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The formation of membrane pores by cleaved N-terminal gasdermin D
(GSDMD-NT) results in the release of cytokines and inflammatory cell
death, known as pyroptosis. Blocking GSDMD-NT poresis an attractive

and promising strategy for mitigating inflammation. Here we demonstrate
that SK56, an artificial intelligence-screened peptide, effectively obstructs
GSDMD-NT pores and inhibits pyroptosis and cytokine release in
macrophages and human peripheral blood leukocyte-induced pyroptosis.
SKS56 prevents septic death induced by lipopolysaccharide or cecal
ligation and puncture surgery in mice. SK56 does not influence cleavage of
interleukin-1f3 or GSDMD. Instead, SK56 inhibits the release of cytokines
from pyroptotic macrophages, mitigates the activation of primary mouse
dendritic cells triggered by incubation with pyroptotic cytomembranes
and prevents widespread cell death of human alveolar organoidsin an
organoid-macrophage coculture model. SK56 blocks GSDMD-NT pores on
lipid-bilayer nanoparticles and enters pyroptotic macrophages to inhibit
mitochondrial damage. SK56 presents new therapeutic possibilities for
counteracting inflammation, whichisimplicated in numerous diseases.

The gasdermin (GSDM) family, which encompasses members GSDMA
to GSDME in humans, forms membrane pores, which drive pyroptotic
celldeath', and members of the GSDM family are involved in genetic dis-
eases characterized by inflammation and autoimmunity. GSDMD serves
astheultimate effectorinthe lipopolysaccharide (LPS)-induced canoni-
calNLRP3 inflammasome, which triggers caspase-1activation, and non-
canonical inflammasome pathway (for example, caspase-4/caspase-5in
humans or caspase-11in mice) and is cleaved by inflammatory caspases

torelease its N-terminal domain (GSDMD-NT) from the autoinhibi-
tory C-terminal domain®. GSDMD-NT binds phospholipids of the
mitochondrion and plasma membrane, forming oligomeric pores that
releaseinterleukin-13 (IL-1B) and IL-18 (refs. 3,4) and disrupt membrane
integrity via ninjurin-1filaments>°. Calcium influx signals mediated by
GSDMD-NT pores can activate the cell-intrinsic endosomal sorting
complexesrequired for transport (ESCRT; amembrane repair system)
to repair the damaged cytomembrane’ ™,
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Inflammasome-induced pyroptosis is essential to physiologi-
cal immune responses, but excessive pyroptosis can cause sepsis,
cytokinerelease syndrome, severe inflammation and tissue damage ™.
Gsdmd-deficient mice are resistant to mortality due to LPS-induced
sepsis®. Lipids from dying cells (such as pyroptotic cells) are captured
andinternalized by the pattern recognition receptor CD14 on dendritic
cells (DCs), triggering inflammasome-dependent hyperactivation and
inducing sustained release of IL-1, a phenomenon that contributes to
the maintenance of a chronic inflammatory response'®. Chronic dys-
regulated inflammasomes contribute to various human diseases, such
as gout”, inflammatory bowel disease'®, diabetes', atherosclerosis®
and Alzheimer’s disease”.

Although targeting mature GSDMD-NT pores represents a
therapeutic approach in all these conditions, it presents substantial
challenges. Cryoelectron microscopy structural analysis of human
GSDMD-NT pores* has revealed that the pores possess asmooth sur-
facerichinnegative charges, enabling the selective release of mature
IL-1B into the extracellular space through electrostatic filtering. The
major structural changes during GSDMD-NT pore formation make it
difficult to obtain stable GSDMD-NT pore proteins, hindering tradi-
tional high-throughput screening methods (for example, phage dis-
play) fromidentifying lead molecules for pore blockade. Additionally,
the diameter of the GSDMD-NT pore, whichis 21 nm, limits the effects
of small-moleculeinhibitors, evenif they can bind to the pore region.

Artificial intelligence (Al) has revolutionized protein design, lead-
ing to the development of numerous methods, such as RFDiffusion®,
MaSIF*, RifDock® and SCUBA?®, which enable the creation of
high-affinity proteins. Here we used a deep learning-based interactive
interfaceatomic generative model to conduct virtual peptide screening
and refine and characterize SK56, a potent blocker of the GSDMD-NT
pore. Our experiments demonstrated that SK56 effectively delays
pyroptosis by selectively targeting the GSDMD-NT pore, inhibiting
cytokine release, preventing mitochondrial damage, averting activa-
tion of DCs, reducing widespread cell death and exhibiting notable
therapeutic effects in a mouse model of sepsis. Our findings could
provide new therapeutic options for treating human diseases caused
or exacerbated by excessive uncontrolled inflammation.

Results

Pyroptosis occurs in individuals with sepsis and mouse models
In mice, Gsdmd deletion inhibits pyroptosis and reduces cytokine
release”. Gsdmd™~ mice showed asignificantly better 7-day survival rate
(90-100%) than wild-type mice (40-60%) in models of sepsis induced
by LPS (15 mg per kg (body weight) intraperitoneal (i.p.); Extended Data
Fig.1a) or cecalligation and puncture (CLP; Extended Data Fig. 1b). To
examine the extent of tissue damage, we analyzed hematoxylin and
eosin (H&E) staining of cryosections of lung, kidney, liver, intestine
and spleen tissue and performed histopathological scoring on lung
andkidney tissues. H&E staining and pathological scores showed that
wild-type mice exhibited severe lung inflammatory lesions, whereas
Gsdmd™ mice showed reduced thickening of the alveolar septum and
less leukocyte infiltration (Extended Data Fig. 1c) in both LPS and CLP
models. Pathological scores in the affected kidneys and H&E stain-
ingin kidney, liver, intestine and spleen tissues revealed less injury in
Gsdmd™~mice thaninwild-type mice (Fxtended Data Fig.1d,e) for both
LPS and CLP conditions. IL-1p expression in blood peaked at around
36 h after CLP and 24 h after LPS treatment in wild-type mice and at
36 hin Gsdmd™~ miceinboth models (Extended Data Fig. 1f), and levels
of IL-1B in Gsdmd™~ mice were lower than that observed in wild-type
mice (Extended Data Fig. 1f). A multiplex bead-based immunoassay
indicated that serum levels of CSF2, interferon-y (IFNy), TNF, IL-13,
IL-2 and IL-4 were significantly reduced in Gsdmd™~ mice at day 2 after
LPS treatment, whereas levels of IL-10, IL-4, CSF2, IL-13 and IL-5 were
decreasedin Gsdmd™'~ mice at day 2 after CLP compared toinwild-type
mice (Extended Data Fig. 2a). Wild-type mice lost more weight than

Gsdmd™ miceinboth LPS and CLP conditions (Extended DataFig. 2b).
Levels of blood biochemical indicators (aspartate aminotransferase
(AST), blood ureanitrogen (BUN), alanine aminotransferase (ALT) and
creatine kinase (CK)), reflecting heart, liver, muscle and kidney func-
tion, were significantly lower in Gsdmd™~ mice than in wild-type mice
in both sepsis models (Extended Data Fig. 2c).

Toanalyze the link between cell pyroptosis and sepsis ina clinical
setting, we collected blood samples from 88 healthy volunteers (n =58
females, n =30 males, median age 42.5years (range 19-89 years)) and
individuals diagnosed with mild (sequential organ failure assessment
(SOFA) score of 22, n =47 females, n =90 males, median age 59 years
(range1-96 years)) or severe sepsis (SOFA score of >11,n =10 females,
n=16 males, median age 61.5 years (range 22-84 years)) fromJanuary
2018 to May 2023 at the Daping Hospital of Army Medical University
(Supplementary Table 1). Serum IL-1B levels were fivefold higher in
individuals with mild sepsis than in healthy volunteers at 24 h after
diagnosis, with severe cases showing a further twofold increase com-
pared to healthy volunteers (Extended Data Fig. 2d). GSDMD-NT was
detectedinperipheral blood leukocytes fromindividuals with sepsis,
but not in healthy volunteers (Extended Data Fig. 2e). These results
indicate that GSDMD activation is associated with inflammation and
IL-1B release during sepsis in humans and in mouse models.

Al-screened SK56 delays pyroptosis and IL-1f3 secretion
Toidentify molecules thatinteract with the smooth surface area of the
GSDMD-NT pore, we adapted the deep learning model Transformer”
to process protein structures based on atomic coordinates, atom type
and charge information and generate surface interactions as output
(Fig. 1a). We trained the Transformer model by collecting structural
data from real protein complexes (obtained by X-ray diffraction or
cryoelectron microscopy) from the Protein Data Bank (PDB) database.
Thisyielded approximately 40,000 experimentally determined natu-
ralinteractioninterfaces (paired sets of atomic points, atomic distance
of <4 A; Fig. 1b), which were used to train the modified Transformer
model (Extended DataFig.3a). After 100,000 iterations, the loss con-
verged (Extended DataFig. 3b), indicating that the model parameters
stabilized, and further optimization yielded minimal improvement.
The target region atomic points from GSDMD-NT were then used as
input for our model to obtain amatching set of atomic points (defined
as anideal interaction interface; Fig. 1c), followed by a searchin a
precomputed charges miniprotein scaffold library* for matches to the
output set of atomic points. The top 30% of candidate backbones were
clustered by sequence diversity, and the directly targeted interact-
ing residues were refined by using the Rosetta FastDesign module?,
The12 candidate peptide coding sequences (Supplementary Table 2
and Extended Data Fig. 3c) were cloned into pSmart-I vector with
an N-terminal His, small ubiquitin-like modifier (SUMO) tag, and all
plasmids were transfected into Escherichia coli BL21 (DE3) for expres-
sion and purification.

Candidate peptides (15 uM) were administered to phorbol
12-myristate 13-acetate (PMA)-differentiated human THP-1cells (here-
after, THP-1cells) that were primed with LPS and treated with nigericin
to activate the canonical NLRP3 inflammasome. Peptide 11 (hereaf-
ter, SK56) exhibited the strongest inhibition of both IL-1 and IL-18
release in THP-1 cells compared to other tested peptides (Fig. 2a,b).
Live-cell imaging showed that SK56 delayed LPS + nigericin-induced
pyroptosis by about 40 min in THP-1 cells (Fig. 2c) and mouse bone
marrow-derived macrophages (BMDMs) compared to PBS control
treatment (Extended Data Fig. 3d and Supplementary Video 1). ATP
assays showed that SK56 increased the amount of cellular ATP levels
by 22-73%ina concentration-dependent mannerin BMDMs (Extended
DataFig.3e). Three-dimensional (3D) live-cellimaging showed delayed
cellruptureby about 30 minin THP-1cells compared to PBS (Extended
Data Fig. 3f and Supplementary Video 2). For THP-1 or BMDM cells
treated with LPS + nigericin for 180 min, the half-maximal inhibitory
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Fig. 1| Peptide screening using the Transformer model to identify GSDMD-

NT pore blockers. a, Workflow showing the modifications to the Transformer
model, which involve the splitting and processing of input and output data and
the use of atomic-level information of the interface, including coordinates,
charge and atom type asinput. b, Flow chart of data extraction and processing for
interaction atomic training data showing how ~20,000 pairs of protein complex
datafrom the PDB database were used to extract atoms at interaction interfaces
(distance of <4 A), calculate charge using aforce field (ff14SB) and perform
model training. ¢, Schematic showing how a slightly modified Transformer
model as in awas used for interference peptide design in the target surface

database

region of GSDMD-NT (PDB ID: 6 VFE; this model was selected to obtain the atomic
coordinates on the surface). Charges were calculated using a force field (ff14SB),
combined with the atomic coordinates, typed into amatrix and used as the input
of the model after removing hydrogen atom information. The model outputs the
atomic coordinates, charges and types of the theoretical interaction interface
corresponding to the input surface and uses the interface atomic information to
performa point registration search (coherent point drift) in the precomputed
charge scaffold database. Scaffolds with higher scores obtained from the search
were optimized using the Rosetta FastDesign module for residue optimization to
obtain peptides that interact with the target protein.

concentrations of SK56 were1.38 + 0.48 pM and 1.12 £ 0.37 pM, respec-
tively (Extended Data Fig. 3g).

SK56 (15 pM) inhibited pyroptosis and decreased IL-1f3 secretion
in BMDMs transfected with LPS compared to PBS control (Extended
Data Fig. 3h,i), suggesting that SK56 inhibited both canonical and
noncanonical inflammasome-triggered pyroptosis. SK56 (15 uM)
did not inhibit necroptosis in human enterocyte HT-29 cells treated
with TNF, second mitochondria-derived activator of caspases (SMAC)
mimetic and a pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp
(OMe) fluoromethylketone (z-VAD-fmk) cocktail, although high
concentrations (45 pM) of SK56 inhibited HT-29 cell necrosis for rea-
sons yet unclear (Extended Data Fig. 3j). SK56 did not affect other
non-GSDMD-regulated forms of cell death, such as apoptosis, cupropto-
sisand ferroptosis, inmouse macrophage RAW264.7 cells, AC16 human
myocytes and MAD-MB-231 human epithelial cells treated with H,0,,
elesclomol-CuCl, and erastin, respectively (Extended Data Fig. 3k-m).
SK56 (15 puM) inhibited SYTOX green influx (90% reduction, 70 min) in
LPS + nigericin-treated THP-1cells (Extended Data Fig. 4a). Immunofluo-
rescenceimaging andimmunoblotting showed that SK56 did not affect
cleavage of IL-1 and GSDMD (Fig. 2d,e) or GSDMD-NT translocation to
the membrane (Extended DataFig. 4b) but reduced the release of IL-1B
(Fig.2d,e) in THP-1cells treated with LPS + nigericin compared to PBS.
SK56 did not directly inhibit caspase-1activation (Extended DataFig. 4c).

To investigate whether SK56 interacted with GSDMD-NT and
gained entry into pyroptotic cells, we conjugated fluorescein iso-
thiocyanate (FITC) to the SK56 C terminus. Live-cell imaging in
LPS + nigericin-treated THP-1 cells in which mitochondrial mem-
brane potential was assessed with MitoTracker red indicated that
SK56-FITC did not enter cells within 0-30 min but colocalized with
the cellmembrane and the mitochondria at 30 min after the addition
of LPS + nigericin (Fig. 2f and Supplementary Video 3). Incubation
with SK56-FITC inhibited the decline in MitoTracker red fluores-
cence by 40% in LPS + nigericin-treated THP-1 cells compared to PBS
at 30 min after the addition of LPS + nigericin (Fig. 2f,g and Extended
Data Fig. 4d). The timing for SK56-FITC and SYTOX entry into THP-1
cells was similar (Fig. 2h and Extended Data Fig. 4d), suggesting that
SK56 might enter through GSDMD-NT pores and subsequently bind
to mitochondria. GSDMD-NT forms pores on mitochondria, leading
toreactive oxygen species (ROS) release and mitochondrial damage”.
Transmission electron microscopy (TEM) indicated that SK56 reduced
mitochondrial damage in LPS + nigericin-treated THP-1cells compared
to PBS (Fig. 2i). Kinetic analysis of ROS and ATP in single THP-1 cells
showed that SK56 markedly inhibited 30-60% ROS accumulation
(Fig. 2j and Extended DataFig. 4e) and mitigated 10-40% of ATP decline
inLPS + nigericin-treated THP-1cells compared to PBS (Extended Data
Fig. 4f).SK56 (30 uM) delayed lactate dehydrogenase releaseby1hin
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LPS + nigericin-treated THP-1 cells compared to PBS (Extended Data
Fig. 4g), similar to the GSDMD-NT pore formation inhibitor disulfi-
ram (DSF)*°. Thus, SK56 did not interfere with GSDMD-NT membrane
translocation or IL-1p cleavage but reduced IL-1f release, mitochondrial
damage and membrane disintegration.

SKS56 inhibits pyroptosis by blocking GSDMD-NT

pore function

Next, we used biolayer interferometry to analyze the effect of SK56
on pyroptotic cytomembranes. Cell membrane fragments were col-
lected from LPS + nigericin-treated THP-1 cells (hereafter, pyroptotic
cytomembranes, which contain GSDMD-NT pores) and from THP-1
cells treated with or without LPS (hereafter, cytomembranes, which
donot contain GSDMD-NT pores) by using ultracentrifugation. Bioti-
nylated SK56 (N terminus) bound to pyroptotic cytomembranes with
anestimated K;0f10.9 nM, but did not bind to LPS-treated or untreated
cytomembranes (Fig. 3a). Nointeractions were detected between bioti-
nylated SK56 and PBS or free GSDMD-NT protein (Fig. 3a). N-terminal
SUMO-tagged SK56 (SUMO-SK56) coimmunoprecipitated with assem-
bled GSDMD-NT poresin THP-1cells treated with LPS + nigericinfor4 h
compared to the no-SUMO-SKS56 control (Fig. 3b). Live-cell imaging
in mouse BMDM s transfected with GSDMD tagged with blue fluores-
cent protein (BFP) at the N-terminal (BFP-GSDMD-NT) or C-terminal
(GSDMD-CT-BFP) side and treated with LPS + nigericin to induce
pyroptosis showed that SK56-FITC colocalized exclusively with BFP—
GSDMD-NT, but not GSDMD-CT-BFP (Fig. 3¢). To examine the selec-
tivity of SK56, human HEK293 cells were transfected with plasmids
expressing GSDMA-NT-green fluorescent protein (GSDMA-NT-GFP),
GSDMB-NT-GFP, GSDMC-NT-GFP, GSDMD-NT-GFP and GSDME-NT-
GFP,and the nondenatured lysates containing the fusion proteins were
collected for interaction assays. Microscale thermophoresis (MST)
indicated that SK56 had strong affinity for GSDMC-NT-GFP (K, of
~0.22 pM) and GSDMD-NT-GFP (K, of ~0.25 uM) and weaker affinity
for other GSDM-NT-GFP subtypes (Fig. 3d). Incubation of polydiacety-
lene (PDA) nanoparticle hydrogel, which emits red fluorescence when
pores form on their phospholipid layer**? (Extended Data Fig. 5a),
with 1 tM GSDMD-NT for 30 min resulted in a red fluorescent signal,
whereasincubation with the membrane protein ACE2 (which does not
formpores) did notinduce a fluorescent signal (Fig. 3e). Incubation of
PDA nanoparticles containing GSDMD-NT with 15 pM SK56 for 15 min
diminished the red fluorescence compared to those incubated with-
out SK56 (Fig. 3e,f), suggesting that SK56 blocks the pores formed by
GSDMD-NT in the PDA nanoparticle hydrogel.

To determine the binding site between SK65 and GSDMD-NT, we
conducted point mutation experiments and molecular dynamics (MD)
simulations to analyze binding energy contributions. The MD simula-
tion revealed that eight residues on SK56 contribute the majority of
thebinding energy inits interaction with GSDMD-NT (Extended Data
Fig.5b). When mutant SK56, in which key residues in SK56 (Ser 1, Glu 11,

Arg 22, Tyr 26, Met 29, Leu 32, Met 37 and Arg 42) were individually
mutated to glycine, was incubated with THP-1 cells (at 2 h after the
addition of LPS + nigericin), mutations at positions 22, 29 and 37 in
SK56 completely abolished the ability to inhibit pyroptosis (Fig. 3g,h).
Structuralinsightsinto the GSDMD-NT pore suggest that the poreisan
acidic conduit, which electrostatically filters the release of IL-1f, with
four critical acidic patches (AP1-AP4) predominantly determining its
surface charge properties?. Based on docking assays, SK56 binding to
the GSDMD-NT pore altered the surface charge characteristics between
APland AP3 (Extended DataFig. 5¢), suggesting that SK56 might deac-
tivate the GSDMD-NT pore by modifying its surface charge properties.
We also examined proteome changes in LPS + nigericin-treated THP-1
cells withor without SK56 treatment for 90 min by liquid chromatogra-
phy-tandem mass spectrometry. One hundred and five proteins were
differentially expressed (64 upregulated and 41 downregulated; Sup-
plementary Table 3) in LPS + nigericin-treated compared to PBS-treated
THP-1 cells (Fig. 3i), with a partial restoration (65% of upregulated
and 60% of downregulated proteins) of expression observed in
LPS + nigericin-treated THP-1cells incubated with SK56 (Fig. 3i). These
findings indicate that SK56 primarily targets the GSDMD-NT pore,
rather than upstream cleavage events in the inflammasome pathway.

SKS56 reduces pyroptosis by recruiting ESCRT and inhibits DC
activity

GSDMD-NT-mediated cell membrane damage results in calcium ion
influx and activates the ESCRT system to repair the membrane and pre-
vent pyroptosis. During this process, the ESCRT protein CHMP4 targets
the membranes and forms punctate patternsin dying cells®**’, Toinves-
tigate whether SK56 delayed pyroptosis and, as such, allowed more
time for the ESCRT system to repair the cell membrane, we assessed
the effect of SK56 on the formation of CHMP4-GFP punctain BMDMs
treated with LPS + nigericin for 80 min toinduce pyroptosis. Confocal
imaging showed that 15 uM SK56 had no effect on the proportion of
CHMP4-GFP* punctain LPS + nigericin-treated BMDMs, but reduced
the number of Annexin V' BMDMs by 68% compared to PBS (Fig. 4a).
The addition of EDTA, aninhibitor of ESCRT, restored the proportion of
Annexin V' BMDMs to the level seenin BMDMs without SK56 treatment
(Fig.4a), suggesting that SK56-mediated inhibition of pyroptosis may
require the ESCRT system.

Pyroptosisleads to cytomembrane rupture, releasing fragments
containing oxidized phospholipids (0xPAPC) and GSDMD-NT pores'®**,
To assess whether SK56 inhibits the release of pyroptotic cytomem-
brane fragments, we treated THP-1 cells with LPS + nigericin with or
without SK56 for 2 h to induce pyroptosis, followed by supernatant
collection andimmunoblotting to detect the levels of GSDMD-NT in the
medium. Inthis assay, SK56 (45 uM) inhibited the release of GSDMD-NT
inthe supernatant by 80% compared to PBS (Fig. 4b).

DCscan phagocytose cytomembrane fragmentsreleased by pyrop-
totic cells, a process thatinduces DC activation and sustained release

Fig. 2| SK56 delays pyroptosis and IL-1p release and prevents mitochondrial
damage without affecting cleavage of GSDMD or IL-1B. a, Inmunoblots (left)
and quantification (right) of IL-1B release in THP-1cells differentiated with 120 nM
PMA and treated with PBS, 1 pg mI™ LPS + 5 mMATP (L +A),1 pg mI™ LPS +10 pM
nigericin (L + N), 30 pM DSF or 15 pM of 12 candidate peptides (1-12; SK56 is
peptide 11) at 2 h after the addition of LPS + nigericin; n =3 repeats. b, ELISA

of IL-1B and IL-18 release from THP-1 cells treated with DSF or peptides1-12in
the presence of LPS + nigericin asina. The red arrow indicates SK56 (peptide
11); n=4repeats; purple, **P=8 x 107; black, **P=1x 108, ¢, Representative
images from live-cell imaging experiments (see Supplementary Video 1;

left) and the percentage of PI* cells (right) among THP-1 cells incubated with
LPS + nigericin + PBS or LPS + nigericin + SK56 (L + N + SK56; 15 uM) at 0, 20,

40, 60 and 80 min after the addition of LPS + nigericin; scale bar, 50 pm;n=3
repeats. d,e, Representative immunoblotting of IL-1B and GSDMD cleavage (d;
n=2repeats) and quantification of IL-1B release (e; n = 4 repeats) in THP-1cells

incubated with PBS or 1 ug mI™ LPS + 10 pM nigericin together with 100 uM
Z-VAD-fmk, PBS or 15 uM SK56 (d) or PBS, LPS or LPS + nigericin together with
100 pM Z-VAD-fmk or 0.6,1.6, 5 and 15 uM SK56 (e) for 2 h. Sup, supernatant.

f-h, Representative images from live-cellimaging (see Supplementary Video 3; f)
and relative fluorescence intensity of MitoTracker (MT; g) or SYTOX (h) in THP-1
cellsincubated with 15 pM SK56-FITC at 0, 20, 30, 40, 50, 60 and 80 min after the
addition of LPS + nigericin asin a; scale bar, 50 um; n =3 repeats.

i, Representative TEM image showing mitochondrial morphology (arrows) in
PMA-differentiated THP-1cells treated with PBS, 15 ptM SK56, LPS + nigericin or
LPS + nigericin + 15 uM SK56 for 1.5 h; scale bar, 500 nm; n = 3 repeats. j, Real-time
single-cell biochemistry showing ROS generation in THP-1cells treated with

1pg mI™ LPS at 0 min, 10 uM nigericin at 30 min, and PBS, SK56 or DSF at 0 min.
DCFH-DAisaROS indicator. Datain a-c, e and g were analyzed by two-tailed
Student’s ¢t-test and are shown as mean + s.d.
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Fig. 3| SK56 inhibits pyroptosis by directly targeting GSDMD pore function.
a, Representative TEM images of cytomembranes from THP-1 cells (top) and
representative biolayer interferometry traces from biotin-SK56 (bottom)
incubated with PBS, 1 pg mI LPS or 1 pg mI™ LPS + 10 pM nigericin (top) or PBS,
GSDMD-NT protein or cytomembranes from THP-1 cells incubated with PBS
(C™5), 1 ug mI™ LPS (C**5) or 312 nM-5 pM LPS + nigericin (C* V) for2 h (n =2
repeats); scale bar,200 nm. b, GSDMD immunoblotting ofimmunoprecipitated
SUMO-SKS56 in THP-1cells treated with LPS + nigericinasina; n =2 repeats; IB,
immunoblot; IP,immunoprecipitate. ¢, Representative live-cellimages of mouse
wild-type BMDMs transfected with BFP~-GSDMD-NT or GSDMD-CT-BFP plasmids
andincubated with 15 uM FITC-SK56 at 0, 40 and 80 min after LPS + nigericin
treatment; scale bar, 2 pm. Arrowheads indicate colocalization; n = 2 cells.

d, MST showing the binding affinity of SK56 to mature GSDMA-GSDME

(n=1repeat). e f, Representative images (e) and quantification of fluorescence
(f) in PDA nanoparticle hydrogel incubated with PBS, 15 pM SK56, 5 pg ACE2 or
1uM GSDMD-NT for 45 min or 1 pM GSDMD-NT for 30 min and then incubated
with15 pM SK56 for an additional 15 min; scale bar, 70 um; n = 3 repeats.

g, Cellviability in THP-1cells incubated with PBS, 1 ug mI™ LPS or LPS + nigericin
inaddition to PBS, 1.5 pM SK56 or 1.5 pM SK56 mutant peptides for 120 min;
n=4repeats. h, Docking assay showing SK56-GSDMD-NT interaction. Critical
residues (Arg 22-Glu 174 electrostatic interaction, Met 29-Pro 103 hydrophobic
interaction and Tyr 26-Thr 63 hydrogen bond) areindicated. i, Proteomic
analysis showing differentially expressed proteins (DEPs) in THP-1cells treated
with PBS, LPS + nigericin or LPS + nigericin + 15 uM SK56 for 90 min; n=3
samples. Datain fand g were analyzed by two-tailed Student’s t-test and are
shownasmean +s.d.

of IL-1 (refs. 16,35), which perpetuates the inflammatory response.
To investigate whether SK56 had an effect on the phagocytosis of
pyroptotic cytomembranes by DCs, we transfected wild-type mouse
BMDMs with GSDMD in which BFP was inserted before the caspase
cleavage site (GSDMD-casp-BFP), a construct that allows the release of
GSDMD-NT-BFP following activation of pyroptosis and labeling of the
pyroptotic cytomembrane releasedin the supernatant. GSDMD-casp-
BFP-transfected BMDMs were treated with LPS + nigericin for 4 h to
induce pyroptosis, and pyroptotic cytomembrane fragments that
contained GSDMD-NT-BFP pores (hereafter, PCF®") were collected
fromthe supernatant via ultracentrifugation. As controls, we collected
cytomembrane fragments from LPS + nigericin untreated BMDMs
(referred to as native cellmembrane fragments (NCFs)), GSDMD-casp-
BFP nontransfected BMDMs treated with LPS + nigericin for 4 h (PCF)
and GSDMD-casp-BFP nontransfected Gsdmd ™~ BMDMs treated with
LPS + nigericin for 4 h (PCF“4") by sonication and ultracentrifuga-
tion, followed by labeling with CellMask Orange (red fluorescence).
Wild-type mouse bone marrow-derived dendritic cells (BMDCs) labeled
with calcein-acetoxymethyl (green fluorescence; BMDC®F) incubated
with NCF, PCF, PCF5™", PCF%@m4-/~ BFP or GSDMD-NT-BFP for 2 h were
analyzed by confocal microscopy to assess phagocytosis. BMDCCF
exhibited a 15% higher phagocytosis rate for GSDMD-NT-BFP than
for BFP (Fig. 4c). Phagocytosis of PCF®* or PCF by BMDC® was 5-fold
higher than that of NCF, GSDMD-NT-BFP protein or PCF®*™/~and was
20-fold higher than that for BFP (Fig. 4c). SK56 (20 pM) inhibited BMD-
C% phagocytosis of PCF®™ by 60%, whereas scrambled SK56 showed no
inhibitory effect (Fig. 4c). These results suggest that the presence of
GSDMD-NT pores on pyroptotic cytomembrane fragments promotes
their phagocytosis by BMDCs, whereas SK56 inhibits this process.

To assess the impact of SK56 on IL-13 secretion in BMDCs, we
treated Pam3CSK4-primed BMDCs for 12 h with PCF, NCF, PCF&md-/-,
BFP, GSDMD-NT protein or oxPAPC, followed by supernatant and cell
collection and assessment of IL-13 levels by enzyme-linked immuno-
sorbent assay (ELISA). GSDMD-NT increased IL-1f3 release by 10-fold

compared to BFP, while PCF increased IL-1f3 release by 5-fold compared
to NCF, 2-fold compared to GSDMD-NT and 20-fold compared to BFP
(Fig. 4d). SK56 (20 pM) inhibited IL-1p release by ~-50% compared to
PCF, GSDMD-NT protein and oxPAPC but had no effect on PCFmd-/-
(Fig. 4d). None of these treatments affected the levels of intracellular
IL-1B (Fig. 4d), indicating that SK56 blocks IL-1f release from BMDCs
without impacting its production. These findings indicate that SK56
inhibits pyroptosis through the ESCRT-mediated membrane repair
system, suppresses BMDC phagocytosis of pyroptotic cytomembrane
fragments and reduces IL-1B secretion in activated BMDCs.

SKS56 suppresses pyroptosis in organoids and blood

Following macrophage pyroptosis, GSDMD-NT pores propagate
through extracellular vesicles and trigger cell death in nearby cells*.
This process has been observed in individuals with sepsis and causes
damage particularly in the lungs***". To evaluate whether SK56 inhib-
its widespread cell death and protects lung tissue, we established a
coculture system using human alveolar organoids and THP-1 cells.
Humanlung CD45 CD31 LysoTracker'EPCAM* alveolar epithelial type
2 cells sorted from tumor-adjacent tissues of individuals undergoing
lung cancer resection were cultured in Matrigel with alveolar main-
tenance and differentiation medium (containing FGF10 and EGF) for
15 daystoformalveolar organoids and then cocultured with THP-1cells
(Extended Data Fig. 6a—c) ata1:10 ratio for 4 h before LPS + nigericin
treatment for 4 h to induce macrophage pyroptosis. SYTOX was
added to the medium to indicate pyroptosis, cathodoluminescent
dil labeling was used to detect THP-1 cells, calcein-acetoxymethyl
green labeling was used to indicate viable cells, and propidiumiodide
(PI) labeling was used to detect dead cells. Live-cell imaging showed
that LPS + nigericin-treated alveolar organoids alone did not undergo
pyroptosis but that 87% of SYTOX" THP-1 cells and organoid cells
underwent pyroptosis compared to PBS treatment when alveolar
organoids cocultured with cathodoluminescent dil-labeled THP-1
cells were treated with LPS + nigericin (Extended Data Fig. 6d). When

Fig. 4| SK56 inhibits pyroptosis by ESCRT and reduces DC phagocytosis of
the pyroptotic cytomembrane and IL-1B release. a, Representative images

of CHMP4-GFP puncta (arrowheads; left) and percentage of CHMP4 speckle*
(top right) or Annexin V* (bottom right) cells in BMDMs incubated with PBS,

15 UM SK56,2 mM EDTA or EDTA + SK56 at 2 hafter the addition of 1 ug mI™

LPS +10 pM nigericin; scale bar, 50 um; n = 5 repeats. b, Immunoblots (top) and
quantification (bottom) showing GSDMD-NT in the supernatant from THP-1
cells treated with PBS, 30 pM DSF, 15 pM SK56 or 15 uM SK56 at 120 min after
LPS + nigericin treatment; n = 3 repeats. ¢, Representative images (left) and
percentage of GSDMD-NT-BFP/cytomembrane-CellMask Orange* (right) cells
in calcein-AM-labeled (green) mouse wild-type BMDCs incubated with 2 pg ml™
pyroptotic cytomembrane fragments from mouse wild-type BMDMs transfected
with a GSDMD-casp-BFP construct and incubated with LPS + nigericin (PCF*™),
20 pM SK56 (PCFB + SK56) or 20 pM SK56°m'ed (synthetic SK56 scrambled
peptide; PCF®" + SK565mPled) pyroptotic cytomembrane fragments from

mouse Gsdmd™~ BMDMs incubated with LPS + nigericin and PBS (PCF®m4"),
cytomembranes from wild-type BMDMs incubated with PBS (NCF) or pyroptotic
cytomembrane fragments from mouse BMDMs incubated with LPS + nigericin
and 10 pg mI™ BFP (PCF + BFP), 10 ug mI™ GSDMD-NT-BFP or 10 pg mI™ BFP for

2 h; green, calcein-AM* BMDCs; red, CellMask Orange* NCF, PCF or PCF&md-/-;
blue, GSDMD-NT-BFP, BFP or PCF®*. The white arrow indicates cytomembrane
outside BMDCs, and the red arrow indicates phagocytosed cytomembrane; scale
bar, 25 pm; n=3repeats.d, ELISA of secreted (left) and cell-associated (right)
IL-1B from wild-type BMDCs treated with PBS, 10 pg mI™ BFP, 1 ug ml™ GSDMD-
NT, 20 uM SK56, SK56 + GSDMD-NT, 120 pM 0xPAPC, SK56 + oxPAPC or 2 pg ml™
pyroptotic cytomembrane fragments from mouse wild-type or Gsdmd”~ BMDMs
asinc (NCF, PCF, PCF + SK56, PCF&m®/- pCF%dmt/- + SK56), treated or not treated
withPam3for 12 h; n = 4 repeats. All data are shown as mean + s.d., and Pvalues
were determined by two-tailed Student’s t-test; NS, not significant (P> 0.05).
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the LPS + nigericin-treated alveolar organoid-THP-1 cell coculture
systemwas treated with SK56 (15 uM) or the GSDMD-NT pore formation
inhibitors DSF, 25 uM dimethyl fumarate (DMF) or 20 uM necrosul-
fonamide (NSA), followed by 18 h of continuous live-cellimaging, SK56
caused a delayed decrease in calcein-acetoxymethyl fluorescence in

calcein-acetoxymethyl* organoid and THP-1cells by 50% and adelayed
increasein Plfluorescencein PI organoid and THP-1 cells by approxi-
mately 8 hcompared to PBS-treated controls, whereas DSF, DMF and
NSA showed no effect (Fig. 5a and Supplementary Video 4). H&E stain-
ing indicated that SK56 reduced macrophage infiltration in alveolar
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Fig. 5| SK56 protects human alveolar organoids and blood leukocytes from cell cocultures as in a treated with PBS, 15 uM SK56 or LPS + nigericin together
pyroptosis-induced damage. a, Representative images from live-cellimaging with PBS or 15 pM SK56 or at 12 h after LPS + nigericin treatment; n = 4 repeats.
(see Supplementary Video 4; left) and relative Pl stain intensity (top right) and d, Representative images (left) and percentage relative to DAPI" cells (right)
calcein-AM staining (bottom right) in human alveolar organoids (calcein-AM*, of GSDMD-NT* (green) cells in human blood leukocytes incubated with PBS
green) cocultured with GSDMD-casp-BFP-transfected THP-1cells treated with or LPS + nigericin together with PBS or 15 pM SK56 at 1 h after nigericin + LPS
LPS + nigericinand incubated with PBS, 30 uM DSF, 25 uM DMF, 20 pM NSA or treatment; n =20 repeats. e, Representative immunoblots of IL-13 and GSDMD-
15 UM SK56 at 0.5, 4, 8,12 and 16 h after treatment with LPS + nigericin; scale bar, NTinwhole human blood leukocytes treated asind; n = 3 repeats. f, Heat map
40 um; n=3repeats. b, Representative H&E staining (top) and percentage of the illustrating inflammatory cytokine profiles in whole human blood treated with
infiltration area (bottom) in fixed alveolar organoids + THP-1cell cocultures as normal saline (NSal) and LPS + nigericin together with normal saline (L + N + NS)
inatreated with PBS or LPS + nigericin together with PBS (L + N + PBS) or 15 pM or15 uM SK56;*P<0.05L + N +SK56 versus L + N+ NS, n = 4 samples. Data are
SK56 at 8 hafter the addition of LPS + nigericin; scale bar, 75 um; n = 5 repeats. shownasmean *s.d., and Pvalues were calculated by two-tailed Student’s ¢-test;
¢, ELISA showingIL-1B release in the supernatant of alveolar organoids + THP-1 *P<0.05.
organoids by 60% compared to PBS at 8 h (Fig. 5b and Extended Data To test whether SK56 could block pyroptosisin human blood cells,

Fig. 6e). Additionally, immunofluorescence imaging showed that  westimulated whole blood fromhealthy volunteers with LPS + nigericin
SK56 decreased the percentage of GSDMD-NT" cellsbased onlabeling  for1hand measured the percentage of GSDMD-NT" leukocytes com-
withanti-GSDMD-NT by 50% compared toPBSat12 h (Extended Data  pared to PBS treatment (Fig. 5d,e). Immunofluorescence staining of
Fig. 6f), whereas ELISA of supernatants indicated that SK56 inhibits  cell smears with anti-GSDMD-NT indicated that 20% of leukocytes were
IL-1B release by approximately 60% compared to PBS at 12 h (Fig. 5c).  GSDMD-NT"in LPS + nigericin-treated blood samples compared to 2%
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Fig. 6 | SK56 improves survival in LPS-induced sepsis in mice. a, Kaplan-Meier
analysis of survival in wild-type (WT) and Gsdmd™ mice challengedi.p. with

15 mg per kg (body weight) LPS and treated with normal saline, SK56 (1 mg per kg
(body weight)i.v.) or 50 mg per kg (body weight) DSF, 50 mg per kg (body weight)
DMF or 20 mg per kg (body weight) NSA i.p. at 16 h after LPS injection; n=10 mice
per group. b, Blood AST, BUN, ALT and CK levels in wild-type and Gsdmd™~ mice
treated asinaat day 2 after LPS injection; n = 6 mice. ¢, Heat map displaying the
expression of cytokines in the plasma of wild-type and Gsdmd ™~ mice treated
with normal saline or SK56 asina at day 2 after LPS injection; n =10 mice.

d, Kaplan-Meier analysis of survival in wild-type mice challenged with 25 mg per
kg (body weight) LPSi.p. and treated with SK56 (2 mg per kg (body weight) i.v.) or
50 mg per kg (body weight) DSF, 50 mg per kg (body weight) DMF or 20 mg per kg

(body weight) NSAi.p. at 5 h after LPS injection; n =20 mice per group. e, ELISA
showing plasma expression of IL-1B every 3 h up to 48 h after LPSi.p. injection
inwild-type mice treated with normal saline or SK56 (2 mg per kg (body weight)
i.v.)asind.f, Kaplan-Meier analysis of survival in wild-type mice challenged with
50 mg per kg (body weight) LPSi.p. and treated with normal saline, SK56 (4 mg
per kg (body weight) i.v.) or 50 mg per kg (body weight) DSF, 50 mg per kg (body
weight) DMF or 20 mg per kg (body weight) NSAi.p. at 4 h after LPSinjection;
n=20mice per group. g, ELISA showing plasma expression of IL-1B every 3 hup
to48 hafter LPSi.p injection in mice treated with normal saline or SK56 asinf.
Datainb, e and g were analyzed by two-tailed Student’s ¢-test and are shown as
mean +s.d. Dataina, d and fwere analyzed by log-rank (Mantel-Cox) test. Arrows
indicate treatment time.

in PBS-treated samples and 10% in LPS + nigericin-treated blood sam-
plestreated with 15 pM SK56 (Fig. 5d). Immunoblottingindicated that
SK56 did not affect the cleavage of GSDMD or IL-1f (Fig. 5e) but reduced
thesecretion of IL-1 and IL-18 by 80% (Extended Data Fig. 6g), whereas

DSF completely blocked the secretion of IL-1f3 and IL-18 (Extended
Data Fig. 6g) compared to PBS in LPS + nigericin-treated blood. Mul-
tiplex bead-based immunoassays used to quantify 48 cytokines in
LPS + nigericin-treated human whole blood with or without 15 pM
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SK56 treatment indicated that SK56 significantly reduced theamount
of 37 cytokines, including IL-1f and IL-18, compared to the no-SK56
control (Fig. 5f).

We also assessed the effect of SK56 on peripheral blood col-
lected within 72 h of diagnosis from six individuals with sepsis (n =2
females, n =4 males, median age 56 years (range 51-69 years)) and seven
healthy volunteers (n =3 females, n = 4 males, median age 32 years
(range 26-38 years)). At baseline, we found a significant increase in
7-aminoactinomycin D* dead cells (1% compared to 28%) and a notable
decreasein CD45"immune cell counts (80% compared to 92%), particu-
larlyin CD45'CD14 CD16" nonclassical monocytes (45% compared to
57%) and CD45"CD11b*CD15"CD16" neutrophils (19% compared to 51%)
inindividuals with sepsis compared to healthy volunteers (Extended
Data Fig. 7). Treatment of whole blood from healthy volunteers with
LPS + nigericinfor4 hdid notreplicate the B cell, T cell, monocyte and
neutrophil population changes observed in individuals with sepsis
but increased the percentage of 7-aminoactinomycin D* dead cells
to 40% (Extended Data Fig. 7), whereas the addition of 15 uM SK56 or
30 uM DSF reduced the percentage of 7-aminoactinomycin D* cells
to 7% (Extended Data Fig. 7). These results indicate that SK56 inhibits
LPS + nigericin-induced cell deathin tissue organoids and whole-blood
cell cultures.

SK56 protects against LPS- and CLP-induced sepsis
To investigate whether SK56 delays pyroptosis in vivo, we induced
low-dose LPS (15 mg per kg (body weight)) or CLP-mediated sep-
sis in mice as described above. In vivo, in mice, SK56 had a half-life
of approximately 2.6 h (Extended Data Fig. 8a and Supplementary
Table 4), whereas nosignificant degradation occurred inhumanblood
atroom temperature over 12 h (Extended Data Fig. 8b). Based on the
fact that IL-1f levels in blood peaked at around 24 h after LPS treat-
ment in mice (Extended Data Figs. 1f and 8c), we intravenously (i.v.)
injected wild-type or Gsdmd™~ mice with 1 mg per kg (body weight)
SK56,50 mg per kg (body weight) DSF, 50 mg per kg (body weight) DMF
or 20 mg per kg (body weight) NSA at 16 h after initiation of LPS treat-
ment. Wild-type mice treated with SK56, Gsdmd™~ mice treated with or
without SK56, but not mice treated with DSF, DMF or NSA, exhibited a
significant reductionin mortality (from 55% to 0%) at 7 day compared
to saline-treated wild-type control mice (Fig. 6a). Pathologic analysis
indicated that SK56 reduced kidney, liver, intestine, spleen and lung
injury (Extended Data Fig. 8d,e), decreased blood biochemical mark-
ers (AST, BUN, ALT and CK) of heart, liver, muscle and kidney damage
(Fig. 6b) and reduced the amount of CSF2, IFNy, IL-1p, IL-2, IL-10 and
TNFinthe peripheral blood (Fig. 6¢) at day 2 after treatmentinitiation
in LPS-treated mice compared toinsaline-treated wild-type mice. NSA
treatmentinhibited AST, BUN, ALT and CK, whereas DSF and NSA sup-
pressed AST, ALT and CK but not BUN (kidney injury marker) at day 2
after LPS treatment (Fig. 6b).In the CLP model, SK56-treated wild-type
mice and both treated and nontreated Gsdmd™~ mice showed higher
survival rates (Extended Data Fig. 9a), less organ damage (Extended
DataFigs.8e and 9b,c) and reduced levels of cytokines (CSF2, IL-1B, IL-4,
IL-10 and TNF; Extended Data Fig. 9d) and organ damage markers in
theblood (Extended Data Fig. 9e) compared to saline-treated control
mice. Wild-type mice treated with SK56 and Gsdmd™ mice showed less
weight loss in both sepsis models (Extended Data Fig. 9f). SK56 showed
no efficacy in Gsdmd™~ mice compared to saline in both sepsis models
(Fig. 6a-cand Extended DataFigs. 8d,e and 9a-d,f), indicating that the
anti-inflammatory effect of SK56 was GSDMD dependent.
Toinvestigate the effect of SK56 in severe sepsis, weinjected mice
i.p. with a single dose of 25 mg per kg (body weight) or 50 mg per kg
(body weight) LPS to induce moderate or severe sepsis, respectively,
followed by i.v.injection with2 mgper kg (body weight) SK56 for mod-
erate sepsis and 4 mg per kg (body weight) SK56 for severe sepsis or
i.p.injection with 50 mg per kg (body weight) DSF, 50 mg per kg (body
weight) DMF or 20 mg per kg (body weight) NSA at 5 h (moderate

sepsis) or 4 h (severe sepsis) after LPS injection. SK56 increased mouse
survival from 5% to 45% in the moderate sepsis LPS model (Fig. 6d),
whereas DSF, DMF and NSA improved mouse survival, but the results
were not statistically significant (Fig. 6d). Continuous monitoring of
IL-1Bintheblood at 0,1, 3, 6,9,12,24, 36 and 48 h after injection of 25
mg per kg (body weight) LPS showed that SK56 delayed IL-1 release
from peak levels at 6 h in saline-treated mice to 9 h in SK56-treated
mice (Fig. 6e).SK56 did not notably improve survival (from 0% to 10%)
inthe severe sepsis LPS model (Fig. 6f) but delayed the first peak levels
of IL-1f3 from 6 hin saline-treated control mice to 9 h after LPS injec-
tion, while having no effect on the second IL-1B peak (Fig. 6g). In mice
with mild, moderate and severe sepsis, SK56, DSF and DMF treatment
reduced plasmalL-1B levels at 24, 6 and 5 h, respectively, compared to
saline-treated control mice (Extended Data Fig. 9g). NSA treatment had
no effectonIL-1f3 levelsin severe sepsis (Extended Data Fig. 9g). SK56,
DMF and NSA treatment lowered levels of organ damage markersin the
plasmaat 6 and 5 h in mice with moderate and severe sepsis, whereas
DSF failed to suppress BUN but inhibited the other three organ damage
markers in mice with severe sepsis (Extended Data Fig. 9h). Wild-type
mice treated i.p. with a single dose of 15 mg per kg (body weight) LPS
or PBS for 24 h or followed by i.v. injection with 1 mg per kg (body
weight) SK56 at 16 h after LPS injection. Compared to PBS-treated
control mice, mice treated with 15 mg per kg (body weight) LPS for
24 hshowed alterationsinspleen CD45'CD11b*Ly6G'Ly6C"™ monocyte
(+114%), pulmonary CD45°CD3*CD19 T cell (+97%), total blood CD45"
immune cell (-21%) and CD45'CD3°CD19" B cell (-89%) populations
(Extended DataFig.10), whereas SK56 treatment in these mice reduced
the LPS-induced increase in spleen monocytes by 30%, inhibited the
increase in T cells in the lung by 60% and restored total immune cell
counts by 50%and B cell counts by 30% in peripheral blood at 24 h after
LPS treatment initiation (Extended Data Fig. 10). Thus, SK56 reduces
excessive inflammation and organ damage and improves survival in
models of sepsis in mice.

Discussion

Here we showed that an Al-screened GSDMD-NT pore blocker SK56
inhibits pyroptosis and ROS release from mitochondriain THP-1cells,
improves survival and reduces organ damage in models of sepsis in
mice. SK56 selectively blocks GSDMD-NT pores to suppress IL-13
release, but does not interfere with upstream inflammasome assem-
bly or caspase activation.

The conservation of GSDMD pore formation in all vertebrates®
suggests that GSDMD pores may have nonredundant roles beyond
cytokine release. GSDMD-NT pore-mediated 11,12-epoxyeicosatrienoic
acid secretion may contribute to tissue repair®’. However, whether
SK56 may negatively impact tissue repair remains to be investigated.
We found that mouse BMDCs exhibited fivefold increased phagocy-
tosis of pyroptotic cytomembrane fragments that contained mature
GSDMD-NT pores compared to NCF or pyroptotic cytomembrane
fragments from Gsdmd™~ mice. SK56, which is expected to bind to
GSDMD-NT pores on these pyroptotic cytomembrane fragments,
inhibited BMDC phagocytosis by 60%, suggesting that GSDMD-NT
pores are likely recognized directly by DCs. Furthermore, phagocy-
tosis of pyroptotic cytomembrane fragments induced IL-1B release in
BMDCs*°. Macrophages activated by oxidized lipids also release IL-1$3
through GSDMD-NT pores’. Although it remains unclear whether the
pyroptotic cytomembrane fragment-activated BMDCs released IL-1
through GSDMD-NT pores, the process was inhibited by SK56.

SK56 also protected human alveolar organoids from inflammation
caused by pyroptotic macrophage-derived cytomembrane fragments
and extracellular vesicles® containing GSDMD-NT pores. DMF, DSF and
NSAhavebeenreported toinhibit the formation of GSDMD-NT pores and
have promising therapeutic effects in sepsis modelsin mice***"**, These
compoundsareall cysteine-reactive drugs that covalently modify Cys 191
inGSDMD to block the formation of mature pores. However, bystander
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pyroptosis, which is due to mature GSDMD-NT pores released from
pyroptotic cells, was found to be insensitive to DSF**. Our tests indicate
that NSA and DMF also have no notableinhibitory effects onwidespread
cell death in alveolar organoids. By contrast, SK56 directly targeted
mature GSDMD-NT pores and may be a valuable tool for comprehensive
analysis of the role of bystander pyroptosisininflammatory conditions.

SK56 protected mice against lethal LPS- and CLP-induced sepsis.
Although the protective effect of GSDMD deficiency in LPS-challenged
mice is well known, its role in CLP-induced sepsis remains contro-
versial. Although systemic GSDMD deficiency**™*, platelet GSDMD
deficiency*® and neutrophil-specific GSDMD deficiency* reduced
CLP-induced sepsis mortality in some studies due to attenuated inflam-
matory responses, impaired neutrophil extracellular trap formation
and diminished platelet pyroptosis** ¥, other studies reported that
neutrophil-specific GSDMD deficiency compromised bacterial clear-
ance, worsened infection severity and diminished survivalin CLP*$, We
found that systemic GSDMD deficiency reduced mortality in LPS and
CLP models of sepsis, in agreement with the former observations**.
Reports*® of worsened outcomes in GSDMD-deficient mice during
CLP sepsis may stem from variable CLP severity or microbiome vari-
ability. Resolving this controversy would require conditional dele-
tion of Gsdmd in specific immune cell populations to dissect its
cell-type-specific roles in CLP versus LPS sepsis.

The observation that SK56 inhibited GSDMD-NT pores and miti-
gated organelle damage without abolishing pyroptosis aligns with
emerging paradigms of ‘damage containment’ as a therapeutic goal,
which makes SK56 a promising therapeutic candidate for diverse
inflammatory conditions, including cytokine release syndromes,
autoimmune disorders and chronic inflammatory diseases.
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Methods

Ethics statement

Human paracancerous lung tissue was collected at the Daping Hos-
pital of Army Medical University. Blood from 163 individuals with
sepsis (n =57 females, n =106 males, median age 59 years (range 1-96
years)) or 88 healthy volunteers (n = 58 females, n = 30 males, median
age 42.5 years (range 19-89 years)) was collected for analysis of IL-1
levels. Blood from six individuals with sepsis (n = 2 females, n = 4 males,
medianage 56 years (range 51-69 years)) and seven healthy volunteers
(n=3females, n=4 males, median age 32 years (range 26-38 years))
was collected to detect changes inimmune cell populations. The SOFA
score*’ was used for the assessment of individuals with sepsis. Sam-
ples were obtained after receiving written informed consent from all
participants, and all procedures were ethically approved by the Ethics
Committee of Hospital (2023178). All animal studies were conducted
at a specific pathogen-free facility under sterile conditions and were
performed in strict accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. All study
protocols were approved by the Laboratory Animal Welfare and Eth-
ics Committee of the Army Medical University (AMUWEC20237397).

Celltreatment

The human monocyte THP-1 (TIB-202, ATCC) and MDA-MB-231
(CRM-HTB-26, ATCC) cell lines were cultured in RPMI-1640 medium
(10-040-CV, Corning). HT-29 (HTB-38, ATCC) cells were maintained
inMcCoy’s 5a modified medium (16600082, Gibco). AC16 (CRL-3568,
ATCC) and RAW264.7 (TIB-71, ATCC) cells were cultured in DMEM
(11965092, Gibco). Male C57BL/6 mice (8 weeks of age) were anesthe-
tized viai.p. injection of sodium pentobarbital at a dose of 70 mg per
kg (body weight). The abdominal area was disinfected with an iodine
tincture for 5 min, followed by disinfection with 75% ethanol for another
5min. Amidlineincision was made to expose the abdominal cavity, and
the skinwas carefully retracted. The femurs were removed, aswell asthe
surrounding muscle tissue. The bones were then disinfected with 75%
ethanol for 30 s and washed three times with PBS. Using fine scissors,
the joints at both ends of the femur were clipped, and bone marrow
was extracted by flushing the cavity with precooled PBS using a 2-ml
syringe. The collected cell suspension was filtered through a 200-pm
meshand centrifugedat3,300g for 5 minto collect the cell pellet. The
pellet was resuspended in 1 ml of red blood cell lysis buffer (00-4333-
57, Thermo Fisher Scientific) and incubated at room temperature for
5min to lyse the erythrocytes. The suspension was then centrifuged
again at 300g for 5 min, and the resulting cell pellet was resuspended
in DMEM/F12 containing 10 ng ml™ recombinant mouse macrophage
colony-stimulating factor (416-ML-010/CF, R&D Systems). The medium
was refreshed every other day, and the cells were cultured until day 6
to obtain mature BMDMs. All culture media were supplemented with
10% fetal bovine serum (FBS;10099141C, Gibco) and 10 U mI™ penicil-
lin-streptomycin and were maintained in a humidified atmosphere
containing 5% CO, in an incubator at 37 °C. Cells were verified to be
free of mycoplasma contamination.

For canonical inflammasome activation, THP-1cells were first dif-
ferentiated by incubation with 150 nM PMA (HY-18739, MCE) for 24 h
and then primed with LPS (1 pg mI™; 055:B5; L2880, Sigma-Aldrich) for
3 hbefore treatment with nigericin (10 pM; HY-100381, MCE) or 2 mM
ATP.Toinduce noncanonical and inflammasome-mediated pyroptosis,
primed BMDMs (1 pg ml™ Pam3CSK4, 12 h) were transfected with 2 pug
of LPS (0111:B4; L3024, Sigma-Aldrich) using DOTAP (HY-112754A, MCE)
for16 h.Necroptosis wasinduced in HT-29 cells by adding TNF, SM-164
and z-VAD-fmk cocktail (1:1,000; C1058, Beyotime) for 4 h. Concentra-
tions of IL-1f3 (DLB50 or MLBOOC) and IL-18 (DBP180 or DY122-05) in
culture supernatants and mouse sera were measured using ELISA kits
(R&D Systems) according to the manufacturer’s instructions. Apop-
tosis in RAW264.7 cells was assessed using Annexin V-APC/PI double
staining. Following treatment with H,0, (200 uM) and SK56 (15 uM

and 45 pM) for 18 h, the cells were resuspended in 500 pl of 1x binding
buffer and mixed with Annexin V-APC/PI (2361973, Invitrogen). After
a10-min incubation, the cells were analyzed using flow cytometry.
For cuproptosis assays, AC16 cells were cultured in 96-well plates at a
density of 1 x 10° cells per well. The cells were treated with elesclomol
(40 nM; HY-12040, MCE), CuCl, (10 pM; 751944, Sigma-Aldrich) and
EDTA (1.2 mM; HY-Y0682, MCE), followed by the addition of SK56 (15 pM
and 45 puM) under complete medium conditions for 24 h. Control cells
were maintained underidentical culture conditions without treatment.
Subsequently, 10 pl of CCK-8 reagent (HY-K0301, MCE) was added
to each well and incubated for 1 h. The absorbance was measured at
450 nm. For ferroptosis assays, MAD-MB-231 cells were cultured in
96-well plates atadensity of 1 x 10° cells per well. The cells were treated
with erastin (10 uM; HY-15763, MCE), ferrostatin-1 (1 uM; HY-100579,
MCE) and subsequently with SK56 (15 puM and 45 pM) under complete
medium conditions for 24 h. Control cells were maintained under
identical culture conditions without treatment. Afterward, 10 pl of
CCK-8reagent (HY-KO301, MCE) was added to each well and incubated
for1h. The absorbance was measured at 450 nm.

Design and training of interactive interface generative models
Toobtainthetraining data, we collected real interactions from the PDB
database and used these interaction data to train a slightly modified
Transformer model (Fig. 1a). The self-attention operator, which serves
as the basis for transformer networks, makes the transformer model
highly suitable for processing 3D points. Thisis because self-attention
operates on sets, meaning thatitis not influenced by the order or num-
ber of input elements. Given that 3D point sets (for example, protein
atoms) can be viewed as sets within the framework of 3D space, it is
natural to use self-attention to process these point sets”. Therefore,
we directly used the x-y-z coordinates as input.

Chargeisanimportantinfluencing factorin proteininteractions,
and we quickly obtained the charge of allatoms in~40,000 interaction
interfaces using the ff14SB force field*°. Atom type is also important
information, and common atom types in proteins are limited (C, O,
N and S). We tallied all possible combinations of atomic charges and
typesin all interfaces and discovered a total of 630 combinations (as
vocabulary). We embedded the charge and atom-type combinations
([e, M]) into a29-dimensional vector and combined it with coordinates
as input for the model training. Because there are two types of data
involved, only the [e, M] needs to be processed through a Softmax layer,
whereas the coordinates do not. For the loss calculation, we used two
different loss functions: cross-entropy KLdiv for the [e, M] loss and
SmoothLl1Loss for the coordinate losses.

The trained model can be used to output the ideal atomic coor-
dinates, charges and atom types of an interaction interface. We then
used the obtained ideal interaction interface to search the charge
precomputed scaffold database (from the laboratory of D. Baker at
the University of Washington or a custom-built peptide/cyclic-peptide
database can also be used) using the coherent point drift algorithm?
for point set registration. After registration, the atomic distances,
charge differences and atom-type matches were scored according to
the following scoring function:

ne+§jd+ >es )

m
score = — —
n n Nmatch

The atomic types that correspond to the ideal interface are repre-
sented by m, n,,,.., represents the number of atoms in the peptide that
have the same charge polarity to the corresponding atoms in the ideal
interface, nerepresents the number of atoms in the peptide that have
opposite charge polarity to theatomsin theideal interface, nrepresents
thetotalnumber of atomsin theideal interface, esrepresents the differ-
enceinchargesbetweentheatomsinthe peptide and the corresponding
atomsintheidealinterface that have the same polarity, and drepresents
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the difference in distances between the atoms in the peptide and the
corresponding atoms in the ideal interface. Afterward, the top 30% of
sequences with the highest scores were clustered based on sequence
diversity. Subsequently, the surface charge distributions of the peptide
sequences were analyzed, and 12 peptides with distinct features were
ultimately selected. The peptides interacting directly with the target
protein surface residues were optimized using the Rosetta FastDesign
module, followed by expression, purification and further functional
validation. All source code and database information are publicly avail-
ableatZenodo (https://doi.org/10.5281/zenodo.12527708)** or GitHub
(https://github.com/snhoau/TransForPep).

Recombinant protein expression

Plasmids (pSmart-I) encoding peptides, GSDMD-NT-BFP and SK56
mutants (S1G, E11G, R22G, Y26G, M29G, L32G, M37G and R42G) were
prepared, and BL21(DE3) £. coli cells were transformed with these vec-
tors. An overnight preculture was added to Luria-Bertani mediumwith
an original optical density of 0.05-0.1. Cells were grown at 37 °C and
220 rpm until the optical density reached 0.8-1, and the culture was
theninduced with 0.2 mMisopropyl 3-D-thiogalactoside (final concen-
tration; 16758, Sigma-Aldrich). Cells were further grown overnight at
37 °Cand 220 rpm. The next day, the cells were collected at 6,000g for
5min at 4 °C and resuspended in 40 ml of PBS-urea buffer (PBS with
0.5Murea, pH7.4). Cells were lysed by ultrasonication, and the soluble
proteins wereisolated from the cell debris by centrifugation at12,000g
for30 minat4 °C. Proteins were purified by affinity chromatography
using an Ni-NTA resin column (30210, Qiagen) with wash buffer (PBS—
urea buffer with 0,20 and 50 mMimidazole) and eluting buffer (PBS-
ureabuffer with 500 mMimidazole). The obtained His,~-SUMO-tagged
protein was treated with SUMO protease (ULP1; 12588018, Thermo
Fisher Scientific) to remove the tag (Extended Data Fig. 3c).

LPS- and CLP-induced sepsis in mice

All mice were kept under a 12-h light/12-h dark cycle in a specific
pathogen-free facility at the Animal Resource Center. Age- and
sex-matched mice were assigned randomly to the experimental and
control groups. Theinvestigators were notblinded to the experiments
and outcome assessments. Sepsis wasinducedin C57BL/6) and Gsdmd ™"
mice (8-10 weeks old, 50:50 female:male ratio) by i.p. injection of LPS
(055:B5;1L.2880, Sigma-Aldrich) at 15,25 or 50 mg per kg (body weight),
respectively. For CLP-induced sepsis, after anesthetizing male mice
weighing 20-25 g with 3% isoflurane, a1- to 2-cm longitudinal incision
was made along the abdomen to expose the cecum. The cecum was
ligated with asterile2-Ossilk suture ata distance of 1.0 cm from the tip.
Two punctures were made with a number 19 needle at the middle and
top of the cecum to induce septic injury. After puncture, the cecum
was gently compressed and returned to the abdominal cavity, and the
abdominal cavity was sutured. All mice were subcutaneously injected
with 1 ml of prewarmed 0.9% saline and 0.05 mg per kg (body weight)
buprenorphine for fluid supplementation and postoperative painrelief.
Mice were treated with SK56 or GSDMD-NT pore formation inhibi-
tors (50 mg per kg (body weight) DSF; HY-B0240, MCE; 50 mg per kg
(body weight) DMF; HY-17363, MCE; 20 mg per kg (body weight) NSA;
HY-100573, MCE) or vehicle byi.v. injection at 4, 5 and 16 h after sepsis
induction, respectively. To measure circulating cytokines, blood sam-
pleswere collected by tail vein or posterior orbital vein bleed after LPS
or CLP challenge and allowed to clot at room temperature. Seraobtained
after centrifugation at 2,000g for 10 min were analyzed for inflamma-
tory cytokines by ELISA, bead-based immunoassay or biochemical
(IDEXX Catalyst One) analysis. Primary organs (heart, liver, kidney,
gutand lung) were collected to make sections for pathologic analysis.

Construction of coculture of organoids and macrophages
Cancer-adjacent tissues were collected from clinical lung cancer resec-
tionsamples. After being washed three times with PBS, the tissues were

minced using ophthalmic scissors and digested with 10 U ml™ dispase
(354235, Corning) and 100 pg mI™ DNase 1 (D5025, Sigma-Aldrich) to
obtain a single-cell suspension of lung tissue. The suspension was sub-
jected to sorting using a MoFlo Astrios EQ flow cytometer (Beckman
Coulter) based on CD45 CD31 LysoTracker'EPCAM* markers. After
centrifugation, primary alveolar epithelial type 2 cells were collected
anddiluted toacell density of 1 x 10° cells per ml and mixed with Matrigel
(354234, Corning) at a 1:1 (vol:vol) ratio. The mixture was seeded in a
96-well plate (100 pl) and placed in a cell culture incubator for 30 min.
Subsequently, 100 pl of alveolar maintenance medium (AMM), which
was preheated to 37 °C, was slowly added along the well wall. The AMM
was composed of 10 uM SB431542 (HY-10431, MCE), 3 uM CHIR99021
(HY-10182,MCE),1 uMBIRB796 (HY-10320, MCE), 1 uM DMH-1 (HY-12273,
MCE), 10 puM Y-27632 (HY-10071, MCE), 50 ng mI™ human EGF (236-EG-
200, R&D Systems), 10 ng mI™* human FGF10 (345-FG-025, R&D Systems),
10 ng mI™ mouse IL-1 (211-11B-10UG, PeproTech), 10 ng mI™ human
noggin protein (6057-NG-025, R&D Systems), 5 pg ml™ heparin (HY-
17567, MCE), 1x B-27 supplement (12587010, Thermo Fisher Scientific),
15 mMHEPES (15630106, Gibco), 1.25 mM N-acetylcysteine amide (5619,
Tocris), 1x GlutaMAX (35050061, Gibco), 10% FBS (10099141C, Gibco) and
DMEM/F12(1:1;11320033, Gibco). The organoids were cultured for 4 days
before the medium was replaced with AMM without Y-27632 and IL-1.
The organoids were further cultured until day 10, after which they were
switched to alveolar differentiation medium (ADM) for differentiation
for an additional 5 days. ADM was composed of 5 ng mI™ human EGF,
1ng ml™ human FGF10, 5 ug ml™ heparin, 1x B-27 supplement, 15 mM
HEPES, 1.25 mM N-acetylcysteine amide, 1x GlutaMAX, 10% FBS and
DMEM/F12 (1:1). Mature alveolar organoids were collected using Cultrex
Organoid Harvesting Solution (3700-100-01, R&D Systems) to remove
the matrix gel. After centrifugation, the organoids were collected, and for
every 500 organoids, 5 x 10* macrophages (THP-1cellsinduced by 150 nM
PMA) were added and cocultured inultralow attachment culture plates
for4 h.Subsequently,1pg mI” LPS and 10 uM nigericin (with or without
SK56) were added and incubated for 8-12 h. Finally, the organoids were
fixed with 4% paraformaldehyde and subjected toimmunofluorescence
staining. For long-term experiments, organoids were first labeled with
calcein-acetoxymethyland then co-incubated with macrophages (THP-1
cells induced by 150 nM PMA) transfected with GSDMD-insert-BFP
(insertion at Asp 275), and 0.1 uM Plwas added at the start of recording
toindicate dead cells. GSDMD-NT pore formation inhibitors (30 pM DSF,
25 uM DMF and 20 pM NSA) were used as controls.

Detection of cell membrane repair

BMDMs were cultured to 80% confluence and transfected with
CHMP4-GFP plasmid using Advanced DNA/RNA Transfection Rea-
gent (AD600150, Zeta Life) for 12 h. After transfection, the reagent
was removed, and the cells were further cultured in fresh medium for
48 h. Successfully transfected BMDMs were used for experimental
treatments. The cells were incubated at 37 °C for 80 min, followed by
fixation with 4% paraformaldehyde for 15 min. Images were captured
using a Nikon (Ti2-A) microscope.

Phagocytosis of pyroptotic membranes and activation of DCs

To differentiate DCs, bone marrow cells were cultured in RPMI-1640
medium supplemented with 25 ng ml™ recombinant mouse granulo-
cyte-macrophage colony-stimulating factor (GM-CSF; 315-03-50UG,
PeproTech) and 10 ng ml™ mouse IL-4 (214-14-50UG, PeproTech). On
days2and 4, three-quarters of the supplemented medium was replaced
and supplemented with sufficient GM-CSF and IL-4. The cells were
cultured for 6 days, and DCs were collected and replated to promote
DC maturation. After 48 h, LPS (1 pug mi™) was added for 48 h to obtain
mature BMDCs. The DC-enriched preparations routinely contained
75-85% CD11c" cells. To obtain pyroptotic membrane fragments marked
with BFP (PCF®), we constructed a plasmid with BFP inserted before
the GSDMD cleavage site (Asp 275; GSDMD-casp-BFP). This plasmid was
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transfected (AD600150, Zeta Life) into BMDMs, and 36 h after transfec-
tion, pyroptosis wasinduced using 1 ug ml™ LPS and 10 pM nigericin for
4 h.The supernatant was collected and centrifuged at1,000g for 15 min,
and the supernatant was further centrifuged at 20,000g for 30 min
to collect the precipitated cell membrane fragments for subsequent
experiments. BMDMs from Gsdmd ™'~ (PCF**™*"") or wild-type (PCF)
mice were treated similarly with 1 pg mI™ LPS and 10 pM nigericin for
4 h, followed by sonication to disrupt the cells. The supernatant was
collected and centrifuged at1,000g for 15 min and then at 150,000g for
1htocollect cellmembranes. The collection of NFCs was performedin
the same manner as for PCFs, except that no LPS + nigericin treatment
was used to activate pyroptosis. The collected cell membranes were
subsequently fluorescently labeled using CellMask Orange (C10045,
Thermo Fisher). Pretreated membrane fragments (2 pg mI™) or proteins
(10 pg mI™") were added to the DCs and cocultured for 2 h. Phagocytosis
efficiency was assessed using a Stellaris 5 confocal microscope (Leica
Microsystems) forimaging and statistical analysis. To analyze the effect
of SK56 on the activation of DCs, DCs were seeded at a density of 1 x10°
cellsin 6-cm dishes and treated with 1 pg mI™ Pam3CSK4 (HY-P1180A,
MCE) for 3 hiin a cell culture incubator. Following treatment, the cells
were washed three times with PBS and subsequently stimulated accord-
ing to their respective experimental groups with oxPAPC (120 uM;
tirl-oxpl, InvivoGen), GSDMD-NT (1 ug ml™; P9442, FineTest), NFC
(2 ug mi™), PCF (2 pg ml™), BFP (10 pg ml™; PO8114, Solarbio), SK56
(20 pM) and scrambled SK56 (SK56°2™ed) After 12 h of stimulation,
cell supernatants and lysates were collected. An ELISA for IL-13 was
performed according to the manufacturer’s instructions provided
with the IL-1B ELISA kit (BSK12015, Bioss). Data were collected using a
microplate reader at awavelength of 450 nm.

Quantification and statistical analysis
Statistical analyses were performed using GraphPad Prism 9.5 (Graph-
Pad Software). No statistical methods were used to predetermine
sample sizes, but our sample sizes are similar to those reported in
previous publications®****>, Data normality was assessed using the
d’Agostino-Pearson normality test. Student’s ¢-tests or nonparametric
Mann-Whitney tests were used for comparing groups depending onthe
distribution of the data. Statistical comparisons between groups were
conducted using ordinary one-way analysis of variance with multiple
comparisons tests.

Additional methods and references are available in the Supple-
mentary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited at the
ProteomeXchange Consortium (PXD053323). All supporting dataare
available at Figshare (https://doi.org/10.6084/m9.figshare.26105632).
Source data are provided with this paper.

Code availability

All source code and database information are publicly available at
Zenodo (https://doi.org/10.5281/zenodo.12527708)% and GitHub
(https://github.com/snhoau/TransForPep).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| GSDMD deficiency protects mice from sepsis-induced
organdamage. a-b, Kaplan-Meier analysis of survival rates in wild-type (WT)
C57BL/6 and Gsdmd ™ mice (n =10 mice per group) challenged with LPS (15 mg/kg
i.p.,a)and cecal ligation and puncture (CLP) surgery (b). ¢, Pathology assay
showing representative lung H&E staining (upper left) and lung injury scores
(upperright, n=15samples) from WT and Gsdmd ™~ mice 2 days post-LPS (15 mg/kg
i.p.) treatment. representative lung H&E staining (lower left) and pathology
scores (lower right, n =16 samples) in WT and Gsdmd ™~ mice 2 days post-CLP.

Scale bars1 mm (overview), 50 pm (zoomed-in). d, Pathology assay showing
kidney injury scoresin WT and Gsdmd™~ mice 2 day after LPS (15 mg/kgi.p.n=15
samples) or CLP (n =16 samples). e, Representative H&E staining showing kidney,
liver, intestine and spleen in WT and Gsdmd”" mice at 2 day post-LPS or CLP.n =10
mice. f, ELISA assay showing IL-1B levels in blood from WT and Gsdmd ™~ mice after
LPS (left) or CLP (right). n =3 samples. Datain ¢, d and fwere analyzed using two-
tailed Student’s t-test; NS (P> 0.05, not significant); means + s.d. Datain a, bwere
analyzed by log-rank (Mantel-Cox) test.
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or CLP (n = 6samples). d, Clinical assay showing serum IL-1f levels in healthy
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| SK56 inhibits pyroptosis in vitro. a, The atom frequency
distribution histogram of the number at the interface (with H) involved in nearly
40,000 pairs of interaction interfaces. About 90% of the interfaces involved in
the PDB database contain fewer than 350 atoms. b, The variationin loss during
model training (total of 153k steps). ¢, SDS-PAGE image showing the prokaryotic
expression and purification of SK56 (including tag cleavage). d, Live-cellimaging
showing pyroptosis-induced cell rupture delay in BMDM cells treated with

or without SK56 (15 pM). n = 3 repeats. Scale bar, 50 pm. e, ATP assay showing
concentration-dependent suppression of pyroptosis by SK56 in BMDM cells.
n=3repeats. f, 3D imaging showing THP-1 cell pyroptosis treated with or without

SKS56.Scale bar, 20 pm. g-h, ATP assay showing ICs, of SK56 in classical pyroptosis
pathway (g) in THP-1cells or nonclassical pyroptosis pathway in BMDM cells (h)
at3 hpost-induction. n=3repeats.i, ELISA results showing the release of IL-1B
during nonclassical pyroptosis treated with or without SK56 in BMDM cells.
n=3repeats.j-m, Cell death assays showing HT29 (j, necrosis, TSZ: TNF-« + SM-
164 + Z-VAD-FMK, n = 3 repeats), RAW264.7 (k, apoptosis, n = 4 repeats), AC16

(I, cuproptosis, n =3 repeats), and MDA-MB-231 (m, ferroptosis, n = 3 repeats) cell
responses to SK56. All graphs present mean +s.d., and P values were determined
using two-tailed Student’s t-test, NS (P> 0.05, not significant).
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in pyroptoticcells. n =3 cells. Scale bars, 4 pm. e-f, Single-cell biochemical
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in15-day human alveolar organoids. b, RNA-scope/IF images showing alveolar
type 1(AQPS or Aqp5) and alveolar type 2 (SPC or Sftpc) in15-day organoids.n =2
repeats, Scale bar 25 pm. ¢, Morphology assay showing growth progression of
human alveolar organoids over 20 days. n =1repeat. d, Co-culture assay showing
CM-Dil-labeled THP-1derived macrophages (red) with organoids treated with
1pg/mILPS +10 pM nigericin (L + N) or PBS for 4 hours. SYTOX" pyroptotic
macrophages or organoid cells compromise organoid integrity. n = 3 repeats.

Hoechst 33342 (blue) is used to indicate nucleus. Scale bar, 25 pm. e, Histology
assay showing H&E-stained organoids with or without PMA-differentiated THP-1
at8 hours post-L + Nadded. n =5repeats. Scale bar, 75 pm. f, Representative
immunofluorescence image showing GSDMD-NT membrane translocation (red
arrow) in organoid-macrophage cocultures (12 hours post-inducing pyroptosis,
n=7repeats).Scalebar, 25 pm. Graphs present mean £ s.d., and Pvalues were
determined using two-tailed Student’s ¢-test.g, Immunoblots of whole blood
from healthy volunteers treated with PBS, SK56 or DSF 1 hour post L + Nadded.
n=3repeats.
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Extended Data Fig. 7| SK56 inhibits cell deathin human blood under
pyroptosis condition. Flow cytometry assay show changes in cell populations
in peripheral blood samples from healthy volunteers (n = 7) and sepsis
patients (n = 6; within 72 hours of sepsis confirmation). Blood from healthy

volunteers was treated at 37 °C for 4 hours with 1 pg/ml LPS, 10 uM nigericin to
induce pyroptosis, and DSF (disulfiram, 30 puM added 30 min before inducing
pyroptosis). All graphs present mean +s.d. Statistical significance was assessed
using two-way ANOVA (NS, P> 0.05, no significance; *P < 0.05,**P < 0.01).

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02280-x

a b

- -
(4] (=] o
1 1 |

Mean plasma
concentration (ng/ml)

o
|

S S |
0 2 4 6 8 10
Time (hour)

WT + Saline

(5}
o
1

SK56
concentration (ng)
IL-1B (ng/ml)

3 /
SN SR

Gsdmd” + SK56

Pathological score

= Saline
P =0.006 = SK56 (1 mg/kg)
o
5 o P=3E-10
M B
: N IS
ns BN K

9 12 24 36 48

Time (hour)

~3E5 o WT+Saline
F-oE7 ~ ©o WT+SK56

E-4 o Gsdmd’+Saline

o Gsdmd™+SK56

o

113

o o

LPS (15 mg/kg)

CLP

Extended DataFig. 8| See next page for capti

20
o
Q o
o
(2]
s | ¥
S04 P=2E-26
o =
i P '2%28§P; 3E-29
o
.
0 | 1 1 1
2 &
N
X% X \X% \X
TS
N
A
@ ©
20
I
Q
o
n
§ [
=3 P=7E17
S10+ o P=T7E-20
2 o P=7E-21
§ ® - &
- S E ¥
o
0 1 1 1

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02280-x

Extended Data Fig. 8 | Pharmacokinetics and organ protection of SK56
inseptic mice. a, Serum concentrations of SK56 were measured following
intravenous administration (i.v.) of 1 mg/kg SK56 in mice. n =2 mice. b, Stability
of SK56 in human whole blood was evaluated at 37 °C for 12 hours (n = 4 repeats).
¢, ELISA results showing plasma IL-1B dynamics in low-dose LPS (15 mg/kg, i.p.)
sepsis mice with or without SK56 (n =10 mice). The purple arrow indicates the
time of SK56 administration. d, H&E-stained histopathological sections showing
damage to lung tissues (2-day post-treatment) LPS-treated WT and Gsdmd™ mice

with or without SK56 (1 mg/kgi.v.n =15samples), along with the corresponding
pathological score (right). Scale bars, 1 mm (whole section) and 50 pm (zoomed-
in). e, H&E-stained histopathological sections illustrating damage to the kidneys,
livers, intestines and spleens in WT or Gsdmd™" mice treated with or without SK56
(1 mg/kg,i.v.), along with the pathological score (n =30 in LPS; n =27 samples

in CLP) of the kidneys. Allgraphs show mean +s.d., and P values were calculated
using two-tailed Student’s t-test, NS (P> 0.05, not significant).
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| SK56 protects against sepsis induced by CLP. a, Kaplan-
Meier analysis of survival ratesin WT and Gsdmd™~ mice challenged with CLP
surgery and treated with SK56 (i.v.1 mg/kg, 16 hours after CLP surgery) (n =10
mice per group). b-c, Histopathology assay showing H&E-stained lung tissues
(b) and pathological scores (c, n =15 samples) in SK56-treated WT and Gsdmd ™
mice 2 days after CLP. Scale bars, 1 mm (whole section) and 50 um (zoomed-in).
d, Cytokine assay showing plasma cytokines level in SK56 treated or untreated
CLP wild-type or Gsdmd™ mice (n =10 mice). e, Biochemistry assay indicating

blood levels of organ damage markers in SK56 treated or untreated CLP mice
(n=6mice).f, Body weight changes were monitored in mice subjected to LPS or
CLP surgery with or without SK56 (n =10 mice per group). g-h, SK56 and three
GSDMD-NT pore formation inhibitors (DSF, disulfiram; DMF, dimethyl fumarate;
NSA, necrosulfonamide) were evaluated for theirimpact on IL-1B levels (g) and
biochemical markers (h) in LPS-treated mice blood (n =10 mice). Datain c-e

and g-hwere analyzed using two-tailed paired Student’s t-test; NS (P> 0.05, not
significant); means +s.d. Data in awas analyzed by log-rank (Mantel-Cox) test.
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Extended Data Fig. 10 | SK56 modulates immune cell populations in septic mice. Flow cytometry assay showing immune cell populations changesin the spleen,

lung, liver, and peripheral blood of LPS-treated mice with or without SK56 treatment (n = 5 mice). All graphs present mean + s.d. Statistical significance was evaluated

using two-way ANOVA (NS, P> 0.05, no significance; *P < 0.05).
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Software and code

Policy information about availability of computer code

Data collection  Orbitrap Q Exactive HF-X and Xcalibur software (ver. 4.2.47) were used to acquire mass spectrometer raw data. The real protein interactions
from the PDB database were used to train modified Transformer model. Inflammatory marker data were collected with Bio-Plex 200 system
(5.0). Beckman CytoFLEX LX flow cytometer and CytExpert 2.5.0.77 were used to collect flow cytometry data.

Data analysis Flowjo 10.8.2 for FACS; TransForPep is used to generate atomic point set information that interacts with specific protein sites. The model is
based on a modified Transformer and is mainly built using Python3.9 with Numpy (2.3.0), biopython (1.85), and pytorch (2.1). The data was
visualized using Mol* and statistics by GraphPad Prism 9.5.0. All data analysis was carried out using existing software as described in the
Online Methods for each specific experiment.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All source code and database information are publicly available at Zendo (https://doi.org/10.5281/zenodo.12527708) or GitHub (https://github.com/snhoau/
TransForPep). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (https://proteomecentral.proteomexchange.org)
via the iProX partner repository with the dataset identifier PXD053323. The source data (including digital images) is available at Figshare (https://doi.org/10.6084/
m9.figshare.26105632) or in this .

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Blood from 163 septic patients (sex: female (n=57), male (n=106), median age was 59 years (range 1-96)) or 88 volunteers
(sex: female (n=58), male (n=30), median age was 42.5 years (range 19-89)) was collected for IL-1B level determination;
Blood from 6 septic patients (sex: female (n=2), male (n=4), median age was 56 years (range 51-69)) or 7 volunteers (sex:
female (n=3), male (n=4), median age was 32 years (range 26-38)) was collected for detecting changes in immune cell
populations. The study mainly focused on the relationship between the severity of sepsis and pyroptosis. The emphasis of
this study was to assess the severity of sepsis based on the SOFA score and to detect the IL-1B content in the patients' plasma
within 24 hours after the diagnosis of sepsis. Gender and age differences were not taken into account in these
determinations.

Reporting on race, ethnicity, or | This study dose not report on any socially constructed or socially relevant categorization variables.
other socially relevant

groupings

Population characteristics This study reports analysis of datasets from a cohort of 88 healthy controls and 163 sepsis patients (males=106, females=57).
From this overall cohort, this study focuses on how the levels of IL-1b in the blood change in sepsis patients of different
severity. The sepsis patients have a median age of 59 years (ranging from 1 to 96).

Recruitment Not involved

Ethics oversight The biological material were obtained upon informed consent from patients and were ethically approved by the Ethics

Committee of hospital (N0.2023178).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size Sample sizes were chosen based on preliminary experiments.
Data exclusions  No data were excluded from the analyses.
Replication Experimental finders were statistically significant and no attempt at reproduction was performed. All the experimental finding were
reproduced as validated by at least two independent experiments. For protein LC-MS/MS, three independent biological replicates for group
were analyzed.

Randomization  For both cell and animal experiments, the cells and mice were randomly grouped and exposed to various experimental treatments.

Blinding The investigators were not blinded to group allocation during data collection or analysis, as there was no subjective measurement in our
experiments.
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Plants

Antibodies

Antibodies used Sumo(CST, Cat#2365s), Cleaved GSDMD(CST,Cat#36425; RRID:AB_2799099), Sftpc (Millipore,Cat#Ab3786; RRID:AB_91588),
Aquaporin 5 (Abcam, Cat#ab78486; RRID:AB_1603410), GSDMD (CST, Cat#69469s), Phalloidin (Abcam, Cat#fab176753), IL-1B
(Abcam, Cat#ab283818), IL-18 (Abcam, Cat#ab243091; RRID:AB_2861283), Alexa Fluor 488 (Abcam, Cat#ab150081;
RRID:AB_2734747), Alexa Fluor 594 (Abcam, Cat#ab150120; RRID:AB_2631447), FITC anti-human CD45 (Cat#304006, BioLegend),
Brilliant Violet 421™ anti-human CD11b (Cat#301324, BioLegend), Brilliant Violet 605™ anti-human CD14 (Cat#301834, BioLegend),
PerCP/Cyanine5.5 anti-human CD25 (Cat#302626, BioLegend), PE anti-human CD19 (Cat#363004, BioLegend), APC anti-human CD3
(Cat#300312, BioLegend), and APC/Cyanine7 anti-human CD15 (SSEA-1, Cat#323048, BioLegend).FITC anti-mouse CD45
(Cat#103108, BioLegend), APC/Cyanine7 anti-mouse Ly-6G (Cat#127624, BioLegend), Brilliant Violet 605™ anti-mouse Ly-6C
(Cat#128035, BioLegend), Brilliant Violet 785™ anti-mouse/human CD11b (Cat#101243, BioLegend), Alexa Fluor® 700 anti-mouse
CD3 (Cat#100216, BioLegend), PE/Cyanine7 anti-mouse CD49b (pan-NK cells, Cat#108922, BioLegend), APC anti-mouse |-A/I-E
(Cat#107614, BioLegend), Brilliant Violet 421™ anti-mouse F4/80 (Cat#123137, BioLegend), Brilliant Violet 510™ anti-mouse CD11c
(Cat#117353, BioLegend), PerCP anti-mouse CD4 (Cat#100538, BioLegend), PE/Dazzle™ 594 anti-mouse CD8a (Cat#100762,
BiolLegend), PE anti-mouse CD19 (Cat#115508, BioLegend), and True-Stain Monocyte Blocker (Cat#426101, BioLegend).

Validation For the commercially available antibodies, the researchers didn't do any additional validation.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) THP-1 (TIB-202, ATCC), HT29 (HTB-38, ATCC), HEK293 (CRL-1573, ATCC), AC16 (CRL-3568, ATCC), RAW264.7 (TIB-71, ATCC),
MDA-MB-231 (CRM-HTB-26, ATCC).

Authentication Authenticated by vendors and we did not do additional authentication.
Mycoplasma contamination All the cells are confirmed negative for mycoplasma.

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6J or Gsdmd knockout mice (8—10 weeks old) were used to construct sepsis model, male CD - 1 (ICR) mice, aged 6-8 weekes,
was used to analyze the pharmacokinetics of SK56. All mice were kept under a 12 h/12 h light/dark cycle in a specific-pathogen-free
facility at the Daping Hospatal’s Animal Resource Center. Age-matched and sex-matched mice were assigned randomly to the
experimental and control groups. The investigators were not blinded to the experiments and outcome assessments.

Wild animals This study did not involve wild animals.

Reporting on sex Only male mice were used for pharmacokinetic analysis, and in the LPS sepsis model, there was no sex selection, with a 50-50 ratio of
females and males.

Field-collected samples  This study did not involve sample collected in the field.

Ethics oversight All animal studies were conducted at a specific pathogen-free facility under sterile conditions and were performed in strict




Ethics oversight accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocols of all
studies were approved by the Laboratory Animal Welfare and Ethics Committee of the Army Medical University (No.
AMUWEC20237397).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not involved

Novel plant genotypes  Notinvolved

Authentication Not involved
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Flow Cytometry

Plots
Confirm that:
IE The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

@ A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation A volume of 100 pl of each sample was mixed with 1 ml of red blood cell lysis buffer and incubated at room temperature for
5 minutes. The samples were then centrifuged at 300 x g rpm for 5 minutes, after which the supernatant was carefully
discarded, and the cell pellet was retained. For flow cytometric analysis, 100 pl of the cell suspension was aliquoted into
separate tubes, and 7-AAD viability dye was added to each tube. The tubes were mixed and incubated in the dark at room
temperature for 15 minutes. After incubation, the cells were washed twice with PBS and centrifuged at 350 x g for 5 minutes.
The supernatant was discarded, and the cell pellet was resuspended in 93 pl of PBS. Subsequently, antibodies were added
sequentially, according to the manufacturer's instructions. The samples were incubated in the dark at room temperature for
20 minutes, followed by a wash with 1 ml of PBS. After centrifugation to collect the cell pellet, the cells were resuspended in
300 pl of PBS for Flow cytometry.

Instrument Beckman CytoFLEX LX flow cytometer

Software CytExpert 2.5.0.77

Cell population abundance At least total of 50'000 cells were acquired

Gating strategy The gating strategy (mice) is as follows: First, use FSC-A/H to remove cell clumping, use 7-AAD to target live cells, and use

CD45 to identify leukocytes. Then, further analyze the populations of lymphocytes, macrophages, monocytes, and dendritic
cells by using CD3 and CD19 to mark three groups of cells: T cells (CD45+CD3+CD19-), B cells (CD45+CD3-CD19+), and NK
cells (CD45+CD3-CD19-CD49a+). From the myeloid (CD45+CD11b+) cells, mark dendritic cells (CD45+CD11b+CD11c+MHCII+),
monocytes (CD45+CD11b+Ly6G+Ly6Chigh), and neutrophils (CD45+CD11b+Ly6G+). Finally, from the CD45+ leukocytes,
identify macrophages (CD45+CD11b+F4/80+);

The gating strategy (human) is as follows: First, use FSC-A/H to remove cell clumps, and use 7-AAD to identify dead/alive
cells. In the live cell population, circle CD45+ white blood cells, and use CD3 and CD19 to identify three groups of cells: T cells
(CD45+CD3+CD19-), B cells (CD45+CD3-CD19+); then, use CD14 and CD16 to identify different monocyte populations within
CD45+ white blood cells: classical monocytes (CD45+CD14++CD16-), intermediate monocytes (CD45+CD14+CD16+), non-
classical monocytes (CD45+CD14-CD16++); finally, identify CD11b+ from CD45+ white blood cells, and then use CD15 and
CD16 to identify neutrophils (CD45+CD11b+CD15+CD16+).

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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