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Abstract

Interleukin-33 (IL-33), an epithelial cell-derived cytokine that responds rapidly to environmental
insult, has a critical role in initiating airway inflammatory diseases. However, the molecular
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mechanism underlying 1L-33 secretion following allergen exposure is not clear. Here, we found
that two cell events were fundamental for IL-33 secretion after exposure to allergens. First, stress
granule assembly activated by allergens licensed the nuclear-cytoplasmic transport of I1L-33, but
not the secretion of 1L-33. Second, a neo-form murine amino-terminal p40 fragment gasdermin
D (Gsdmd), whose generation was independent of inflammatory caspase-1 and caspase-11,
dominated cytosolic secretion of IL-33 by forming pores in the cell membrane. Either the
blockade of stress granule assembly or the abolishment of p40 production through amino acid
mutation of residues 309-313 (ELRQQ) could efficiently prevent the release of IL-33 in murine
epithelial cells. Our findings indicated that targeting stress granule disassembly and Gsdmd
fragmentation could reduce IL-33-dependent allergic airway inflammation.

Allergic diseases such as asthma and hay fever (allergic rhinitis) are common diseases
observed with increasing incidence, especially in developed countries. These diseases

are usually exacerbated when patients are exposed to allergens in their environment, for
example, asthma exacerbation induced by house dust mites (HDMs), molds, bacteria, plant
pollen and animal dander. Certain enzymatically active components derived from allergens,
including Der p and Der f from HDMs1-2, Asp f from Aspergillus oryzae? or the subtilisin
protease from Bacillus species?®, induce the release of cytokines and promote allergic type 2
airway inflammation in vivo.

IL-33 is constitutively produced by cells in quiescent stromal tissue. Multiple nonimmune
and immune cell types, including epithelial cells and macrophages, and natural killer T
(NKT) cells and regulatory T (Tyeg) cells, can produce 1L-33 (refs. 56). 1L-33 belongs to the
IL-1 cytokine family and functions as an alarmin that is released when barriers are disrupted.
The most well-defined and important functions of I1L-33 rely on its ST2-binding ability,
which activates Myd88-mediated signaling pathways in ST2-expressing cells such as mast
cells, group 2 innate lymphoid cells (ILC2s) and helper T type 2 (Tw2) cells, contributing

to systematic immune defenses and tissue repair’. Thus, the secretion of 1L-33 is critical for
regulating allergic inflammation.

Similar to other members of the IL-1 family, IL-33 lacks a secretion signal and cannot

be released through the endoplasmic reticulum—-Golgi secretory pathway or cross the cell
membrane under physiological conditions8. 1L-33 was reported to be released through cell
death-associated membrane damage, including that induced by freeze-thaw cycles, cell lysis
buffer, pore-forming toxin streptolysin O and oxidative stress®12, These stimuli contribute
to IL-33 release with the occurrence of cell death features such as lactate dehydrogenase
(LDH) release or propidium iodide (PI) uptake. The secretion of IL-33 from living cells
was also observed in cells exposed to mechanical stress, cockroaches, uric acid, HDMs

and Alternaria allergens314, However, the precise mechanisms of the 1L-33 secretion from
living cells under allergen stimulation remain unknown, and the in-cell transportation of
IL-33 has not been deciphered.

Stress granules (SGs) are highly dynamic cytosolic condensates that modulate cell
survival in response to chronic and acute stressors, such as viral infection, heat

shock and chemical treatments. Defects in the assembly and disassembly of SGs are
linked to neurodegenerative diseases, aberrant antiviral responses and cancer®-17. SG
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assembly disrupts nucleocytoplasmic transport, suggesting that SGs might function in the
transportation of nuclear damage-associated molecular patterns (DAMPs)18.

Here, we found that two events sequentially regulated the secretion of 1L-33 after exposure
to allergen proteases. The activation of phosphorylated eukaryotic initiation factor 2a (p-
elF2a)-independent SG assembly in epithelial cells controlled the transport of IL-33 from
the nucleus into the cytoplasm. Subsequently, Gsdmd, a gasdermin family member that
controls the release of inflammatory I1L-1p produced through the caspase-1/8/11-dependent
pathway®, was cleaved into a p40 N-terminal form (p40 NT-Gsdmd) through a caspase-
independent mechanism. The generation of the p40 NT-Gsdmd fragment promoted the
secretion of 1L-33 from the cytosol into the extracellular space without the apparent
occurrence of cell death. These observations provide two potential targets for interfering
with IL-33-dependent inflammatory immune response following allergen protease exposure.

Allergen stimulates IL-33 secretion and Gsdmd fragmentation.

Immunofluorescence staining in unstimulated murine lungs indicated the typical expression
of 1L-33 in alveolar type 11 (AT2) lung epithelial cells with surfactant protein C (SPC*)
(Extended Data Fig. 1a). In humans, IL-33 was preferentially expressed in airway
epithelium both in inflamed lungs from people with asthma and in noninflamed lung tissues
(Extended Data Fig. 1b). Murine AT2 MLE-12 cells expressing IL-33 endogenously and
human epithelial A549 cells expressing human influenza hemagglutinin (HA, the amino
acid residues 98-106)-tagged human IL-33 with a carboxy-terminal fusion with green
fluorescent protein (GFP) (A549-1L-33-GFP) were used to trace 1L-33 secretion in vitro
(Extended Data Fig. 2a,b). The smallest nuclear localization sequence (NLS) linked with
GFP (A549-NLS-GFP) was also constructed for control analysis20. The IL-33-GFP signal
in the nucleus was recorded for 30 min after exposure to 5 ug of papain with a live-cell
imaging recording system (Fig. 1a and Supplementary Videos 1 and 2). IL-33-GFP was
detected in A549-1L-33-GFP cells at 10 min and 30 min after papain stimulation, with a
significant loss of GFP signal at 30 min. At the same time, NLS-GFP did not present a
noticeable GFP fluorescence signal change in the nucleus (Fig. 1a,b), and this occurred
concurrently with the appearance of two N-terminal (NT) fragments of Gsdmd near 40 kDa
(Fig. 1c,d). This observation could be replicated in MLE-12 cells that ectopically expressed
NT Flag-tagged mouse Gsdmd (MLE-12-Flag-Gsdmd) (Extended Data Fig. 2c,d). In A549-
IL-33-GFP cells, papain exposure led to the generation of a p35 NT human gasdermin D
(GSDMD) fragment (Extended Data Fig. 2e), also observed in A549 cells expressing NT
Flag-tagged GSDMD (Extended Data Fig. 2¢,f). Papain stimulated the release of IL-33

and the appearance of Gsdmd fragments in a time-dependent manner (Fig. 1e,f). Although
papain induced the generation of two NT-Gsdmd fragments of around 40 kDa in molecular
weight, the appearance of the bottom 40-kDa band did associate with IL-33 secretion and
the upper 43-kDa band did not (Fig. 1c,e). The bottom 40-kDa fragment was thus defined
as p40 NT-Gsdmd. Because Gsdmd cleavage usually leads to cell death, we investigated
whether cell death happened after protease exposure. MLE-12 cells stimulated with papain
for 30 min showed no significant Pl uptake or annexin V staining (Fig. 1g) and no apparent
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death morphology at this stage (Supplementary Video 1) compared with tumor necrosis
factor-a. (TNF-a) and SM-164 (hereafter, TS) stimulated MLE-12 cells. Three hours after
the removal of papain, papain-induced p40 NT-Gsdmd disappeared, and 1L-33 secretion
fell back to the baseline (Fig. 1h), indicating that the papain-induced generation of p40
NT-Gsdmd was reversible. Even with a higher papain stimulation dose (100 ug), LDH was
nearly undetectable in the supernatant (Fig. 1i). The induction of phosphorylated mixed
lineage kinase domain-like protein (p-MIkl)-mediated necroptosis by the mixture of TNF-a,
SM-164 and Z-VAD-FMK (hereafter, TSZ) or caspase-mediated apoptosis by TS did not
contribute to 1L-33 release in MLE-12 cells (Fig. 1i). These observations indicated that
papain stimulation did not activate classical cell death pathways, such as apoptosis and
necroptosis, but induced the activation of a p40 NT-Gsdmd fragment and I1L-33 release.

Papain activates caspase-1/11-independent Gsdmd fragmentation.

Gsdmd can be cleaved by caspase-1 and caspase-11 through both the canonical and
noncanonical activation of the inflammasome, which induces IL-1p release in multiple cell
types, including macrophages?!. Because macrophages can be an efficient source of IL-33
upon inflammatory stimulation®22, we compared Gsdmd cleavage during caspase-1/11 and
papain stimulation in murine bone marrow-derived macrophages (BMMs). After priming
with bacterial lipopolysaccharides (LPS), which leads to the production of pro-IL-1p, we
added papain, ATP or nigericin (Nig) as a second stimulatory signal. Stimulation with ATP
or Nig generated the cleaved p20 caspase-1 and a 35-kDa fragment of NT-Gsdmd (Fig.

2a). The p35 NT-Gsdmd displays a high binding affinity to cell membrane-associated lipids
with pore-forming capability?3, promoted the release of IL-1p and LDH (Fig. 2a,b), and
the release of LDH, suggesting that cell membrane rupture and cell death happened in this
stage. In contrast, papain stimulation did not promote the activation of p20 caspase-1 (Fig.
2a) and did not permit the secretion of IL-1p into the supernatant (Fig. 2b), but induced the
generation of p40 NT-Gsdmd and release of 1L-33 in BMMs (Fig. 2a,b). This process did
not result in apparent LDH release (Fig. 2a). Gsdmd-deficient BMMs showed impaired
caspase-1-dependent Gsdmd cleavage and IL-1 secretion upon pyroptotic stimulation
with LPS and ATP, and impaired release of I1L-33 after papain stimulation (Fig. 2a—c),
suggesting that Gsdmd processing was needed for 1L-33 secretion. As reported?l, caspase-1
and caspase-11 double-deficient BMMs did not generate the pyroptotic p35 NT-Gsdmd
and secrete IL-1p after stimulation with LPS and ATP (Fig. 2d,e), but they generated p40
NT-Gsdmd and secreted 1L-33 after stimulation with papain (Fig. 2d,f). MLE-12 cells were
precultured with the pan-caspase inhibitor Z-VVAD-FMK before papain stimulation. Neither
Gsdmd cleavage nor 1L-33 release was limited by Z-VAD-FMK treatment (Fig. 2g). These
observations indicated that papain stimulated the concurrent generation of p40 NT-Gsdmd
and secretion of 1L-33 in BMMs and alveolar epithelial MLE-12 cells. The generation

of p40 NT-Gsdmd was associated with IL-33 release through a caspase-1/11-independent
pathway.

Gsdmd cleavage requires the protease activity of papain.

Papain is a proteolytic enzyme with cysteine protease activity. The p40 NT-Gsdmd and
IL-33 release from MLE-12 cells were suppressed when papain was incubated with the
irreversible cysteine protease inhibitor E-64 (Fig. 3a), or when papain was heat-inactivated
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at 100 °C for 10 min (Fig. 3a). When MLE-12 cells were incubated with other allergen-
derived active enzymatic components, including those from the Aspergillus oryzae, Bacillus
licheniformis, HDM extracts and the purified HDM proteases Der p and Der f at different
concentrations, all tested allergen proteases (except for Alternaria alternata (Extended

Data Fig. 3a)) activated the generation of p40 NT-Gsdmd and induced IL-33 secretion

in a dose-dependent manner (Fig. 3b), suggesting that most allergen proteases share a
common protease stress-sensing pathway leading to p40 NT-Gsdmd activation and IL-33
release. We did not detect any Gsdmd fragmentation and 1L-33 release after stimulation
with nonenzymatic allergens, including ovalbumin, alum, the toll-like receptor (TLR)

2/6 agonist fibroblast-stimulating lipopeptide-1 (FSL-1), the endoplasmic reticulum stress-
inducer palmitic acid and the membrane-permeable poly-I-arginine (Fig. 3c). Other stressors
—including oxidative stress induced by hydrochloric acid or hydrogen peroxide; chemical
stress induced by inorganic salts of sodium, calcium or magnesium; peptide agonists of
protease-activated receptors, including PAR2/1; and temperature-associated cold shock (4
°C) or heat shock (42-44 °C)—did not induce p40 NT-Gsdmd activation (Extended Data
Fig. 3b—d). These results showed that lung epithelial cells possessed unique stress-sensing
pathways for exogenous allergen proteases that lead to 1L-33 secretion.

Allergen proteases activate SG assembly.

To define whether SG assembly participated in allergen protease-induced IL-33 release in
the airway epithelium, we analyzed the localization of the Ras-GTPase-activating protein
G3BP1, which functions as a molecular switch that triggers the assembly of SGs by forming
a multimer24 in A549-1L-33-GFP cells. Arsenite, an elF2a. phosphorylation-dependent
stimulator?®, induced typical G3BP1 puncta in the A549 cells (Fig. 4a), which indicated
effective SG assembly. Following translocation to the cytoplasm, IL-33 colocalized with the
G3BP1 puncta (Fig. 4a). Papain stimulation also induced the formation of G3BP1 puncta
and the colocalization between G3BP1 puncta and 1L-33 (Fig. 4a,b). Arsenite promoted

the nucleocytoplasmic transfer of IL-33, but did not induce IL-33 secretion (Fig. 4a,c),
whereas papain induced the direct secretion of 1L-33 from the nucleus to the extracellular
space (Fig. 4c). Next, we collected cell culture supernatants and whole-cell lysis (WCL)
from murine airway epithelial MLE-12 cells stimulated with arsenite or papain, and used
ultracentrifugation to isolate SGs26. In the arsenite-treated cells, IL-33 was associated with
the SG condensates, similar to the SG core components such as TIA1, elF4A1 and Hsp90
(Fig. 4d). At the same time, IL-33 was enriched in SG condensates and was detected in

the supernatant in the papain-treated cells (Fig. 4d). Although papain stimulation induced
TIA degradation in WCL when compared with unstimulated MLE-12 cells, TIAL and

other typical SG proteins (including elF4A1 and Hsp90) were enriched in the SG fractions
of papain-stimulated cells (Fig. 4d). Immunoprecipitation of G3BP1 from cell extracts

also indicated an increased interaction between G3BP1 and IL-33 in papain-treated and
arsenite-treated MLE-12 cells compared with unstimulated cells (Extended Data Fig. 3e).
SG assembly is triggered by the bulk inhibition of translation initiation and can be dependent
or independent of p-elF2a.2’. Ectopically expressed IL-33 migrated from the nucleus to the
cytosol in HEK293T cells after stimulation with arsenite, which is elF2a dependent, or d-
sorbitol, which is elF2a. independent (Extended Data Fig. 3f). Mass spectrometry analysis28
of the IL-33 interaction network with immunoprecipitation in HEK293T cells indicated
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that arsenite and papain stimulations promoted the enrichment of several common non-
membrane-bound, organelle assembly-associated components, including G3BP1, KPNB1
and ATXN2L (Supplementary Table 1, Extended Data Fig. 4). Stimulation of MLE-12 cells
with arsenite or d-sorbitol, or other stimuli reported to induce SG assembly, did not induce
p40 NT-Gsdmd or the secretion of I1L-33, even after extended (2 h) stimulation (Extended
Data Fig. 5a—c). These observations indicated that I1L-33 was transported into the cytoplasms
and associated with the SG in papain-stimulated airway epithelial cells, but the assembly of
SG did not contribute to IL-33 secretion.

Unlike arsenite, which promoted elF2a phosphorylation when compared with unstimulated
cells, stimulation with papain did not alter the amount of elF2a or p-elF2a, but increased
the degradation of elF4A1, which inhibits SG assembly2®, when compared with arsenite-
treated or unstimulated MLE-12 cells (Fig. 4e). Treatment with integrated stress response
inhibitor (ISRIB), which inhibits SG assembly downstream of elF2a.30, did not affect

p40 NT-Gsdmd activation and IL-33 release (Extended Data Fig. 5d). Actinomycin D,

a potent inhibitor of both cell-intrinsic and cell-extrinsic EIF4A inhibitors that helps to
relieve the function of EIF4A31-34 impaired IL-33 secretion and blunted p40 NT-Gsdmd
fragmentation in MLE-12 cells (Fig. 4f), indicating that papain stimulation triggered a
p-elF2a-independent SG assembly pathway. All tested allergen proteases activated SG
assembly into G3BP1 puncta in MLE-12 cells (Fig. 4g). These data indicated that protease-
activated SG assembly was necessary for controlling the nucleocytoplasmic transport of
IL-33.

p40 NT-Gsdmd contributes to IL-33 secretion.

Next, we investigated whether p40 NT-Gsdmd facilitated the extracellular secretion of
cytosolic IL-33. We used the online pro-protein conversion prediction tool ProP 1.0 to
predict potential cleavage sites in Gsdmd (ref. 35). Aside from the amino acid (aa) sites
within the aa 1-276, which is generated by caspase-1/8/11 cleavage, we obtained six
putative cleavage sites in arginine (R) and lysine (K), among which R311, K394 and

K409 were chosen for further analysis (Extended Data Fig. 6). We constructed three

murine Gsdmd fragments (Gsdmd1-311 Gsdmd1-3% and Gsdmd1-499) with a Flag-tagged N
terminus, the caspase-1/11-processed Gsdmd 276 as a positive control and the full-length
form of Gsdmd (GsdmdFL) as a nonfunctional control (Fig. 5a). After 12 h of expression

in HEK293T cells, Gsdmd1-311 induced less LDH release than pyroptotic Gsdmd1-276 (Fig.
5b). To further define their function in controlling IL-33 release, we cotransfected these
fragments and C-terminal HA-tagged mature I1L-33 (aa 109-266, without the N-terminal
nuclear localization signal peptide) into HEK293T cells. Compared with GsdmdFL, the
expression of pyroptotic Gsdmd~276 and Gsdmd-311 induced IL-33 release with high
efficiency, whereas the other expressed fragments did not (Fig. 5c,d). Next, we introduced
point mutations and deletions close to R311 into full-length mouse Gsdmd and lentivirally
expressed them in MLE-12 cells. We found that amino acid mutation or deletion of residues
309-313 (ELRQQ) blocked the generation of p40 NT-Gsdmd and prevented IL-33 release in
papain-stimulated MLE-12 cells (Fig. 5e), which suggested that this sequence was necessary
for the generation of p40 NT-Gsdmd.
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To identify the specific cleavage site of the p35 NT-GSDMD fragment in human cells,

we cloned the GSDMD fragments GSDMD1-2%, GSDMD1-320 and GSDMD1-327 and
the pyroptosis-mediating fragment GSDMD-275 into tetracycline-responsive expression
vectors expressing GFP (Fig. 5f) and expressed them in HEK293T cells. The 35-kDa
GSDMDY2% jnduced LDH to release at lower levels than the pyroptotic GSDMD-275
fragment (Fig. 5g). Following tetracycline-induced expression, GSDMD1290 presented
high efficiency in promoting human mature 1L-33 release into the supernatant, similar to
GSDMDY275 and other constructs did not possess this function (Fig. 5h). To confirm the
specific GSDMD cleavage site, we constructed Flag-tagged GSDMD expression vectors
with several mutations close to aa 290 and transfected them in GSDMD-deficient HelLa
cells. Mutation of aa 288-292 (GLRAE) into AAAAA blocked the generation of the p35
NT-GSDMD following papain exposure (Fig. 5i), suggesting that the cleavage site for p35
NT-GSDMD was located in this region. Deleting both R290 and L289 also effectively
prevented the generation of p35 NT-GSDMD (Fig. 5i). Together, these results indicated that
human GSDMD-2%0 promoted the secretion of cytosolic IL-33 into the supernatant.

Gsdmd contributes to type 2 inflammatory immune responses.

To determine the expression of GSDMD in asthmatic human lung tissue, we collected
bronchial samples from 17 people with asthma and 6 people without asthma (Extended
Data Fig. 7). Asthmatic lung tissue presented increased inflammatory cell infiltration, as
well as hyperplasia of the mucous glands, compared with the nonasthmatic controls with
hematoxylin and eosin (H&E) staining (Fig. 6a). GSDMD was mainly expressed in the
pulmonary airway epithelium of both noninflamed and inflamed asthmatic lung tissues
(Fig. 6a) and presented typical expression in areas with mucous gland hyperplasia (Fig.
6a). Expression of GSDMD in the lung tissues also showed significant positive correlation
with the amount of 1L-33 secreted into the bronchoalveolar lavage (BAL) and the amount
of IgE in the serum from people with asthma (Fig. 6b,c), suggesting that higher GSDMD
expression in the lung tissue in people with asthma might contribute to increased 1L-33
secretion and potentially promote the allergic immune response. In mice, Gsdmd expression
was weak in the unstimulated wide-type murine airway epithelium, including peribronchial
and AT?2 cells (Fig. 6d). Intranasal HDM stimulation increased bronchial immune cell
infiltration and significantly upregulated the expression of Gsdmd in the lung tissue in mice
(Fig. 6d—f). These observations indicated the association between Gsdmd expression and
type 2 inflammation in humans and mice.

Gsdmd modulates IL-33 release in vivo.

Multiple inflammatory cytokines contribute to the initiation and development of airway
inflammation, among which epithelial cell-derived IL-33, IL-25 and thymic stromal
lymphopoietin (TSLP) were shown to be important in initiating type 2 inflammation3®. To
investigate the contribution of 1L-33 in vivo during allergen protease exposure, we evaluated
the secretion of inflammatory cytokines in the BAL fluid (BALF) after papain exposure in
mice. Using a multiple-cytokine detection system, we analyzed the amount of interferon-y
(IFN-y), IL-10, IL-13, IL-17A, IL-25, IL-1B, IL-33, IL-4, IL-5 and IL-9 in the BALF 3

h after papain inhalation. IL-33 had a markedly high production (Fig. 7a), whereas IL-25
and TSLP displayed no significant change after papain exposure (Fig. 7b). Kinetic analysis
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indicated that the secretion of IL-33 into the BALF peaked at 3 h after papain exposure (Fig.
7b), indicating that IL-33 was released early during lung inflammation.

Analysis of BALF from wild-type and Gsdmd-deficient (Gsama™~) mice 3 h after papain
exposure indicated that Gsdmd deficiency inhibited the early release of IL-33 (Fig.

7c,d) and resulted in elevated IL-33 retained in the lung tissue homogenates, with no

effect on the expression of 1L-33 messenger RNA after papain stimulation (Fig. 7e).

To determine whether Gsdmd interfered with IL-33-ST2 signaling, we intraperitoneally
challenged Gsdmd-deficient mice with recombinant murine mature 1L-33 (rIL-33, 25 pg)
for 4 continuous days. rIL-33 induced an inflammatory immune response in both wild-type
and Gsdmad™'~ mice, which showed no significant difference in inflammatory cell infiltration
(Extended Data Fig. 8a—€) and IL-5* or IL-13* ILC2s (Extended Data Fig. 8f-h), indicating
that Gsdmd did not interfere with ST2 signaling. These results indicated that Gsdmd
controlled cellular events before 1L-33 secretion.

Gsdmd modulated HDM-induced chronic airway inflammation.

To further investigate the function of Gsdmd in allergic airway inflammation, we
administered HDM extracts intranasally for 16 noncontinuous days in Gsamad™~ and wild-
type mice to induce chronic asthmatic airway inflammation. We found less inflammatory
infiltration into the bronchus, less mucus production in the airways (Fig. 8a) and lower
numbers of infiltrated eosinophils and ILC2s in the lungs (Fig. 8b and Extended Data Fig.
9a,b) in the Gsdma'~ mice than in the wild-type mice. The secretion of inflammatory
cytokines, including IL-5 and IL-13, in BALF was also significantly reduced in the Gsama™/
~ mice compared with the wild-type mice (Fig. 8c). In the papain-induced acute airway
inflammation model (5 pg of papain for 5 continuous days), Gsamad™~ mice had blunted
airway inflammation infiltration (Fig. 8d—f). The infiltration of alveolar eosinophil and
ILC2s was decreased (Fig. 8g), and the numbers of activated IL-5-producing or I1L-13-
producing 1LC2s were significantly lower (Fig. 8h) in the Gsdma™/~ mice than in the
wild-type mice. The secretion of the inflammatory cytokines IL-5 and IL-13 into the

BALF was also impaired (Fig. 8i). Together, these data indicated that Gsdmd deficiency in
mice alleviated both HDM-induced chronic and papain-induced acute airway inflammatory
responses by limiting the secretion of 1L-33, suggesting that Gsdmd played a fundamental
role in the pathogenesis of type 2 immunity in vivo.

Discussion

Here, we show that two cellular events regulated I1L-33 secretion sequentially in the context
of allergen protease exposure. First, the activation of SG assembly in airway epithelial cells
licensed the nucleocytoplasmic transport of 1L-33 but did not control its secretion. Second,
the cleavage of Gsdmd at aa 309-313 (ELRQQ) generated p40 NT-Gsdmd, which promoted
the cytosolic 1L-33 to cross the membrane into the extracellular space. Our investigation also
noted that GSDMD had a relatively high expression in the human airway epithelium and was
associated with increased IL-33 secretion into BALF in people with asthma, suggesting that
GSDMD may be involved in the pathogenesis of asthma.
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We show that various allergen-derived proteases, including plant-derived papain, fungal
allergen Aspergillus oryzae, HDMs, HDM-derived Der p and Der f, and subtilisin

protease from Bacillus species, activated SG assembly in airway epithelium, which was
fundamental for the translocation of IL-33 from the nucleus into the cytosol. SGs undergo
fusion, fission and flow in mammalian cell cytosol cycles, and their assembly is highly
dynamic3’. The activation of various cell death signaling pathways in lung airway epithelial
cells, including caspase-mediated apoptosis (stimulated with TS) and p-MIkl-dependent
necroptosis (stimulated with TSZ), was insufficient to induce 1L-33 release in airway
epithelial cells, suggesting that IL-33 secretion was independent of these pathways. In our
model, we observed the cessation of IL-33 secretion and the loss of Gsdmd fragmentation
within 3 h after removing allergen protease, which indicated the dynamic regulation of 1L-33
secretion through SG assembly in living cells.

Gsdmd-mediated pore formation has been reported in several cell types, including immune
cells such as macrophages and neutrophils, and stromal cells such as nasal epithelial
cells38:39, The cleavage of Gsdmd at D276 by caspase-1, caspase-8 or caspase-11 has been
reported during various viral and bacterial infections. However, caspase-1 and caspase-11
double deficiency and the pan-caspase inhibitor Z-VAD-FMK did not inhibit the release of
IL-33 and the generation of p40 NT-Gsdmd, indicating that this process was independent of
the caspase family. Mutations in the aa 309-313 (ELRQQ) in Gsdmd efficiently prevented
the cleavage of Gsdmd into the functional p40 fragment and blocked IL-33 release in

the airway epithelial cells. Similarly, the human residues L289—-R290 were needed to
generate the functional NT-GSDMD fragment. Thus, the cleavage of leucine and arginine
might provide clues for enzymes associated with this process. The enzymes involved in
the allergen protease stress-sensing pathway that contributed to the generation of p40 NT-
Gsdmd have yet to be determined.

It was previously reported that arsenite-induced activation of SG assembly did not contribute
to Gsdmd fragmentation in BMMs, and stimulation with arsenite significantly inhibited
NLRP3 inflammasome activation and cell death in BMMSs28. These observations supported
that SG assembly is independent of Gsdmd fragmentation, and this is consistent with our
observation in airway epithelial cells.

Allergens from Alternaria were shown to trigger the RIPK1-caspase-8 ripoptosome, which
engaged caspase-3 and caspase-7 and contributed to intracellular maturation and the release
of 1L-33 in epithelial cells*. Although we did not observe caspase-3 activation and cell
death during early exposure (30 min) to papain, sustained allergen protease stimulation

can contribute to the release of DAMPs, including ATP, from damaged cells, further
promoting cell death in bystander cells1#1:42, We observed IL-33 secretion without Gsdmd
fragmentation in MLE-12 cells exposed to Alternaria for 30 min, indicating that Alternaria
uniquely activated a Gsdmd-independent 1L-33 secretion pathway. Therefore, additional
mechanisms might regulate IL-33 secretion under various stimulations.

Our data highlight a unique role of Gsdmd in controlling cytokine release by switching
the two different cleaved forms. The pyroptotic p35 NT-Gsdmd fragment reacts to classic
caspase-1/8/11 cleavage that contributes to IL-1p release under typical type 1 inflammatory
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contexts. The p40 NT-Gsdmd fragment responds to environmental allergen protease
stimulation permitting IL-33 secretion without apparent cell death, thus contributing to type
2 disease pathogenesis. Each fragment reacts to different inflammatory cues and amplifies
different downstream immune cell activation events.

online content

Methods

Mice.

Any methods, additional references, Nature Research reporting summaries, source data,
extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41590-022-01255-6.

C57BL/6 wild-type mice were purchased from the Shanghai Laboratory Animal Center.
Gsdmad™'~ mice on the C57BL/6J background were from F. Shao, and caspase-1 and
caspase-11 double-deficient mice were kindly provided by G. Meng (Institut Pasteur of
Shanghai). Mice of age 6-10 weeks were used for all experiments; all animals were
age-matched and sex-matched, and then randomized into different groups. All mice were
maintained in specific pathogen-free animal facilities at the Animal Care Facility of the
Chinese Academy of Sciences and used according to protocols approved by the Institutional
Animal Care and Use Committee.

Induction of allergic airway inflammation.

For the induction of acute type 2 airway inflammation, C57BL/6 wild-type and Gsdma™'~
mice were anaesthetized by isoflurane inhalation, treated intranasally with papain (5 pg) in
40 ul PBS every day for 5 days, and euthanized for analysis on day 6. For the induction

of chronic type 2 airway inflammation, HDMs (50 ug) were applied intranasally for 3
continuous days, and the mice were allowed to rest for 11 days and then treated with HDMs
(10 pg) for 4 continuous days. The mice were sacrificed for analysis 24 h after the final
intranasal treatment. rIL-33 (25 pg) was administered intranasally for 4 continuous days to
induce acute airway inflammation.

Primary cells isolation.

BMMs were prepared by flushing bone marrow from the femurs and tibias of C57BL/6 mice
following the removal of red blood cells using ammonium chloride. Cells were seeded at

a density of 1 x 106 cells per well in 24-well plates in DMEM supplemented with 20 ng
mlI~1 murine macrophage colony-stimulating factor (M-CSF). The cell culture medium was
refreshed every 2 days, and cells were collected on day 6.

Allergen extracts and proteases.

HDM extracts were obtained from Greer Laboratories. The purified natural HDM proteases
Natural Der p 1 (NA-DP1-1) and Natural Der f 1 (NA-DF1-1) were obtained from Indoor
Biotechnologies. A protease from Aspergillus oryzae (Sigma-Aldrich, P6110), papain from
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papaya latex (Sigma-Aldrich, P3125), subtilisin A protease from Bacillus licheniformis
(Sigma-Aldrich, P5380) and Alternaria alternata (Greer Laboratories) were used as sources
of purified allergen proteases. All allergen extracts and proteases were reconstituted in PBS
(1 mg mlI~1) and stored at =80 °C. The Aspergillus oryzae protease (500 U g~1; 4 °C) was
used with ten-fold dilutions in PBS.

Generation of constitutive IL-33-expressing or GSDMD-expressing cells.

To generate cells with stable constitutive overexpression of IL-33 or GSDMD, a lentivirus
was generated by transiently transfecting HEK293T cells with the pLVX-IL-33-HA-GFP
plasmid, the Flag-GSDMD-Puro plasmid or the empty vector with an improved packaging
plasmid and the VSdVG plasmid. Then, A549/mle-12 cells were infected with lentiviral
supernatants in the presence of polybrene (5 pg mi~1) for 12 h. The following day,
puromycin selection was applied to generate pools of cells with stable overexpression.
Following at least 1 week of puromycin treatment, single-cell clones were generated using
limiting dilution.

Cleavage of endogenous GSDMD with allergen extracts and proteases.

GSDMD-deficient HeLa cells were kindly provided by F. Shao. Cells seeded in 24-well
plates were grown to form monolayers and then exposed to increasing amounts of allergen
extracts and proteases (up to 50 ug for papain and Bacillus licheniformis, up to 10 ug for Der
p and Der f, up to 200 pg for HDMs, and up to 5 pl for Aspergillus oryzae, ~1 x 10° cells)

in 300 pl well= DMEM supplemented with 1% FBS and cultured for 30 min at 37 °C. The
cells were collected for analysis by SDS—polyacrylamide gel electrophoresis (SDS—-PAGE)
and immunoblotting, and the supernatants were collected for enzyme-linked immunosorbent
assay (ELISA) detection or analyzed with SDS-PAGE after precipitation with FreeZone
Freeze Dryers.

SG isolation.

MLE-12 cells were plated in 10 cm tissue culture dishes and grown to form monolayers

of 80-90% confluence on the day of collection. Cells were stimulated with the following
stressors under 1% FBS DMEM culture medium: 200 g of papain per dish for 30 min

at 37 °C, and 0.5 mM arsenite for 1 h at 37 °C. Media were aspirated, and cells were
washed with 5 ml of fresh media. Cells were scraped and collected into a 15 ml Falcon tube.
Then, cells were pelleted at 1,500¢ for 3 min at room temperature (22-26 °C). Media were
aspirated, and the pellet was flash-frozen using liquid N,. The pellet was then thawed on
ice for 5 min. We resuspended the pellet in 1 ml of SG lysis buffer (50 mM Tris HCI pH
7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 0.5 mM dithiothreitol (DTT), 50
g mi~1 heparin, 0.5% NP-40, 1:5,000 antifoam B, one cOmplete Mini EDTA-free protease
inhibitor tablet 50 per ml of lysis buffer) containing 1 U pl~ RnaselN right before lysis,
and we syringed the lysis buffer with a 25G x 5/8” needle on ice. Five passages through

a needle are normally sufficient to lyse cells. After lysis, the cells were spun at 1,000¢g

for 5 min at 4 °C to pellet cell debris. The pellet was discarded, and the supernatant was
transferred to a 1.5-ml microcentrifuge tube, which was spun at 18,000g for 20 min at 4

°C. Supernatants were removed, and the pellet was resuspended in 1 ml of SG lysis buffer
and spun at 18,000¢ for 20 min at 4 °C. The supernatant was discarded, and the pellet was
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resuspended in 300 pl of SG lysis buffer and spun at 850g for 2 min at 4 °C. The supernatant
was transferred to a new 1.5-ml microcentrifuge tube. The supernatant represents the SG
core enriched fraction. Quantification analyses of SGs were performed using the SG counter
plugin in ImageJ (https://imagej.nih.gov/ij/plugins/stress_granule_counter). The parameters
for A549 cells were adjusted as (default): number of smoothes, 70; number of smoothes
after subtraction, 4; threshold, 2,000; numbers of counted particles >2 were taken as
positive.

Antibodies, reagents and plasmids.

Anti-HA 1:1,000 (16B12, HA.11, Covance, CO-MMS-101R), anti-GSDMDC1 0.04-0.4

ug mi~1 (Novus Biologicals, NBP2-33422) and mouse anti-GSDMD 1:1,000 (EPR20859,
Abcam, ab219800) antibodies were used. We used a mouse anti-1L-33 propeptide antibody
1 pg mi~1 (R&D Systems, AF5010-SP); an anti-I1L-33 antibody 1:1,000 (mouse clone
Nessy-1, Alexis Biochemicals, ALX-804-840); an anti-1L-33-Cter antibody 1:1,000 (Alexis
Biochemicals, AT-110); an anti-IL-33 (human) monoclonal antibody 1:2,000-1:5,000
(1L33305B, Cayman Chemical, 10809); a donkey anti-sheep IgG NorthernLights NL557-
conjugated antibody 1:200 (R&D Systems, NL010); a sheep 1gG HRP-conjugated antibody
1:1,000 (R&D Systems, HAF016); an anti-HA tag antibody 1:1,000 (16B12, Abcam,
ab130275); an anti-Caspase-1 mouse antibody 1:1,000 (Casper-1, AdipoGen Life Sciences,
AG-20B-0042-C100); an anti-mouse 1L-1p/IL-1F2 antibody 0.25 pg ml~! (R&D Systems,
AF-401-NA); an anti-Cleaved Caspase-3 (Asp175) antibody 1:1,000 (Cell Signaling
Technology, 9661S); an anti-MLKL (phospho S345) antibody 1:1,000 (EPR9515(2),
Abcam, ab196436); an anti-LDH rabbit monoclonal antibody 1:1,000-1:5,000 (Beyotime
Biotechnology, AF1660); Caspase-11 (17D9) Rat mAb 1:1,000 (Cell Signaling Technology,
14340); a goat anti-rabbit 1gG (H+L) cross-adsorbed secondary antibody, Alexa Fluor 555
4 pg mi~1 (Invitrogen, A-21428); a goat anti-mouse 1gG (H+L) highly cross-adsorbed
secondary antibody, Alexa Fluor Plus 488 1-10 pg mi~1 (Invitrogen, A32723); an anti-
Flag M2 antibody 1:200 (Monoclonal (M2), Sigma-Aldrich, F4049); elF2a. Rabbit pAb
1:500-1:1,000 (ABclonal, A0764); TIA1 Rabbit pAb 1:500-1:2,000 (ABclonal, A12517);
elF4A1 Rabbit pAb 1:500-1:2,000 (ABclonal, A5294); G3BP1 Rabbit mAb 1:500-1:2,000
(ABclonal, A3968); G3BP2 Rabbit pAb 1:500-1:2,000 (ABclonal, A6026); p-elF2a
(Ser51) (D9G8) XP Rabbit mAb 1:1,000 (Cell Signaling Technology, 3398); an anti-actin
antibody 1:5,000 (Sigma-Aldrich, A2066); Anti-Prosurfactant protein C 1 ug ml~1 (Abcam,
abh90716) and Hsp90a/p 1:100-1:1,000 (H-114, Santa Cruz Biotechnology, sc-7947).

4,6-diamidino-2-phenylindole (DAPI) for nucleic acid staining (Sigma-Aldrich, D9542—
5MG), Z-VAD (Selleck Chemicals, S7023), puromycin (Invitrogen, A1113803), LPS
(Sigma-Aldrich, L2630), the Pierce BCA Protein Assay Kit for protein quantification
(Thermo Scientific, 23227), GSK2606414 (MedChemExpress, HY-18072), sodium arsenite
(Sigma-Aldrich, S7400) and the cysteine protease inhibitor E-64 (Sigma-Aldrich, E3132)
were obtained. The following ELISA kits were used for cytokine detection: Human 1L-33
Quantikine (R&D Systems, D3300B), Mouse 1L-33 DuoSet (R&D Systems, DY 3626),
Mouse IL-1p/IL-1F2 DuoSet (R&D Systems, Y401-05) and Mouse 1L-6 DuoSet (R&D
Systems, DY 406). The KOD -Plus- Mutagenesis Kit (TOYOBO, SMK-101) was used to
create GSDMD constructs with different point mutations. The Necroptosis Inducer Kit
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with TSZ and the Apoptosis Inducer Kit (TNF-a + SM-164) (Beyotime Biotechnology,
C1058S and C0006S) were used, as well as nuclear and cytoplasmic protein extraction kits
(Beyotime Biotechnology, P0027; Merck Millipore, 539790).

Complementary DNA for human GSDMD (HG25207-UT), human IL-33 (HG10368-CY)
and mouse 1L-33 (MG50118-CY) were purchased from Sino Biological. Mouse Gsdmd
was amplified from reverse-transcribed cDNA derived from BMMs. A lentiviral vector
encoding a doxycycline-inducible GFP-fusion Flag-tagged GSDMD construct was modified
in a Lenti-iCas9-neo vector (Addgene, 85400). The improved lentiviral packaging plasmid
was a gift from J. Zhong (Institut Pasteur of Shanghai).

Quantitative real-time PCR.

Total RNA was extracted from tissues and cells using TRIzol (Invitrogen). The purified
RNA was quantified and reverse-transcribed using the ReverTraAce gPCR RT Kit
(TOYOBO). The expression levels of mMRNA transcripts were calculated relative to the
expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the 27AACT
method.

Flow cytometry.

Lung cell suspensions were obtained by digesting the lungs with 0.5 mg mlI~1 collagenase

| for 60 min at 37 °C and mechanical dissociation through a 70-um cell strainer. Red

blood cells were lysed after digestion by applying ammonium—chloride—potassium (ACK)
lysis buffer for 2 min. Leukocytes were obtained by density gradient centrifugation with a
40:80% Percoll (GE Healthcare) gradient. Cells in the lungs and BALF were counted with a
hemocytometer. Single-cell suspensions were stained with combinations of the following
antibodies: anti-CD4 (clone GK1.5, eBioscience), anti-SiglecF (clone E50-2440, BD
Biosciences), anti-CD45R (clone RA3-6B2, BD Biosciences), anti-NK1.1 (clone PK136,
eBioscience), anti-CD3 (clone 2C11, eBioscience), anti-CD11b (clone M1/70, eBioscience),
anti-Ter119 (clone Ter119, eBioscience), anti-Ly-6G (clone RB6-8C5, eBioscience), anti-
FceR1 (clone MAR-1, eBioscience), anti-CD11c (clone N418, eBioscience), anti-CD90.2
(clone 53-2.1, BD Biosciences), anti-CD127 (clone A7R34, eBioscience) and anti-1L-33R
(T1/ST2, clone DJ8, MD Biosciences). Eosinophils were characterized with the markers
SiglecF and CD11c using the antibodies identified above. ILC2s were identified as lineage
markers (Lin™: TCRy/6"CD45R"NK1.1"CD3"CD11b"CD11c Terl19 Ly6G FceR1™Grl")
CD90.2*ST2* cells. Single-cell suspensions were incubated with unlabeled, purified anti-
Fc receptor blocking antibodies (anti-CD16/CD32) before staining with fluorochrome-
conjugated antibodies. Dead cells were excluded by using the fixable viability dye eFluor
780 (eBioscience). Samples were acquired on a CytoFLEX flow cytometer (Beckman
Coulter), and the data were analyzed with FlowJo v10 (BD Biosciences).

Live-cell imaging.

A549-1L-33-HA epithelial cells were seeded in four-chamber dishes (Cellvis, D35C4—
20-1.5-N), and live-cell imaging experiments were performed 12 h later. For Hoechst
colocalization experiments, cells were pretreated with Hoechst 33342 DNA dye (1 pg
mi~1) for 10 min prior to imaging in DMEM (Gibco, 31053028) supplemented with 10%
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FBS using a Nikon A1R LUN-V inverted confocal microscope with a x60/1.27NA water
objective.

Human samples.

Clinical information is summarized in Extended Data Fig. 5 (accession no. PJ2019-015).

Tissue collection.

All tissues were collected after subjects provided informed consent, with the approval

of tissue-specific protocols by the Medical Ethical Committee of the Academic Medical
Centre, Affiliated Hospital, Institute of Respiratory Diseases, Guangdong Medical College,
Zhanjiang, China. Inflamed lung tissue samples were obtained from people with asthma.
Uninflamed control lung tissue samples were obtained from adult patients undergoing

lung tumor surgery or lung transplantation surgery; tissue samples were obtained at an
appropriate distance from the tumor. BALF samples were obtained from patients undergoing
bronchoscopy for diagnostic purposes.

Statistical analysis.

Statistical significance was analyzed as described in the figure legends, and statistical
analyses were performed using GraphPad Prism 6.

Extended Data

SPC IL-33 Merge Magnified

Ctrl Asthma patient

Extended Data Fig. 1 |. IL-33 is mainly expressed in airway epithelium cells both in humans and
mice.

a, Microscopy of the immunofluorescent (IF) stained SPC (green) expressing AT2 cells and
IL-33(red) expressing cells in lung tissue from WT Balb/c mice without any stimulations.
b, Representative microscopy of the immunohistochemically (IHC) stained IL-33 (brown)
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in airway epithelium respective in inflamed asthma patients and non—inflamed lung tissues.
Scale bars 50 um. Data are representative of two independent experiments.

b c
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IL-33-HA: - + Vector: +
kDa
35. - A Flag-Gsdmd: - +
45- e B-actin kDa =
55- - Flag
45- ey B-actin
IL-33 DAPI
e f
Papain Papain
kD O e Papals
] " kDa Ctrl 4‘
- - -—..- HA(IL-33) | Supernatant 55. GED D > -— — Flag
55-
35- - —
GSDMD
Gsdmd i—
40- R ..,-- L s - . WeL

--d- i P

Extended Data Fig. 2 |. Construction of 1L-33 and Gsdmd constitutively expressive airway
epithelial cells.
a, Immunoblot analysis of whole-cell lysis (WCL) of constructed C-terminal HA-

tagged IL-33 expressing A549 with Lenti-virus overexpression. b, Microscopy of the
immunofluorescence stained 1L-33 (green) and DAPI (blue) in A549-1L-33 cells without
stimulations. Scale bars (50 um upper, 10 um below). ¢, Immunoblot analysis of constructed
N-terminal Flag-tagged Gsdmd expressing MLE-12. d, Immunoblot analysis of MLE-12-
flag-Gsdmd cells treated with papain (0 pug, 5 ug, 10 pg and 50 pg per well) for 30 min.

e, Immunoblot analysis of WCL and culture supernatants of constructed 1L-33 expressing
Ab49 after treatment with papain (0 pg, 1 pg, 5 pug and 10 pg) for 30 min. f, Immunoblot
analysis of WCL of N-terminal Flag-tagged GSDMD expressing A549 cells exposed to
papain (0 g, 5 pg, 10 pg and 50 pg) for 30 min. The red arrow marked fragment represents
the activated form of p35 NT-GSDMD. Asterisk marked nonspecific fragment were not
discussed in our work. Data are representative of two independent experiments with similar
results.
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Extended Data Fig. 3 |. Stimulators that do not contribute to Gsdmd fragmentation and IL-33
release.

a, Immunoblot analysis of whole-cell lysis (WCL) and culture supernatants of MLE-12 cells
treated with A. alternata (0.1, 1, 5, 10, 50 pg/well) for 30 min. b, Immunoblot analysis

of WCL of MLE-12 cells treated with Ctrl (without stimulation); Pap (10 pg/well papain)
for 30 min; 500 mM HCI, 500 mM H,05,, 5 mM NaCl, 5 mM CaCl,, 5 mM MgCl,, and

5 mM ZnCl, for 1 h. ¢, Immunoblot analysis of WCL from MLE-12 cells treated with

Pap (10 pg/well papain for 30 min), and the temperatures of 4, 42 and 44 °C for 1-6 h.

d, Immunoblot analysis of WCL of MLE-12 cells treated with Ctrl (without stimulation);
Pap (10 pg/well papain for 30 min); agonist for PAR-1 (TFLLR-NH2 trifluoroacetate salt,
0.1-50 pg/mL for 1 h), and agonist for PAR-2 (2-furoyl-LIGRLO-amide, 0.1-50 pg/mL for
1 h). e, Immunoblot analysis of G3BP1-immunoprecipitation samples from MLE-12 cells
treated with Ctrl (without stimulations), Pap (10 ug/mL papain for 30 min), and AS (0.5
mM arsenite for 1 h). f, Immunofluorescent analyses of IL-33 from HEK293T cells with
C-terminal HA-tagged 1L-33 expression following the treatment of arsenite (0.5 mM) and
g-sorbitol (0.5 mM) for 1 h. Data are representative of two independent experiments with
similar results.
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N on-membrane-bounded organelle assembly
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Extended Data Fig. 4 |. Stress granule assembly is involved in IL-33 transportation under

allergen protease stimulation.

a, Venn diagrams of mass spectrometry analyzed IL-33 interactome from HEK293T cells
expressed with C-terminal HA-tagged human IL-33 following the treatment of Ctrl (without
stimulations), Pap (10 pg/mL papain for 30 min), and AS (0.5 mM arsenite exposure for

1 h). b, Venn diagrams of proteins with up-regulated interaction with IL-33 under papain
and AS stimulation as in a. ¢, Common proteins associated with non-membrane-bounded
organelle assembly were observed with up-regulated interaction with IL-33 as in a. d,
Metascape analyzed protein clusters enriched with 1L-33 under papain (10 ug/mL for 30

min) exposure context.
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Extended Data Fig. 5 |. Stress granule assembly-associated stimulators do not contribute to
Gsdmd fragmentation and IL-33 release.

a—c, Immunoblot analysis of whole-cell lysis (WCL) and culture supernatants of MLE-12
cells treated with following stimulants for 2 h, a arsenite: 0.05, 0.5,1, 5, 50 mM; d-sorbitol:
0.01, 0.05, 0.1, 0.5 mM; b paclitaxel: 0.1, 1, 5, 50 M; vincristine: 0.1, 1, 5, 50 pM;
puromycin: 1, 20 pg/mL; ¢ thapsigargin: 0.1, 1, 10 pg/mL. d, Immunoblot analysis of
whole-cell lysis (WCL) and culture supernatants of MLE-12 cells with a pre-treatment of
ISRIB (10 uM) or 30 min following with the stimulation of 20 ug/mL papain. Data are
representative of two independent experiments with similar results.
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Name Pos Context  Score Pred
v

NP_081236.1 7 MPSAFEK|VV 0.061
NP_081236.1 10 AFEKVVKINV 0.052
NP_081236.1 14 VVKNVIKIEV 0.074
NP_081236.1 20 KEVSGSR|GD 0.048
NP_081236.1 30 IPVDSLR|NS 0.196
NP_081236.1 36 RNSTSFR|PY 0.032
NP_081236.1 43 PYCLLNR|KF 0.053
NP_081236.1 44 YCLLNRK|FS 0.072
NP_081236.1 49 RKFSSSR|FW 0.050
NP_081236.1 52 SSSRFWK|PR 0.056
NP_081236.1 54 SRFWKPR|YS 0.056
NP_081236.1 63 CVNLSIK|DI 0.263
NP_081236.1 82 ECFGSFK|VS 0.067
NP_081236.1 94 DGNIQGR|VM 0.050
NP_081236.1 104 SGMGEGK|IS 0.052
NP_081236.1 125 MNVCILR|VT 0.046
NP_081236.1 129 ILRVTQK|TW 0.085
NP_081236.1 138 ETMQHER|HL 0.034
NP_081236.1 146 LQQPENK]IL 0.080
NP_081236.1 152 KILQQLRISR 0.039
NP_081236.1 154 LQQLRSR|GD 0.070
NP_081236.1 168 TEVLQTK|EE 0.098
NP_081236.1 194 PGALCLK|GE 0.091
NP_081236.1 198 CLKGEGKI|GH 0.077
NP_081236.1 203 GKGHQSR|KK 0.040
NP_081236.1 204 KGHQSRK|KM 0.062
NP_081236.1 205 GHQSRKK|MV 0.062
NP_081236.1 218 GSILAFR|VA 0.030
NP_081236.1 227 QLLIGSK|WD 0.062
NP_081236.1 237 LLVSDEK|QR 0.095
NP_081236.1 239 VSDEKQR|TF 0.491
NP_081236.1 248 EPSSGDR|KA 0.054
NP_081236.1 249 PSSGDRK|AV 0.167
NP_081236.1 254 RKAVGQR|HH 0.040
NP_081236.1 269 ALCSIGK|QL 0.076
NP_081236.1 297 GLYAEVK|AC 0.057
NP_081236.1 311 SLEMELR|QQ 0.245
NP_081236.1 320 ILVNIGK]IL 0.074
NP_081236.1 394 QQQLLAKJAL 0.080
NP_081236.1 403 ETTVLSK|QL 0.078
NP_081236.1 409 KQLELVK|HV 0.054
NP_081236.1 438 GDCWDEK|NP 0.129
NP_081236.1 451 LEECGLR|LQ 0.045
NP_081236.1 485 LSSLGQK|PC 0.077

A

Amino acid sequence of murine Gsdmd were analyzed with pro-protein converting prediction online tools ProP-1.0 for predicting of possible cleave sites
(httpsy/fservices healthrech dtu dk/service. php?Prof. 1L0). Predicted cleave site with different cleaving score were presented in the table. Sites inblack

dashed box were those possible for predicted p d d hosen for functional analyzing.

Extended Data Fig. 6 |. Predicted propeptide cleavage sites of mGsdmd with ProP-1.0.
Amino acid sequence of murine Gsdmd were analyzed with pro-protein converting

prediction online tools ProP-1.0 for predicting of possible cleave sites (https://
services.healthtech.dtu.dk/service.php?ProP-1.0). Predicted cleave site with different
cleaving score were presented in the table. Sites in black dashed box were those possible for
predicted p40 fragment, red colored sites were chosen for functional analyzing.
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Group Sex Age wa(qulo'g‘;m EO% : Sk . Clinical Diagnosis
Male 60 3.61 2.49 24,00 Lung Nodules
Male 58 552 4.70 400.00 Lung Nodules
S Female 47 5.80 1.70 86.00 Lung Nodules
Male 50 6.72 1.86 85.00 Lung Nodules
Male 42 6.22 1.87 102.00 Lung Nodules
Male 47 7.88 2.28 54.00 Lung Nodules
Male 70 9.29 15.55 3680.00 Asthma
Female 43 10.49 2.1 906.00 Asthma
Male 55 8.78 2.57 296.00 Asthma
Female 27 7.38 8.92 47.90 Asthma
Female 48 11.54 0.01 760.00 Asthma
Male 52 7.76 0.34 273.00 Asthma
Male 30 5.95 4.71 213.00 Asthma
Male 33 8.34 5.66 463.00 Asthma
Asthma patients Female 45 11.93 0.95 163.00 Asthma
Female 39 7.74 0.41 351.00 Asthma
Male 27 8.72 5.91 8.26 Asthma
Female 29 11.20 2.88 452.00 Asthma
Female 25 7.68 9.26 861.00 Asthma
Female 66 8.17 3.25 326.00 Asthma
Female 55 6.01 1.88 164.00 Asthma
Male 64 6.20 5.98 477.66 Asthma
Female 50 5.46 10.79 1110.00 Asthma

WBC: white blood cells; EO%: percentages of eosinophils; IgE: detected IgE concentration in the serums.

Extended Data Fig. 7 |. Human sample’s information.

WBC: white blood cells; EO%: percentages of eosinophils; IgE: detected IgE concentration

in the serums.
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Extended Data Fig. 8 |. Gsdmd deficiency does not interfere with 1L-33/St2 downstream events in
mice.

a, Flow cytometry analyzed cell numbers of lung total from wide-type and Gsdmad™'~ mice
treated with recombinant murine IL-33 (or PBS for the control group) for continuous 4

days. b, Flow cytometry analyzed SiglecF*CD11c™ eosinophils from BAL fluids as in a. c,
Flow cytometry analyzed SiglecF-CD11¢~CD11b* neutrophils from BAL fluids as in a. d,
Flow cytometry analyzed SiglecF*CD11c* macrophages from BAL fluids as in a. e, Flow
cytometry analysis of Lin"CD90.2*ST2* ILC2 from mice lungs as in a. Flow cytometry
analyzed cell numbers of IL-5% ILC2 (f), IL-13* ILC2 (g) and IL-5% IL-13* ILC2 (h) in
mice lungs as in a. Results are depicted as means + SEM, 77 =5 using the two-tailed,
Mann-Whitney test, and Dunnett’s multiple comparisons test. Data are representative of two
independent experiments with similar results.
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Extended Data Fig. 9 |. Flow-gating strategies of mice eosinophils and ILC2 cells in mice.
a, Representative flow cytometry gated scheme of Siglec FFCD11c* eosinophils in BAL

fluid of WT C57BL/6 mice and Gsdmd ™~ mice. b, Gating strategy of Lin"CD90.2*ST2*

ILC2 in the lungs.
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with the dataset identifier PXD033460. Source data are provided with this paper.
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Fig. 1|. Allergen stimulates 1L-33 secretion and Gsdmd fragmentation.
a, Live-cell imaging of IL-33-GFP and NLS-GFP in A549 cells exposed to 5 pg of papain

for the indicated time. Scale bars, 15 um. b, GFP intensity statistics (ImageJ) of IL-33-GFP
expression and NLS-GFP expression as in a. ¢, Immunoblot analysis of 1L-33 and Gsdmd
in MLE-12 cells after papain (1 pg, 5 pg, 10 ug and 50 pg) exposure for 30 min. Ctrl,

no stimulation. d, ELISA analysis of IL-33 in WCL of MLE-12 cells stimulated with
papain for 30 min. e, Immunoblot analysis of IL-33 and Gsdmd in MLE-12 cells after 5

pug well~ papain exposure for the indicated time. f, ELISA analysis of I1L-33 in WCL from
MLE-12 cells with 5 ug well~1 papain exposure for the indicated time. Representative of
four independent experiments. p.i., post infection. g, Flow cytometry analysis of MLE-12
cell survival with indicated stimulations. Ctrl, no stimulation; Pap, exposure to 10 ug of
papain for 30 min; TS, TNF-a+SM-164 stimulation for 12 h; ns, not significant. Live cell,
PI~annexinV~; apoptotic cell, PI"annexinV*; necroptotic cell, PI*annexinV*. h, Immunoblot
analysis of MLE-12 cells stimulated with papain (5 pg) for 30 min followed by removal

of papain for the indicated time. i, Immunoblot analysis of MLE-12 cells stimulated with
papain (Pap, 100 ug well™1) for 30 min, TSZ (TNF-a+SM-164+Z-VAD-FMK) for 12 h
and TS (TNF-a+SM-164) for 12 h. Red arrows indicate the functional p40 NT-Gsdmd.
Nonspecific fragments marked with an asterisk were not discussed in our work. Error bar,
mean + s.e.m. b, 7= 2, using a two-tailed, unpaired Student’s #test; d, n=4,f, n=2, g,
n= 3, with Dunnett’s multiple comparisons test. All data are representative of at least three

independent experiments.
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Fig. 2 |. Papain activates caspase-1/11-independent Gsdmd fragmentation.
a, Immunoblot analysis of WCL and supernatants from wild-type (WT) and Gsdmad™/~

BMMs treated with 200 ng mI~1 LPS for 4 h, 5 mM ATP for 30 min, and papain (5 ug
well™1, 10 ug well™! or 50 pg well™1) for 30 min. b, ELISA analysis of IL-1 in cell culture
supernatants of wild-type and Gsdma™'~ BMMs as in a. ¢, ImageJ quantification of IL-33
(relative to the B-actin content in WCL) in the supernatants of wild-type and Gsdma™'~
BMMs as in a. d, Immunoblot analysis of WCL and culture supernatants derived from
wild-type and Caspase1/117'~ BMMs treated with 200 ng mI~1 LPS for 4 h, 5 mM Nig

or ATP for 30 min, and papain (5 pg well™%, 10 ug well~1 or 50 pg well=1) for 30 min.
Wild-type and Caspase1/11~'~ BMM samples were derived from the same experiment, and
the gels and blots were processed in parallel. e, ELISA analysis of IL-18 in cell culture
supernatants of wild-type and Caspase1/117/~ BMMs as in d. f, ImageJ quantification of
IL-33 in cell culture supernatants of wild-type and Caspasel/11”- BMMs as ind. g,
Immunoblot analysis of MLE-12 cells and cell culture supernatants stimulated with or
without papain (5 pg) for 30 min with the pretreatment of Z-VAD-FMK (20 uM) for 60
min and removal before papain stimulation. Red arrows indicate the cleaved functional
NT-Gsdmd fragment. Nonspecific fragments marked with an asterisk were not discussed in
our work. Error bar, mean = s.e.m. b—f, n= 3, using Sidak’s multiple comparisons test. a—g,
Data are representative or a summary of three independent experiments.
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Fig. 3 |. Gsdmd cleavage requires the protease activity of papain.
a, Immunoblot analysis of WCL and culture supernatants from MLE-12 cells treated with

papain (5 pg) for 30 min, an E-64 pretreatment for 30 min before papain stimulation,

and heat-inactivated papain (Ina-pap, 10 min for 100 °C) for 30 min. b, Immunoblot
analysis of WCL and culture supernatants from MLE-12 cells treated as follows. Aspergillus
oryzae. 0, 0.5, 5, 10, 50 (ul well™1); HDM: 1, 10, 20, 50, 100 (ug well™Y); Bacillus
licheniformis. 0.05, 0.1, 1, 5 (ug well™1); Der p: 0.01, 0.025, 0.25, 1, 2.5 (ug well™);

Der f: 0.01, 0.025, 0.25, 2.5 (ug well™Y). Aspergillus oryzae and HDM were stimulated for
30 min; Bacillus licheniformis, Der p and Der f were stimulated for 60 min. ¢, Immunoblot
analysis of MLE-12 cells treated with ovalbumin (OVA, 0.1-100 pg well™1) for 30 min,
aluminum (Alum, 0.1-100 pg well™1) for 30 min, FSL-1 (1-500 ng mI~2 per well) for 6

h, palmitic acid (0.1-50 uM well™1) for 6 h, and poly-L-arginine (cationic polypeptides,
2.5-125 pg well™1) for 30 min. Red arrows indicate the neo-form of p40 NT-Gsdmd.
Nonspecific fragments marked with an asterisk were not discussed in our work. a—c, Data
are representative of three independent experiments.
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Fig. 4 |. Allergen proteases activate SG assembly.
a, Immunofluorescent analysis of A549-1L-33-GFP cells treated with Ctrl (without

stimulation), 0.5 mM arsenite (AS) for 1 h, and 5 pg of papain (Pap) for 30 min. b,
Quantification analysis of SG-positive cells (G3bpl foci) as in a with the SG counter plugin
in ImageJ. Error bar, mean + s.e.m. 7= 4, using Sidak’s multiple comparisons test. c,
Immunoblot analysis of extracted nuclear and cytoplasmic proteins as in a. d, Immunoblot
analysis of WCL, culture supernatants and SG components from MLE-12 cells treated with
Ctrl, 0.5 mM arsenite for 1 h, and 10 pg of papain for 30 min. e, Western blot analysis

of cells stimulated with different amounts of papain (5 pg well™1, 10 ug well=1 and 50 ug
well~1) for 30 min, 0.5 mM arsenite for 1 h, and Ctrl. f, Immunoblot analysis of WCL and
culture supernatants of MLE-12 cells with pretreatment of actinomycin D (ActD, 2 uM) for
3 h following the stimulation by 10 pg of papain for 30 min. g, Immunofluorescent analysis
of G3BP1 puncta in MLE-12 cells treated with Ctrl, 0.5 mM arsenite, 5 pg well~1 papain, 1
ul well™1 Aspergillus oryzae, 0.1 pg well™1 Bacillus licheniformis, 10 ug well~1 HDM, 0.025
pg well™1 Der f and 0.025 pg well~1 Der p. Scale bars: a, 10 pm; g, 50 um; magnified g, 10
um. a—g, Data are representative of three independent experiments.
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Fig. 5 |. truncated Gsdmd 311 fragment promotes IL-33 release.
a, Schematic showing truncated Gsdmd mutants with an NT Flag tag. b, LDH release assay

of culture supernatants from HEK293T cells expressed with truncated Gsdmd fragments

for 12 h. ¢, Immunoblot analysis of WCL and culture supernatants from HEK293T cells
expressed with murine C-terminal HA-tagged mature I1L-33 and GsdmdFL, Gsdmd1-276,
Gsdmad1-311 Gsdmdl-3% and Gsdmd1—499 in HEK293T. d, ELISA analysis of IL-33 in
supernatants as in c. e, Immunoblot analysis of WCL and culture supernatants from MLE-12
cells expressed with Gsdmd mutations following papain stimulation for 30 min. 311-5A,
substitution of 309-313 (ELRQQ) to AAAAA; A311-5A, deletion of 309-313 (ELRQQ).

f, A truncation scheme of human GSDMD with NT Flag-tagged. A tetracycline-responsive
sequence (Tet) was added to control the expression of the GSDMD fragments. eGFP,
enhanced GFP. g, LDH release assay of culture supernatants from HEK293T cells with 2

g mi~1 tetracycline-induced expression of truncated GSDMD fragments for 12 h. Error bar,
mean + s.e.m. n= 2, Sidak’s multiple comparisons test, and two-way analysis of variance
(ANOVA). Data are representative of four independent experiments. h, Immunoblot analysis
of WCL and culture supernatants from HEK293T cells coexpressed with truncated GSDMD
fragments and human C-terminal HA-tagged mature IL-33 for 12 h with tetracycline (2

ug mI~1). i, Immunoblot analysis of WCL from GSDMD™'~ HeLa cells expressed with
different GSDMD mutants, following 1 h with different doses of papain stimulation. 290—
5A, substitution of 288-292 (GLRAE) to AAAAA; A290LR, deletion of 289-290 (LR);
LR290AA, substitution of 289-290 (LR) to AA; A320LR, deletion of 319-320 (LR).

Error bar, mean £ s.e.m. b,d, n= 3, Dunnett’s multiple comparisons test. a—i, Data are
representative of at least three independent experiments.
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Fig. 6 |. Gsdmd contributes to type 2 inflammatory immune responses.
a, Microscopy images of H&E staining and immunohistochemical (IHC) staining of human

GSDMD (brown) in bronchial tissue from people with and without asthma. b, IL-33
production in the BALF versus GSDMD expression in lung tissues of people with asthma.
¢, Serum IgE versus GSDMD expression in lung tissues of people with asthma. b,c, 7=

17, two-tailed Pearson correlation. Linear regression curves fitted to these data are provided,
alongside Pvalues and /2 values. d, Microscopy imaging of immunohistochemically stained
mouse Gsdmd protein in lung tissues. BALB/c mice were administered with HDM or PBS
intranasally for up to 3 weeks to induce asthma symptoms. e, Histological evaluation of
peribronchial inflammatory cell infiltration as in d. f, Statistical analysis of the Gsdmd
protein intensity scores as in d. Error bar, mean + s.e.m. e,f, 7= 5, using the two-tailed
Mann-Whitney U-test. Scale bars: a,d, 50 um. a—f, Data are representative of at least three
independent experiments.
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Fig. 7 |. Gsdmd modulates 1L-33 release in vivo.
a, Cytokine analysis of BALF from wild-type BALB/c mice with intranasal papain (5

ug in 40 pl PBS) stimulation for 3 h. b, ELISA analysis of IL-33, IL-25 and TSLP in

the BALF after a single dose of papain (5 ug) exposed for different lengths of time.

¢, ELISA analysis of I1L-33 in the BALF from wild-type and Gsdma™'~ mice 3 h after
papain exposure. d, Immunoblot analysis of IL-33 in the lung homogenates with single-dose
papain (5 pug) exposed for 12 and 24 h. e, IL-33 mRNA expression in lung tissue from
wild-type and Gsdma™'~ mice. Error bar, mean + s.e.m. a,b, 7=3, ¢, n=4, e, n=6, using
two-tailed Mann-Whitney U-test. Data are representative of three independent experiments
with similar results.
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Fig. 8 |. Gsdmd modulates HDM-induced chronic airway inflammation.
a, Representative H&E staining and periodic acid—Schiff (PAS) staining of lung tissue

sections from wild-type and Gsama™'~ mice treated with intranasal HDM for 16
noncontinuous days. b, Flow cytometry analysis of cell numbers of SiglecF*CD11c*
eosinophils in the BALF and Lin"CD90.2*ST2* ILC2s in the lungs as in a. ¢, ELISA
analysis of IL-5 and IL-13 in the BALF from HDM-treated wild-type and Gsdma'~ mice
as in a. d, Representative H&E staining and PAS staining of lung sections wild-type

and Gsdma™'~ mice treated with intranasal papain for 5 continuous days. e, Histological
evaluation of peribronchial inflammatory cell infiltration as in d. f, Quantification of
PAS-positive area in d with ImageJ. g, Flow cytometry analysis of cell numbers of
SiglecF*CD11c* eosinophils in the BALF and Lin"CD90.2*ST2* ILC2s in the lungs as

in d. h, Flow cytometry analysis of cell numbers of IL-5*-expressing and IL-13*-expressing
ILC2s as in d. i, ELISA analyses of IL-5 and IL-13 in the BALF as in d. Scale bars: b,d,
50 um. Error bar, mean + s.e.m. b,c,e-h, 7= 5, using the two-tailed Mann-Whitney U-test.
i, n= 3, using the two-tailed Holm-Sidak test. Data are representative of two independent
experiments with similar results.

Nat Immunol. Author manuscript; available in PMC 2024 August 26.

ILC2 cells (x10%) IL-13 (ng mi™)

IL-13 (x10% pg mI™)

20
1.5
1.0
0.5

(= N )

o = N W b



	Abstract
	Results
	Allergen stimulates IL-33 secretion and Gsdmd fragmentation.
	Papain activates caspase-1/11-independent Gsdmd fragmentation.
	Gsdmd cleavage requires the protease activity of papain.
	Allergen proteases activate SG assembly.
	p40 NT-Gsdmd contributes to IL-33 secretion.
	Gsdmd contributes to type 2 inflammatory immune responses.
	Gsdmd modulates IL-33 release in vivo.
	Gsdmd modulated HDM-induced chronic airway inflammation.

	Discussion
	online content
	Methods
	Mice.
	Induction of allergic airway inflammation.
	Primary cells isolation.
	Allergen extracts and proteases.
	Generation of constitutive IL-33-expressing or GSDMD-expressing cells.
	Cleavage of endogenous GSDMD with allergen extracts and proteases.
	SG isolation.
	Antibodies, reagents and plasmids.
	Quantitative real-time PCR.
	Flow cytometry.
	Live-cell imaging.
	Human samples.
	Tissue collection.
	Statistical analysis.

	Extended Data
	Extended Data Fig. 1 |
	Extended Data Fig. 2 |
	Extended Data Fig. 3 |
	Extended Data Fig. 4 |
	Extended Data Fig. 5 |
	Extended Data Fig. 6 |
	Extended Data Fig. 7 |
	Extended Data Fig. 8 |
	Extended Data Fig. 9 |
	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Fig. 6 |
	Fig. 7 |
	Fig. 8 |

