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Pyroptosis is a form of cell death important in defenses
against pathogens that can also result in a potent and some-
times pathological inflammatory response. During pyropto-
sis, GSDMD (gasdermin D), the pore-forming effector protein,
is cleaved, forms oligomers, and inserts into the membranes of
the cell, resulting in rapid cell death. However, the potent cell
death induction caused by GSDMD has complicated our ability
to understand the biology of this protein. Studies aimed at
visualizing GSDMD have relied on expression of GSDMD frag-
ments in epithelial cell lines that naturally lack GSDMD expres-
sion and also lack the proteases necessary to cleave GSDMD. In
this work, we performed mutagenesis and molecular modeling
to strategically place tags and fluorescent proteins within
GSDMD that support native pyroptosis and facilitate live-cell
imaging of pyroptotic cell death. Here, we demonstrate that
these fusion proteins are cleaved by caspases-1 and -11 at Asp-
276. Mutations that disrupted the predicted p30-p20 autoin-
hibitory interface resulted in GSDMD aggregation, supporting
the oligomerizing activity of these mutations. Furthermore, we
show that these novel GSDMD fusions execute inflammasome-
dependent pyroptotic cell death in response to multiple stimuli
and allow for visualization of the morphological changes associ-
ated with pyroptotic cell death in real time. This work therefore
provides new tools that not only expand the molecular under-
standing of pyroptosis but also enable its direct visualization.

The innate immune system maintains a delicate balance
between pathogen defense and inflammatory disease. Nowhere
is this more evident than in pyroptotic cell death, a form of cell
death that is important in pathogen defense but that can also
result in a robust and sometimes pathological, inflammatory
response (1). Pyroptosis was initially characterized as caspase-
1-dependent death in cells of monocytic lineage following acti-

vation of the inflammasome (2, 3). Activation of caspase-1 was
also known to lead to maturation of pro-IL-1� and pro-IL-18,
although it was apparent that the cytokine production and mat-
uration could be decoupled from pyroptotic cell death (4). This
previous conception of pyroptosis was redefined with the dis-
covery of the non-canonical inflammasome causing pyroptosis
in a caspase-11 (caspase-4/5 in humans)– dependent manner
(5– 8). Pyroptosis was yet again redefined with the discovery of
the inflammatory caspase substrate GSDMD (gasdermin D) as
the crucial pore-forming protein mediating pyroptotic cell
death (9 –11). Collectively, these findings thus identified the
critical effector protein common to both canonical and non-
canonical inflammasome-driven cell death.

The discovery of GSDMD and its role in the pyroptotic
cascade provides an essential, unifying protein for both
canonical and non-canonical inflammasome directed pyrop-
tosis. Although the exact mechanism by which GSDMD
induces cell death is still under investigation, it is thought that
GSDMD folds back on itself intramolecularly to achieve an
autoinhibited state. Upon stimulation of caspase-1/4/5/11,
GSDMD is cleaved. This releases the autoinhibited state and
allows the N-terminal p30 GSDMD fragment to form oligo-
mers and insert in lipid membranes, ultimately resulting in the
formation of the pyroptotic pore (12–15). Formation of this
pyroptotic pore can be kinetically measured by monitoring pro-
pidium iodide (PI)2 uptake, because PI moves through the pore
and fluoresces with a distinct excitation/emission upon inter-
calation with DNA (16). The specific mechanism by which p30
GSDMD structurally changes following cleavage, binds to lipid
membranes, creates oligomers, and forms mature pores has yet
to be delineated, and its study has been complicated by the fact
that the rapid induction of pyroptosis has precluded molecular
visualization in relevant cell types (17).

Although some studies attempted to overcome this limita-
tion through the use of fluorescent tags and the use of less
potent forms of GSDMD, efforts to visualize the key effector
protein, GSDMD, have been complicated by the fact that add-
ing tags to the N terminus of the protein interferes with pyrop-
totic activity (11, 14, 15). Additionally, mutations designed to
slow cell death do not allow visualization of real-time kinetics,
and overexpression studies have only been done in cell types
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that do not natively express GSDMD (14, 15). Critically, visual-
ization of GSDMD during and after cleavage by an inflamma-
tory caspase in a relevant cell of myeloid lineage has not been
demonstrated. In this work, through molecular and structural
biological analysis, we define the molecular parameters by
which GSDMD becomes cleaved, oligomerizes, and inserts into
cellular membranes in HEK-293T cells and murine bone mar-
row-derived macrophages. This analysis provided a pathway to
internally tag GSDMD such that both biochemical experiments
and live-cell imaging can be performed in real time. We further
couple CRISPR-Cas9 technology with these novel GSDMD
tools to allow direct, real-time visualization of pyroptotic pore
formation upon inflammasome activation.

Results

Design of a fluorescent protein-tagged GSDMD

To study GSDMD in macrophages, Gsdmd was genetically
deleted in immortalized bone marrow– derived macrophages
(iBMDM) through the use of CRISPR-Cas9 as previously
described (Fig. 1A) (16, 18). The p30 fragment of murine
GSDMD (AA 1–276) has been shown to be cytotoxic via for-
mation of the pyroptotic pore, whereas the cleaved p20 frag-
ment (AA 277– 487) is thought to be located diffusely in the
cytosol following caspase cleavage (12–15). Shi et al. (9) ana-
lyzed truncated versions of p30 GSDMD, demonstrating that
residues 1–243 of human GSDMD (1–244 in mouse) were suf-
ficient to cause cell death (Fig. 1B), indicating that residues
245–276 of the p30 GSDMD fragment can likely tolerate alter-
ation without impacting function. Previous work determined
the crystal structure of the GSDMD family member gasdermin
A3 and demonstrated that a flexible loop lies within gasdermin
A3 corresponding to the region of GSDMD near 245–276 (14).
To circumvent previously identified issues including a lack of
pyroptotic cell death with N-terminal tagging of the p30 frag-

ment of GSDMD (11), a FLAG tag was added following residue
248 in this flexible linker region between the end of the frag-
ment required for pyroptosis (AA 1–244) and before the
caspase-1/11 cleavage site located N-terminal to residue 277
(Fig. 1C). This tag allows monitoring of the p30 GSDMD fragment
before, during, and after cleavage. Murine GSDMD was cloned
into a novel lentiviral expression system. In this system, puromy-
cin resistance and GSDMD expression are linked because
they are both constitutively driven by the EFS promoter but are
cleaved into separate proteins by the P2A self-cleaving peptide.
Gsdmd�/� iBMDM cells were stably reconstituted using this
lentiviral expression system optimized for the myeloid lineage
(18) resulting in expression of WT-GSDMD or FLAG-GSDMD
(Fig. 1, C and D). WT-GSDMD and FLAG-GSDMD reconsti-
tuted iBMDM cells demonstrated similar cytotoxicity in
response to LPS priming and activation of the NLRP3 inflam-
masome with the potassium ionophore nigericin (Fig. 1E). Nei-
ther WT-GSDMD nor FLAG-GSDMD allowed PI uptake in
response to LPS alone (Fig. 1F) but demonstrated similar kinet-
ics in pyroptotic pore formation as measured by PI uptake when
LPS-primed and then stimulated with nigericin or ATP, an
additional activator of the NLRP3 inflammasome that acts in a
manner distinct from nigericin (Fig. 1, G and H).

Given that we could successfully recapitulate WT-GSDMD
behavior with an internal FLAG tag, we next attempted to
insert a much larger fluorescent tag. Because of the size differ-
ence between a small 9-AA FLAG tag and a 26-kDa fluorescent
tag, we first generated a molecular model of the GSDMD pore
based on the crystal structure of the homologous protein
GSDMA3 (Protein Data Bank code 5B5R) (19). The crystal
structure of mNeonGreen from B. lanceolatum (Protein Data
Bank code 5LTR) was modeled between residues 248 and 249 of
GSDMD (Fig. 2A). Because reports indicate that p30 oligomer-
izes with �16 p30 GSDMD units per pore (14), the mNeon-

Figure 1. Knock-out and reconstitution of gasdermin D in macrophages. A, CRISPR-Cas9 KO of Gsdmd in iBMDM cells. Cells transduced with each CRISPR
guide were cloned out, individually verified for loss of GSDMD, and combined to form clonal pools of each guide. B, fragments of p30 GSDMD able to cause cell
death identified by Shi et al. (9). C, design of the internal FLAG tag GSDMD construct. GSDMD is separated from the neomycin resistance marker by the P2A
self-cleaving peptide, both under the control of an EFS promoter. The lentiviral expression construct allows for stable expression in multiple cell types. D,
reconstitution of WT- and FLAG-GSDMD in Gsdmd�/� iBMDM cells. E, LDH release assay in reconstituted iBMDM cell lines primed with 200 ng/ml LPS and
unstimulated or stimulated with 10 �M nigericin. F–H, PI uptake assay in WT- and FLAG- GSDMD iBMDM cells with LPS priming alone (F) and in combination with
10 �M nigericin (G) or 5 mM ATP (H). E represents means with S.E. of nine technical replicates of three experiments. F and H represent the means � S.E. of four
technical replicates of two independent experiments. G represents the means � S.E. of six technical replicates of three independent experiments.
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Green GSDMD pore was modeled as a 16-mer structure.
Although molecular modeling suggests that mNeon-GSDMD
is flexible enough to allow for cleavage and pore formation,
because mNeon is located in the flexible linker region which
could not be crystallized, the actual position of mNeon in rela-
tion to p20 or p30 GSDMD could vary greatly from the model.
Nonetheless, structural modeling based on the crystal structure
of murine GSDMA3 suggests that this placement may allow
visualization of near-native pore formation. Additionally,
sequence comparison with other members of the gasdermin
superfamily demonstrates low sequence homology in this
region (supplemental Fig. S1), suggesting that a larger insertion
might be tolerated in this region. Based on this, Gibson directed
cloning allowed the insertion of the fluorescent mNeon protein
into the lentiviral expression system (Fig. 2B).

mNeon-GSDMD activity in HEK-293T cells

To test whether mNeon-GSDMD retains function, we first
assessed cleavage by caspase-1/11. mNeon-GSDMD is cleaved
by caspases 1 and 11 when co-expressed in HEK-293T cells (Fig.
3A). Based on the preference of caspase 1 and 11 for aspartate at
the cleavage site, mutation of Asp-276 should decrease cleavage
of GSDMD and cell death (9, 11). Indeed, mutation of Asp-276
to alanine resulted in a loss of mNeon-GSDMD cleavage
when expressed with caspase-1 or -11 (Fig. 3A). Expression
of mNeon-GSDMD in HEK-293T cells demonstrated diffuse,

cytosolic GSDMD which spared the nucleus consistent with
previous imaging studies (Fig. 3B) (14, 15). To ensure that our
findings were not mNeon-dependent, the mNeonGreen tag
was exchanged for the mRuby2 fluorescent protein (20) (Fig.
3C). mRuby-GSDMD expressed in HEK-293T cells demon-
strated diffuse, cytosolic expression of GSDMD confirming an
mNeonGreen-independent expression pattern (Fig. 3D and
supplemental Fig. S2A). Transfection of mNeon-GSDMD and
mRuby-GSDMD in HEK-293T demonstrated analogous distri-
bution patterns, although relative expression levels varied
among cells leading to varying coloration from green to red (Fig.
3E and supplemental Fig. S2B). To determine the effect of
caspase-11 on mNeon-GSDMD, the catalytic domain of
caspase-11 was expressed with mNeon-GSDMD in HEK-293T
cells. Expression of the catalytic domain of caspase-11 caused
mNeon-GSDMD aggregation and cell death in a caspase-11
dose-dependent manner (Fig. 3F).

Probing the p30-p20 interface with mNeon-GSDMD

Modeling of GSDMD based on the crystal structure of gas-
dermin A3 demonstrated that key residues in the p20 fragment
of GSDMD bind and inhibit residues in the p30 fragment (14).
Functional studies of gasdermin A3 and GSDMD then demon-
strated that mutation of three conserved residues in the p20
fragment of GSDMD (Leu-290, Tyr-373, or Ala-377) to aspar-
tate results in a release of autoinhibition leading to pyroptotic

Figure 2. Design and modeling of mNeon-gasdermin D. A, structural model of mNeon-GSDMD and the mNeon-GSDMD pyroptotic pore. mNeonGreen from
B. lanceolatum (Protein Data Bank code 5LTR) was modeled between residues 248 and 249 of murine GSDMD. The structural model of GSDMD was based on
the crystal structure of GSDMA3 (Protein Data Bank code 5B5R). B, design of the internal mNeon-GSDMD lentiviral expression construct for stable reconstitu-
tion/expression of mNeon-GSDMD.
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cell death (14). These three conserved residues are present in
murine GSDMD as Leu-292, Tyr-376, and Ala-380. The crystal
structure of gasdermin A3 further demonstrated that these
three residues are likely key for binding to a phenylalanine-
tryptophan sequence in the p30 fragment (14). If these novel
fluorescent GSDMD tools recapitulate wild-type function,
mutation of these residues should release autoinhibition and
promote aggregation of the fluorescently tagged GSDMD.
Therefore, to investigate the p30-p20 autoinhibitory interface
using mNeon-GSDMD, activating mutants (L292D, Y376D,
and A380D) and inactivating mutants (D276A) were expressed
in HEK-293T cells. As predicted mRuby-GSDMD, as well as
non-mutated, L292D, Y376D, and A380D mNeon-GSDMD,
demonstrated cleavage in the presence of caspase-11, whereas
no cleavage of D276A mNeon-GSDMD was observed (Fig. 4A).
Lower levels of mNeon-GSDMD were seen with activating
mutants because of their cytotoxic effects. Using confocal
microscopy, each of the mNeon-GSDMD variants were
expressed in HEK-293T cells and imaged. Expression of L292D,
Y376D, and A380D mutations of mNeon-GSDMD caused
spontaneous formation of large aggregate structures, suggest-
ing that these mutations spontaneously relieved GSDMD auto-
inhibition, resulting in oligomerization/aggregation of full-
length GSDMD (Fig. 4B). The aggregates were absent from wild
type mNeon-GSDMD and D276A mNeon-GSDMD cell lines
and present in all three activating mutants, demonstrating that
mNeon-GSDMD retains the same p30-p20 autoinhibitory
interface as WT-GSDMD. The morphology and abundance of
these activating aggregates of GSDMD in overexpression assays
do not mean that this finding would be retained in cells natu-
rally harboring an activating mutation. Indeed, we found that
stably transduced Gsdmd�/� iBMDM cell lines harboring acti-
vating mutations (Y376H/D) expressed significantly lower

amounts of GSDMD than WT or a separate point mutant
(Y38F), even while retaining the same ability to form pyroptotic
pores as the WT (supplemental Fig. S3, A and B). Notably,
Y376H or Y376D GSDMD expression decreased with extended
time in culture, a phenomenon not seen in wild type or non-
activating mutants (data not shown). This suggests that the
presence of activating mutations confers a selective disadvan-
tage to high expressing cells. Together, these data suggest that
this internally fluorescent GSDMD retains the function of the
non-tagged GSDMD.

Visualizing GSDMD activity during pyroptosis in reconstituted
iBMDM cells

Although helpful in probing the mechanics of GSDMD auto-
inhibition and caspase cleavage, our initial studies employed
overexpression in HEK-293T cells and could be subject to over-
expression artifacts. Because pyroptotic activity in a cell of mye-
loid lineages is most relevant to human physiology and patho-
physiology, the Gsdmd�/� iBMDM cells were reconstituted
with WT-GSDMD and mNeon-GSDMD (Fig. 5A). Expres-
sion levels of reconstituted mNeon-GSDMD were similar to
that of the reconstituted WT-GSDMD. Stimulation of the
NLRP3 inflammasome (LPS with nigericin) resulted in cleavage
of mNeon-GSDMD, which was largely absent in unstimulated
cells (LPS alone) (Fig. 5B). mNeon-GSDMD cells demonstrated
IL-1� release in response to LPS with nigericin, although with
slower kinetics than WT-GSDMD reconstituted cells (Fig. 5C).
Pyroptotic pore formation and cell death, measured by PI
uptake and LDH release respectively, were measured in
GSDMD and mNeon-GSDMD reconstituted cells following
stimulation with LPS and nigericin. mNeon-GSDMD demon-
strated cell death following treatment with LPS and nigericin,
although to a lesser degree than WT-GSDMD at 1 h (Fig. 5D).

Figure 3. Expression of mRuby and mNeon-gasdermin D in HEK-293T cells. A, Western blot analysis of mNeon-GSDMD or D276A mNeon-GSDMD cleavage
by caspase-1 or -11 co-expressed in HEK-293T cells. B, mNeon-GSDMD expression in HEK-293T cells using Lipofectamine transfection on 8-well chamber glass.
C, design of the mRuby-GSDMD lentiviral expression construct. D and E, mRuby-GSDMD expression (D) and co-expression of mNeon-GSDMD and mRuby-
GSDMD (E) in HEK-293T cells. F, co-expression of mNeon-GSDMD with increasing amounts of the catalytic domain of caspase-11 (left to right: 0.38, 0.56, and 1.14
�g) with DAPI staining in HEK-293T cells.
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As expected mNeon-GSDMD iBMDM cells demonstrated no
pore formation with only LPS stimulation (Fig. 5E). Following
treatment with LPS and nigericin or LPS and ATP, mNeon-
GSDMD iBMDM cells demonstrated pyroptotic pore forma-
tion, albeit at a slower rate than WT-GSDMD iBMDM cells
(Fig. 5, F and G).

Live-cell imaging of mNeon-GSDMD reconstituted iBMDM
cells demonstrated diffuse mNeon-GSDMD prior to nigericin
stimulation, which was followed by membrane blebbing and
GSDMD redistribution visible on phase contrast and confocal
microscopy following nigericin stimulation (Fig. 6A). A
video of GSDMD-induced pyroptotic cell death was then
taken of the mNeon-GSDMD cells, providing visualization
of the key pyroptotic effector in real time. Consistent with the
kinetics of pyroptotic cell death as demonstrated by PI uptake
assays, membrane blebbing began 15 min after the addition of
nigericin. At this time point, mNeon-GSDMD began to redis-
tribute from a diffusely cytoplasmic localization to form multi-
ple aggregates in the cell that appear to localize at the plasma
membrane, as well as various internal membranes (Fig. 6B and

supplemental Movie S1). The formation of these bubble-like
projections and the loss of membrane integrity are both phe-
nomena that have been previously shown to be characteristic of
pyroptosis (15, 21). Moreover, macrophages with extended pro-
cesses prior to inflammasome activation demonstrated a rapid
retraction of the processes following stimulation. Importantly,
mNeon-GSDMD provides an important advance over the fixed
staining or overexpression of the p30 GSDMD fragment alone
in epithelial cell lines. The method presented here allows for the
visualization of pyroptotic pore formation in real time before,
during, and after inflammasome activation in the myeloid
lineage.

Discussion

One of the hurdles in the study of GSDMD has been the
disruption of normal pyroptotic activity resulting from N-ter-
minal tagging (11). Here, we have described a novel method for
tagging and visualizing GSDMD and demonstrate the applica-
bility of this system in the myeloid lineage, a lineage where
inflammasome activation is an important, normal function. We
then used mNeon-GSDMD to demonstrate that mutations that
disrupt the p30-p20 GSDMD interaction result in the forma-
tion of oligomers and aggregates. Cleavage of mNeon-GSDMD
results in pyroptotic cell death downstream. Upon encounter-
ing activators of the NLRP3 inflammasome, mNeon-GSDMD
is cleaved, resulting in pyroptosis, allowing live-cell visualiza-
tion of pyroptotic cell death across inflammasomes.

In contrast to previous studies of pyroptotic cell death that
relied on proxy measurements of pyroptosis such as PI pos-
itivity, caspase-1 cleavage, or ASC oligomerization, mNeon-
GSDMD allows for direct monitoring of the pyroptotic effector
protein. Previous methods were constrained either in that they
measured events early in the inflammasome-pyroptosis cas-
cade and not the effector of membrane failure or they could not
measure the kinetics or gradations of pyroptotic cell death.
mNeon-GSDMD addresses both of these constraints by allow-
ing live-cell imaging of pyroptotic cell death at the level of single
cells or small populations of cells. Whereas measuring ASC
oligomerization or caspase-1 cleavage only measures the acti-
vation of the canonical inflammasome, mNeon-GSDMD pro-
vides detailed information about the downstream pyroptotic
effector protein. Whereas markers such as PI positivity are
binary, mNeon-GSDMD allows gradations of pyroptotic cell
death to be visualized. Although mNeon-GSDMD displays
slower kinetics in pore formation following activation with LPS
and nigericin, this feature is serendipitous in that it allows for
more subtle changes in GSDMD mediated death to be studied.

Although the study of cell death and inflammatory disease
has been dramatically advanced with the discovery of GSDMD
as the protein forming the pyroptotic pore, many important
questions remain outstanding. Future investigations are neces-
sary to provide details on the mechanisms by which GSDMD
creates oligomers, binds membranes, and forms mature pores.
Although GSDMD is known to be present in the intestinal tract,
the expression and activity of GSDMD in specific cells and tis-
sues throughout the body remain largely unknown. Exploring
GSDMD-induced cell death in a tissue- and disease-specific
manner will be important in leveraging the current knowledge

Figure 4. Disruption of the mNeon-gasdermin D autoinhibition. A, West-
ern blot analysis of caspase-11 cleavage of mRuby-GSDMD, mNeon-GSDMD,
predicted deactivating mNeon-GSDMD mutation (D276A), and predicted
activating mNeon-GSDMD mutations (L292D, Y376D, and A380D). Con-
structs were co-expressed in HEK-293T cells using calcium phosphate trans-
fection with the catalytic domain of caspase-11. Samples were harvested 24 h
post-transfection and analyzed via Western blot. B, representative confocal
microscopy images of deactivating and activating mNeon-GSDMD mutations
expressed in HEK-293T cells.
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of pyroptotic cell death for clinical applications. To that end,
the lentiviral delivery system allows for the use of mNeon-
GSDMD or mRuby-GSDMD in a wide range of cell types and in
combination with other fluorescent markers. Further, because
the inflammasome and pyroptotic cell death have been impli-
cated in a myriad of disease processes including sepsis (22),

inflammatory bowel disease (23, 24), and immunodeficiencies
(25), the role of GSDMD in disease-specific contexts must be
further investigated. These are studies in which mNeon-
GSDMD could prove a valuable tool. Through building a
framework of novel tools and assays, a greater knowledge of
pyroptotic cell death can be achieved to solve some of the key

Figure 5. Reconstitution of mNeon-GSDMD in macrophages. A, Western blot of wild-type GSDMD or mNEON-GSDMD reconstituted in Gsdmd�/� BMDM
cell lines. B, cleavage of mNeon-GSDMD with LPS or LPS with nigericin (LPS � NG) in reconstituted cells (asterisk denotes nonspecific band). The cells were
stimulated with 200 ng/ml LPS for 4 h with or without 10 �M nigericin stimulation for 1 h. C, IL-1� release from reconstituted iBMDM cells as measured by
sandwich ELISA following stimulation with 200 ng/ml LPS and 10 �M nigericin. D, cytotoxicity as measured by LDH release in reconstituted cell lines in response
to LPS priming with or without nigericin stimulation. E–G, pore formation as measured by PI uptake in reconstituted cell lines with LPS priming with no
inflammasome activation (E), nigericin stimulation (F), or ATP stimulation (G). Concentrations were LPS, 200 ng/ml; nigericin, 10 �M; and ATP, 5 mM. D represents
the mean with S.E. of 15 technical replicates from six experiments. F represents the mean with S.E. of six technical replicates of three independent experiments.
E and G represent the mean with S.E. of four technical replicates of two independent experiments.
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outstanding questions and address these serious diseases.
mNeon-GSDMD has been used to probe the p30-p20 interface
and expand the knowledge of pyroptotic cell death in epithelial
and macrophage cells, enabling wider applicability of these
novel reagents to address pyroptotic cell death in disease-spe-
cific contexts.

Experimental procedures

Cells, plasmids, reagents, antibodies, and Western blotting

Calcium phosphate transfection of HEK-293T cells grown in
DMEM (Corning) with 15% SuperCalf Serum (Gemini), 1%
penicillin/streptomycin (Gibco), and supplemented with non-
essential amino acids (Gibco), L-glutamine (Gibco), and HEPES
was used for overexpression assays. Nlrp3�/� iBMDM cells

overexpressing NLRP3-FLAG and ASC-mCerulean were a gift
from Eicke Latz (University of Bonn, Bonn, Germany) and were
cultured in DMEM (Corning) with 10% heat-inactivated
SuperCalf Serum, 1% penicillin/streptomycin, and 3 �g/ml
puromycin (Invitrogen). Gsdmd�/� cells were generated
using CRISPR-Cas9 as previously published (16) under the
same culture conditions as iBMDM cells. Knock-out cell lines
were verified using Western blot. iBMDM and HEK-293T cell
lines were lysed in modified radioimmune precipitation assay
buffer with 1 mmol of PMSF (Acros Organics), a protease
inhibitor mixture (Sigma), and calyculin (LC Laboratories). The
GSDMD monoclonal antibody (SC-393656; Santa Cruz Bio-
technology) is designed against an epitope located within the
p30 fragment of murine GSDMD. Other primary antibody

Figure 6. Live-cell imaging of pyroptosis in macrophages. A, mNeon-GSDMD iBMDM cells were primed with 200 ng/ml LPS and stimulated with 10 �M

nigericin (NG). Confocal and phase contrast microscopy was used to visualize mNeon-GSDMD during pyroptosis. B, confocal microscopy enabled
live-cell imaging of pyroptotic cell death before, during, and after activation of the NLRP3 inflammasome with nigericin. A video of cell death is available
in supplemental Movie S1.
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used were anti-FLAG (F7415; Sigma), caspase-1 p10 (SC-514;
Santa Cruz Biotechnology), and GAPDH (60004; Proteintech).
All primary antibodies were used according to the manufactu-
rer’s instructions. HRP-conjugated secondary antibodies rec-
ognizing mouse and rabbit IgG (Cell Signaling Technology)
were used at 1:10,000.

PCMV-FLAG-Caspase-11 was a gift from Junying Yuan
(Addgene plasmid no. 21145) (26). The GSDMD expression/
reconstitution vectors described in Figs. 1B and 2A were Gib-
son subcloned into the lentiviral expression plasmid previously
described (27), which originally utilized LentiCRISPRv2 (Add-
gene) as a template with GSDMD separated from the neomycin
resistance marker by a P2A self-cleaving peptide. GSDMD
expression/reconstitution vectors were made CRISPR-Cas9
cut resistant through mutation of the PAM sequence via
site-directed mutagenesis while conserving the amino acid
sequence. mNeonGreen or mRuby2 were inserted using Gib-
son cloning following amino acid 248 in the murine gasdermin
lentiviral expression construct. L293D, Y376D, A380D, and
D276A mutants of GSDMD were created using site-directed
mutagenesis on the GSDMD lentiviral reconstitution vector.
GSDMD lentivirus was produced in HEK-293T cells using
calcium phosphate transfection of the wild-type or mutant
GsdmD lentiviral plasmid co-transfected with PsPAX (Add-
gene) and PMD.2 (Addgene). Lentivirus was harvested, filtered
through a 0.45-�m filter, and added to Gsdmd�/� iBMDM cells
with Polybrene infection/transfection reagent (Millipore).
After 2 days of transduction with the lentivirus, the cells were
selected with 1.0 mg/ml of G418 (InvivoGen) for 4 days. Recon-
stitution of GSDMD into Gsdmd�/� cell lines was verified
using Western blot. Following selection, the cells were main-
tained in 1.0 mg/ml G418.

Propidium iodide, cytotoxicity, and IL-1� release assays

For the propidium iodide assay, iBMDM cells were plated out
at 300,000 cells/well in 24-well plate format. 4 h prior to the
start of the assay, the cells were stimulated with 200 ng/ml LPS
(InvivoGen). At the start of the assay, the cells were washed
once with PBS, and an imaging buffer containing 120 mM NaCl,
4 mM KCl, 1.5 mM CaCl2, 1 mM magnesium chloride, 25 mM

HEPES, 5 mM glucose, and 0.1% BSA at pH 7.4 with 1 �g/ml
propidium iodide (Molecular Probes) was added to the cells.
The propidium iodide fluorescence (excitation/emission, 533/
617) in each well was measured on Spectramax i3x Multi Mode
micro plate reader (Molecular Devices). Following background
readings, cells were stimulated with 10 �M nigericin (Sigma) or
5 mM ATP (Fisher) and read kinetically at intervals of 1 min.
Maximum PI fluorescence was obtained using 1% Triton X-100
in each well. Relative PI uptake was calculated for each well
as (fluorescence at time x � background fluorescence)/
(maximum fluorescence � background fluorescence). For the
cytotoxicity assay, the cells were plated at 100,000 cells/well in
24-well plate format. The cells were stimulated with 200 ng/ml
LPS (Sigma). 4 h after LPS stimulation, the cells were treated
with no stimulus (LPS only) or with nigericin (LPS � NG).
Background and maximum LDH release were calculated from
unlysed and lysed wells, respectively, with LDH release from all
wells measured using the Pierce LDH assay (Invitrogen). The

percentage of cell death was calculated per the manufacturer’s
instructions based on LDH release of experimental wells com-
pared with maximal and minimal LDH release control wells.

Alignment and structural modeling of mNeon-GSDMD

Alignment of gasdermin family members was done using
Clustal Omega multiple sequence alignment, and supplemental
Fig. S1 was prepared using ESPript 3.0 (28). A structural model
for the full-length mGSDMD was produced based on the struc-
ture of murine GSDMA3 (Protein Data Bank code 5B5R) using
the MMM server (29). The crystal structure of an mNeonGreen
fluorescent protein from Branchiostoma lanceolatum (Protein
Data Bank code 5LTR) was linked to the mGSDMD model
between residues Arg-248 and Lys-249. The resulting model
was energy-minimized using program Phenix (30). The p30
GSDMD domain is colored gold, the p20 GSDMD domain is
silver, and mNeon is green. The caspase cleavage site Asp-276 is
marked with a magenta sphere. Based on published data on
gasdermin pores (14), a 16-mer symmetric complex assembled
by the GSDMD-N domain was modeled. The position and ori-
entation of Neon relative to GSDMD-N is arbitrary.

Cell imaging and analysis

Epifluorescent imaging was conducted on a Leica epifluores-
cent microscope. HEK-293T cells split onto 6-cm culture
plates. The following day, cells were calcium phosphate–
transfected with the respective plasmids, incubated for 24 h,
and imaged. Confocal imaging was conducted on a Leica SP5
DMI 6000B inverted confocal microscope. For transfected,
fixed images, 8-well chamber glass was coated with poly-L-ly-
sine and plated with HEK-293T cells. Transfections were con-
ducted using Lipofectamine 2000 (Invitrogen) in opti-MEM
medium. 18 h after transfection, the cells were fixed with 4%
paraformaldehyde, washed twice in PBS, and stored in ProLong
Antifade Mountant (Molecular Probes) for imaging. For live-
cell imaging of mNeon-GSDMD iBMDM cells, macrophages
were plated on collagen-coated chamber glass. The following
day, the cells were stimulated with 200 ng/ml LPS (Invivogen)
followed by stimulation with 10 �M nigericin.

IL-1� release was measured from iBMDM cells primed with
200 ng/ml LPS and stimulated with 10 �M nigericin for the
specified amount of time. Supernatants were collected, spun at
13,000 rpm for 30 s to clear any cells, and then assayed for IL-1�
concentration using sandwich ELISA (BioLegend).

Confocal live-cell imaging

Live cell confocal imaging was taken on a Leica SP5 DMI
6000B confocal using argon 488-nm and helium–neon 633-nm
lasers using a Leica 506375 HC FLUOTAR 25�/0.95 water
immersion objective with 0.17-mm glass correction. The cells
were cultured in an imaging buffer containing 120 mM NaCl, 4
mM KCl, 1.5 mM CaCl2, 1 mM magnesium chloride, 25 mM

HEPES, 5 mM glucose, and 0.1% BSA at pH 7.4. Live-cell imag-
ing was conducted at 37 °C within a custom made environment
box utilizing an Airtherm ATX heater (World Precision Instru-
ments). Detection utilized 12 bit Photomultiplier tubes with
Leica LAS AF acquisition software. Deconvolution was done
with Huygens Professional 16.10 using CMLE with SNR 3 and
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visualized using maximum intensity projections in Imaris
(Bitplane).

Fig. 3 images

Microscopy images were taken on a Leica SP5 DMI 6000B
confocal using an argon 488-nm laser with a Leica 506192 HCX
PL APO lambda blue 63�/1.4 oil objective with 0.17-mm glass
correction. For detection, a 12-bit Photomultiplier tubes were
used with Leica LAS AF acquisition software. Deconvolution
was done with Huygens Professional 16.10 using CMLE with
SNR 5 and visualized using maximum intensity projections in
Huygens Professional.

Fig. 4 images

Microscopy images were taken on a Leica SP8 DMI 6000
confocal using a Diode 405-nm laser and white light laser set to
506 nm, with acquisition in sequential mode. A Leica HC PL
APO 100�/1.40 Oil STED WHITE lens was used. Detection
utilized 12-bit hybrid detectors. Leica LAS X acquisition soft-
ware and deconvolution with Huygens Professional 16.10 using
CMLE with SNR 5 were used. Maximum intensity projections
were visualized in Huygens Professional.
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