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Inflammatory caspases are key enzymes in mammalian innate immunity that control
the processing and release of interleukin-1 (IL-1)-family cytokines". Despite the
biological importance, the structural basis for inflammatory caspase-mediated
cytokine processing has remained unclear. To date, catalytic cleavage of IL-1-family
members, including pro-IL-1B and pro-IL-18, has been attributed primarily to caspase-1
activities within canonical inflammasomes?. Here we demonstrate that the
lipopolysaccharide receptor caspase-4 from humans and other mammalian species
(exceptrodents) can cleave pro-IL-18 with an efficiency similar to pro-IL-1f and
pro-IL-18 cleavage by the prototypical IL-1-converting enzyme caspase-1. This ability
of caspase-4 to cleave pro-IL-18, combined with its previously defined ability to cleave
and activate the lytic pore-forming protein gasdermin D (GSDMD)*3, enables human
cells to bypass the need for canonical inflammasomes and caspase-1for IL-18 release.
The structure of the caspase-4-pro-IL-18 complex determined using cryogenic
electron microscopy reveals that pro-IL-18 interacts with caspase-4 through two
distinctinterfaces: a protease exosite and an interface at the caspase-4 active site
involving residues in the pro-domain of pro-IL-18, including the tetrapeptide
caspase-recognition sequence®. The mechanisms revealed for cytokine substrate
capture and cleavage differ from those observed for the caspase substrate GSDMD”%,
These findings provide astructural framework for the discussion of caspase activities
in health and disease.

Cytokines of the IL-1 family are central regulators of inflammation
and immunity’. In contrast to most cytokines, several members of
the IL-1 family, including IL-1B and IL-18, are synthesized as inactive
cytoplasmic pro-proteins of which the N termini must be cleaved to
achieve bioactivity'. After release into the extracellular space from
living cells or by alytic form of cell death known as pyroptosis® 2, IL-1B
andIL-18 can bind to inflammation-inducing receptors on neighbour-
ing cells. Owing to the potentinflammatory activities of the IL-1family
and their importance inimmunity, attention has focused on defining
regulators of cleavage and release of these cytokines®. Much progress
inthisareahas come fromthe study of pro-IL-1B, of which the principal
mechanism of cleavage functions through the actions of canonical
inflammasomes®. Inflammasomes are cytoplasmic supramolecular
organizing centres™, the assembly of which is seeded by proteins such
as NLRP3", These supramolecular organizing centres function as the
subcellularsite of caspase-1activation, which was originally identified
asinterleukin-1-converting enzyme (ICE)®. Inflammasome-associated
caspase-1cleaves pro-IL-1p and the latent pore-forming protein GSDMD
tomediate the release of IL-13*>'%™*"5, Related caspases, such as human
caspase-4 and -5 and mouse caspase-11, are not recruited into inflam-
masomes and cannot cleave IL-1p efficiently'® ™, Rather, these latter
enzymes mediate IL-1p cleavage indirectly, as they can act upstream

of the NLRP3 inflammasome after binding to bacterial lipopolysac-
charides (LPS) (known as non-canonical inflammasome activation)?° 2,
Caspase-4, but not caspase-5, has been implicated in the cleavage of
the IL-1family cytokine pro-IL-18, but the cleavage preference for this
cytokine is undefined”**®, Despite these insights into IL-1 biology,
fundamental gaps in our knowledge of this cytokine family remain. In
particular, structural insights into how any caspase interacts with its
cytokine substrate are lacking.

Here wereportthat pro-IL-18 is the preferred IL-1family substrate of
caspase-4, enabling canonical-inflammasome-independent cleavage
andrelease of IL-18 from human myeloid cells. We also report a cryogenic
electron microscopy (cryo-EM) structure of the caspase-4-pro-IL-18
complex, revealing molecular insights into substrate recognition,
cleavage and release by this inflammatory caspase.

Caspase-4is an IL-18-converting enzyme

We began our study by examining the ability of caspase-4 to cleave
multiple IL-1-family pro-cytokines in a quantitative in vitro cleavage
assay using purified components. The catalytic domain of caspase-4
was expressed in Escherichia coli, in which autoprocessing occurs to
yield active caspases consisting of the large p20 and the small p10
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Fig.1|Human caspase-4 can efficiently cleave human pro-IL-18 but not
other IL-1-family cytokines. a, In vitro cleavage of human IL-1-family cytokines
by human caspase-4.n.d., cleavage not detected. b-d, In vitro cleavage of
human (h) (b) or mouse (m) (d) pro-IL-18, or human pro-IL-1f (c) by the indicated
caspases. e, Invitro cleavage of different mammalian pro-IL-18 homologues by
species-matched caspase-4 homologues. For a-e, n=3biological replicates for
allsubstrate-enzyme pairs, except for human caspase-4 + human pro-IL-18, for
whichn=4.f-h,Primary hMDMs were primed with LPS, or leftunprimed, and
electroporated with LPS (or PBS), and LDH and IL-18 release into the cell culture

catalytic subunits (Extended Data Fig. 1a). Serially diluted caspase-4
was incubated with a fixed concentration of substrate and the kinetic
parameters were derived by determining the enzyme concentration at
which 50% of the substrate is consumed?. Most of the tested IL-1-family
cytokines (pro-IL-1a, pro-IL-33, pro-IL-36«, pro-IL-36f3 and pro-IL-37)
were not cleaved by caspase-4 (Fig. 1a and Extended Data Fig. 1b-i).
Of the cytokines that were cleaved, pro-IL-18 was cleaved with 30-fold
to greater than 100-fold higher catalytic efficiency than the others
(pro-IL-1 and pro-IL-36y) (Fig.1a and Extended Data Fig. 1b,c,h).
Notably, caspase-4 was as efficient at cleaving pro-IL-18 as the ICE
caspase-1, consistent with previous reports” (Fig. 1b and Extended
Data Fig. 1j). Contrary to the published literature, pro-IL-18 was also
cleaved efficiently by human caspase-5, an orthologue of caspase-4
(Fig.1band Extended Data Fig.1k). Pro-IL-1B, which s cleaved with high
efficiency by caspase-1, was poorly cleaved by caspase-4 or caspase-5
(Fig.1cand Extended DataFig.1d,I,m). We noted that human caspase-4
and its mouse homologue caspase-11 possessed low activity towards
mouse pro-IL-18, whereas human and mouse caspase-1cleaved mouse
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supernatant was quantified after 2 h (f). n =3 biological replicates with

cells fromdifferent donors. IL-18 (g) or IL-13 (h) wasimmunoprecipitated
fromthe cell culture supernatants of LPS-primed hMDMs and analysed using
immunoblotting. Where indicated, NLRP3 was inhibited with 10 ptMMCC950.
Immunoblots are representative of three biological replicates. Each datapoint
represents theresult of oneindependent assay. For a-f, dataare mean +s.e.m.
Statistical significance was determined using one-way analysis of variance
(ANOVA) (a-d) or two-way ANOVA (f) with Tukey’s multiple-comparison test; NS,
notsignificant (P>0.05). Gel source dataare provided in Supplementary Fig. 1.

pro-IL-18 efficiently (Fig. 1d and Extended Data Fig. 1n-q). We extended
this analysis to caspase-4 homologues from other mammalian spe-
cies. Analogous enzymes from dog, lemur, rabbit and sheep cleaved
species-matched pro-IL-18 homologues with an efficiency comparable
to human caspase-4 cleavage of human pro-IL18 (Fig.1e and Extended
DataFig.1r-u). By contrast, the caspase-4 homologues from mice and
rats (known as caspase-11) displayed a weak ability to cleave pro-IL-18
(Fig. 1le and Extended Data Fig. 1p,v). Mouse caspase-11 also cleaved
human pro-IL-18 with alow efficiency (Extended Data Fig. 1w,x). These
results suggest that caspase-4 from multiple species, except rodents,
represents an IL-18-converting enzyme.

Caspase-4 links LPS detectionto IL-18 release

The ability of human caspase-4 to bind to LPS and cleave pro-IL-18 and
GSDMD should, in principle, bypass the need for the NLRP3 inflam-
masome to mediate IL-18 release from cells. Conversely, the inability
of mouse caspase-11to cleave pro-IL-18 should resultin a dependence



on inflammasome-associated caspase-1to cleave and release I1L-18
from cells. In human epithelial cells (such as HeLa cells), which lack
NLRP3, these predictions are supported by previousreports, inwhich
bacteriainduced IL-18 release through a caspase-4-dependent but
caspase-1l-independent process**? % This concept has yet to be
tested in human cells competent for NLRP3 signalling, such as myeloid
cells. We tested these predictions by delivering LPS into the cytosol of
THP1 monocytes, in which caspase-4 and pro-IL-18 are constitutively
expressed®**°. We also examined THP1 monocytes in which NLRP3
signalling was disrupted by genetic deficiency or through the use of
the small-molecule inhibitor MCC950%. Electroporation of wild-type
(WT) THP1cellswith LPS induced pyroptosis, asindicated by release of
the cytosolic enzyme lactate dehydrogenase (LDH) into the extracel-
lular space, whereas cells that were electroporated with PBS remained
alive (Extended Data Fig. 2a). Pyroptosis was independent of NLRP3,
as neither treatment with MCC950 nor knockout (KO) of NLRP3 pre-
vented LDH release. NLRP3 was not required for LPS-induced release
of IL-18 into the cell culture supernatant as shown by enzyme-linked
immunosorbent assay (ELISA) (Extended Data Fig. 2b). Importantly,
we confirmed that the IL-18 ELISA preferentially detects cleaved IL-18,
as compared to pro-IL-18 (Extended Data Fig. 2c). We also confirmed
by immunoblotting that cleavage of pro-IL-18 still occurred when
NLRP3 function was blocked (Extended Data Fig. 2d,e). By contrast,
LPS-induced cleavage of pro-IL-1f3 was prevented in NLRP3-deficient
or MCC950-treated THP1 cells after LPS electroporation (Extended
Data Fig. 2f,g). Similar observations were made in primary human
monocyte-derived macrophages (hMDMs), in which LPS-induced
processing andrelease of IL-18, but not IL-1B, was unaffected by NLRP3
inhibition with MCC950 (Fig. 1f-h).

To test the caspase-dependency of IL-18 release from human cells,
we generated clonal THP1 cell lines deficient for genes encoding
caspase-1or caspase-4 using CRISPR-Cas9 (Extended Data Fig. 2h).
Pyroptosis and IL-18 release in response to LPS electroporation was
reduced in caspase-4-deficient cells, but not in caspase-1-deficient
cells, as compared to cells that were transfected with a non-targeting
single guide RNA (sgRNA) (Extended Data Fig. 2i). By contrast, cleav-
age and release of IL-13 was diminished in both caspase-1-deficient
and caspase-4-deficient cells (Extended Data Fig. 2j). We were unable
to detect the caspase-5 protein in any of these cell lines (Extended
Data Fig. 2k). However, consistent with its ability to efficiently cleave
pro-IL-18invitro (Fig.1b), expression of caspase-5in caspase-4-deficient
THP1 cellsenabled cytosolic LPS-induced IL-18 release, which was insen-
sitive to MCC950 (Extended Data Fig. 2I,m). Finally, pyroptosis and
IL-18 release from THP-1 macrophages was NLRP3 independent after
infection with a flagellin-deficient strain of Salmonella enterica serovar
Typhimurium® (Extended DataFig. 2n). No IL-18 release was observed
when caspase-4-deficient THP1 macrophages wereinfected with these
bacteria (Extended DataFig.2n). Collectively, these data demonstrate
that caspase-4 and caspase-5 cleave pro-IL-18 invitroand in cells, which
enablesthese enzymestointrinsically link LPS detectionto IL-18 cleav-
age and release. Moreover, the requirement for NLRP3 and caspase-1
for IL-1B release under all conditions examined suggests that the weak
in vitro cleavage activities of pro-IL-1f3 by caspase-4 are negligible in
the context of cells.

In contrast to our findings in human cells, different observations
were made inmouseimmortalized bone-marrow-derived macrophages
(iBMDMs). Consistent with previous reports® and the poor cleavage of
pro-IL-18 by caspase-11in vitro (Fig. 1d), NLRP3 was required for IL-18
and IL-1B cleavage and release after LPS electroporation of iBMDMs
(Extended Data Fig. 3a—e). To determine whether we could convert
human cells into cells that require NLRP3 for IL-18 release, akin to
mouse cells, we expressed caspase-11in caspase-4-deficient THP1 cells
(Extended DataFig. 3f). We found that THP1 macrophages expressing
caspase-11underwent pyroptosis and released IL-18 in response to LPS
electroporation, butIL-18 release from caspase-11-expressing THP1 cells

was reduced when NLRP3 activation was blocked by MCC950 (Extended
Data Fig. 3g). These results reveal the ability of human caspase-4, but
not mouse caspase-11, to function as asensor and effector that mediates
cleavage andrelease of IL-18, independent of canonical inflammasomes.
This one-protein signalling pathway—whereby caspase-4 links LPS
detection to pro-IL-18 cleavage and release through GSDMD—is similar
tothatwhich we have described in several species of carnivora. These
animals, including felines, bears and seals, encode a caspase known as
caspase-1/4, which intrinsically links LPS detection to IL-1p cleavage
and release from cells™.

Structure of the caspase-4-pro-IL-18 complex

To define the interaction between caspase-4 and pro-IL-18 at the
molecularlevel, we determined the cryo-EM structure of caspase-4 in
complexwith pro-IL-18. We assembled a complex consisting of recom-
binant human caspase-4 (large p20 subunit carrying an inactivating
C258A mutation +small p10 subunit) and human pro-IL-18 (Fig. 2a and
Extended DataFig. 4). Before making EM grids, the complex was stabi-
lized with the chemical cross-linker BS3 and repurified by size-exclusion
chromatography (SEC). The size and composition of the complex was
validated by SDS-PAGE and blue native PAGE (Extended Data Fig. 4).
Cryo-EM datawere collected in 5,934 raw videos, and two-dimensional
(2D) classification revealed the existence of different orientations of
the complex and molecular details (Fig. 2b). After multiple rounds of
2D and 3D classification followed by refinement with imposed twofold
symmetry of a best class consisting of 229,147 particles, we obtained
acryo-EM map of the caspase-4-pro-IL-18 complex at a resolution of
3.2 A (Extended Data Fig. 5 and Extended Data Table 1). Overall, the
regions of the density comprising caspase-4 and the part of pro-IL-18
proximal to caspase-4 are best-defined, whereas the distal ends of
pro-IL-18 are less ordered (Fig. 2c). We applied focused refinement on
IL-18, whichimproved the overall resolutionin this region of themap to
3.1 Aresolution (Fig. 2d), but the resulting map had similar quality at the
caspase-4-pro-IL-18 interface to the complete map. The lower resolu-
tioninthedistal part of the mapis probably due to the dynamic nature
of the complex shown by 3D variability analysis (Fig. 2¢,d, Extended
DataFig. 5b and Supplementary Video 1).

The cryo-EM structure of the caspase-4-pro-IL-18 complex has
a symmetric wrapped-sweet-shaped architecture, in which two
pro-IL-18 molecules arebound to the caspase-4 dimer-of-heterodimers
(heterotetramer) consisting of two copies of p20/p10 (Fig. 3a). The
density fitting was initiated with the crystal structure of caspase-4’
and mature IL-18%. While the caspase-4 structure matched the den-
sity well, the IL-18 structure exhibited substantial differences from
the density of pro-IL-18. We traced these differences to construct an
atomic model of pro-IL-18. The final model includes the caspase-4
heterotetramer and pro-IL-18 with the near complete pro-domain
(residues 6-36). Two regions in pro-IL-18 (residues 1-5, 53-80) are
absent, probably due to disorder. The model was independently
validated by cross-linking mass spectrometry (MS), with all inter-
molecular cross-links consistent with the structure (Extended Data
Fig.6a,b).

The cryo-EM structure of caspase-4-pro-IL-18 revealed two binding
interfaces between caspase-4 and pro-IL-18, defined as the active site
interface and the exosite interface (Fig. 3b,c). Pro-IL-18 buries extensive
surface areas of approximately 800 A2and 650 Aat the active site and
exosite, respectively**. Caspase substrates are often defined by the
tetrapeptide sequences, that is, the four amino acid residues directly
upstream of the scissile peptide bond (33-LESD-36 in pro-IL-18). In
our structure, ordered density exists for the region before and after
Asp36inpro-IL-18 (B4’ and the adjacent linkers),among which residues
Glu28-Phe38interact with caspase-4 to formthe active-siteinterface
(Fig.3d). Theactive-siteinterface is dominated by electrostaticinterac-
tions, which positionthistetrapeptide in the substrate-binding cleft of
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Fig.2|Overview of the caspase-4-pro-IL-18 complex. a, The domain
organization of caspase-4 and pro-IL-18. The caspase-4 large subunits (p20) are
shownin cyan or pink; the small subunits (p10) are shownin purple or blue; the
linker regions between p20 and p10 are shownin grey, whichis absentin the
model; and the pro-domain and mature domain of pro-IL-18 are shownin green
andorange, respectively. b, Representative 2D classes of the caspase-4-pro-IL-18

caspase-4. We observed paired charge-charge interactions between
Glu28and Lys293, Asp30 and Lys356, and Glu34 and Arg314 in pro-IL-18
and caspase-4, respectively. The cleavage-site residue Asp36 interacts
with Argl52, GIn256 and Arg314 of caspase-4. The alanine mutation on
the catalytic Cys258 residue of caspase-4 enables the binding of the
pro-IL-18 substrate at the active site without being cleaved. However,
inactive caspase-4, thescissile peptide bond at the C terminus of Asp36
and the catalytic centre of caspase-4 (Cys258) would be in proximity,
enabling cleavage (Extended Data Fig. 6¢).

In contrast to the electrostatic active-site interface, the exosite
interface is defined by hydrophobic and electrostatic interactions
(Fig. 3e). Trp267 of caspase-4 is inserted into a hydrophobic pocket
formed by Val47 and Ile48 of pro-IL-18 (Fig. 3e). The interaction is
enhanced by the interactions of Glu192 and Asp193 of pro-IL-18 with
Arg269 in the p10 subunit of caspase-4 (Fig. 3e). Similar interactions
have been observed at the exosite of inflammatory caspase-GSDMD
complexes, suggesting a common mechanism for inflammatory
caspases to capture different substrates to enhance their cleavage
activity”®. Notably, due to the limited resolution of the cryo-EM
density in this region, we suspect that additional conformations
may exist in which Arg49 of pro-IL-18 interacts with Trp267 through
cation-Trinteractions.

The conformational difference between pro-IL-18 in a complex
with caspase-4 and mature IL-18 can be visualized as the insertion
of the pro-domain as 3-strands into the B-trefoil fold in the mature
domain (Extended Data Fig. 6d,e). The N-terminal 32 and 33 strands
of the mature domain partly unfold and change conformation in the
bound conformation of pro-IL-18 to form the hydrophobic pocket at
the exosite interface. These observations indicate that newly cleaved
IL-18 undergoes conformational changes to arrive at the structure
of the mature IL-18. Cross-linking MS data of pro-IL-18 alone and in
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complex.Scale bar,10 nm. ¢, The complete map of the caspase-4-pro-1L-18
complexatanoverall resolution of 3.2 A (contour level, 3.00), coloured bylocal
resolution. d, Focus-refined map of pro-IL-18 (yellow) at an overall resolution of
3.1A (contourlevel, 3.40), superimposed with the complete map (grey) (left) or
coloured by local resolutionin two views (right).

the caspase-4-pro-IL-18 complex suggest conformational differences
in pro-IL-18 before and after caspase-4 interaction (Extended Data
Fig. 6f,g). AlphaFold* predicted a structure of pro-IL-18, in which the
pro-domainislocalized at the opposite end to where the pro-domainis
localized in our caspase-bound structure. Nevertheless, the predicted
pro-domain contains certain 3-strand elements that are consistent
with the caspase-4-pro-IL-18 complex (Extended Data Fig. 6h). Thus,
it appears that pro-IL-18 is conformationally adaptable and may have
at least three conformations: the apo state and states after caspase
binding and after cleavage.

Active-site interactions define cleavage

After engagement of a hydrophobic exosite, inflammatory caspases
cleave GSDMD in a tetrapeptide-independent manner’. This is not
the case for pro-IL-18, as mutating the tetrapeptide sequence in
pro-IL-18 from LESD to AAAD decreased cleavage by caspase-4 (Fig. 4a
and Extended Data Fig. 7a). Thus, the tetrapeptide of pro-IL-18 pro-
motes cleavage by caspase-4. However, the tetrapeptide is not suf-
ficient for efficient cleavage by caspase-4, as we found that mouse
pro-IL-18, which shares the same tetrapeptide sequence with human
pro-IL-18, is poorly cleaved (Fig. 1d and Extended Data Fig. 7b). Con-
sistent with this idea, a chimeric pro-IL-18 variant consisting of the
pro-domain of mouse pro-IL-18 and the mature domain of humanIL-18
was cleaved less efficiently by caspase-4 compared with WT human
pro-IL-18 and did not form a stable complex with caspase-4 (Fig. 4a,b
and Extended DataFig. 7c). These resultsindicate that the higher cata-
lytic efficiency of caspase-4 for human versus mouse pro-IL-18 can at
least partially be explained by amino acid residues in the pro-domain
of human pro-IL-18. To test this idea, we determined the impact of
amino acid swaps between human and mouse pro-IL-18 on cleavage



a b c ‘
\
Pro-l-18 Pro-IL-18 ( )
Pro-IL-18 pro-domain A mature domain /4)/
molecule 1 ( K /»\ QA
Active site Exosite 75, ‘\
WL J
p10 QJ B4
5] \ 2
38
o &
%:@ p20
2%
S8
=
p10
interface
Pro-IL-18 Pro-IL-18
Pro-IL-18 ro
molecule 2/ mature domajr pro-domain
(UL5NE
Y
@ Active site
interface
d e
Pro-IL-18 D29 7/\
pro-domain

Pro-IL-18
mature
domain

\

mature
domain

/
Ny 1

\ Pro-IL-18
/', pro-domain
- p10

b’ V.

Fig.3|Cryo-EM map and model of the caspase-4-pro-IL-18 complex.
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(contourlevel,3.00).b, The caspase-4-pro-IL-18 complex model shownin

the colour codeasina, alone for one half, and superimposed with the cryo-EM
map for the other half. The active site and exosite are indicated by red and blue

by caspase-4.Our cryo-EM structure suggests that Lys356 in caspase-4
forms electrostatic interactions with Asp30 in pro-IL-18. We found
that swapping astretch of amino acids surrounding this sitein mouse
pro-IL-18 to the respective human-specific residues (ENGD28DDEN)
led to anincrease in the catalytic efficiency of caspase-4 (Fig. 4c). By
combining this mutation with additional human-specific mutations
(N36Y and H41E), we generated a ‘humanized’ mouse pro-IL-18 triple
mutant that is cleaved by caspase-4 almost as efficiently as human
pro-IL-18 in vitro (Fig. 4c and Extended Data Fig. 7d-h). We detected
higher amounts of IL-18 in the supernatants of IL-18-deficient THP1
cells expressing humanized mouse pro-IL-18 compared with in the
supernatants of THP1 cells expressing WT mouse pro-IL-18 after LPS
electroporation in the presence of MCC950 (Fig. 4d,e). These data
indicate that residues in the pro-domain, including but not limited
to the tetrapeptide, promote binding and cleavage of pro-IL-18
by caspase-4.

We found that caspase-4 is unable to bind to mature IL-18, which
lacks the pro-domain, as assessed by analytical SEC or isothermal titra-
tion calorimetry (ITC) (Fig. 4f and Extended Data Fig. 7i). Similarly,
atruncated version of pro-IL-18, which lacks the first 24 amino acid
residues of the pro-domain (named AN24), does not bind to caspase-4
andis cleaved less efficiently by caspase-4 (Fig. 4g and Extended Data
Fig. 7j,k). Removal of the pro-domain of pro-IL-18 after cleavage may
therefore facilitate the release of the bioactive cytokine from the
enzyme.

squares, respectively. ¢, The pro-IL-18 structure with secondary structures
labelled; the two interfaces areindicated by red and blue ovals. d, Detailed
interactioninterface atthe activesite. e, Detailed interactioninterfaceatthe
exosite. The cryo-EM density for the relevant pro-IL-18 regionis shownas ablue
meshindande.

Exosite mutations abolish IL-18 cleavage

Introduction of charge-reversing mutationsineither of theinteraction
surfaces (K356D or R269D) or mutation of the hydrophobicresidue at
the core of the exosite toa polar residue (W267N) disrupted caspase-4
binding to pro-IL-18 in vitro (Fig. 5a and Extended Data Fig. 8a,b). As
aresult, in vitro cleavage of pro-IL-18 by caspase-4 variants carrying
these mutations was reduced, with the W267N mutation having the
greatest effect (Fig. 5b and Extended Data Fig. 8c-e). These mutations
in caspase-4 did not interfere with intrinsic enzymatic activities, as
the caspase-4 mutants retained the ability to cleave the chromogenic
peptide substrate Ac-WEHD-pNA (Fig. 5¢c). Caspase-4(W267N) showed a
small reduction in Ac-WEHD-pNA processing (as described previously?),
but this effect is unlikely to explain the greater than 100-fold reduc-
tion inits ability to cleave pro-IL-18 (Fig. 5b). Reciprocal mutations in
pro-IL-18 yielded symmetrical results to the mutagenesis of caspase-4.
Perturbing the hydrophobic pocket or charge-charge interactions at
the exositeinterface by theintroduction of V47N/148N or E192K/D193K
mutations decreased the binding of pro-IL-18 to caspase-4 (Fig. 5d
and Extended DataFig. 8f,g). Consequently, in vitro cleavage of these
pro-IL-18 mutants by caspase-4 was decreased (Fig. 5e and Extended
DataFig. 8h-k).

Tocorrelatetheseinvitroresults with activities in cells, we reconsti-
tuted caspase-4-deficient THP1 cells with WT caspase-4 or caspase-4
mutants deficient in pro-IL-18 interaction (C258A, K356D, R269D and
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Fig.4 |Electrostaticinteractionsbetween the pro-IL-18 pro-domain

and caspase-4 promote cytokine processing. a, Invitro cleavage of human
pro-IL-18 mutants by human caspase-4. The pro-domain chimera consists of
the mouse pro-domain fused to the human mature domain. b, Analytical SEC
showing nointeraction between caspase-4 and the pro-domain chimera.
Theretention volume of the caspase-4-pro-IL-18 complex is marked. A,g,,
absorbance at 280 nm; m.a.u., milli-arbitrary units. ¢, In vitro cleavage of
mouse pro-IL-18 variants by human caspase-4. The triple mutant combines
allhuman-specific mutations (N36Y, H41E, ENGD28DDEN). d, Expression

of MYC-tagged mouse pro-IL-18 variants in IL-18-deficient THP1 cells.

e, IL-18-deficient THP1 macrophages expressing mouse pro-IL-18 variants were
primed with LPS and electroporated with LPS (or PBS) in the presence of

W267N) (Extended DataFig. 9a). These cells were electroporated with
LPSinthe presence of MCC950 to assess caspase-4-dependent pyropto-
sisand IL-18release. Cells expressing WT caspase-4 underwent pyropto-
sisandreleased IL-18 inresponse to LPS electroporation, whereas cells
expressingthe catalytically inactive caspase-4(C258A) did not (Fig. 5f,g).
Cytosolic LPS-induced LDH and IL-18 release from cells expressing
caspase-4 carrying W267N, R269D or K356D mutations was reduced
compared with release from cells expressing WT caspase-4 (Fig. 5f,g).
This finding can be explained by the role of the same interfaces for
GSDMD cleavage”®, which we confirmed experimentally invitroandin
cells (Extended Data Fig. 9b-g). To assess pro-IL-18 cleavage indepen-
dently of GSDMD activities, we took advantage of the fact that our IL-18
ELISA s specific for cleaved IL-18 (Extended Data Fig. 3c). We assessed
IL-18 abundance in combined cell lysates and supernatants by perform-
ingin-welllysis of cells, followed by ELISA and immunoblotting. These
assays revealed that caspase-4(W267N) or caspase-4(K356D) mutants
are as defective as the catalytic-site mutant caspase-4(C258A) in IL-18
generation (Fig. 5g and Extended Data Fig. 9h). Caspase-4(R269D)
displayed the least severe defect in IL-18 generation after LPS elec-
troporation (Fig. 5g and Extended Data Fig. 9h). We also reconstituted
IL-18-deficient THP1cells with WT pro-IL-18 or pro-IL-18 variants carrying
mutations in the exosite or active site interfaces (E192K/D193K, V47N/
148N, DDEN29ENGD, LESD33AAAD) (Extended Data Fig. 9i). After LPS
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SupplementaryFig.1.

electroporationin the presence of MCC950, cells expressing all pro-IL-18
variants underwent pyroptosis to similar extent (Extended Data Fig. 9j).
By contrast, we detected reduced levels of IL-18 in the supernatants of
cells expressing pro-IL-18(E192K/D193K), pro-IL-18(DDEN29ENGD) or
pro-IL-18(LESD33AAAD) compared with cells expressing WT pro-IL-18
(Fig.5h). We excluded cells expressing pro-IL-18(V47N/I48N) from this
analysis, as this mutant displayed severely reduced reactivity with
the ELISA reagent (Extended Data Fig. 9k). However, we confirmed
reduced levels of LPS-induced cleavage of all of the tested mutant pro-
teins (including pro-IL-18(V47N/148N)) compared with WT pro-IL-18 by
immunoblotting (Fig. 5i). These collective dataindicate that hydropho-
bicand charge-chargeinteractions determine the ability of caspase-4
tooperate as an IL-18-converting enzyme.

Structure-based engineering of caspase-11

Finally, we determined whether our structural insights may explain
the differential pro-IL-18 cleavage abilities of human caspase-4 and
mouse caspase-11. We fitted a crystal structure of caspase-11” into
our caspase-4-pro-IL-18 map to generate a model of a hypothetical
caspase-11-pro-IL-18 complex (Fig. 6a). In this complex, critical exosite
residues Trp263 and Arg265 (corresponding to Trp267 and Arg269
in caspase-4) fit into the hydrophobic pocket in pro-IL-18, similar
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of pro-IL-18 by caspase-4. a, Analytical SEC analysis of complex formation
between pro-IL-18 (producedininsect cells) and theindicated caspase-4-p20/
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f.g, Caspase-4-deficient THP1 macrophages expressing caspase-4 variants
were primed with LPS and electroporated with LPS (or PBS) in the presence of
MCC950, and LDH release was quantified after 2 h (f), and IL-18 levels in the
supernatants (sup.) or total IL-18 levels (combined supernatants + cell lysates)

to what we observed in the caspase-4-pro-IL-18 complex (Fig. 6b).
However, several critical interactions in the active-site interface are
absent in the caspase-11-pro-IL-18 complex (Fig. 6b). Specifically, we

were quantified using ELISA (g). h,i, IL-18-deficient THP1 macrophages
expressing pro-IL-18 variants were primed with LPS and electroporated with
LPS (or PBS) inthe presence of MCC950 and the IL-18 levels in the supernatants
were quantified after 2 h (h). IL-18 was immunoprecipitated from the
supernatants using anti-Flag antibodies and analysed usingimmunoblotting (i).
Immunoblots and SEC profiles are representative of three biological replicates.
Forbande, n=3biological replicates for all substrate-enzyme pairs, except for
WT caspase-4 + WT pro-IL-18 and pro-IL-18(E192K/D193K), for which n = 4.
Forf-h,n=3biological replicates. Each datapoint represents theresult ofone
independentassay. Forband e-h, dataare mean + s.e.m. Statistical significance
was determined using one-way ANOVA (b and e) or two-way ANOVA (f,g and h)
with Tukey’s multiple-comparison test. Gel source data are provided in
Supplementary Fig.1.

found that the regions surrounding Lys356 and Lys293 in caspase-4,
which interact with Glu28 and Asp30 in pro-IL-18, are not conserved
in caspase-11 (Extended Data Fig. 10a). Instead, caspase-11 displays
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n=4(caspase-4and caspase-11(KASIHS348TPRAKA)) and n =3 (all other
proteins) biological replicates. d, Expression of caspase-11variantsin caspase-
4-deficient THP1cells. e, Caspase-4-deficient THP1 macrophages expressing

non-charged residues (His352 and Leu289) at these sites. Introducing
caspase-4-specific mutations at these sites in caspase-11increased its
ability tocleave pro-IL-18 in vitro to alevel similar to caspase-4 (Fig. 6¢
and Extended Data Fig. 10b-d). We expressed this caspase-11 double
mutant in caspase-4-deficient THP1 cells (Fig. 6d). When stimulated
with cytosolic LPS in the presence of MCC950, we detected more
mature IL-18 in the supernatants of cells expressing the caspase-11
double mutant compared with cells expressing WT caspase-11 (Fig. 6e).
These data demonstrate that the differential efficiencies of pro-IL-18
cleavage between caspase-11 and caspase-4 can be explained by resi-
duesintheactive-site interface.

Discussion

On the basis of the data presented, we propose a model for cytokine
substrate capture, cleavage and release by caspase-4. Pro-IL-18 uses its
pro-domain to interact with both neighbouring p10 subunits within
the caspase-4 heterotetramer, which may stimulate dimerization of
caspase-4 to promote its catalytic activity. We propose that pro-IL-18
binding and cleavage by caspase-4 relies onaunique bivalent mode of
recognition. Inaddition to binding of a hydrophobic pocketin pro-IL-18
through an exosite, caspase-4 interacts with charged residues in and
near the tetrapeptide in the pro-domain of pro-IL-18. This mode of
interaction is different from how caspases recognize GSDMD and
pro-IL-1B. Recognition via the conserved hydrophobic exosite is nec-
essary and sufficient to mediate cleavage of GSDMD, which occursina
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caspase-11variants were primed with LPS and electroporated with LPS (or PBS)
inthe presence of MCC950. After 2 h, IL-18 was immunoprecipitated from the
cell culture supernatants and analysed using immunoblotting. The caspase-11
mutantind,e combines KASIHS348TPRAKA and KLS288YKT mutations.
Immunoblots arerepresentative of two (d) or three (e) biological replicates.
Each datapointrepresents the result of oneindependentassay. Forc, dataare
mean +s.e.m.of atleast three biological replicates. Statistical significance was
determined using one-way ANOVA with Tukey’s multiple-comparison test. Gel
source dataare provided in SupplementaryFig. 1.

tetrapeptide-independent manner’. Conversely, pro-IL-1f cleavage by
caspase-lappearstobelargelyindependent of exosite residuesinthe
caspase'®. We observed different conformations of caspase-4-bound
pro-IL-18 versus free cleaved IL-18, and caspase-4 is unable to bind to
mature IL-18, suggesting that cleavage may trigger a conformational
changeinIL-18 anditsrelease from the caspase. Our studies therefore
reveal molecularinsightsinto the catalytic mechanism of inflammatory
caspases and may provide a framework for the design of inhibitors of
caspase-4 and other inflammatory caspases as tools for research and
drug candidates.

Our study also highlights a disconnect in the regulation of IL-18
between humans and mice. Caspase-4 homologuesin rodentsare unable
tocleave pro-IL-18 efficiently, despite sharing almost 70% sequence iden-
tity with human caspase-4. Using our caspase-4-pro-IL18 structure as a
blueprint, we mapped the regions that are responsible for these differen-
tial cleavage specificities to regions near the active site, whichenabled us
toengineeracaspase-11variant withincreased IL-18-converting enzyme
activity. Thus, while caspase-4 proteins from other mammalian species
canintrinsically link LPS detection to IL-1family cytokine cleavage and
release, mouse cells require inflammasomes to operate downstream
from their caspase-4 homologues to execute this process. The impli-
cations of these biochemical and pathway differences forimmunity at
the organismal level remain to be uncovered. The organism-specific
pathway differences uncovered inthis study provide amandate to con-
sider the impact of species-specific innate immunity when designing
preclinical animal models to test therapeutics that involve IL-18.
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Methods

No statistical methods were used to predetermine sample size. Experi-
ments were not randomized, and investigators were not blinded during
experiments and during outcome assessment. Statistical analyses were
performed using GraphPad Prism (v.6.01). Statistical tests areindicated
inthe figure legends.

Ligand and chemical reconstitution

E. coli LPS (serotype 0:111 B4) was purchased from Enzo Biosciences
asaready-to-use stock solution of 1 mg ml™ or purchased from Invivo-
gen and reconstituted in ultrapure water at a stock concentration of
1mg ml™and used at aworking concentration of 1 ug ml™. Pam3CSK4
was purchased from Invivogen and reconstituted in ultrapure water at
astock concentration of 1 mg ml™and used at aworking concentration
of 1 pg mI™. MCC950 (from Invivogen) was resuspended in sterile DMSO
toaconcentration of20 mM and used at afinal concentration of 10 uM.
Recombinant human M-CSF (CHO expressed, carrier-free) was bought
from R&D Systems and dissolved in sterile PBS pH 7.4 (stock concen-
tration of 100 pg miI™). Phorbol-12-myristate-13-acetate (PMA; from
Sigma-Aldrich) was reconstituted at 50 pg mI™in DMSO. Ac-WEHD-pNA
was from Enzo Biosciences and the stock solution was prepared at
20 mMin DMSO. BS3 was purchased from Thermo Fisher Scientificin
ano-weighformat (2 mg peraliquot) and prepared freshly before each
use in ultrapure water at 25 mM and used at1 mM.

Antibodies forimmunoblotting

Primary antibodies forimmunoblotting were purchased from the fol-
lowing vendors: monoclonal rabbit anti-human caspase-1, polyclonal
rabbit anti-human caspase-4, monoclonal rabbit anti-human caspase-5,
monoclonal rabbit anti-MYC-tag, monoclonal mouse anti-MYC-tag and
monoclonal rabbit anti-mouse IL-18, monoclonal rabbit anti-human
GSDMD (all from Cell Signaling); monoclonal mouse anti-caspase-4
(Enzo Biosciences), monoclonal mouse anti-mouse and human NLRP3
(Adipogen), polyclonal rabbit anti-human IL-18 (MBL), monoclonal
rabbit anti-cleaved GSDMD-NT and monoclonal rabbit anti-mouse
IL-18 (all from Abcam); monoclonal rat anti-actin and monoclonal rat
anti-caspase-11 (both from BioLegend); monoclonal mouse anti-canine
IL-18 (R&D Systems), polyclonal rabbit anti-humanIL-1, polyclonal rab-
bitanti-mouse IL-1p (both from Genetex), monoclonal mouse-anti-actin
(Sigma-Aldrich). All primary antibodies were used at a dilution of
1:1,000in PBS pH 7.4 + 0.02% Tween-20 and 5% BSA, except for mouse
anti-actin, which was used at 1:5,000 in the same buffer.

Constructs

Constructs encoding N-terminally MYC-tagged full-length human
caspase-1, caspase-4 and mouse caspase-11in the pMSCV-IRES-eGFP
vector were described previously' and are available from Addgene
(183359, 183358, 183356). Sequences encoding full-length human
caspase-5 with an N-terminal MYC-tag were ordered from Integrated
DNA technologies and cloned into the pMSCV-IRES-EGFP vector using
the Notland Sallrestrictionsites. Expression plasmid for caspase-1p20
and p10 were provided by S. Xiao. Constructs for bacterial expression
of the catalytic domains of human caspase-4 and mouse caspase-11,
human and mouse pro-IL-18 were described previously'and deposited
at Addgene (Addgene, 183381, 183382, 183389, 183390). For expres-
sionininsect cells, the sequence for human pro-IL-18 was cloned into
pFastBac HTb using the BamHI and Xhol restriction sites. For retro-
viral transduction, an N-terminal MYC-tag and a C-terminal Flag-tag
were added to human pro-IL-18 by PCR and the sequence was cloned
into the pMSCV-IRES-eGFP vector using the Notl and Sall restriction
sites. Sequences encoding the catalytic domains of human caspase-5
(amino acids 133-434) as well as the catalytic domains of caspase-4
homologues from lemur Microcebus murinus, sheep Ovis aries, rabbit
Oryctolagus cuniculus and dog Canis lupus familiaris were subcloned

by PCR from full-length sequences and cloned into pET28a with an
N-terminal Hiss-tag and a TEV cleavage site using the BamHIl and EcoRI
cleavagesites. Full-length sequences for these caspase-4 homologues
are available at Addgene (Addgene, 183365, 183374, 183375, 183376).
cDNAs encoding the catalytic domain of rat caspase-11, pro-IL-18
homologues from all of the mammalian species listed above as well
as human pro-IL-1, pro-IL-1«, pro-IL-33, pro-IL-36«, pro-IL-36f3, pro-IL-
36y and pro-IL-37 were synthesized by Integrated DNA Technologies
and cloned into pET28a with an N-terminal His-tag and TEV cleav-
age site. C-terminal MYC-tags were added to cytokine sequences by
PCR. All point mutations and deletions were introduced using the Q5
site-directed mutagenesis kit (NEB) according to the manufacturer’s
instructions. The sequence encoding the p20 subunit of caspase-4 (with
the C258A mutation) or the p10 subunit of caspase-4 were subcloned
from the full-length sequence by PCR and cloned into a pET28a vec-
tor (+N-terminal His-tag and TEV cleavage site) or a modified pET16b
vector (without tags), respectively. The modified pET16b vector was
a gift from P. Kranzusch. All constructs generated in this paper were
sequence-confirmed using Sanger sequencing.

Celllines

All cells were cultured in humidified incubators at 37 °C and 5%
CO,. iBMDMs were generated at the Jonathan Kagan Laboratory
from the bone marrow of female WT C57BL/6J or Nlrp3-KO mice
(B6.129S6-NIrp3tm1Bhk/J)*.iBMDMs and HEK293T cells were cultured
inDMEM supplemented with10% fetal bovine serum (FBS), penicillin-
streptomycin, L-glutamine and sodium pyruvate, hereafter referred to
as complete DMEM (cDMEM) and cultured in tissue-culture-treated
10 cm dishes or T175 tissue culture flasks (Corning). iBMDMs and
HEK293T cells were passaged using sterile PBS pH 7.4 + 4 mM EDTA
or 0.25% trypsin + EDTA (Gibco), respectively. WT THP1 cells were
obtained from ATCC and NLRP3-KO THP1 cells were obtained from
Invivogen. THP1 cells were cultured in RPMI supplemented with 10%
FBS, penicillin-streptomycin, L-glutamine and sodium pyruvate, here-
after referred to as complete RPMI (cRPMI) and cultured in suspension
cultureinT75or T175 tissue culture flasks (Corning). For differentiation
into macrophages, THP1 cells were treated with 100 ng mI™ of PMA for
18-24 h.Sf9insect cells were purchased from Thermo Fisher Scientific
and grown in suspension culture in sterile glass flasks in Hyclone SFX
insect cellmedium at 28 °Cunder ambient CO, with shaking at 120 rpm.
Allofthe cell lines were verified by the manufacturer’s website and the
identities were checked on the basis of their morphological features.
THP1 cells tested negative for mycoplasma contamination using the
MycoStrip kit (Invivogen).

Primary cell culture

Buffy coats from healthy human donors were purchased from BiolVT.
Primary cells were cultured in cRPMI. Blood was diluted at a 1:1 ratio
withsterile PBS pH 7.4 + 2.5 mM EDTA before layering 30 ml of diluted
blood over 15 ml of FiColl Paque PLUS density-gradient medium
(GE Healthcare). Density-gradient centrifugation was performed at
800g for 35 min at 20 °C at lowest acceleration and without breaks.
Total peripheral blood mononuclear cells were collected from the
interphase and washed twice with magnetic-activated cell sorting
(MACS) buffer (PBS pH 7.4,2.5 mM EDTA, 1% FBS). Red blood cells were
lysed by resuspending the pelletin10 ml ACK lysis buffer and incubat-
ing for 5 min at room temperature. After a final wash step in MACS
buffer, CD14* PBMCs were isolated by MACS. Cells were resuspended
in 800 pl of MACS buffer mixed with 200 pl of human CD14 microbeads
(Miltenyi). After incubation onice in the dark for 15 min, cells were
washed one more time in 20 ml of MACS buffer, resuspended in2.5 ml
and poured over an LS column (Miltenyi) placed into a magnetic
holder and pre-equilibrated with 2.5 ml of MACS buffer. The column
was washed three times with 2.5 ml of MACS buffer. The column was
thenremoved fromthe magnetic holder and CD14* PBMCs were eluted



in 5 ml of MACS buffer using the provided plunger. Cells were then
seededinT75 cell culture flasks (20 x 10° CD14* PBMCs per flask) in 15 ml
cRPMI supplemented with 30 ng ml™ of recombinant human M-CSF
(R&D Systems) for 6 days. The medium was replenished with fresh
cRPMI containing M-CSF every 2-3 days.

Generation of KO cell lines using CRISPR-Cas9 technology
CRISPR KO cell lines were generated by electroporation of in vitro
assembled ribonucleoproteins (RNPs) consisting of synthetic sgR-
NAs and recombinant Cas9 protein (Alt-R Streptococcus pyogenes HiFi
Cas9 nuclease from IDT) using the Neon transfection system (Thermo
Fisher Scientific). RNPs were assembled by mixing 0.3 pl of Cas9 pro-
tein (62 uM) with 0.5 pl of sgRNA (ordered from IDT and resuspended
in nuclease-free water at a concentration of 100 uM) and incubated
at room temperature for 15-20 min. A total of 1.2 x 10° THP1 cells was
resuspended in 12 pl of T buffer, mixed with the assembled RNPs and
electroporated usingal0 plelectroporation pipette tip withtwo 10 ms
pulses atavoltage of1,400 V. Cells were then dispensed directlyintoa
six-well plate containing 3 ml of cRPMI and cultured for 3-5 days before
assessing bulk KO efficiency by immunoblotting. These cell lines were
further single-cell cloned by limited serial dilution in single-cell clon-
ing medium (40% THP1 conditioned medium, 40% RPMI, 20% FBS) to
obtain clonal KO cell populations with complete ablation of the target
protein.sgRNA sequences were pre-designed by IDT (non-target sgRNA:
AAAUGUGAGAUCAGAGUAAU; CASPI sgRNA, CGGCTTGACTTGT
CCATTAT; CASP4 sgRNA, AGGGATTCCAACACCTTAAG; ILI8 sgRNA,
CAAATAGAGGCCGATTTCCT).

Retroviral transduction

HEK293T cells were used as packaging cells for retroviral vectors. For
the production of retroviral particles, 2.5 x 10° HEK293T cells were
seeded into a10 cm cell culture dish. After overnight incubation at
37 °C, cells were transfected with 10 pg of pMSCV-IRES-eGFP encod-
ing the protein of interest, 6 pg of pCL-ECO and 3 pg of pCMV-VSVG
using Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After 18-24 h at 37 °C, the medium was
changed to 6 ml of fresh cRPMI (for transduction of THP1 cells) and
the virus-containing supernatant was collected 24 h after the medium
change. The supernatants were clarified from cellular debris by cen-
trifugation (400g, 5 min) and filtered through a 0.45 pm PVDF syringe
filter. A total of 1 x 10° THP1 cells was resuspended in 4.5 ml of viral
supernatant supplemented with Polybrene (1:2,000; EMD Millipore)
and plated in asix-well plate followed by centrifugation for1hat1,250g
and 30 °C. This procedure was performed twice on two consecutive
days to maximize the transduction efficiency. GFP* cells were sorted
twice on the FACSAria or FACSMelody cell sorter (BD Biosciences) to
obtain celllines with stable and homogenous expression of the target
protein. Transgene expression was confirmed by immunoblotting using
rabbitanti-MYC-tag or mouse anti-MYC-tag primary antibodies (both
from Cell Signaling Technologies).

Recombinant protein expression and purification

Expression and purification of caspase catalytic domains and IL-1fam-
ily cytokine substrates for in vitro cleavage assays were expressed in
bacteria and purified as described previously'®?. Chemically com-
petent Rosetta (DE3) pLysS cells (EMD Millipore) were transformed
with the pET28 plasmid encoding the protein of interested and
plated on LB agar plates with kanamycin (25 pg ml™). Overnight pre-
cultures were inoculated with a single colony and grown at 30 °C
and 250 rpm in 2x YT medium containing kanamycin (25 pg ml™)
and chloramphenicol (50 pg ml™). Individual expression cultures
of 50 to 500 ml were inoculated with overnight cultures at a ratio of
1:100 and incubated at 37 °C and 250 rpm until the optical density
at 600 nm (ODy,,) reached a value between 0.7 and 0.8. After a cool-
ing step onice for 15 min, protein expression was induced by adding

isopropyl-B-D-thiogalactopyranoside (IPTG) to a final concentration
of 0.25 mM, and expression was allowed to proceed overnight at 18 °C.
Bacterial pellets were collected by centrifugation (5,000g for 20 to
30 minat4 °C) andstored at-20 °Cif notimmediately used for protein
purification. To purify recombinant proteins, bacterial pellets were
resuspended in resuspension buffer (25 mM HEPES-NaOH (pH 7.4),
150 mMNaCland 10 mMimidazole) and lysed by ultrasonication. Cell
lysates were clarified by centrifugation (30-45 min, 20,000g, 4 °C)
andfiltered througha 0.22 um syringe filter before pouring theminto
agravity-flow column containing a bed of nickel-itrilotriacetic acid
(Ni-NTA) agarose beads (Qiagen). The beads were washed with at least
10 bed volumes of wash buffer (25 mM HEPES (pH 7.4), 400 mM NacCl
and 25 mM imidazole) and the bound protein was eluted stepwise in
resuspensionbuffer supplemented with40 to 250 mMimidazole. The
elution fractions were analysed using SDS-PAGE followed by Instant-
Blue staining (Expedeon) toidentify the fractions containing proteins
of interest and confirm autocatalytic processing of caspase catalytic
domainsintoactive p20 and p10 subunits. The fractions containing the
protein of interest were pooled and buffer-exchanged into SEC buffer
(25 MM HEPES (pH 7.4),150 mM NacCl) using a PD-10 desalting column
(GE Healthcare). Pro-IL-18 variants used for binding assays were further
purified by SEC using the BioRad NGC Quest10 Chromatography system
equipped with the Superdex200 Increase 10/300 columnin SEC buffer.
The peak fractions containing the protein of interest were identified
by SDS-PAGE and InstantBlue staining and combined. Finally, the pro-
tein was concentrated by centrifugal ultrafiltration using an Amicon
Ultra-15 centrifugal filter unit with a 10 kDa cut-off (EMD Millipore).
Glycerol was added to a total concentration of 10% and aliquots were
snap-frozenin liquid nitrogen and stored at -80 °C.

For the expression of catalytically inactive caspase-4-p20/p10 com-
plexesforbinding assays and structural studies, chemically competent
Rosetta (DE3) cells (EMD Millipore) were co-transformed withapET28a
plasmid encoding the N-terminally His-tagged large p20 subunit (with
a C258A mutation) and a pET16b plasmid encoding the untagged p10
subunit and plated onto LB agar plates with 25 pg ml™ kanamycin and
100 pg ml™* ampicillin. Overnight precultures were inoculated with a
single colony and grown at30 °Cand 250 rpmin2x YT medium contain-
ing kanamycin (25 pg ml™), ampicillin 100 pg ml™) and chlorampheni-
col (50 pg ml™). Then, 500 ml of 2x YT was inoculated with overnight
cultures ataratio of 1:100 and incubated at 37 °C and 250 rpm until the
0D, reached a value of between 0.7 and 0.8. After cooling onice for
15 min, proteinexpressionwasinduced by IPTG to afinal concentration
of 0.25 mM, and expression was allowed to proceed overnight at 18 °C.
Bacterial pellets were collected by centrifugation (5000g for 15 min at
4°C),washed oncewith PBS, pH 7.4, and stored at 20 °Cif notimmedi-
ately used for protein purification. For purification, the bacterial pellets
wereresuspended in resuspension buffer and lysed by ultrasonication.
Celllysates were clarified by centrifugation (30-45 min, 20,000g, 4 °C)
andfiltered througha 0.22 umsyringe filter before pouring themintoa
gravity-flow column containing abed of Ni-NTA agarose beads. The beads
were washed with atleast 10 bed volumes of wash buffer and the bound
protein was eluted in resuspension buffer supplemented with 250 mM
imidazole. The proteins were further purified by SEC using the BioRad
NGC Quest10 Chromatography system equipped with the Superdex
200 Increase 10/300 column in SEC buffer. Peak fractions containing
the protein of interest were identified by SDS-PAGE and InstantBlue
staining (Expedeon), pooled and protein was concentrated by centrifugal
ultrafiltration using Amicon Ultra-15 centrifugal filter unitwithal0 kDa
cut-off (EMD Millipore). Glycerol was added to a total concentration of
10%and aliquots were snap-frozeninliquid nitrogen and stored at-80 °C.

For expression of human pro-IL-18 and mature IL-18 in insect cells,
chemically competent DH10Bac cells (Thermo Fisher Scientific) were
transformed with apFastBac vector encoding the protein of interest and
cellswere plated on LB agar plates supplemented with 25 pg ml™ kana-
mycin, 10 pg ml™ tetracycline, 7 pg ml™ gentamycin, 50 pg ml™ X-Gal
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and 40 pg mI7' IPTG and incubated for 24-48 h at 37 °C for blue/white
screening. A total of 20 ml of LB medium with 25 pg ml™ kanamycin,
10 pg ml™ tetracycline, 7 pg ml™ gentamycin was inoculated with one
positive (white) colony and incubated overnight at 37 °Cand 250 rpm.
Bacmid DNA was isolated using buffer components from the GeneJET
Plasmid Miniprep kit (Thermo Fisher Scientific) and precipitated using
isopropanol. The DNA pellet was washed once with 70 % ethanol, air
dried and resuspended in 40 pl of sterile, ultrapure water. A total of
10 plof water containing bacmid DNA was diluted with 100 plof Hyclone
SFXinsect cell medium. CellFectin Il (10 pl; Thermo Fisher Scientific)
transfection reagent was mixed with 100 pl of medium and added to
the DNA mixture. After incubating at room temperature for 30 min,
100 plofthe transfection mix was added dropwise to 0.8 x 10°Sf9 cells
seeded in the wells of asix-well plate in 3 ml of medium. Routinely, two
wells were used for each construct. After 3-4 days of incubation at
28 °C, the baculovirus-containing supernatant was collected, filtered
using a 0.45 umsyringefilter and stored at 4 °C. To amplify theinitial P1
virus, Sf9 cells were grown at a density of 1.0 x 10° cells per mlin a total
volume of 25 ml, infected with 2 ml of the initial virus and incubated
at28 °Cand 120 rpm. After 3 days, virus was collected by centrifuging
the cellsat1,000g for 10 min and taking off the baculovirus-containing
supernatant, whichwas then passed through a 0.45 um syringe filter and
stored at4 °C. For protein expression, Sf9 cells were grown to adensity
of 1.5 x 10° cells per ml in a suspension culture with a volume of up to
1lina2.81Fernbach flask, infected with 1% (v/v) of the amplified virus
andincubatedat28 °C and 120 rpm. Cells were collected by centrifuga-
tion (1,000g,15 min), 48-72 h after aproliferation arrest occurred. Cell
pellets were frozenin liquid nitrogen and stored at -20 °C until protein
purification. For purification, insect cell pellets were resuspended in
resuspension buffer and lysed by ultrasonication. Cell lysates were clari-
fied by centrifugation (30-45 min,20,000g, 4 °C) and filtered through
a0.22 pmssyringe filter before pouring theminto agravity-flow column
containing abed of Ni-NTA agarose beads. The beads were washed with
atleast10 bed volumes of wash buffer and the bound protein was eluted
inresuspension buffer supplemented 250 mMimidazole. The proteins
were further purified by SEC using the BioRad NGC Quest10 Chromatog-
raphy system equipped with the Superdex 200 Increase 10/300 column
inSECbuffer. The peak fractions containing the protein of interest were
identified by SDS-PAGE and InstantBlue staining (Expedeon), pooled
and protein was concentrated by centrifugal ultrafiltration using Ami-
con Ultra-15 centrifugal filter unit witha10 kDa cut-off (EMD Millipore).
Glycerol was added to a total concentration of 10% and aliquots were
snap-frozeninliquid nitrogen and stored at =80 °C.

The human caspase-1catalyticdomain was expressed and purified as
described previously®. Inbrief, two non-tagged p20 and p10 subunits
were expressed as inclusion bodies in E. coli BL21 (DE3), respectively.
Thetwo subunits were assembled by denaturing, refolding and further
purified by HiTrap SP cation-exchange chromatography (GE Healthcare
Life Sciences).

Human GSDMD was purified as described previously®. Protein
concentrations were determined by measuring the absorbance of the
proteinsolutionat 280 nmonaNanodrop device and corrected by the
protein-specific extinction coefficient.

Assembly of caspase-4-pro-IL-18 complex for structural studies
Purified caspase-4-p20/p10 with aninactivating C258A mutation was
mixed withinsect-cell-purified human pro-IL-18 atamolar ratio of about
1:2in SEC buffer and incubated at 37 °C for 20 min. The mixture was
then centrifuged at12,000g for 5 minat 4 °C to spin down any precipi-
tate that may have formed, and fractionated by SEC using the BioRad
NGC Quest10 Chromatography system equipped withaSuperdex200
Increase 10/300 column in SEC buffer. The fractions containing the
assembled complex of caspase-4 and pro-IL-18 (indicated by a shiftin
retention volume and confirmed by SDS-PAGE and InstantBlue stain-
ing) were combined and the chemical cross-linker BS3 (Thermo Fisher

Scientific) was added at a final concentration of 1 mM. After incubation
onice for1h, BS3 was quenched by adding 50 mM Tris (pH 7.4). For
cross-linking mass-spectrometry, BS3 was quenched using 100 mM
hydroxylamine. The protein complex was concentrated by centrifugal
ultrafiltration using the Amicon Ultra-15 centrifugal filter unit with a
10 kDa cut-off (EMD Millipore) and again purified by SEC (Superdex
200 Increase 10/300) in SEC buffer.

Negative-stain electron microscopy

The peak fractions of SEC containing cross-linked caspase-4-pro-IL-18
were diluted to a final concentration of around 0.015 mg ml™ for
negative-stain electron microscopy. A total of 6 pl sample was added
toeach copper grid with carbon support film (Electron Microscopy Sci-
ences) that had beenglow-discharged for 30 susing the Pelco EasyGlow
(Ted Pella) instrument. After 1 min, the sample was stained twice with
6 plof 2% uranyl acetate solution (Electron Microscopy Sciences) for
30 seach, with removal of excess buffer using filter papers (Whatman)
after eachround of staining. The negatively stained grids were imaged
onatransmission electron microscope (Joel JEM1400) at 120 keV.

Cryo-EM data collection

The peak fractions of cross-linked caspase-4-pro-IL-18 from SEC were
concentrated to about 0.22 mg ml™ for cryo-EM grid preparation. A
total of 3.3 pl sample was placed onto each glow-discharged cryo-EM
grid (Quantifoil R1.2/1.3 gold grid with 400 mesh, Electron Microscopy
Sciences) before being blotted for 3-5 s under 100% humidity at 4 °C
and plunged into liquid ethane using the Mark IV Vitrobot (Thermo
Fisher Scientific). Before data collection, all of the grids were pre-
screened and optimized at the Harvard Cryo-EM Center for Structural
Biology or at cryo-EM facility of University of Massachusetts (UMASS)
to check the ice thickness and particle distribution.

The final datasets were collected at UMASS on the Titan Krios electron
microscope (Thermo Fisher Scientific) equipped withaK3 Summit direct
electron detector (Gatan) and a post-column energy filter (Gatan). In
total, 5,934 videos were collected under the super-resolution mode at
x105,000 magnification (0.4125 A per pixel) withadefocus range between
-1.0and -2.5 um, and three shots were recorded for each hole per stage
movement. For each video stack with 40 frames, the total dose was 60.8
electrons per A% SerialEM was used for automated data collection®.

Cryo-EM data processing

The computer support and software for data processing was provided
by SBGrid consortium*. Raw videos were corrected by gain reference
andbeam-induced motion, and binned by twofold with or without dose
weighting using the Relion v.3.08 implementation of the MotionCor2
algorithm*. The motion-corrected micrographs were imported into
CryoSPARC*. Patch CTF-estimation was performed to determine the
local defocus values in each micrograph. Blob picking on arandom
subset of 500 micrographs was used to generate a template that was
usedto pick atotal 0f10,802,676 particles. Multiple rounds of 2D clas-
sification were performed, resulting in 1,234,038 good particles that
were used for abinitio 3D reconstruction. Heterogeneous refinement
was first performed to classify the particlesinto five classes. The domi-
nant class with 229,147 particles was further processed by homogene-
ousrefinement with C,symmetry to achieve afinal map ata corrected
resolution of 3.2 A. The reported resolutions under different processing
conditions were estimated on the basis of the gold-standard Fourier
shell correlation (FSC) = 0.143 criterion. The cryo-EM map was further
sharpened by applying a negative Bfactor using automated procedures
in Phenix*. Local resolution estimation of all of the cryo-EM maps was
performed in Phenix**.

Modelfitting and building
The crystal structure of caspase-4 dimer (Protein Data Bank (PDB):
6KMZ)”and matureIL-18 (PDB: 3W02)* were used as initial templates for
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map fitting in the UCSF ChimeraX software*. The caspase-4—pro-IL-18
complexstructure wasrefined by real space refinement and validated
by model validation in Phenix. Protein-protein interaction analy-
sis was conducted using the PISA webserver®*. Per-residue Ca-Ca
distancesin the caspase-4-pro-IL-18 complex were calculated using the
Distances function in UCSF ChimeraX, and used to correlate with
cross-linking MS data. To generate the model of the caspase-11-pro-IL-18
complex, the crystal structure of caspase-11 (PDB: 6KN1)” was fitted
intothe electron density and aligned with our caspase-4 model in UCSF
ChimeraX.

AlphaFold implementationin the ColabFold notebooks running on
Google Colaboratory*#¢was used to predict the structure for pro-I1L-18
alone. The top five models predicted by AlphaFold were aligned and
checked for consistency. The pLDDT (predicted local distance differ-
ence test, 0-100 with 100 being the best) score computed by AlphaFold
was used to indicate the reliability of prediction.

Cross-linking MS analysis

BS3-cross-linked caspase-4-pro-1L-18 complex was purified as
described above. For analysis of pro-IL-18 before binding to caspase-4,
human pro-IL-18 purified frominsect cells was diluted to 0.34 mg ml™
in SEC buffer and cross-linked with1 mM of BS3 onice for 1 h.BS3 was
then quenched with 100 mM hydroxylamine for 10 min on ice. Lyo-
philized samples were resuspended in a buffer containing 8 M urea
and 50 mM EPPS, pH 8.3 and reduced for 0.5 h with 10 mM TCEP. Pro-
teins were alkylated with 30 mM iodoacetamide in the dark for1h,
before quenching with 50 mM -mercaptoethanol. The samples were
then diluted eightfold with 50 mM EPPS, pH 8.3, to dilute out urea
and digested with trypsin overnight at 37 °C (Promega; 1:25 ratio of
enzyme:substrate). Then, 10% formic acid was added to a final pH
of 2. The samples were desalted using stage tips with Empore C18
SPE extraction discs (3M) and dried under a vacuum. The peptides
were then reconstituted in 5% formic acid and 5% acetonitrile and
analysed using the Orbitrap Eclipse mass spectrometer (Thermo
Fisher Scientific) coupled to an EASY-nLC 1200 (Thermo Fisher Sci-
entific) ultra-high-pressure liquid chromatography pump, as well as
a high-field asymmetric waveformion mobility spectrometry (FAIMS)
FAIMSpro interface. Peptides were separated on anin-house column
withal00 puMinner diameter and packed with 30 cm of Accucore C18
resin (2.6 pm, 150 A, Thermo Fisher Scientific), in agradient of 5-35%
(acetonitrile, 0.125% formic acid) over 120 min at about 500 nl min.
Theinstrument was operated in data-dependent mode. FTMS1 spectra
were collected ataresolution of 120,000, with an automatic gain con-
trol target of 4 x 10°, and amaximum injection time of 50 ms. The most
intenseions were selected for tandem MS for 1.5 sin top-speed mode,
while switching among three FAIMS compensation voltages (40, -60
and-80 V). Previously investigated precursors were excluded using a
dynamic exclusion window of 90 s. MS2 precursors were isolated with a
quadrupole massfilter set toawidth of 0.7 Thand analysed by FTMS2,
with the Orbitrap operating at 30,000 resolution, an automatic gain
control target of 125,000 and a maximum injection time of 150 ms.
Precursors were then fragmented by high-energy collision dissocia-
tion at a30% normalized collision energy.

Mass spectra were processed and searched using the PIXL search
engine* against a sequence database containing most abundant
contaminants from Spodoptera frugiperda and E. coli in addition
to caspase and IL-18 construct sequences with a precursor toler-
ance of 15 ppm and fragment ion tolerance of 10 ppm. Methionine
oxidation was set as a variable modification. The mass of BS3 was
set as +156.0786 or +138.0681 for mono-linked or cross-linked,
respectively. All cross-linked searches included the 50 most
abundant protein sequences to ensure sufficient statistics for
estimating the false-discovery rate. Matches were filtered to 1% false-
discovery rate at the unique peptide level using linear discriminant
features®.

Invitro protein cleavage assay

Proteolytic cleavage of purified full-length protein substrates by cas-
pases was assessed as described previously®®. Twofold dilution series
of the indicated recombinant caspase was incubated with substrate
proteinatafinal concentration of 50 nMin 40 pl of caspase assay buffer
(10 mM PIPES pH 7.2,10% sucrose, 10 mM DTT, 100 mM NaCl, 1 mM
EDTA, 0.1% CHAPS) for 30 min at 37 °C. The reactions were stopped
by adding10 pl of 5x SDS loading dye with reducing agent and boiling
at 65 °C for 10 min. Cleavage products were separated by SDS-PAGE
and analysed by immunoblotting using rabbit anti-humanIL-18 (MBL),
rabbit anti-mouse IL-18 (Abcam), rabbit anti-MYC (Cell Signaling), rab-
bit anti-human IL-1B (Genetex) or rabbit anti-GSDMD (Cell Signaling)
primary antibodies. Band intensities were quantified using Image)
to determine half-maximal effective concentration values (ECy,) and
catalytic efficiencies were calculated using the following equation:

ke _ In(2)
K., (ECsox0)

Invitro peptide-cleavage assay

For peptide-cleavage assays, recombinant caspase-4 p20/p10 carrying
theindicated mutations was first diluted to a concentration of 1 uMin
caspase assay buffer. Tostart thereaction, 50 pl of the diluted caspase
was then mixed with 50 pl of the chromogenic tetrapeptide substrate
Ac-WEHD-pNA (100 pM final concentration) in the same buffer (final
concentration of caspase was 500 nM in a total volume of 100 pl) in
aclear 96-well plate. The absorbance at a wavelength of 405 nm was
measured every 20 s for 30 min using the Tecan Spark plate reader with
temperature control set to 37 °C. The substrate solution was prewarmed
to 37 °C before adding to the caspase to ensure homogeneous assay
conditions.

LPS electroporation

The Neon transfection system (Thermo Fisher Scientific) was used to
deliver LPSinto the cytoplasm of cells. For priming,iBMDMs, THP1 mac-
rophages or primary human macrophages were treated with 1 pug ml™ of
LPS for 4 h. Monocytic THP1s were primed with 1 ug ml™ of Pam3CSK4
for 4 h. Mouse iBMDMs or human primary macrophages were resus-
pended in R buffer at a density of 10 x 10° cells per mlin a volume of
120 pl per sample. THP1 cells (both monocytes and macrophages)
were resuspended in T buffer at a density of 250 x 10° cells per mlina
volume of 12 pl per sample. LPS or sterile PBS pH 7.4 (as negative con-
trol) was mixed with the cell suspension (1 pg of LPS per1 x 106 iBMDMs
or primary macrophages, 0.5 pug of LPS per 1 x 10° THP1 cells) before
aspirating the cell suspension into the Neon electroporation pipette
equipped with a100 pl tip (for iBMDMs and primary macrophages)
or 10 pl tip (for THP1 cells) and performing electroporation with two
pulses with a pulse width of 10 ms each and a voltage 0f 1,400 V. Cells
were then dispensed into an appropriate cell culture medium (5 x 10°
cells per mlin cDMEM for iBMDMs and 3.33 x 10° cells per mlin cRPMI
for human primary macrophages or1.25 x 10° cells per mlin cRPMI for
THP1 cells). THP1 cells or iBMDMs were then plated in 96-well plates
(200 pl per well in duplicate wells for each condition) for LDH assay
and ELISA or 12-well plates (2 ml per well and one well per condition) for
IL-1cytokineimmunoprecipitation experiments and incubated for 2 h.
Primary human macrophages were seeded in 12-well and 6-well plates
(in1.5 mlor 3 ml of medium, respectively, and one well per condition)
and LDH assay, ELISA and cytokine pull-downs were performed on the
supernatants after 2 h.

Bacterial infections
The Salmonella strain deficient for flagellin (SL1344 fliC/fliB) was a gift
fromI. Brodsky and infections were performed as described previously
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withminor modifications*®. Bacteria were streaked onto LB agar plates
containing 25 pg ml™ kanamycin, grown overnight at 37 °C and the
plates were stored at 4 °C for up to 2 weeks. Overnight cultures (3 ml
LB +25 pug ml™ kanamycin and 25 pg ml™ chloramphenicol) were inocu-
lated with a single bacterial colony and grown at 37 °C while shaking
at 250 rpm. The next morning, the bacterial culture was diluted into
high-salt LB (3 mILB + 100 pl of overnight culture + 78 pl of sterile 5M
NaCl) andincubated for another 3 hat 37 °C without shaking. A total of
1x10°THP1 cells was seeded into 96-well plates cRPMIwithout penicil-
lin-streptomycin (duplicate wells for each condition) and differenti-
ated overnight with100 ng mI"' PMA. Bacteria were washed once cRPMI
without penicillin-streptomycin and added to cells at a multiplicity
of infection of 100 in 200 pl cRPMI without penicillin-streptomycin
(based onanassumption of 5 x 108 CFU ml™ at OD =1). Whereindicated,
MCC950 was presentin the medium ata concentration of 10 pM. Syn-
chronized infection was facilitated by spinning the plates at 500g for
5 minright after addition of bacteria-containing medium and cells were
incubated at 37 °C under 5% CO,. After 1 h, gentamicin was added to a
final concentration of 100 pg ml™ to kill extracellular bacteria. Cell
culture supernatants for downstream analyses (LDH assay and ELISA)
were collected at 24 h after infection.

LDH assay

Lytic cell death was quantified by the LDH-release assay using the
CyQuant LDH cytotoxicity assay kit (Thermo Fisher Scientific).Ina
96-well plate, 50 pl of cell-free supernatants was mixed with 50 pl of
LDH assay buffer and incubated for 15-20 min at 37 °C in the dark.
Absorbance at 490 nm and 680 nm was measured on the Tecan Spark
plate reader and the signal was normalized to equally treated control
samples in which cells were lysed using a detergent-containing lysis
buffer.

Cytokine measurements by ELISA

Cytokine release into the supernatants of cell was assessed by ELISA
using the IL-1f mouse uncoated ELISA kit (Thermo Fisher Scientific), the
TotalhumanIL-18 DuoSet kit (R&D Systems) and the Mouse IL-18 ELISA
kit (MBL), respectively, according to the manufacturer’s protocols.
To quantify IL-18 levels in combined supernatant and lysate samples,
cells were first lysed by adding the detergent-containing lysis buffer
provided as part of the CyQuant LDH cytotoxicity assay kit (Thermo
Fisher Scientific) directly to the wells (at 1:10 ratio) before performing
ELISA analysis. We confirmed that all of the ELISA kits used in this study
show astrong preference for the cleaved formover the uncleaved form
of the cytokine to be measured.

Immunoprecipitation of IL-1cytokines from cell culture
supernatants

Supernatants from 0.5-5.0 x 10° cells (cell number consistent within
eachindividual experiment; generally mouse IL-1B and IL-18 were immu-
noprecipitated from the supernatants of 1 x 10 iBMDMs; human IL-1B
and IL-18 were immunoprecipitated from the supernatants of at least
2.5x10°THP1 cells or 0.5-1.0 x 10° primary macrophages) stimulated
asindicated were transferred into microcentrifuge tubes and depleted
of cells and debris by centrifuging at 400g for 5 min. Cell-free super-
natants were transferred into new tubes and rotated overnight at 4 °C
inthe presence of 0.5 pg of biotinylated goat anti-mouse IL-1f3 or goat
anti-human IL-1f antibodies or 0.75 pg of detection antibodies from
the human and mouse IL-18 ELISA kits (all from R&D Systems) and 20 pl
neutravidin agarose beads (Thermo Fisher Scientific). IL-18-mutant
proteins carrying C-terminal Flag tags were immunoprecipitated using
15 pl of anti-Flag matrix (Thermo Fisher Scientific). The remaining
cells in the well were lysed in 1x SDS loading dye and served as lysate
control. The beads were washed three times with PBS pH 7.4 before
eluting bound proteinsin 50 pl of 1x SDS loading dye. Immunoprecipi-
tated and cell-associated cytokines were detected by immunoblotting

using arabbit anti-mouse IL-1§ antibody, rabbit anti-human IL-1f anti-
body (both from Genetex), rabbit anti-human IL-18 antibody (MBL)
or rabbit anti-mouse IL-18 (Cell Signaling). Cell-associated actin was
detected as the loading control using amouse anti-actin antibody from
Sigma-Aldrich.

Assessment of GSDMD and pro-IL-18 cleavage in cells

Processing of pro-IL-18 and GSDMD in cells was analysed by immu-
noblotting using a rabbit anti-IL-18 antibody (MBL) or rabbit
anti-GSDMD (Cell Signaling) or rabbit anti-cleaved NT-GSDMD mono-
clonal antibodies (Abcam). THP1 macrophages were electroporated
with LPS as described above. To capture proteins present in both the
cell lysate and the cell culture supernatant, cells were resuspended in
1 mlofserum-free Opti-MEM instead of cRPMI. After incubationfor2h,
the samples forimmunoblotting were prepared by adding 250 pl of 5x
SDS loading buffer directly to the well and heated to 65 °C for 10 min
to fully denature the proteins.

Binding assays

To test whether two proteins form a stable complex, analytical SEC
was performed. Catalytically inactive caspase-4-p20/p10 (with the
indicated additional mutations) was mixed with pro-IL-18 (with the
indicated mutations) at an equimolar concentration of 25 pM in SEC
buffer. After incubation at 37 °C for 20 min, SEC was performed on a
BioRad NGC Quest10 Chromatography system equipped with a Super-
dex 200 Increase 10/300 column in SEC buffer.

Thermodynamic parameters of binding between pro-IL-18 and
caspase-4-p20/p10 were determined by ITC on a MicroCal ITC200
(Malvern Pananalytical). Proteins were buffer-exchanged into SEC
buffer using PD-10 Desalting columns (Cytiva) right before the meas-
urements to minimize buffer mismatch. The sample cell was filled with
25 uMof the indicated caspase-4-p20/p10 complex and the syringe was
filled with pro-IL-18 at a concentration of 150-200 pM. After an initial
delay period of 60 s, a total of 19 injections (first injection of 0.4 plin
0.8s,2 plin4 s for residual injections) was performed while stirring
at 750 rpmwith atwisted paddle syringe at a constant temperature of
37 °C.Thespacingbetweenindividual injections was180 s with afilter
period of 5s. The reference power was set to 6 pcal s and feedback
mode/gain was set to high. Reference titration of pro-IL-18 into SEC
buffer was performed on each experimental day. Peaks were fitted
and integrated using Origin (v.7.0). If appropriate, integrations and
the baseline were adjusted manually and data from the first injection
and extreme outliers were removed. Data from reference experiments
were subtracted to correct for the heat of dilutions. The binding heat
was plotted in dependence of the molar ratio and thermodynamic
parameters were obtained by fitting with a ‘one set of sites’ binding
curve with atleast 200 iterations.

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

Data availability

All dataand materials reportedinthe Article and its Supplementary
Information are available on request. Raw data needed to recreate
plots and uncropped gel images are accessible in the Supplemen-
tary Information. The electron density maps of caspase-4-pro-IL-18
at 3.2 A have been deposited at the Electron Microscopy Data
Bank (EMDB) under accession code EMD-40678. The atomic coor-
dinates for caspase-4-pro-IL-18 have been deposited at the PDB
under accession code 8SPB. Atomic coordinates for mature IL-18
and caspase-11 were downloaded from the PDB under accession
codes 3W02 and 6KN1, respectively. Source data are provided with
this paper.
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Extended DataFig.1|See next page for caption.




Extended DataFig.1| Comparative analysis of IL-1cytokine cleavage

across mammals. a, 10 pg ofindicated proteins were separated by SDS-PAGE
and stained with InstantBlue. b-k, In vitro cleavage of pro-forms of indicated
humanIL-1family cytokines by caspase-4, caspase-1and caspase-5. Immunoblots
arerepresentative of threeindependent repeats. Asterisk marks signal due to
cross-reaction of primary antibody with His-tagged p20 subunit of the caspase.
I,m, Immunoblots showing in vitro cleavage of human pro-IL-1f by human
caspase-l1and caspase-5. Asterisk marks signal due to cross-reaction of primary
antibody with His-tagged p20 subunit of the caspase. n-q, Immunoblots

showingin vitro cleavage of murine pro-1L-18 by human caspase-1and
caspase-4, and murine caspase-1and caspase-11. r-v, Immunoblots showing
invitro cleavage of pro-IL-18 from indicated mammalian species by caspase-4
homologue from the same species. w, X, Immunoblot and quantification of
invitro cleavage of human pro-IL-18 mutants by murine caspase-11.n =4
biological replicates for caspase-4 and n =3 biological replicates for caspase-11.
Allimmunoblots are representative of at least three biological replicates. Bars and
errorbarsrepresent mean + SEM. Statistical significance was determined by
unpaired, two-sided student’s t-test. For gel source data, see Supplementary Fig. 1.
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Extended DataFig.2|CytosolicLPSinduces NLRP3-independentIL-18
releasefromhumancells.a, b, WT or NLRP3-deficient THP1 monocytes were
primed with Pam3CSK4, or left unprimed, and electroporated with LPS (or PBS)
inpresence or absence of MCC950 and LDH and IL-18 release into supernatant
was quantified after 2 h. ¢, ELISA analysis of purified pro-I1L-18 and mature IL-18.
Mature IL-18 was generated by cleavage of pro-IL-18 with recombinant caspase
and complete cleavage was confirmed by immunoblot. Immunoblot and ELISA
resultsarerepresentative of two experiments.d, e, WT or NLRP3-deficient
THP1monocytes were electroporated with LPS (or PBS) in the presence of
absence of MCC950.1L-18 from cell culture supernatants wasimmunoprecipitated
and analysed by immunoblot. f,g, Pam3CSK4-primed WT or NLRP3-deficient
THP1monocytes were electroporated with LPS (or PBS) in the presence of
absence of MCC950. IL-1f was immunoprecipitated from supernatants and
analysed by immunoblot. h,Immunoblot analysis of THP1cells in which
expression of caspase-1or caspase-4 was disrupted by CRISPR-Cas9.1i,j, LPS-
primed THP1macrophages deficient for caspase-1, caspase-4 or treated witha
non-target sgRNA (NT) were electroporated with LPS (or PBS) and LDH release
andIL-18 levelsinsupernatants were quantified after 2 h. IL-1f from

supernatants was immunoprecipitated and analysed by immunoblot.
Immunoblotis representative of three biological replicates. k, Immunoblot
analysis of LPS-primed caspase-1or caspase-4-deficient THP1 macrophages
compared to caspase-4-deficient THP1cells reconstituted with caspase-5 by
retroviral transduction. Cells were differentiated into macrophages and
stimulated with LPS for 4 h.1, Immunoblot analysis of caspase-4-deficient THP1
cellsreconstituted with caspase-4 or caspase-5 by retroviral transduction.

m, Caspase-4-deficient THP1 macrophages expressing GFP only, caspase-4 or
caspase-Swere primed with LPS before delivery of LPSinto the cytosol by
electroporation. LDHand IL-18 release into supernatants was quantified after
2h.n, WT or caspase-4-deficient THP1 macrophages were infected with a
flagellin-deficient strain of Salmonellaand LDH and IL-18 release was
quantified after 24 h.Immunoblots are representative of three (d, e, f, g, h,j) or
two (h, 1k, c¢) biological replicates. Bars and error bars represent mean + SEM
ofthree (i, n), four (a, bright panels) or five (a, bleft panel) biological replicates.
Statistical significance was determined by two-way ANOVA with Tukey’s
multiple comparisons test: ns =notsignificant (p > 0.05). For gel source data,
see Supplementary Fig.1.
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primed WTiBMDMs were electroporated with LPS (or PBS) in the presence or
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andanalysed by immunoblot (representative of three biological replicates).
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Extended DataFig. 9| Effect of structure-based mutationsincaspase-4on
GSDMD and pro-IL-18 cleavagein cells. a, Expression of indicated caspase-4
mutants in caspase-4-deficient THP1cells (representative of twoindependent
repeats).b, Invitro cleavage of human GSDMD by caspase-4 mutants. c-f,
Immunoblots showinginvitro cleavage of pro-IL-18 by caspase-4 mutants.
Immunoblots arerepresentative of threeindependent repeats. g, h, Caspase-
4-deficient THP1macrophages expressing caspase-4 mutants were primed
withLPS and electroporated with LPS (or PBS). Processing of GSDMD and pro-
IL-18 was analysed by immunoblot. Immunoblots are representative of three
biological replicates. i, Immunoblot showing expression of indicated pro-IL-18
mutants in IL-18-deficient THP1 cells (representative of two independent

repeats).j, IL-18-deficient THP1 cells expressing pro-IL-18 mutants were
electroporated with LPS (or PBS) in the presence of MCC950 and release of
LDHinto cell culture supernatant was quantified after 2 h. k, ELISA analysis
demonstrating that pro-IL-18"¥V"“$Nis not recognized by the used ELISA
reagent. ELISAresults are displayed as mean + SD of two technical replicates
and arerepresentative of twoindependentbiological replicates. Barsand error
barsinb,jrepresent mean + SEM of three biological replicates. Each data point
representsresult of oneindependent experiment. Statistical significance was
determined by two-way ANOVA with Tukey’s multiple comparisons test:
ns=notsignificant (p > 0.05). For gel source data, see Supplementary Fig.1.
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Extended Data Table 1| Data collection, data processing and validation statistics

Data Collection and Processing

Microscope

Voltage (keV)

Camera

Magnification

Pixel size at detector (A/pixel
Total electron exposure (e /A%)
Exposure rate (e’/pixel/sec)
Number of frames collected during exposure
Defocus range (um)
Automation software

Energy filter slit width (eV)
Micrographs collected (no.)
Micrographs used (no.)

Total extracted particles (no.)

Refinement
Refined particles (no.) / Final particles (no.)
Symmetry parameters
Map resolution (A)
FSC 0.143 (unmasked / masked)
Resolution range (A)
Resolution range due to anisotropg (A)
Map sharpening B factor range (A")
Map sharpening methods

Model composition
Chains
Protein residues

Validation
Model-Map scores
CC (correlation coefficients)
Average FSC (0/0.143/0.5)
R.m.s. deviations from ideal values
Bond lengths (A)
Bond angles (°)
MolProbity score
CaBLAM outliers
Clashscore
Poor rotamers (%)
C-beta outliers (%)
Ramachandran plot
Favoured (%)
Allowed (%)
Outliers (%)

Titan Krios
300

K3
105,000
0.83

60.8

28.6

50
-1.0to-2.5
SerialEM 3.8
20

5,934
5,732
10,802,676

1,234,038/229,147

C2

3.2

4.0/3.2
29to 11.1
3.3t03.7
-144.2
LocalDeblur

828

0.78
2.5/3.3/3.5

0.003
0.731
2.04
3.52
10.41
1.18
0.00

93.1
6.9
0.00
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groupings

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

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 not pre-determined. Cryo-EM images were collected until structures of satisfactory quality were solved, which suggested
sufficient sample size. For biochemical and cellular experiments, no information was derived about a population based on sampling, and

therefore sample size determination was not necessary. All biochemical and cell-based experiments were performed at least three times, as is
standard in the field.

Data exclusions  Incryo-EM processing, we discarded "junk" particles that could not be classified into useful 3D reconstructions. This is a widely used and
accepted practice in the cryo-EM field. No other data were excluded from analysis.

Replication All experiments were performed independently at least two or three times with similar results, as described in the figure legends.
Randomization  No randomization was performed, as this does not apply to the biochemical and cell-based experiments decribed in this study.

Blinding Blinding was not performed as subjective analysis was not needed. Each experiment was analyzed using consistent methods. Random
allocation and quantitative measurements using various approaches and reaction kits as described in the methods minimized biased
assessments.

Reporting for specific materials, systems and methods




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
] Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern
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Antibodies

Antibodies used Primary antibodies:
monoclonal rabbit anti-human caspase-1 (Clone D7F10), Cell Signaling, 3866S
polyclonal rabbit anti-human caspase-4, Cell Signaling, 4450S
monoclonal rabbit anti-human caspase-5 (Clone D3G4W), Cell Signaling 46680
monoclonal rabbit anti-Myc tag (Clone 71D10), Cell Signaling, 2278S
monoclonal mouse anti-Myc-tag (Clone 9B11), Cell Signaling, 2276S
monoclonal rabbit anti-murine IL-18 (Clone E8P50), Cell Signaling, 57058
monoclonal rabbit anti-human GSDMD (Clone ES8G3F), Cell Signaling, 97558S
monoclonal mouse-anti caspase-4 (Clone 4B9), Enzo Biosciences, ADI-AAM-114-E
monoclonal mouse anti-mouse and human NLRP3 (Clone Cryo-2), Adipogen, AG-20B-0014-C100
polyclonal rabbit anti-human IL-18, MBL, PM014
monoclonal rabbit anti-cleaved human GSDMD-NT (Clone EPR20829-408), Abcam, (ab215203)
monoclonal rabbit-anti murine IL-18 (Clone EPR19956), Abcam, ab207323
monoclonal rat anti-actin (Clone Poly6221), Biolegend, 622102
monoclonal rat-anti caspase-11 (Clone Cas11.17D9), Biolegend, 647202
monoclonal mouse anti-canine IL-18 (Clone 314820), R&D Systems, MAB2924-SP
polyclonal rabbit anti-human IL-18, Genetex, GTX130021
polyclonal rabbit anti-murine IL-1B, Genetex, GTX74034
monoclonal mouse-anti actin (Clone AC-15), SigmaAldrich, A5441
polyclonal biotinylated goat anti-murine IL-18, R&D Systems, BAF401
polyclonal biotinylated goat anti-Human IL-18, R&D Systems, BAF201
Secondary antibodies:
HRP-Goat Anti-Rabbit IgG (H+L), Jackson ImmunoResearch, 111-035003
HRP-Goat Anti-Rat IgG (H+L), Jackson ImmunoResearch, 112-035-167
HRP-Goat Anti-Mouse 1gG (H+L), Jackson ImmunoResearch, 115-035-003

Validation Antibodies against human caspase-1, caspase-4 and IL-18 were validated in this study by immunoblot on THP1 cells deficient for

these genes generated by CRISPR/Cas9 (See immunoblots in Extended Data Figures 3h and 11i) . All other antibodies used in this
study have been validated by the manufacturers and in peer-reviewed publications as detailed on the manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) WT THP1 cells from ATCC, NLRP3KO THP1 cells from Invivogen, Sf9 insect cells from ThermoFisher, immortalized bone
marrow-derived macrophages were generated in the Jonathan Kagan Laboratory from the bone-marrow of female WT
C57BL/6J or NLRP3 KO mice (B6.129S6-NIrp3tm1Bhk/J).

Authentication Cell lines were verified by manufacturer's website and identity were checked by their morphological features
Mycoplasma contamination THP1 cells tested negative for mycoplasma contamination using MycoStrip kit (Invivogen). Other cell lines were not
frequently tested.

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