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ARTICLE

N-GSDMD trafficking to neutrophil organelles
facilitates IL-1β release independently of plasma
membrane pores and pyroptosis
Mausita Karmakar1, Martin Minns 2, Elyse N. Greenberg2, Jose Diaz-Aponte1, Kersi Pestonjamasp3,

Jennifer L. Johnson3, Joseph K. Rathkey4, Derek W. Abbott4, Kun Wang5, Feng Shao 5, Sergio D. Catz3,

George R. Dubyak1,4✉ & Eric Pearlman2✉

Gasdermin-D (GSDMD) in inflammasome-activated macrophages is cleaved by caspase-1 to

generate N-GSDMD fragments. N-GSDMD then oligomerizes in the plasma membrane (PM)

to form pores that increase membrane permeability, leading to pyroptosis and IL-1β release.

In contrast, we report that although N-GSDMD is required for IL-1β secretion in NLRP3-

activated human and murine neutrophils, N-GSDMD does not localize to the PM or increase

PM permeability or pyroptosis. Instead, biochemical and microscopy studies reveal that N-

GSDMD in neutrophils predominantly associates with azurophilic granules and LC3+

autophagosomes. N-GSDMD trafficking to azurophilic granules causes leakage of neutrophil

elastase into the cytosol, resulting in secondary cleavage of GSDMD to an alternatively

cleaved N-GSDMD product. Genetic analyses using ATG7-deficient cells indicate that neu-

trophils secrete IL-1β via an autophagy-dependent mechanism. These findings reveal fun-

damental differences in GSDMD trafficking between neutrophils and macrophages that

underlie neutrophil-specific functions during inflammasome activation.
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The Gasdermin (GSDM) family of proteins are regulators of
innate immune and cell death responses. Pyroptosis, a pro-
inflammatory mode of lytic cell death mediated by Gas-

dermin D (GSDMD) is the best-characterized response1,2. GSDMs
are expressed as ~50 kDa cytosolic pro-proteins with N-terminal
effector and C-terminal regulatory domains, and a binding
interface between the C-terminal domain and the ~30 kDa
N-GSDM effector moiety maintains pro-GSDM in an auto-
inhibited conformation. Disruption of this interface by proteolytic
cleavage of linker loops or mutation of key residues induces
conformational rearrangement of N-GSDM subunits (reviewed in
refs. 1,3,4) to expose sites for interaction with anionic phospholi-
pids on accessible leaflets of membrane bilayers. This facilitates N-
GSDM oligomerization and drives insertion of multiple β-hairpins
through the targeted bilayer to assemble macropores (10–18 nm
inner diameters). Assembly of N-GSDM pores in the plasma
membrane markedly increases its permeability to macromolecules
(up to 20 kDa), metabolites, ions, and major osmolytes, resulting
in rapid collapse of cellular integrity to facilitate pyroptosis5–7. In
infected tissues, pyroptosis eliminates the replicative niche of
intracellular bacteria within dying macrophages to entrap bacteria
for ingestion by recruited neutrophils8.

Physiological roles for GSDMD in both pyroptosis and IL-1β
release during inflammasome signaling have been extensively
characterized in macrophages and other mononuclear leukocytes.
IL-1β lacks the signal sequence required for conventional exo-
cytotic secretion via the endoplasmic reticulum/Golgi pathway
and is therefore released by non-classical export mechanisms9.
During canonical inflammasome signaling, caspase-1 cleaves pro-
IL-1β to the 17 kDa bioactive cytokine, and cleaves the 52 kDa
pro-GSDMD to 31 kDa N-GSDMD products, which oligomerize
at the macrophage plasma membrane to generate pores that
function as direct conduits for IL-1β efflux and mediators of
pyroptosis10. In murine macrophages, glycine markedly delays
pyroptosis (via an unknown mechanism), but does not inhibit IL-
1β release or assembly of N-GSDMD pores11,12.

Neutrophils, which are recruited in large numbers following
infection or tissue damage, are also a major source of IL-1β. We
and others reported that neutrophils release IL-1β in the absence
of pyroptosis during canonical NLRP3 inflammasome activa-
tion13–15. Despite this independence from pyroptosis, two recent
studies used Gsdmd−/− mice to show that neutrophil IL-1β
release is reduced in the absence of GSDMD, similar to
macrophages16,17. Although the mechanism for the absence of
GSDMD-mediated pyroptosis in neutrophils was not directly
investigated, the authors suggested that the non-lytic IL-1β
release reflects direct efflux via plasma membrane N-GSDMD
pores as with macrophages12, and may be coupled with a robust
ability of neutrophils to remove N-GSDMD pores from the
plasma membrane via membrane repair, as also described for
macrophages18. However, accumulation of functional N-GSDMD
pores in the neutrophil plasma membrane or roles for membrane
repair in limiting pore numbers in neutrophils have not been
explicitly evaluated.

In the current study, we describe an alternative mechanism for
the resistance of inflammasome-activated neutrophils to pyr-
optosis despite generation of pore-competent N-GSDMD pro-
ducts. Using functional analyses of plasma membrane
permeability, biochemical analyses of subcellular fractions, and
super-resolution imaging of single neutrophils with a novel
monoclonal antibody that recognizes N-GSDMD but not pro-
GSDMD, we find that unlike macrophages, inflammasome-
activated neutrophils: (a) do not accumulate functional N-
GSDMD pores in the plasma membrane; (b) do not activate
Ca2+-regulated plasma membrane repair; (c) do not traffic N-
GSDMD protein to the plasma membrane, instead trafficking N-

GSDMD to azurophilic (primary) granules and autophagosomes;
and (d) release IL-1β via an autophagy machinery-dependent
pathway. Further, N-GSDMD permeabilization of azurophilic
granules releases neutrophil elastase into the cytosol, which
mediates a secondary cascade of serine protease–dependent
GSDMD processing. These results demonstrate that dynamic
distribution of N-GSDMD can involve binding to membranes of
abundant intracellular organelles, in addition to the plasma
membrane, to provide neutrophil-specific pathways of GSDMD
function in innate immunity.

Results
Absence of plasma membrane GSDMD pores in neutrophils.
Maximal IL-1β release by neutrophils requires GSDMD as
recently reported16,17 and confirmed by our data (Supplementary
Fig. 1). However, no studies have directly examined if N-GSDMD
forms pores in the neutrophil plasma membrane, following acti-
vation of NLRP3 inflammasomes by nigericin or ATP. We found
that as reported, nigericin triggered robust propidium iodide (PI)
influx in C57BL/6 but not Gsdmd−/− macrophages (Fig. 1a, b).
Imaging of activated macrophages was performed in the presence
of glycine to inhibit pyroptosis. However, in the absence of gly-
cine, nigericin stimulated LDH release from C57BL/6, but not
Gsdmd−/− macrophages (Fig. 1c). ATP triggered similar PI influx
and LDH release responses that were GSDMD-dependent (Sup-
plementary Fig. 2a–c). We also observed rapid PI uptake in
nigericin-stimulated human THP-1 macrophages, but not in
CRISPR generated Gsdmd−/− THP-1 cells (Fig. 1d).

In marked contrast to macrophages, there was no increase in
PI uptake or LDH release in bone marrow neutrophils from
C57BL/6 mice following stimulation with nigericin or ATP
(Fig. 1e–g, Supplementary Fig. 2d–f). These differences in PI
uptake between macrophages and neutrophils were confirmed by
quantitative flow cytometry (Supplementary Fig. 2g–j). Similarly,
neither PI uptake (Fig. 1h, i) nor LDH release (Supplementary
Fig. 3a) were detected in LPS-primed blood neutrophils from
healthy human donors (n= 8) stimulated with nigericin or ATP,
even though these stimuli induced robust IL-1β secretion
(Supplementary Fig. 3b). Thus, murine and human neutrophils
do not accumulate functional GSDMD pores in the plasma
membrane at time points corresponding to high rates of IL-1β
release. The small increase in PI accumulation by nigericin-
treated C57BL/6 neutrophils relative to Gsdmd−/− neutrophils
(Fig. 1e) likely reflects heterogeneity among the immature and
mature neutrophil subpopulations in bone marrow and was not
observed in stimulated human blood neutrophils (Fig. 1h).

Robust Ca2+ influx-dependent membrane repair mechanisms
are activated in response to accumulation of GSDMD pores in the
plasma membrane of macrophages to counteract pyroptotic
lysis18. We compared the PI influx and LDH release responses in
murine neutrophils versus macrophages stimulated with nigericin
either in Ca2+-free or Ca2+-supplemented media. As shown in
Fig. 1j, k, the absence of extracellular Ca2+ (and consequent Ca2+

influx) markedly increased both PI influx and LDH release in
NLRP3-activated macrophages, which correlated with enhanced
IL-1β release (Supplementary Fig. 4a). In contrast, the absence of
extracellular Ca2+ did not facilitate or alter PI permeability, LDH
release or IL-1β secretion in NLRP3-activated neutrophils (Fig. 1l,
m, Supplementary Fig. 4b).

The cryo-EM structures of GSDMD and GSDMA3 membrane
pores indicate similar topology to members of the MACPF/CDC
(Membrane Attack Complex Perforin-like/ Cholesterol Depen-
dent Cytolysin) family of pore-forming proteins19. We therefore
examined if the absence of GSDMD pore formation in
neutrophils was due to intrinsic resistance of their plasma
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membranes to the actions of pore-forming proteins. C57BL/6 and
Gsdmd−/− neutrophils were stimulated with sub-lytic concentra-
tions of the Streptococcus pneumoniae exotoxin pneumolysin
(Ply), which is a MACPF/CDC protein. Ply induced robust PI
influx in both neutrophils and macrophages, although C57BL/6

macrophages exhibited greater PI influx compared to Gsdmd−/−

macrophages in response to Ply (Supplementary Fig. 5a). We
used the NLRP3 inhibitor MCC950 to show that this was due to
the combined actions of primary influx via Ply pores plus
secondary influx via N-GSDMD pores, which accumulate as a
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Fig. 1 Plasma membrane permeability and Ca2+—dependent plasma membrane repair in NLRP3-activated human and murine macrophages and
neutrophils. a–c NLRP3-activated (LPS/nigericin) bone marrow derived macrophages from C57BL/6 and Gsdmd −/− mice showing a time course of propidium
iodide (PI) uptake (a), representative PI positive cells after 45min (b), and LDH release after 90min (c). 5mM glycine was added to the extracellular media for
PI imaging of C57BL/6 and Gsdmd−/− macrophages during nigericin stimulation to avoid cell lysis but was not added to neutrophil cultures. d Time course of
PI uptake by LPS/nigericin activated WT and Gsdmd−/− THP-1 human macrophages. e–g NLRP3-activated bone marrow neutrophils from C57BL/6 and
Gsdmd −/− mice showing PI uptake (e, f) and LDH release after 90min incubation (g). h, i PI uptake by LPS/nigericin and LPS/ATP—activated peripheral
blood neutrophils from two healthy human donors. (IL-1β production is shown in Supplemental Fig. 3). j–m PI uptake and LDH release (45min) by murine
macrophages (j, k) and neutrophils (l, m) stimulated with nigericin in either Ca2+ supplemented or Ca2+ free media. Time course of PI uptake (a, d, g, h, i, j, l)
are mean ± SD of 4 independent experiments (n= 4); LDH data (c, g, k, m) are mean ± SD of biological replicates for each condition from 5 or more
independent experiments (n= 5 data points). p-Values were derived by two-way ANOVA using Sidak’s multiple comparisons test; p < 0.05 is significant, n.s.:
not significant. Panels B, F: scale bar= 100 µm. Source data for panels a, c, d, e, g, h, i, j, k, l, m are provided in the separate Source Data file.
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consequence of Ply pore-mediated K+ efflux and NLRP3/caspase-
1 inflammasome activation (Supplementary Fig. 5b).

Thus, during NLRP3 inflammasome activation in neutrophils,
GSDMD does not form pores in plasma membranes and this is
not a consequence of Ca2+-dependent membrane repair or
intrinsic resistance to MACPF/CDC-like pore-forming proteins.

N-GSDMD does not localize to neutrophil plasma membranes.
To identify mechanisms underlying the absence of plasma
membrane GSDMD pores in neutrophils, we examined GSDMD
processing and localization of N-GSDMD by western blot and
immunofluorescence imaging. Neutrophil extracts were routinely
prepared in RIPA lysis buffer supplemented with diisopropyl
fluorophosphate (DFP), an irreversible inhibitor of the multiple
serine proteases that are present at high levels in neutrophil
granules. By combining whole cell lysates and extracellular
supernatants for western blot analysis, we observed that the
processing of p52 pro-GSDMD to p31 N-GSDMD in NLRP3-
activated murine neutrophils was qualitatively similar to murine
macrophages (Fig. 2a). However, the quantity of accumulated p31
N-GSDMD in neutrophils was lower than in macrophages. Using
two different antibody clones that target murine GSDMD, we
found that p52 pro-GSDMD levels were similar in LPS-primed
neutrophils and macrophages prior to NLRP3 inflammasome
activation (Fig. 2a and Supplementary Fig. 6a); however, there
was less p31 N-GSDMD in NLRP3-activated neutrophils relative
to macrophages, which correlated with lower production of
cleaved caspase-1 (Fig. 2a). Pro-GSDMD cleavage to the p31 N-
GSDMD in neutrophils was blocked by the pan-caspase inhibitor
zVAD (Fig. 2b), indicating that as with macrophages3,20, accu-
mulation of neutrophil p31 N-GSDMD was dependent on
caspases.

Nigericin-stimulated murine macrophages resulted in a 28 kDa
N-GSDMD product in addition to the p31 N-GSDMD (Fig. 2a
and Supplementary Fig. 6b). Accumulation of this smaller
GSDMD product was suppressed by DEVD-fmk (Supplementary
Fig. 6b), indicating a role for caspase-3/7 in addition to caspase-1
in GSDMD cleavage. This is consistent with reports that caspase-1
secondarily activates caspase-7 in inflammasome-stimulated
macrophages21. Although caspase-3/7 can cleave human and
murine GSDMD at Asp-8722, murine, but not human, GSDMD
also contains Asp-27 within an IPVD motif. Combined cleavage of
murine GSDMD at Asp-276 by caspase-1 and Asp-27 by caspase-
7 would generate a 27.4 kDa product as shown.

We also compared GSDMD expression and processing in
human blood neutrophils and human THP-1 macrophages using
two different antibodies for human GSDMD (Fig. 2c). The H-6
rabbit monoclonal antibody (Santa Cruz) recognizes both pro-
GSDMD and p31 N-GSDMD, whereas a novel rabbit monoclonal
antibody, initially generated by Shao and colleagues but now
commercially available (Abcam EPR20829-408), recognizes the
human p31 N-GSDMD cleavage product, but not pro-GSDMD.
We found that pro-GSDMD in THP-1 cells and human
neutrophils was detected by H-6 Ab, but not by EPR20829-408
(Fig. 2c), which detected p31-N-GSDMD in both neutrophils and
THP-1 cells. Although stimulation of THP-1 macrophages with
nigericin for 45 min resulted in near-complete processing of pro-
GSDMD as detected by the H6 Ab, the p31-N-GSDMD in ATP-
or nigericin-stimulated human neutrophils was below the H6
detection threshold. Thus, human neutrophils, like murine
neutrophils, accumulate p31 N-GSDMD during NLRP3 inflam-
masome signaling but at quantitatively lower levels than
macrophages.

The absence of functional plasma membrane pores in neutro-
phils suggested that pore-competent p31 N-GSDMD products do

not efficiently traffic to the plasma membrane. We examined
localization of N-GSDMD using the N-GSDMD-selective
EPR208209 Ab by single cell imaging (Imagestream) and confocal
microscopy. N-GSDMD co-localized with the plasma membrane
marker wheat germ agglutinin (WGA) in LPS/nigericin-activated
THP-1 macrophages, whereas THP-1 cells primed with LPS alone
lacked anti-N-GSDMD reactivity (Fig. 2d, e). There was also no N-
GSDMD staining in NLRP3-stimulated Gsdmd−/− THP-1 macro-
phages (Supplementary Fig. 7). In contrast to the THP-1
macrophages, N-GSDMD was not detected in the plasma
membrane of NLRP3-activated human neutrophils by Imagestream
analyses, but rather accumulated within intracellular loci (Fig. 2f).
Confocal microscopy revealed discrete N-GSDMD punctate
staining in the cytoplasm of neutrophils, whereas N-GSDMD
localized to the cell surface in macrophages (Fig. 2g).

Therefore, even though p31 N-GSDMD is generated in
caspase-1-activated human neutrophils, it does not localize to
the plasma membrane and consequently does not form functional
cell surface pores. Rather, the N-GSDMD accumulates as
intracellular puncta that are indicative of organelles.

N-GSDMD mediates cytosolic release of neutrophil elastase.
We used biochemical and imaging approaches to identify sub-
cellular N-GSDMD localization in NLRP3-activated murine
neutrophils compared with macrophages. Detergent-free cell
homogenates were generated by N2 cavitation, and were serially
centrifuged as outlined in Fig. 3a: (a) 700 g to remove nuclei and
undisrupted cells, (b) 10k g to yield P10 subcellular organelle
fractions, and (c) 100k g to separate plasma membranes (P100)
from the cytosol (S100). Proteins from each fraction were
resolved by SDS-PAGE, and pro- and cleaved forms of GSDMD
were detected by western blot. Consistent with previous analyses
(reviewed in3,20), p31-N-GSDMD accumulated in the P100
fraction of LPS/ATP-stimulated macrophages, which was enri-
ched in the plasma membrane marker cadherin (Fig. 3b), and also
in the P10 fraction. The major contrast with macrophages was
that the p31-N-GSDMD was not detected in the P100 fraction of
LPS/ATP-activated neutrophils, although as with macrophages,
N-GSDMD was detected in the S100 cytosol and P10 granule
fractions (Fig. 3b). Similar results were observed in subcellular
fractions prepared from LPS/nigericin-stimulated neutrophils and
macrophages (Supplementary Fig. 8a). Neutrophils primed with
LPS but not inflammasome-activated showed only full-length
pro-GSDMD in the cytosol (Supplementary Fig. 8b). The sti-
mulated neutrophils used in these fractionations released mature
IL-1β and caspase-1 p20 into the extracellular media despite the
absence of p31 N-GSDMD in the plasma membrane (Supple-
mentary Fig. 8c). Moreover, p31 N-GSDMD was released into the
culture supernatants of stimulated macrophages, but not neu-
trophils (Supplementary Fig. 8d), consistent with pyroptosis of
macrophages, but not neutrophils.

The presence of p31 N-GSDMD in P10 fractions from NLRP3-
activated neutrophils and macrophages, but not unstimulated
cells, correlated with the presence of multiple intracellular
organelle markers in both cell types; these included mitochondria
(Tom-20 and ATBP1) and autophagosomes (LC3-II) (Fig. 3c).
However, the P10 fraction of neutrophils, but not macrophages,
was enriched in azurophilic granule markers (myeloperoxidase/
MPO and neutrophil elastase/NE). To determine if N-GSDMD
localizes to azurophilic granules, LPS-primed human blood
neutrophils were stimulated for 45 min with ATP prior to
immunostaining with the N-GSDMD-selective EPR208209 anti-
body and anti-MPO. Cells were examined by Imagestream
analysis (Fig. 3d) and by super-resolution imaging (Fig. 3e, f)
using stochastic optical reconstruction microscopy (STORM).
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Representative cells detected by Imagestream analyses revealed
punctate staining of N-GSDMD and MPO (Fig. 3d); however,
this association was more apparent in super-resolution images,
which revealed close proximity of N-GSDMD to MPO (<50 nm)
in 25–75% total N-GSDMD puncta (Fig. 3e, f).

To ascertain if N-GSDMD association with azurophilic
granules resulted in increased granule permeability as a

consequence of pore formation in granule membranes, we
fractionated bone marrow neutrophils from C57BL/6 and
Gsdmd−/− mice following LPS/ATP stimulation, isolated the
organelle-free, S100 cytosolic fraction, and assayed for neutrophil
elastase (NE) by western blot. We found that NE accumulated
over time in the cytosol of C57BL/6 neutrophils, but not
Gsdmd−/− neutrophils (Fig. 3g), which is consistent with
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before adding nigericin or ATP. c LPS - primed THP-1 macrophages (PMA-differentiated) and human donor neutrophils were stimulated 45min with 10 μM
nigericin or 3 mM ATP. Western blots of total cell lysates from THP-1 macrophages (100 μg) and human neutrophils (200 μg) were probed with either
Santa Cruz clone H-6 that recognizes pro- and cleaved GSDMD, or with EPR 20829-408 (Abcam) that specifically recognizes p31 N-GSDMD. β-actin was
the loading control. Molecular weight markers in kDa are shown on the right. d–g NLRP3-activated THP-1 human macrophages and human neutrophils
immunostained with the N-GSDMD specific antibody (Abcam EPR 20829-408). d, e Representative Imagestream images of WT THP-1 cells stimulated
with LPS only (no GSDMD cleavage) (d) or with LPS/nigericin of WT THP-1 macrophages (e) and co-stained with wheat germ agglutinin (WGA) to
identify the plasma membrane and N-GSDMD colocalization. (Supplemental Fig. 7 shows Imagestream of Gsdmd−/− THP-1 macrophages stimulated with
LPS/nigericin.) f, g WGA and N-GSDMD staining in NLRP3-activated (LPS+ATP) peripheral blood neutrophils captured by Imagestream (f) or confocal
microscopy (Huygens deconvolution) images (g). Yellow and green arrows in the enlarged images show plasma membrane (PM) and N-GSDMD,
respectively. Western blots are representative of 3 independent experiments (n= 3), and Imagestream and confocal microscopy images are representative
of neutrophils from three donors (n= 3). Source data for all western blots in Panels A, B, C are provided as uncropped blots in Supplementary Information,
Supplementary Fig. 15.
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N-GSDMD forming pores in the membrane of primary granules
to release NE into the cytosol.

NE recognizes V251 upstream of the D276 caspase-1 cleavage
site in murine GSDMD to generate a pore-forming 28kD N-
GSDMD product and a p24 C-GSDMD fragment23, which we
also detected (Supplementary Fig. 9). These data also highlight
the importance of including the DFP serine protease to suppress
post-lysis GSDMD processing in neutrophil lysates. In contrast,
there was no effect of DFP on GSDMD processing in
macrophages which do not produce elastase (Supplementary
Fig. 10). Given that the EPR19828 mAb detects the NE-generated
p24 C-GSDMD and caspase-1 generated p31-N-GSDMD, we
examined if cytosolic NE, released from p31-N-GSDMD-

permeabilized granules, can mediate a secondary phase of
GSDMD processing in neutrophils during sustained NLRP3
activation. LPS-primed C57BL/6 neutrophils were stimulated
with ATP for up to 8 h, and caspase-1 and NE cleavage products
were examined by western blot.

Caspase-1-generated p31 N-GSDMD rapidly accumulated
during the initial 45min of ATP stimulation, whereas NE-
generated p24 C-GSDMD was detected at 4 h and 8 h after
stimulation and was markedly reduced in elastase-deficient NE−/−

neutrophils (Fig. 3h). The residual p24 C-GSDMD that accumu-
lated in NE−/− neutrophils is likely due to other neutrophil serine
proteases (PR3 and cathepsin G) released from azurophilic
granules23,24. Moreover, the biphasic change in p31-N-GSDMD
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levels indicates that this initial caspase-1 cleavage product is
further trimmed by the released serine protease(s) with con-
sequent loss of the epitope recognized by the EPR19828 mAb.
Despite the progressive accumulation of cytosolic elastase,
prolonged ATP stimulation (8 h) did not increase plasma
membrane permeability or induce pyroptotic LDH release, and
secretion of IL-1β rapidly increased only during the initial 2 h
(Supplementary Fig. 11a–c).

Collectively, these findings reveal distinct features of GSDMD
signaling in NLRP3-activated neutrophils compared with macro-
phages that include: 1) a predominant trafficking of pore-forming
p31-N-GSDMD products to azurophilic granules rather than the
plasma membrane; and 2) a role for granule-derived serine
proteases in mediating a secondary phase of GSDMD proteolytic
cleavage following the caspase-1 cleavage initiated by inflamma-
some activation.

N-GSDMD localizes to LC3+ autophagosomes in neutrophils.
Previous studies identified roles for autophagy proteins in the
non-canonical release of IL-1β25,26. Our finding that N-GSDMD
co-fractionates with LC3II+ autophagosomes (Fig. 3c) indicated
that there may be a role for autophagy in GSDMD-dependent
IL-1β secretion from neutrophils. We compared NLRP3
inflammasome-mediated production and release of IL-1β secre-
tion in primary neutrophils from a control mouse strain
expressing ATG7 in a floxed locus (Atg7f/f) versus neutrophils
from mice with a myeloid-specific deletion of Atg7 derived after
crossing with LysMCre mice (Atg7MΔ)27. Nigericin- or ATP-
stimulated IL-1β release was significantly decreased in Atg7MΔ

neutrophils relative to Atg7f/f neutrophils (Fig. 4a), even though
the cells were suspended in complete medium supplemented with
amino acids to minimize autophagic activation secondary to
mTOR suppression by amino acid starvation. Whereas cleaved
IL-1β was mainly released into the extracellular supernatant from
ATG7-expressing neutrophils, secretion of cleaved p17 IL-1β in
Atg7MΔ neutrophils was lower, and correlated with increased
intracellular retention (Fig. 4b). Similar levels of pro-IL-1β, pro-
GSDMD and p31-N-GSDMD were detected in Atg7f/f and
Atg7MΔ neutrophil lysates (Fig. 4b). ASC oligomerization and
caspase-1 processing were also identical in stimulated Atg7f/f and
Atg7MΔ neutrophils (Supplementary Fig. 12a). Thus, the role of
ATG7 in IL-1β release is downstream of NLRP3 inflammasome
assembly and caspase-1 cleavage of pro-IL-1β.

In contrast to neutrophils, there was no difference in IL-1β
secretion between Atg7f/f and Atg7MΔ macrophages during
NLRP3 stimulation in complete amino acid-supplemented

medium (Fig. 4c). Similarly, plasma membrane pore formation
and pyroptosis were identical in the Atg7f/f and Atg7MΔ

macrophages as measured by PI uptake, LDH release, and
GSDMD and caspase-1 processing (Supplementary Fig. 12c–e).

The decreased IL-1β release by neutrophils from Atg7MΔ

mice phenocopied the responses observed in neutrophils from
Gsdmd−/− mice, i.e., inhibition of IL-1β secretion following
canonical inflammasome activation, intracellular retention of p17
IL-1β, and no difference in total pro-IL-1β accumulation or
generation of active caspase-1 (Fig. 4d, e). ASC oligomerization
was also identical in neutrophils from C57BL/6 and Gsdmd−/−

mice (Supplementary Fig. 12b).
To determine if N-GSDMD associates with neutrophil autopha-

gosomes, LPS/ATP-stimulated human neutrophils were co-stained
with antibodies to N-GSDMD and LC3 for single cell Imagestream
analysis and super-resolution microscopy. We detected overlap of
N-GSDMD with LC3 puncta by Imagestream (Fig. 5a), and STORM
imaging revealed close proximity (<50 nm) between approximately
25% N-GSDMD puncta with LC3 (Fig. 5b, c). Highlighted regions
of three representative cells identified LC3+/N-GSDMD+ vesicles
are consistent with N-GSDMD integration into the membrane of
autophagosomes (Fig. 5b, right panels).

To examine further if there is a role for autophagy in IL-1β
secretion from neutrophils, we inhibited cargo loading into the
autophagy machinery using the Hsp90 inhibitor geldanamycin.
Schekman and colleagues demonstrated that geldanamycin
blocked Hsp90 chaperone-assisted transport of mature IL-1β into
autophagosome vesicle intermediates in an engineered HEK293
cell model of autophagy-assisted IL-1β secretion28. Peripheral
blood human neutrophils from 12 donors and murine neutrophils
were incubated with geldanamycin after LPS priming, but
immediately before NLRP3 activation by nigericin or ATP. IL-
1β secretion was significantly inhibited in geldanamycin-treated
neutrophils from each human donor (Fig. 6a), and inhibition was
not a consequence of impaired cell viability as there was no effect
on secretion of CXCL8/IL-8 via the conventional ER-Golgi
pathway (Fig. 6b). Geldanamycin-treated murine neutrophils also
released significantly less IL-1β than controls, whereas there was
no suppression of CXCL2 secretion (Fig. 6c, d). Moreover,
geldanamycin treatment did not inhibit ASC oligomerization,
caspase-1 processing or GSDMD cleavage in NLRP3-activated
murine neutrophils (Fig. 6e), indicating that N-GSDMD acts
downstream of inflammasome assembly and caspase-1 activation
to suppress IL-1β export.

We also induced autophagy by amino acid starvation, and
found that starvation further increased IL-1β secretion by

Fig. 3 Localization of neutrophil N-GSDMD to azurophilic granules and release of active neutrophil elastase to the cytosol. a Schematic of subcellular
fractionation of organelles, plasma membrane (PM) and cytosolic fractions. b Subcellular fractionation of cell homogenate of LPS+ATP-stimulated
neutrophils and macrophages. P0.7 (nuclei, undisrupted cells): pellet from 0.7k g; P10 (organelle fraction): pellet from 10k g; P100 (plasma membrane
fraction): pellet from 100k g; and S100 (cytosolic fraction): supernatant from 100k g. Tom 20, Cadherin and GAPDH are markers for mitochondria, PM and
cytosolic fractions, respectively. c P10 organelle fractions of NLRP3-activated C57BL/6 macrophages and neutrophils. Neutrophil elastase (ELA2), and
myeloperoxidase (MPO) indicate azurophilic granules; LC3I and LC3II are markers for autophagosomes; Tom-20 and ATBP1 are mitochondrial markers, and
GAPDH was the loading control. d, e LPS+ATP stimulated human neutrophils immunostained with antibodies to N-GSDMD (EPR 20829-408) and MPO.
Representative images were acquired by Imagestream (d) or by super-resolution microscopy (e). Arrows show overlap of N-GSDMD (green) and MPO
(red) (d), and proximity is indicated by arrowheads of N-GSDMD (green) and MPO (red) in three representative neutrophils, and by arrows in enlarged
images (lower panels) of super resolution microscopy images (e). Scale bar= 2 µm. Quantification of N-GSDMD proximity to MPO (f); each data point
represents one neutrophil (median of 12 foci measured per cell), and percent of puncta where N-GSDMD is <50 nm, 50–100 nm, or >100 nm from MPO.
g, h Time course of NE release into cytosol, and secondary GSDMD processing by cytosolic NE in LPS/ATP activated bone marrow neutrophils. Neutrophil
elastase in cytosolic fractions and whole cell lysates of C57BL/6 and Gsdmd−/− neutrophils (g), and GSDMD in whole cell lysates of neutrophils from
C57BL/6 and neutrophil elastase-deficient (NE−/−) mice (probed with EPR19828) (h). All neutrophil lysates were generated in the presence of DFP and
standard protease inhibitors. Western blots are representative of at least 3 independent experiments (n= 3). Molecular weight markers in KDa are indicated
to the right. Images are representative of four different human donor neutrophils (n= 4). Source data for all western blots in Panels b, c, g, h are provided as
uncropped blots in Supplementary Information, Supplementary Figs. 16 and 17. Source data for panel f is provided in the separate Source Data file.
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NLRP3-activated murine neutrophils in the absence of pyroptotic
LDH release, although the effect of amino acid starvation was
more variable in human neutrophils, with only 5 out of 9 donors
showing elevated IL-1β release (Supplementary Fig. 13a–c).

Overall, these findings are consistent with a role for GSDMD in
an autophagy machinery-dependent IL-1β secretion mechanism

by neutrophils that is independent of plasma membrane N-
GSDMD pore formation and pyroptosis.

Discussion
Since GSDMD was identified as the mediator of caspase-1
dependent IL-1β release and pyroptosis10,29, most studies have
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focused on the roles of plasma membrane (PM) GSDMD pores
and consequent pyroptotic cell lysis as the primary mechanism
for IL-1β release from macrophages. The major findings in our
study are that cleaved N-GSDMD generated during NLRP3
inflammasome signaling in neutrophils predominantly associates
with the membranes of abundant intracellular organelles rather
than the PM. This absence of PM N-GSDMD pores additionally
reflects reduced rates of caspase-1 activation and N-GSDMD
accumulation in neutrophils relative to macrophages during
canonical inflammasome activation.

Results of the current study showing differences in the role of
GSDMD in neutrophils compared with macrophages are pre-
sented in Fig. 7. Canonical NLRP3 activation of macrop-
hages results in N-GSDMD mediated release of IL-1β through
increased plasma membrane permeability, membrane repair and

pyroptosis. In contrast, alternative trafficking of a smaller pool of
N-GSDMD in neutrophils has three major consequences for
inflammasome signaling in these granulocytic leukocytes. First, it
greatly reduces accumulation of functional N-GSDMD pores in
the neutrophil plasma membrane, and thus provides an under-
lying mechanism for the absence of neutrophil pyroptosis. Sec-
ond, it results in N-GSDMD pore formation in azurophilic
granules with consequent release of granule contents, such as
neutrophil elastase, into the cytosol; in turn, the cytosolic elastase
drives a secondary phase of GSDMD proteolytic processing.
Third, it is coordinated with engagement of autophagy signaling
such that mature IL-1β is secreted from neutrophils via a non-
canonical, non-lytic pathway dependent on key elements of
the canonical autophagy machinery. Importantly, our functional
analyses indicated that the absence of GSDMD-dependent

Fig. 4 ATG7 and GSDMD - dependent IL-1β release from NLRP3 inflammasome - activated neutrophils or macrophages. a–c Bone marrow neutrophils
and macrophages from Atg7f/f (WT) and Atg7MΔ (Atg7 KO) mice. a Time course of IL-1β secretion (a) and western blot of lysates and TCA precipitated
supernatants of naïve (no LPS) or LPS primed neutrophils after stimulation with ATP or nigericin (b). c Time course of IL-1β secretion by bone marrow
derived macrophages from Atg7f/f (WT) and Atg7MΔ (Atg7 KO) mice. d–f Bone marrow neutrophils and BM derived macrophages from C57BL/6 (WT)
and Gsdmd−/− mice showing IL-1β secretion from neutrophils (d), western blots of pro- and cleaved IL-1β and caspase-1 in cell lysates and supernatants
(Sup; e) and IL-1β secretion by macrophages (f). For all experiments, cells were LPS primed for 3 h followed by 45min stimulation with 10 µM nigericin or
3 mM ATP. Complete media+ 2% FBS was used for all cell stimulations. Western blot data are representative of at least 3 biological repeats (n= 3); ELISA
data are combined from 3 independent experiments (n= 3) with 4 replicates per condition. p-values were derived by two-way ANOVA and Sidak’s
multiple comparisons test; p < 0.05: significant, n.s.: not significant. Source data for all western blots in Panels b, e are provided as uncropped blots in
Supplementary Information, Supplementary Fig. 18. Source data for panels a, c, d, e are provided in the separate Source Data file.
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pyroptosis in neutrophils is not due to Ca2+-influx-dependent
plasma membrane repair, which is in contrast to macrophages18.

Our observation that p31 N-GSDMD associates with intra-
cellular organelle membranes rather than the plasma membrane
in inflammasome-activated neutrophils adds to the growing lit-
erature describing GSDMD-dependent subcellular perturbations,
including mitochondrial permeabilization and reduced motility
that can precede or is uncoupled from pyroptotic cell death30–32.
Thus, cell type-specific thresholds for inflammatory activation,
non-lytic cell death or pyroptosis during proteolytic activation of
GSDMD likely depend on its trafficking and the relative dynamics
and extent of N-GSDMD pore formation in intracellular mem-
brane compartments and organelles. In neutrophils, pro-GSDMD
cleavage by caspases and/or serine proteases will depend on the
strength or nature of the stimulus. For example. bacterial infec-
tion and consequent superoxide generation may induce accu-
mulation of sufficient N-GSDMD to overcome the ‘granule sink’
and thereby form pores in the plasma membrane. This explana-
tion is consistent with recently described roles for GSDMD in
other regulated neutrophil functions, including neutrophil
extracellular trap formation (NETosis) at early and late stages of
this process33,34, and constitutive (or spontaneous) death of
senescent neutrophils23. GSDMD is cleaved by neutrophil elastase
released from azurophilic granules during phorbol ester-induced
superoxide production to drive a feed-forward cascade of
enhanced granule and plasma membrane permeabilization
required for NETosis33. In an alternative model of NETosis,
activation of caspase-11 by cytosolic LPS triggered rapid pro-
duction of cleaved N-GSDMD in amounts sufficient to permea-
bilize both the nuclear and plasma membrane compartments for
efficient externalization of DNA traps34.

Constitutive death of aging neutrophils also involves gradual
loss of azurophilic granule membrane integrity and cytosolic
accumulation of granule serine proteases35. Recent studies
demonstrated that neutrophil elastase efficiently cleaves human
and murine GSDMD at 15 or 25 residues (respectively) upstream
of the canonical caspase-1 cleavage site (D275-Hu/ D276-Mu) to
yield a smaller (28–29 kDa) N-GSDMD fragment, which is also
pore-competent23. We extended these observations by showing
that initial accumulation of caspase-1 cleaved p31-N-GSDMD in
neutrophils facilitates secondary GSDMD processing by elastase
to generate p28-N-GSDMD. However, in our model of NLRP3
inflammasome signaling, neutrophils did not progress to lytic
death even after 8 h of sustained activation. As is standard for
analyses of NLRP3 inflammasome signaling, we used neutrophils
primed with LPS to induce expression of proIL-1β and upregulate
NLRP3. LPS treatment also markedly delays spontaneous neu-
trophil death36,37. In a broader physiological context, the absence
of GSDMD-mediated pyroptosis during inflammasome signaling
also preserves neutrophil viability required for direct bacterial
killing, while still allowing neutrophil IL-1β release into tissue
compartments to sustain the inflammatory environment until
bacteria are cleared. This concept is supported by the delayed role
of elastase-mediated GSDMD cleavage in controlling senescent
neutrophil death23.

Because IL-1β lacks a signal sequence for conventional secre-
tion, non-canonical export is required to deliver the cytosolic pool
of mature IL-1β to extracellular compartments. Several mechan-
isms have been suggested (reviewed in refs. 38–40), including: (1)
accumulation of IL-1β within membrane-bound subcellular
compartments (exosomes, microvesicles, secretory lysosomes) for
export to the extracellular space in the absence of lysis; (2) pre-
lytic efflux of IL-1β via active plasma membrane GSDMD pores;
and (3) IL-1β release as a passive consequence of GSDMD-
dependent pyroptosis. It is unclear whether the membrane
compartmentalization pathways operate independently of

GSDMD, or whether they are regulated (directly or indirectly)
by GSDMD.

Schroder and colleagues reported that IL-1β release from
macrophages involves the localization of cleaved IL-1β in PIP2-
rich microdomains of the inner leaflet of the plasma membrane
mediated by positively charged amino acids of IL-1β, followed by
its release through either a rapid N-GSDMD pore-mediated path
or a slower GSDMD-independent mechanism likely involving
microvesicle shedding17. However, autophagy-relevant proteins
have also been implicated in non-canonical secretion of IL-1β
from macrophages and neutrophils41–43. Our current finding that
ATG7-deficient murine neutrophils exhibit impaired IL-1β
secretion further supports a critical role for the autophagy
machinery in this process. These results are consistent with those
of Zhang et al. who used an HEK293 reporter system to show that
IL-1β is transported by autophagosomes, and requires association
of IL-1β with Hsp90 to traffic into autophagosomes prior to
fusion with the plasma membrane28. Although we clearly detect
N-GSDMD in LC3+ vesicles, the mechanism by which GSDMD
regulates autophagy or ATG7-dependent IL-1β secretion has yet
to be determined. It is possible that N-GSDMD facilitates loading
of IL-1β into autophagosomes or that N-GSDMD contributes to
the fusion of autophagosomes with the plasma membrane rather
than lysosomes by interacting with specific cargo loading pro-
teins. These hypotheses are supported by the similar phenotypes
shown for suppressed IL-1β secretion in Atg7MΔ and Gsdmd−/−

neutrophils, and are consistent with a role for GSDMD in an
autophagy-dependent IL-1β secretion by neutrophils. However,
we cannot eliminate the possibility that the localization of N-
GSDMD on LC3+ vesicles is independent of IL-1β secretion.

It is also relevant that the functions of other Gasdermin family
proteins have been linked to autophagy signaling. Expression of
either N-GDSMA3 or a gain-of-function mutant pro-GSDMA3
in HEK293 cells induced increased autophagy and accumulation
of LC3-II44. Expression of autosomal recessive mutations in
Pejvakin (PJVK, also known as DFNB59 or GSDMF) is associated
with death of inner hair cells and underlies hearing impairments
in mice or humans with such PJVK mutations45,46. Normal PJVK
recruits LC3-II to the membrane of damaged peroxisomes to
drive their clearance by selective autophagy (pexophagy); this
protective function is ablated by the PJVK mutations associated
with hearing loss47.

In macrophages, canonical macro-autophagy acts to restrain
inflammasome signaling and IL-1β production by directing ubi-
quitinated inflammasome complexes and pro-IL-1β to lysosomes
for degradation25,40,48–50. Given the predominant role for cano-
nical plasma membrane GSDMD pores in mediating IL-1β
release from macrophages, discrimination of the specific con-
tribution from autophagy-dependent secretion to total export of
IL-1β from monocyte/macrophages likely varies with the parti-
cular mode and duration of inflammasome activation stimuli, as
well as metabolic conditions that suppress or induce autophagy.

Neutrophils have abundant primary, secondary and tertiary
granules, and other membrane bound organelles such as
autophagosomes compared with mononuclear leukocytes. As
insertion of N-GSDMD into the plasma membrane requires
lipid bilayers enriched in phosphoinositides or other anionic
phospholipids, we suggest that the predominant insertion of N-
GSDMD into membranes of intracellular organelles will both
restrain pore accumulation in the plasma membrane, and
shape the innate immune functions of those organelles.
Together, these parameters describe the fundamental differ-
ences in GSDMD trafficking between neutrophils and macro-
phages that underlie neutrophil-specific functions during
inflammasome signaling in infection and responses to sterile
tissue damage.
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Materials and methods
Reagents. All reagents and antibodies are listed in Supplementary Information
Table 1.

Source of mice. C57BL/6 and neutrophil elastase (Ne−/−) mice on a C57BL/6
background were purchased from The Jackson Laboratory (Bar Harbor, ME), and
bred at Case Western Reserve University and UC Irvine. Gsdmd−/− mice were
generated by Dr. Russell Vance (University of California, Berkeley) on a C57BL/6
background as described51, and were bred at UC Irvine. Myeloid specific deletion
of Atg7 (Atg7MΔ) was obtained by breeding Atg7f/f mice (parent strain) with LysM-
Cre transgenic mice (from Jackson Laboratory) as described27, and bones were sent
to us by Dr. Tony Eissa (Baylor College of Medicine, Texas). All animals were
housed in pathogen free conditions in microisolator cages and were treated
according to institutional guidelines following approval by the Case Western
Reserve University and the University of California IACUC.

Primary murine neutrophils. Total bone marrow cells were isolated from tibias
and femurs, and neutrophils were purified using the EasySep™ Mouse Neutrophil
Enrichment Kit (Stem Cell Technologies), which works by negative selection using
magnetic beads. This process routinely yielded >94% pure neutrophils (by flow
cytometry of Ly6G+/CD11b+ cells) as we described15.

Human neutrophils. Whole blood was collected from healthy donors between ages
18 and 65 years in accordance with the Declaration of Helsinki guidelines and the
Institutional Review Board of the University of California (Irvine, CA). Written,
informed consent was obtained from each donor by the Institute for Clinical and
Translational Science at UC Irvine, and was de-identified prior to use in this
project. Neutrophils were then isolated using Ficoll-Paque Plus (GE Healthcare) by
density gradient centrifugation at 300 × g for −0min, which yields >90% purity as
assessed by flow cytometry using anti-human CD16 and CD66b Abs
(eBiosciences).

Murine and human macrophages. For primary macrophages, total bone marrow
cells were isolated, and differentiated into macrophages for 7 days using MCSF in
the culture media as described11. After differentiation, primary and immortalized
murine macrophages were cultured in high glucose DMEM supplemented with
10% FBS, 2mM L-Glutamine in presence of penicillin and streptomycin. Human
THP-1 monocytes were cultured in RPMI 1640 supplemented with 10% FBS, 2mM
L-Glutamine and penicillin and streptomycin. Gsdmd−/− THP-1 cells were gen-
erated using CRISPR-Cas9 as described52.

NLRP3 inflammasome priming and activation. Human and murine neutrophils
were incubated (primed) with 500 ng/ml LPS for 3 hr at 37 °C in RPMI-1640 media
containing 2% FBS. Following priming, cells were stimulated with the NLRP3
inflammasome activators nigericin, ATP or Streptococcus pneumoniae pneumoly-
sin. Murine macrophages were primed with LPS (1 µg/ml) for 3 hr at 37 °C in
DMEM media containing 2% FBS. Chemical inhibitors were added to primed cells
for 30 minutes prior to adding inflammasome activators. Cell-free extracellular
media were collected for ELISA or for TCA precipitation of secreted proteins as
described previously.

ELISA for cytokine quantification. Half-well cytokine assays were performed
using Duoset ELISA assay kits for murine and human IL-1β, murine CXCL2 and
human CXCL8/IL-8 according to manufacturer’s protocols (R&D Systems).

Plasma membrane pore formation by propidium influx. Cells were plated in 24-
well plates (0.5 million cells/well for macrophages and 1million cells/well for
neutrophils). After LPS priming, culture medium was removed and the cells were
washed with PBS before adding basal salt solution (BSS) [130 mM NaCl, 4 mM
KCL, 1.5 mM CaCl2, 1 mM MgCl2, 25 mM HEPES, 5 mM D-Glucose and 0.1%
BSA] supplemented with 1 µg/ml PI. Baseline fluorescence (540 nm excitation →
620 nm emission) was recorded for 5 mins in Synergy HT plate reader (BioTek).
Cells were then stimulated using nigericin and ATP, and fluorescence was recor-
ded. As a positive control, cells were permeabilized using 1% Triton X-100. Values
are presented as a percentage of Triton X-100 maximum fluorescence in per-
meabilized cells after subtracting basal intrinsic fluorescence. PI fluorescence and
phase contrast images were acquired using a Cytation5 imaging reader (BioTek).

For PI uptake analysis by flow cytometry, neutrophils and macrophages were
primed with LPS and stimulated with ATP or nigericin as described. At indicated
times after stimulation, cells were harvested, washed once in PBS, blocked with
mouse CD16/CD32 Fc block for 10 minutes in FACS buffer, and incubated with
Ly6G-FITC or F4/80-FITC for 15 minutes at 4°C. Cells were washed once in FACS
buffer, resuspended in PBS containing 1.5 μM propidium iodide, and analyzed
using a Novocyte flow cytometer (ACEA Biosciences).

Cytotoxicity assay (LDH release). After stimulation of neutrophils or macro-
phages, supernatant was collected and LDH release was quantified using CytoTox

96® Non-Radioactive Cytotoxicity Assay (Promega) according to the manu-
facturer’s instructions. Percentage cytotoxicity was calculated based on maximum
LDH release from unstimulated cells lysed with 1% Triton X-100.

Preparation of macrophage lysates. Whole cell lysates of murine macrophages
were prepared by lysis in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton
X-100, 0.5% Na-deoxycholate) supplemented with conventional protease inhibitor
cocktail.

Preparation of neutrophil lysates. Neutrophils contain high levels of serine
proteases (neutrophil elastase (NE), cathepsin G (CG), and proteinase 3 (PR3))
stored within the azurophilic granules. These proteases require neutral pH for their
catalytic activity which is: (a) basally suppressed by the acidic pH maintained
within intact granules; and (b) relatively insensitive to the standard protease
inhibitors in lysis buffers used to generate whole cell extracts for western blot or
immunoprecipitation. Thus, detergent solubilization of azurophilic granules in
neutral pH buffers results in protein cleavage by the catalytic activity of the stored
serine proteases, which occurs rapidly post-lysis before neutrophil lysates are
denatured by extraction into SDS and heating.

To inhibit post-lysis processing of neutrophil proteins, diisopropylfluorophosphate
(DFP), which is a permeable and covalent inhibitor of the neutral serine proteases,
was added to the lysates. DFP in RIPA buffer was critical to prevent significant post-
lysis processing of GSDMD in neutrophil extracts as demonstrated and discussed in
Supplemental Fig. 9. Thus, for all experiments involving western blot analyses of
inflammasome and GSDMD signaling, stimulated neutrophils were pelleted by brief
centrifugation, removal of test medium supernatant, and immediate extraction of the
cell pellet into in RIPA buffer (150mM NaCl, 50 mM Tris-HCl, 1% Triton X-100,
0.5% Na-deoxycholate) supplemented with 5mM DFP in addition to the
conventional protease inhibitor cocktail.

Western blot. Proteins in neutrophil and macrophage lysates were resolved in 15%
SDS-PAGE, transferred to nitrocellulose membranes, and incubated with primary
antibodies to IL-1β, Caspase-1 p20, anti-mouse GSDMD, Tom-20, Pan-cadherin,
MPO, ELA-2, LC3, or ATPB1. Total protein was assessed using antibodies to β-
actin or GAPDH. Reactivity was determined using HRP-conjugated secondary
antibodies (Santa Cruz) and developed using Supersignal West Femto Maximum
Sensitivity Substrate (Pierce).

Subcellular fractionation of neutrophils and macrophages. Macrophages were
homogenized in ice cold fractionation buffer (250 mM sucrose, 20 mM HEPES pH
7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, protease inhibitor
cocktail and 5 mM DFP). Neutrophils were subjected to N2 cavitation (to ensure
integrity of intracellular granules) at 400 psi for 10 mins in the same fractionation
buffer. The homogenate/cavitate was then centrifuged at 720 g, 10k g and 100k g to
obtain distinct subcellular fractions.

Isolation of cytosolic fractions. Stimulated neutrophils were homogenized in ice
cold fractionation buffer (250 mM sucrose, 20 mM HEPES pH 7.4, 10 mM KCl, 1.5
mM MgCl2, 1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail and 5 mM
DFP). The homogenates were centrifuged at 720 g and 10,000 g to remove nuclei
and larger organelles, respectively. The supernatant was then centrifuged at 16,000
g for 30 min to isolate the cytosolic fraction, which was then TCA precipitated and
subject to SDS-PAGE and western blot.

Amnis Imagestream flow cytometry and co-localization analyses. Following
activation of human neutrophils, cells were fixed with 4% paraformaldehyde for 10
min, and incubated with FITC conjugated wheat germ agglutinin (L4895, Sigma-
Aldrich) to identify the plasma membrane. Cells were then permeabilized with
0.1% Triton X-100, and blocked with 10% normal donkey serum, 0.5% BSA, 2 mM
EDTA and 0.02% TX-100 in PBS for 1 hr at 4 °C. Neutrophils were incubated
overnight with rabbit anti-human N-GSDMD antibody (EPR20829-408), anti-
human/mouse MPO or anti-human LC3 antibody at 1:25 dilution. Cells were then
washed and incubated with Alexa Fluor 488 anti-rabbit, Alexa Fluor 647 anti-
mouse or 5Alexa Fluor 594 anti-goat secondary antibodies (Life Technologies).
Samples were mounted on slides using VECTASHIELD mounting media con-
taining DAPI (VectorLabs), and were examined by Imagestream (Amnis).

Super resolution microscopy (STORM imaging). Cells were labeled with pri-
mary antibodies to human LC3 or MPO and secondary Alexa 647-anti-rat, or with
rabbit anti-human N-GSDMD and secondary Atto488-anti-rabbit, and resus-
pended in freshly prepared STORM buffer as described in detail53. Samples were
imaged on a Nikon Ti super resolution microscope using a 100×/1.49 NA Apo
TIRF objective either with IXON3 ultra DU897 electron—multiplying CCD camera
using multi-color sequential mode setting in the Nikon Elements software. STORM
images (cropped regions of interest containing single cells) were reconstructed and
analyzed using the General Analysis (GA) module in the Nikon Elements software
suite. Briefly, after applying appropriate threshold and filtering out noise, the
minimum distance of the GSDMD puncta to the closest LC3/MPO vesicle was
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measured using the MinDistance tool under GA. The results were binned into
three categories: <50 nm (close proximity), 50–100 nm and >100 nm. For each cell,
the distances from each GSDMD puncta to MPO or LC3 puncta were used to build
a histogram. Eight neutrophils were analyzed for N-GSDMD/LC3 proximity
(median of 9 foci per cell) and 23 neutrophils for N-GSDMD/MPO proximity
(median of 12 foci per cell).

Elastase assay. Quantification of neutrophil elastase activity was measured using a
fluorescence based assay from BioVision, which provides purified enzyme and a
fluorescent substrate to generate a standard curve.

Statistics. Student t-test or ANOVA with Sidak’s multiple comparisons analysis
(Prism, Graphpad Software) were used as indicated in the figure legends. Paired
Student t-test was used for individual donor neutrophils±inhibitors. A p-value
equal or less than 0.05 was considered significant.

Data availability
The authors declare that data supporting the findings of the current study are available
within the article files and Supplementary Information or available from the
corresponding authors upon request. The flow cytometry gating strategies and
uncropped versions for all the western blot images are included in the Supplementary
Information. The source data underlying all the bar graphs, scatter plots and kinetic
studies in the article and supplementary information are provided in Excel spreadsheets
within a separate Source Data file.
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