM2, Pyrin) which oligomerize in response to a cytosolic stimulus. In many cases the
adaptor protein ASC is also included in the term “inflammasome”; inflammasomes trigger
the polymerization of the entire cellular content of ASC into an ASC speck. Caspase-11 is a
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noncanonical inflammasome that directly detects cytosolic LPS, functioning in parallel to
caspase-1

Pore-induced intracellular trap (PIT)

The remnants of a cell after its membrane ruptures as a consequence of swelling due to a
membrane pore, including the gasdermin pore that causes pyroptotic membrane rupture.
PITs are composed of the ruptured, but otherwise mostly intact plasma membrane that
retains (traps) organelles and intracellular bacteria

Programmed cell death
cell death that occurs because of specific signaling events within a cell. In contrast, hon-
programmed cell death (necrosis) results from thermal, chemical, or other physical damage

Pyroptosis

programmed lytic cell death by membrane rupture that is a consequence of a gasdermin
pore. Cells with open gasdermin pores theoretically could avert pyroptosis by initiating
regulatory volume decrease and repairing their membranes. Typically the gasdermin pore
causes swelling, and in short order this results in physical rupture in the plasma membrane

which marks the irreversible death of the cell
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Trends Box

Caspase-1-programmed cell death observed in 1992 was later termed
pyroptosis to differentiate it from the morphologically-distinct apoptosis.

The pyroptosis effector remained unknown until 2015 when gasdermin D was
discovered as a cleavage target for caspase-1 and -11.

The N-terminus of gasdermin D is a pore-forming domain that permeabilizes
the plasma membrane, simultaneously releasing mature IL-1f and driving cell
swelling until membrane rupture.

Membrane rupture disperses soluble cytosolic contents. Organelles and
intracellular bacteria remain trapped within the torn but largely intact plasma
membrane. This pore-induced intracellular trap (PIT) promotes transfer of
trapped bacteria to neutrophils.

Other gasdermin superfamily proteins have homologous, pore-forming
domains. DFNA5, one member of this family, is activated by caspase-3,
converting apoptosis into secondary necrosis.
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Figure 1. Pyroptosis converts cells into pore-induced intracellular traps (PITs)
Whereas apoptosis converts cells into apoptotic bodies, pyroptosis converts cells into PITs.

The membrane rupture event that defines pyroptosis immediately disperses soluble cytosolic
contents. However, although torn, the plasma membrane remains largely intact such that
organelles and live intracellular bacteria remain trapped within. This is different from the
image of cellular debris, where all cellular contents are dispersed. Efferocytosis is the
process whereby one cell phagocytoses another. Apoptotic bodies are typically efferocytosed
by macrophages. In contrast, PITs are efferocytosed by neutrophils. These neutrophils then
kill the previously intracellular, now PIT-trapped, bacteria. Pictures of neutrophils (marked
by Ly6G, white) that have efferocytosed macrophage PITs (marked by CD68, red) that
entrap intracellular bacteria (GFP, green) after the engineered bacteria are prompted to
express flagellin and trigger pyroptosis of macrophages in vivo [2].

caspase-1/1

membrane

gasdermin rupture

pore
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Key Figure: Figure 2. Caspase-1/11 activate the gasdermin D pore to cause pyroptosis
Caspase-1 is activated by various inflammasomes in response to contamination of the

cytosol or perturbation of basic cellular homeostasis. Caspase-11 (mice) and caspase-4 and
-5 (humans) activate by direct sensing of cytosolic LPS. Upon activation, these caspases
cleave pro-1L-1p, pro-1L-18, and gasdermin D. Gasdermin D is composed of an amino-
terminal pore-forming domain (PFD, green), a linker (red), and a carboxy-terminal
repression domain (RD). The amino-terminal pore-forming domain (PFD) of gasdermin D
then interacts with the plasma membrane and approximately 16 monomers oligomerize to
form a gasdermin pore. The diameter of this pore is estimated in the range of 10-15 nm,
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which is large enough to release small proteins, including mature IL-1B (4.5 nm diameter),
probably at a relatively slow rate. Simultaneously, sodium enters the cell, bringing with it
water that causes the cell volume to increase. This can rapidly exceed the volume capacity of
the membrane, resulting in membrane rupture that is larger in size than the gasdermin pore,
but smaller or on par with most organelles and intracellular bacteria. Upon membrane
rupture, all remaining soluble cytosolic contents are released so rapidly as to be essentially
instantaneous.

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.



Page 19

UONOUNY-10-SS0] = 40 ‘UONOUN-J0-UTe = 409 ‘BAISS303l [BLIOSOINE = ¥/ JUBLILLOP [BLOSOINE = n_<Q

[0 ‘2€-g€] wouy usyel Blep :o_mmmaxm_m

sanssi
(407) ssauyeap [enusbuod Yy umouqun 1830 Ul passaidxa Ajpeolq ‘walsAs A10)pne ‘s|[a9 Jrey Jes Jauu] 659ua MACLd ‘Unjenlad 659N-a
S99 15BW
(409) ssauyeap |enusbuod Qv ¢-asedse) pawiid-36] pue ‘saunsaiul ‘eajyood ‘Asupiy ‘1eay ‘ulelq ‘elusde|d seuag Fwaso) 3 uiwiepseb SYN-Ha
sisdas | G/p/TT/T-0sedSED saunsaiul ‘snieydoss ‘YoeWOIS ‘s|[80 BUNWILL] pupss 1SYN4A ‘TOanNaso anaso
poups9
£9UWps9
Z2oups9
umouxun umouyun un{s pue ‘1appe|q ‘saunsslul ‘uss|ds ‘eayoe.} ‘ydewoss ‘snbeydos3y TouIpso 3ZIN INASO
$SBaSIpP auNwWW 13YI0 pue BLIYISY umouxun U0J02 pue ‘JaAl] ‘yaewo)s ‘snbeydoss ‘salkooydwA] wasqy | (TNaso) ai-uiwuapsed ‘1z5z0Hd anasos
EBUWPSD
euwysy pJod Zewps9 (TWas9) Tulwispsed
(409) e10adoy umouun learjiquin pue ‘spue|b Arewwew ‘yoewols ‘snbeydoss ‘anbuol ‘us ) (INasO) uiwiapseh YWaso
suoneIo0sse asessip Jofeln Aq pa1eAnnoy pu0IssaIdX3 | 5ua6 asnopy sawreu ayeussl)y | susb uewny

Kovacs and Miao

‘uJaned uoissaldxa pue ainyejouaWouU Ajlwe) UlWwispses

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.



Page 20

Kovacs and Miao

Author Manuscript

I 9l1qeL

Author Manuscript

“JONAJORIA Buisn painsesw a1am SIs1aWeIp WNWIXBJA "UMOYS 8Je J3Wel1a) pue Jalip Wapue) ayl 10 Jajawelp pue 1ybiam Jejnos|jop
x

wu 9' 008'9¢T K JOUEASL Ha

wu 9°5 Jo Jawilqg 009'9G | . *3U!P WIpUEL BRI

wu y'g 006'92 J3Wouo d49

wuog 6€C'8T | Jowouow aineN 8T-1I

wu gy 9/€'/T | Jswouow ainje\ 9111

wu 8e'T 295 ajnosjow Jrews | wnipidold

wu /60 Sl 3|ndajow |[ews ENTRIS)

wu /20 €¢ uoj +EN

wu G/2°0 8T [ aInosjow jjews 0°H
1918welg xe\ | (eq) wbram senosjoN se s1s1x3

s1s01doJAd 01 3oUBAB|3J JO $9INJBJOW JO IS)3WRIP PAlRWIISS PUR 3ZIS

Author Manuscript

Author Manuscript

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.



	Abstract
	Pyroptosis defends against intracellular infection
	Gasdermin D pores are the effectors of pyroptosis
	Cleaved gasdermin D oligomerizes to form the pyroptotic pore
	Gasdermin D pore formation mediates pyroptosis

	Figure I
	Gasdermin D pore releases IL-1β and IL-18
	Gasdermin D pores may target other membranes
	Gasdermin A
	Gasdermin B
	Gasdermin C
	Gasdermin E (DFNA5)
	DFNB59

	Concluding Remarks
	References
	Figure 1
	Key Figure: Figure 2
	Table 1
	Table I

