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Structural insights into cytokine cleavage by 
inflammatory caspase-4

Pascal Devant1,5, Ying Dong2,3,5, Julian Mintseris4, Weiyi Ma1, Steven P. Gygi4, Hao Wu2,3 ✉ & 
Jonathan C. Kagan1 ✉

Inflammatory caspases are key enzymes in mammalian innate immunity that control 
the processing and release of interleukin-1 (IL-1)-family cytokines1,2. 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-1β and pro-IL-18, has been attributed primarily to caspase-1 
activities within canonical inflammasomes3. Here we demonstrate that the 
lipopolysaccharide receptor caspase-4 from humans and other mammalian species 
(except rodents) can cleave pro-IL-18 with an efficiency similar to pro-IL-1β 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)4,5, enables human 
cells to bypass the need for canonical inflammasomes and caspase-1 for IL-18 release. 
The structure of the caspase-4–pro-IL-18 complex determined using cryogenic 
electron microscopy reveals that pro-lL-18 interacts with caspase-4 through two 
distinct interfaces: 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 sequence6. The mechanisms revealed for cytokine substrate 
capture and cleavage differ from those observed for the caspase substrate GSDMD7,8. 
These findings provide a structural framework for the discussion of caspase activities 
in health and disease.

Cytokines of the IL-1 family are central regulators of inflammation 
and immunity1. In contrast to most cytokines, several members of 
the IL-1 family, including IL-1β and IL-18, are synthesized as inactive 
cytoplasmic pro-proteins of which the N termini must be cleaved to 
achieve bioactivity1. After release into the extracellular space from 
living cells or by a lytic form of cell death known as pyroptosis9–12, IL-1β 
and IL-18 can bind to inflammation-inducing receptors on neighbour-
ing cells. Owing to the potent inflammatory activities of the IL-1 family 
and their importance in immunity, attention has focused on defining 
regulators of cleavage and release of these cytokines3. Much progress 
in this area has come from the study of pro-IL-1β, of which the principal 
mechanism of cleavage functions through the actions of canonical 
inflammasomes13. Inflammasomes are cytoplasmic supramolecular 
organizing centres14, the assembly of which is seeded by proteins such 
as NLRP313. These supramolecular organizing centres function as the 
subcellular site of caspase-1 activation, which was originally identified 
as interleukin-1-converting enzyme (ICE)15. Inflammasome-associated 
caspase-1 cleaves pro-IL-1β and the latent pore-forming protein GSDMD 
to mediate the release of IL-1β4,5,10,11,15. Related caspases, such as human 
caspase-4 and -5 and mouse caspase-11, are not recruited into inflam-
masomes and cannot cleave IL-1β efficiently16–19. Rather, these latter 
enzymes mediate IL-1β cleavage indirectly, as they can act upstream 

of the NLRP3 inflammasome after binding to bacterial lipopolysac-
charides (LPS) (known as non-canonical inflammasome activation)20–23. 
Caspase-4, but not caspase-5, has been implicated in the cleavage of 
the IL-1 family cytokine pro-IL-18, but the cleavage preference for this 
cytokine is undefined17,24,25. 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 we report that pro-IL-18 is the preferred IL-1 family substrate of  
caspase-4, enabling canonical-inflammasome-independent cleavage  
and release 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-4 is 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 

https://doi.org/10.1038/s41586-023-06751-9

Received: 17 May 2023

Accepted: 16 October 2023

Published online: 22 November 2023

 Check for updates

1Division of Gastroenterology, Boston Children’s Hospital and Harvard Medical School, Boston, MA, USA. 2Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical 
School, Boston, MA, USA. 3Program in Cellular and Molecular Medicine, Boston Children’s Hospital, Boston, MA, USA. 4Department of Cell Biology, Harvard Medical School, Boston, MA, USA. 
5These authors contributed equally: Pascal Devant, Ying Dong. ✉e-mail: wu@crystal.harvard.edu; jonathan.kagan@childrens.harvard.edu

https://doi.org/10.1038/s41586-023-06751-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06751-9&domain=pdf
mailto:wu@crystal.harvard.edu
mailto:jonathan.kagan@childrens.harvard.edu


452 | Nature | Vol 624 | 14 December 2023

Article

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 consumed26. Most of the tested IL-1-family 
cytokines (pro-IL-1α, pro-IL-33, pro-IL-36α, pro-IL-36β 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-1β and pro-IL-36γ) (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 reports17 (Fig. 1b and Extended 
Data Fig. 1j). Contrary to the published literature17, pro-IL-18 was also 
cleaved efficiently by human caspase-5, an orthologue of caspase-4 
(Fig. 1b and Extended Data Fig. 1k). Pro-IL-1β, which is cleaved with high 
efficiency by caspase-1, was poorly cleaved by caspase-4 or caspase-5 
(Fig. 1c and Extended Data Fig. 1d,l,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-1 cleaved mouse 

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 
Data Fig. 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. 1e and Extended Data Fig. 1p,v). Mouse caspase-11 also cleaved 
human pro-IL-18 with a low 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 detection to 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-11 to cleave pro-IL-18 should result in a dependence 
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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-1β (c) by the indicated 
caspases. e, In vitro cleavage of different mammalian pro-IL-18 homologues by 
species-matched caspase-4 homologues. For a–e, n = 3 biological replicates for 
all substrate–enzyme pairs, except for human caspase-4 + human pro-IL-18, for 
which n = 4. f–h, Primary hMDMs were primed with LPS, or left unprimed, and 
electroporated with LPS (or PBS), and LDH and IL-18 release into the cell culture 

supernatant was quantified after 2 h (f). n = 3 biological replicates with  
cells from different donors. IL-18 (g) or IL-1β (h) was immunoprecipitated  
from the cell culture supernatants of LPS-primed hMDMs and analysed using 
immunoblotting. Where indicated, NLRP3 was inhibited with 10 µM MCC950. 
Immunoblots are representative of three biological replicates. Each datapoint 
represents the result of one independent assay. For a–f, data are 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, 
not significant (P > 0.05). Gel source data are provided in Supplementary Fig. 1.
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on inflammasome-associated caspase-1 to cleave and release IL-18 
from cells. In human epithelial cells (such as HeLa cells), which lack 
NLRP3, these predictions are supported by previous reports, in which 
bacteria induced IL-18 release through a caspase-4-dependent but 
caspase-1-independent process24,25,27–29. 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 
expressed20,30. We also examined THP1 monocytes in which NLRP3 
signalling was disrupted by genetic deficiency or through the use of 
the small-molecule inhibitor MCC95031. Electroporation of wild-type 
(WT) THP1 cells with LPS induced pyroptosis, as indicated 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-1β 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 and release of IL-18, but not IL-1β, 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-1 or 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-1β 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-18 in vitro (Fig. 1b), expression of caspase-5 in caspase-4-deficient 
THP1 cells enabled cytosolic LPS-induced IL-18 release, which was insen-
sitive to MCC950 (Extended Data Fig. 2l,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 
Typhimurium32 (Extended Data Fig. 2n). No IL-18 release was observed 
when caspase-4-deficient THP1 macrophages were infected with these 
bacteria (Extended Data Fig. 2n). Collectively, these data demonstrate 
that caspase-4 and caspase-5 cleave pro-IL-18 in vitro and in cells, which 
enables these enzymes to intrinsically link LPS detection to IL-18 cleav-
age and release. Moreover, the requirement for NLRP3 and caspase-1 
for IL-1β release under all conditions examined suggests that the weak 
in vitro cleavage activities of pro-IL-1β by caspase-4 are negligible in 
the context of cells.

In contrast to our findings in human cells, different observations 
were made in mouse immortalized bone-marrow-derived macrophages 
(iBMDMs). Consistent with previous reports23 and the poor cleavage of 
pro-IL-18 by caspase-11 in vitro (Fig. 1d), NLRP3 was required for IL-18 
and IL-1β 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-11 in caspase-4-deficient THP1 cells 
(Extended Data Fig. 3f). We found that THP1 macrophages expressing 
caspase-11 underwent pyroptosis and released IL-18 in response to LPS 
electroporation, but IL-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 a sensor and effector that mediates 
cleavage and release 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 
to that which we have described in several species of carnivora16. These 
animals, including felines, bears and seals, encode a caspase known as 
caspase-1/4, which intrinsically links LPS detection to IL-1β cleavage 
and release from cells16.

Structure of the caspase-4–pro-IL-18 complex
To define the interaction between caspase-4 and pro-IL-18 at the 
molecular level, we determined the cryo-EM structure of caspase-4 in 
complex with 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 Data Fig. 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 data were 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 
a cryo-EM map of the caspase-4–pro-IL-18 complex at a resolution of 
3.2 Å (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, which improved the overall resolution in this region of the map to 
3.1 Å resolution (Fig. 2d), but the resulting map had similar quality at the 
caspase-4–pro-IL-18 interface to the complete map. The lower resolu-
tion in the distal part of the map is probably due to the dynamic nature 
of the complex shown by 3D variability analysis (Fig. 2c,d, Extended 
Data Fig. 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 are bound 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-47 
and mature IL-1833. 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 Å2 and 650 Å2 at the active site and 
exosite, respectively34. 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)6. In 
our structure, ordered density exists for the region before and after 
Asp36 in pro-IL-18 (β4′ and the adjacent linkers), among which residues 
Glu28–Phe38 interact with caspase-4 to form the active-site interface 
(Fig. 3d). The active-site interface is dominated by electrostatic interac-
tions, which position this tetrapeptide in the substrate-binding cleft of 
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caspase-4. We observed paired charge–charge interactions between 
Glu28 and Lys293, Asp30 and Lys356, and Glu34 and Arg314 in pro-IL-18 
and caspase-4, respectively. The cleavage-site residue Asp36 interacts 
with Arg152, Gln256 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, 
in active caspase-4, the scissile 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. 6c).

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 
activity7,8. 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–π interactions.

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 β-strands into the β-trefoil fold in the mature 
domain (Extended Data Fig. 6d,e). The N-terminal β2 and β3 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 

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). AlphaFold35 predicted a structure of pro-IL-18, in which the 
pro-domain is localized at the opposite end to where the pro-domain is 
localized in our caspase-bound structure. Nevertheless, the predicted 
pro-domain contains certain β-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 manner7. 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 human IL-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 Data Fig. 7c). These results indicate 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 
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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 a stretch of amino acids surrounding this site in mouse 
pro-IL-18 to the respective human-specific residues (ENGD28DDEN) 
led to an increase 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, 
a truncated version of pro-IL-18, which lacks the first 24 amino acid 
residues of the pro-domain (named ΔN24), does not bind to caspase-4 
and is 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.

Exosite mutations abolish IL-18 cleavage
Introduction of charge-reversing mutations in either of the interaction 
surfaces (K356D or R269D) or mutation of the hydrophobic residue at 
the core of the exosite to a polar residue (W267N) disrupted caspase-4 
binding to pro-IL-18 in vitro (Fig. 5a and Extended Data Fig. 8a,b). As 
a result, 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. 5c). Caspase-4(W267N) showed a 
small reduction in Ac-WEHD-pNA processing (as described previously7), 
but this effect is unlikely to explain the greater than 100-fold reduc-
tion in its 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 exosite interface by the introduction of V47N/I48N or E192K/D193K 
mutations decreased the binding of pro-IL-18 to caspase-4 (Fig. 5d 
and Extended Data Fig. 8f,g). Consequently, in vitro cleavage of these 
pro-IL-18 mutants by caspase-4 was decreased (Fig. 5e and Extended 
Data Fig. 8h–k).

To correlate these in vitro results 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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W267N) (Extended Data Fig. 9a). These cells were electroporated with 
LPS in the presence of MCC950 to assess caspase-4-dependent pyropto-
sis and IL-18 release. Cells expressing WT caspase-4 underwent pyropto-
sis and released IL-18 in response to LPS electroporation, whereas cells 
expressing the 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 cleavage7,8, which we confirmed experimentally in vitro and in 
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 is specific for cleaved IL-18 (Extended Data Fig. 3c). We assessed 
IL-18 abundance in combined cell lysates and supernatants by perform-
ing in-well lysis 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 THP1 cells with WT pro-IL-18 or pro-IL-18 variants carrying 
mutations in the exosite or active site interfaces (E192K/D193K, V47N/
I48N, DDEN29ENGD, LESD33AAAD) (Extended Data Fig. 9i). After LPS 

electroporation in 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/I48N)) compared with WT pro-IL-18 by 
immunoblotting (Fig. 5i). These collective data indicate that hydropho-
bic and charge–charge interactions determine the ability of caspase-4 
to operate 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-117 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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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 

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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Supplementary Fig. 1.
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non-charged residues (His352 and Leu289) at these sites. Introducing 
caspase-4-specific mutations at these sites in caspase-11 increased its 
ability to cleave pro-IL-18 in vitro to a level similar to caspase-4 (Fig. 6c 
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-
dues in the active-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 on a unique bivalent mode of 
recognition. In addition to binding of a hydrophobic pocket in 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-1β. Recognition via the conserved hydrophobic exosite is nec-
essary and sufficient to mediate cleavage of GSDMD, which occurs in a 

tetrapeptide-independent manner7. Conversely, pro-IL-1β cleavage by 
caspase-1 appears to be largely independent of exosite residues in the 
caspase16. 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 
change in IL-18 and its release from the caspase. Our studies therefore 
reveal molecular insights into 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 homologues in rodents are unable 
to cleave 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, which enabled us 
to engineer a caspase-11 variant with increased IL-18-converting enzyme 
activity. Thus, while caspase-4 proteins from other mammalian species 
can intrinsically link LPS detection to IL-1 family 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 for immunity at 
the organismal level remain to be uncovered. The organism-specific 
pathway differences uncovered in this study provide a mandate 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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caspase-11 variants were primed with LPS and electroporated with LPS (or PBS) 
in the presence of MCC950. After 2 h, IL-18 was immunoprecipitated from the 
cell culture supernatants and analysed using immunoblotting. The caspase-11 
mutant in d,e combines KASIHS348TPRAKA and KLS288YKT mutations. 
Immunoblots are representative of two (d) or three (e) biological replicates. 
Each datapoint represents the result of one independent assay. For c, data are 
mean ± s.e.m. of at least three biological replicates. Statistical significance was 
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source data are provided in Supplementary Fig. 1.
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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 are indicated 
in the figure legends.

Ligand and chemical reconstitution
E. coli LPS (serotype O:111 B4) was purchased from Enzo Biosciences 
as a ready-to-use stock solution of 1 mg ml−1 or purchased from Invivo-
gen and reconstituted in ultrapure water at a stock concentration of 
1 mg ml−1 and used at a working concentration of 1 µg ml−1. Pam3CSK4 
was purchased from Invivogen and reconstituted in ultrapure water at 
a stock concentration of 1 mg ml−1 and used at a working concentration 
of 1 µg ml−1. MCC950 (from Invivogen) was resuspended in sterile DMSO 
to a concentration of 20 mM and used at a final concentration of 10 µM. 
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 µg ml−1). Phorbol-12-myristate-13-acetate (PMA; from 
Sigma-Aldrich) was reconstituted at 50 µg ml−1 in DMSO. Ac-WEHD-pNA 
was from Enzo Biosciences and the stock solution was prepared at 
20 mM in DMSO. BS3 was purchased from Thermo Fisher Scientific in 
a no-weigh format (2 mg per aliquot) and prepared freshly before each 
use in ultrapure water at 25 mM and used at 1 mM.

Antibodies for immunoblotting
Primary antibodies for immunoblotting 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-human IL-1β, polyclonal rab-
bit anti-mouse IL-1β (both from Genetex), monoclonal mouse-anti-actin 
(Sigma-Aldrich). All primary antibodies were used at a dilution of 
1:1,000 in 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-11 in the pMSCV-IRES-eGFP 
vector were described previously16 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 NotI and SalI restriction sites. Expression plasmid for caspase-1 p20 
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 previously16 and deposited 
at Addgene (Addgene, 183381, 183382, 183389, 183390). For expres-
sion in insect cells, the sequence for human pro-IL-18 was cloned into 
pFastBac HTb using the BamHI and XhoI 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 NotI and SalI 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 His6-tag and a TEV cleavage site using the BamHI and EcoRI 
cleavage sites. 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-1β, pro-IL-1α, pro-IL-33, pro-IL-36α, pro-IL-36β, pro-IL-
36γ 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.

Cell lines
All cells were cultured in humidified incubators at 37 °C and 5% 
CO2. iBMDMs were generated at the Jonathan Kagan Laboratory 
from the bone marrow of female WT C57BL/6J or Nlrp3-KO mice 
(B6.129S6-Nlrp3tm1Bhk/J)36. iBMDMs and HEK293T cells were cultured 
in DMEM supplemented with 10% 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 
culture in T75 or T175 tissue culture flasks (Corning). For differentiation 
into macrophages, THP1 cells were treated with 100 ng ml−1 of PMA for 
18–24 h. Sf9 insect cells were purchased from Thermo Fisher Scientific 
and grown in suspension culture in sterile glass flasks in Hyclone SFX 
insect cell medium at 28 °C under ambient CO2 with shaking at 120 rpm. 
All of the 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 BioIVT. 
Primary cells were cultured in cRPMI. Blood was diluted at a 1:1 ratio 
with sterile 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 pellet in 10 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 µl of MACS buffer mixed with 200 µl of human CD14 microbeads  
(Miltenyi). After incubation on ice in the dark for 15 min, cells were 
washed one more time in 20 ml of MACS buffer, resuspended in 2.5 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 
then removed from the magnetic holder and CD14+ PBMCs were eluted 



in 5 ml of MACS buffer using the provided plunger. Cells were then 
seeded in T75 cell culture flasks (20 × 106 CD14+ PBMCs per flask) in 15 ml 
cRPMI supplemented with 30 ng ml−1 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 µl of Cas9 pro-
tein (62 µM) with 0.5 µl of sgRNA (ordered from IDT and resuspended 
in nuclease-free water at a concentration of 100 µM) and incubated 
at room temperature for 15–20 min. A total of 1.2 × 106 THP1 cells was 
resuspended in 12 µl of T buffer, mixed with the assembled RNPs and 
electroporated using a 10 µl electroporation pipette tip with two 10 ms 
pulses at a voltage of 1,400 V. Cells were then dispensed directly into a 
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; CASP1 sgRNA, CGGCTTGACTTGT 
CCATTAT; CASP4 sgRNA, AGGGATTCCAACACCTTAAG; IL18 sgRNA, 
CAAATAGAGGCCGATTTCCT).

Retroviral transduction
HEK293T cells were used as packaging cells for retroviral vectors. For 
the production of retroviral particles, 2.5 × 106 HEK293T cells were 
seeded into a 10 cm cell culture dish. After overnight incubation at 
37 °C, cells were transfected with 10 µg of pMSCV-IRES-eGFP encod-
ing the protein of interest, 6 µg of pCL-ECO and 3 µg 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 µm PVDF syringe 
filter. A total of 1 × 106 THP1 cells was resuspended in 4.5 ml of viral 
supernatant supplemented with Polybrene (1:2,000; EMD Millipore) 
and plated in a six-well plate followed by centrifugation for 1 h at 1,250g 
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 cell lines with stable and homogenous expression of the target 
protein. Transgene expression was confirmed by immunoblotting using 
rabbit anti-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-1 fam-
ily cytokine substrates for in vitro cleavage assays were expressed in 
bacteria and purified as described previously16,26. 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 µg ml−1). Overnight pre-
cultures were inoculated with a single colony and grown at 30 °C 
and 250 rpm in 2× YT medium containing kanamycin (25 µg ml−1) 
and chloramphenicol (50 µg ml−1). 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 (OD600) reached a value between 0.7 and 0.8. After a cool-
ing step on ice for 15 min, protein expression was induced by adding 

isopropyl-β-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 min at 4 °C) and stored at −20 °C if not immediately used for protein 
purification. To purify recombinant proteins, bacterial pellets were 
resuspended in resuspension buffer (25 mM HEPES-NaOH (pH 7.4), 
150 mM NaCl and 10 mM imidazole) and lysed by ultrasonication. Cell 
lysates were clarified by centrifugation (30–45 min, 20,000g, 4 °C) 
and filtered through a 0.22 µm syringe filter before pouring them into 
a gravity-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 NaCl 
and 25 mM imidazole) and the bound protein was eluted stepwise in 
resuspension buffer supplemented with 40 to 250 mM imidazole. The 
elution fractions were analysed using SDS–PAGE followed by Instant-
Blue staining (Expedeon) to identify the fractions containing proteins 
of interest and confirm autocatalytic processing of caspase catalytic 
domains into active 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 NaCl) 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 Superdex 200 Increase 10/300 column in 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-frozen in liquid nitrogen and stored at −80 °C.

For the expression of catalytically inactive caspase-4-p20/p10 com-
plexes for binding assays and structural studies, chemically competent 
Rosetta (DE3) cells (EMD Millipore) were co-transformed with a pET28a 
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 µg ml−1 kanamycin and 
100 µg ml−1 ampicillin. Overnight precultures were inoculated with a 
single colony and grown at 30 °C and 250 rpm in 2× YT medium contain-
ing kanamycin (25 µg ml−1), ampicillin (100 µg ml−1) and chlorampheni-
col (50 µg ml−1). Then, 500 ml of 2× YT was inoculated with overnight 
cultures at a ratio of 1:100 and incubated at 37 °C and 250 rpm until the 
OD600 reached a value of between 0.7 and 0.8. After cooling on ice for 
15 min, protein expression was induced by 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 (5000g for 15 min at 
4 °C), washed once with PBS, pH 7.4, and stored at −20 °C if not immedi-
ately used for protein purification. For purification, the bacterial pellets 
were resuspended in resuspension buffer and lysed by ultrasonication. 
Cell lysates were clarified by centrifugation (30–45 min, 20,000g, 4 °C) 
and filtered through a 0.22 µm syringe filter before pouring them into a 
gravity-flow column containing a bed of Ni-NTA agarose beads. The beads 
were washed with at least 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 unit with a 10 kDa 
cut-off (EMD Millipore). Glycerol was added to a total concentration of 
10% and aliquots were snap-frozen in liquid 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 a pFastBac vector encoding the protein of interest and 
cells were plated on LB agar plates supplemented with 25 µg ml−1 kana-
mycin, 10 µg ml−1 tetracycline, 7 µg ml−1 gentamycin, 50 µg ml−1 X-Gal 
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and 40 µg ml−1 IPTG and incubated for 24–48 h at 37 °C for blue/white 
screening. A total of 20 ml of LB medium with 25 µg ml−1 kanamycin, 
10 µg ml−1 tetracycline, 7 µg ml−1 gentamycin was inoculated with one 
positive (white) colony and incubated overnight at 37 °C and 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 µl of sterile, ultrapure water. A total of 
10 µl of water containing bacmid DNA was diluted with 100 µl of Hyclone 
SFX insect cell medium. CellFectin II (10 µl; Thermo Fisher Scientific) 
transfection reagent was mixed with 100 µl of medium and added to 
the DNA mixture. After incubating at room temperature for 30 min, 
100 µl of the transfection mix was added dropwise to 0.8 × 106 Sf9 cells 
seeded in the wells of a six-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 µm syringe filter and stored at 4 °C. To amplify the initial P1 
virus, Sf9 cells were grown at a density of 1.0 × 106 cells per ml in a total 
volume of 25 ml, infected with 2 ml of the initial virus and incubated 
at 28 °C and 120 rpm. After 3 days, virus was collected by centrifuging 
the cells at 1,000g for 10 min and taking off the baculovirus-containing 
supernatant, which was then passed through a 0.45 µm syringe filter and 
stored at 4 °C. For protein expression, Sf 9 cells were grown to a density 
of 1.5 × 106 cells per ml in a suspension culture with a volume of up to 
1 l in a 2.8 l Fernbach flask, infected with 1% (v/v) of the amplified virus 
and incubated at 28 °C and 120 rpm. Cells were collected by centrifuga-
tion (1,000g, 15 min), 48–72 h after a proliferation arrest occurred. Cell 
pellets were frozen in 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 
a 0.22 µm syringe filter before pouring them into a gravity-flow column 
containing a bed of Ni-NTA agarose beads. The beads were washed with 
at least 10 bed volumes of wash buffer and the bound protein was eluted 
in resuspension buffer supplemented 250 mM imidazole. The proteins 
were further purified by SEC using the BioRad NGC Quest10 Chromatog-
raphy system equipped with the Superdex 200 Increase 10/300 column 
in SEC buffer. 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 with a 10 kDa cut-off (EMD Millipore). 
Glycerol was added to a total concentration of 10% and aliquots were 
snap-frozen in liquid nitrogen and stored at −80 °C.

The human caspase-1 catalytic domain was expressed and purified as 
described previously37. In brief, two non-tagged p20 and p10 subunits 
were expressed as inclusion bodies in E. coli BL21 (DE3), respectively. 
The two 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 previously38. Protein 
concentrations were determined by measuring the absorbance of the 
protein solution at 280 nm on a Nanodrop 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 an inactivating C258A mutation was 
mixed with insect-cell-purified human pro-IL-18 at a molar ratio of about 
1:2 in SEC buffer and incubated at 37 °C for 20 min. The mixture was 
then centrifuged at 12,000g for 5 min at 4 °C to spin down any precipi-
tate that may have formed, and fractionated by SEC using the BioRad 
NGC Quest10 Chromatography system equipped with a Superdex 200 
Increase 10/300 column in SEC buffer. The fractions containing the 
assembled complex of caspase-4 and pro-IL-18 (indicated by a shift in 
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 
on ice for 1 h, 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−1 for 
negative-stain electron microscopy. A total of 6 µl sample was added 
to each copper grid with carbon support film (Electron Microscopy Sci-
ences) that had been glow-discharged for 30 s using the Pelco EasyGlow 
(Ted Pella) instrument. After 1 min, the sample was stained twice with 
6 µl of 2% uranyl acetate solution (Electron Microscopy Sciences) for 
30 s each, with removal of excess buffer using filter papers (Whatman) 
after each round of staining. The negatively stained grids were imaged 
on a transmission 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−1 for cryo-EM grid preparation. A 
total of 3.3 µl 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 with a K3 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 
×105,000 magnification (0.4125 Å per pixel) with a defocus range between 
−1.0 and −2.5 µm, 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 Å2. SerialEM was used for automated data collection39.

Cryo-EM data processing
The computer support and software for data processing was provided 
by SBGrid consortium40. Raw videos were corrected by gain reference 
and beam-induced motion, and binned by twofold with or without dose 
weighting using the Relion v.3.08 implementation of the MotionCor2 
algorithm41. The motion-corrected micrographs were imported into 
CryoSPARC42. Patch CTF-estimation was performed to determine the 
local defocus values in each micrograph. Blob picking on a random 
subset of 500 micrographs was used to generate a template that was 
used to pick a total of 10,802,676 particles. Multiple rounds of 2D clas-
sification were performed, resulting in 1,234,038 good particles that 
were used for ab initio 3D reconstruction. Heterogeneous refinement 
was first performed to classify the particles into five classes. The domi-
nant class with 229,147 particles was further processed by homogene-
ous refinement with C2 symmetry to achieve a final map at a corrected 
resolution of 3.2 Å. 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 B factor using automated procedures 
in Phenix43. Local resolution estimation of all of the cryo-EM maps was 
performed in Phenix44.

Model fitting and building
The crystal structure of caspase-4 dimer (Protein Data Bank (PDB): 
6KMZ)7 and mature IL-18 (PDB: 3WO2)33 were used as initial templates for 
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map fitting in the UCSF ChimeraX software45. The caspase-4–pro-IL-18  
complex structure was refined by real space refinement and validated 
by model validation in Phenix. Protein–protein interaction analy-
sis was conducted using the PISA webserver34. Per-residue Cα–Cα  
distances in 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)7 was fitted 
into the electron density and aligned with our caspase-4 model in UCSF 
ChimeraX.

AlphaFold implementation in the ColabFold notebooks running on 
Google Colaboratory35,46 was used to predict the structure for pro-IL-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-IL-18 complex was purified as 
described above. For analysis of pro-IL-18 before binding to caspase-4, 
human pro-IL-18 purified from insect cells was diluted to 0.34 mg ml−1 
in SEC buffer and cross-linked with 1 mM of BS3 on ice 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 for 1 h, 
before quenching with 50 mM β-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 waveform ion mobility spectrometry (FAIMS) 
FAIMSpro interface. Peptides were separated on an in-house column 
with a 100 µM inner diameter and packed with 30 cm of Accucore C18 
resin (2.6 µm, 150 Å, Thermo Fisher Scientific), in a gradient of 5–35% 
(acetonitrile, 0.125% formic acid) over 120 min at about 500 nl min−1. 
The instrument was operated in data-dependent mode. FTMS1 spectra 
were collected at a resolution of 120,000, with an automatic gain con-
trol target of 4 × 105, and a maximum injection time of 50 ms. The most 
intense ions were selected for tandem MS for 1.5 s in 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 mass filter set to a width of 0.7 Th and 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 a 30% normalized collision energy.

Mass spectra were processed and searched using the PIXL search 
engine47 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 
features47.

In vitro protein cleavage assay
Proteolytic cleavage of purified full-length protein substrates by cas-
pases was assessed as described previously26. Twofold dilution series 
of the indicated recombinant caspase was incubated with substrate 
protein at a final concentration of 50 nM in 40 µl 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 adding 10 µl of 5× 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-human IL-18 (MBL), 
rabbit anti-mouse IL-18 (Abcam), rabbit anti-MYC (Cell Signaling), rab-
bit anti-human IL-1β (Genetex) or rabbit anti-GSDMD (Cell Signaling) 
primary antibodies. Band intensities were quantified using ImageJ 
to determine half-maximal effective concentration values (EC50) and 
catalytic efficiencies were calculated using the following equation:

k
K t

=
ln(2)

(EC × )
cat

m 50

In vitro peptide-cleavage assay
For peptide-cleavage assays, recombinant caspase-4 p20/p10 carrying 
the indicated mutations was first diluted to a concentration of 1 µM in 
caspase assay buffer. To start the reaction, 50 µl of the diluted caspase 
was then mixed with 50 µl of the chromogenic tetrapeptide substrate 
Ac-WEHD-pNA (100 µM final concentration) in the same buffer (final 
concentration of caspase was 500 nM in a total volume of 100 µl) in 
a clear 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 LPS into the cytoplasm of cells. For priming, iBMDMs, THP1 mac-
rophages or primary human macrophages were treated with 1 µg ml−1 of 
LPS for 4 h. Monocytic THP1s were primed with 1 µg ml−1 of Pam3CSK4 
for 4 h. Mouse iBMDMs or human primary macrophages were resus-
pended in R buffer at a density of 10 × 106 cells per ml in a volume of 
120 µl per sample. THP1 cells (both monocytes and macrophages) 
were resuspended in T buffer at a density of 250 × 106 cells per ml in a 
volume of 12 µl per sample. LPS or sterile PBS pH 7.4 (as negative con-
trol) was mixed with the cell suspension (1 µg of LPS per 1 × 106 iBMDMs 
or primary macrophages, 0.5 µg of LPS per 1 × 106 THP1 cells) before 
aspirating the cell suspension into the Neon electroporation pipette 
equipped with a 100 µl tip (for iBMDMs and primary macrophages) 
or 10 µl tip (for THP1 cells) and performing electroporation with two 
pulses with a pulse width of 10 ms each and a voltage of 1,400 V. Cells 
were then dispensed into an appropriate cell culture medium (5 × 105 
cells per ml in cDMEM for iBMDMs and 3.33 × 105 cells per ml in cRPMI 
for human primary macrophages or 1.25 × 106 cells per ml in cRPMI for 
THP1 cells). THP1 cells or iBMDMs were then plated in 96-well plates 
(200 µl 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-1 cytokine immunoprecipitation experiments and incubated for 2 h. 
Primary human macrophages were seeded in 12-well and 6-well plates 
(in 1.5 ml or 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/fljB) was a gift 
from I. Brodsky and infections were performed as described previously 

https://doi.org/10.2210/pdb6KN1/pdb


Article
with minor modifications48. Bacteria were streaked onto LB agar plates 
containing 25 µg ml−1 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 µg ml−1 kanamycin and 25 µg ml−1 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 ml LB + 100 µl of overnight culture + 78 µl of sterile 5 M 
NaCl) and incubated for another 3 h at 37 °C without shaking. A total of 
1 × 105 THP1 cells was seeded into 96-well plates cRPMI without penicil-
lin–streptomycin (duplicate wells for each condition) and differenti-
ated overnight with 100 ng ml−1 PMA. Bacteria were washed once cRPMI 
without penicillin–streptomycin and added to cells at a multiplicity 
of infection of 100 in 200 µl cRPMI without penicillin–streptomycin 
(based on an assumption of 5 × 108 CFU ml−1 at OD = 1). Where indicated, 
MCC950 was present in the medium at a concentration of 10 µM. Syn-
chronized infection was facilitated by spinning the plates at 500g for 
5 min right after addition of bacteria-containing medium and cells were 
incubated at 37 °C under 5% CO2. After 1 h, gentamicin was added to a 
final concentration of 100 µg ml−1 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). In a 
96-well plate, 50 µl of cell-free supernatants was mixed with 50 µl 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-1β mouse uncoated ELISA kit (Thermo Fisher Scientific), the 
Total human IL-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 a strong preference for the cleaved form over the uncleaved form 
of the cytokine to be measured.

Immunoprecipitation of IL-1 cytokines from cell culture 
supernatants
Supernatants from 0.5–5.0 × 106 cells (cell number consistent within 
each individual experiment; generally mouse IL-1β and IL-18 were immu-
noprecipitated from the supernatants of 1 × 106 iBMDMs; human IL-1β 
and IL-18 were immunoprecipitated from the supernatants of at least 
2.5 × 106 THP1 cells or 0.5–1.0 × 106 primary macrophages) stimulated 
as indicated 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 
in the presence of 0.5 µg of biotinylated goat anti-mouse IL-1β or goat 
anti-human IL-1β antibodies or 0.75 µg of detection antibodies from 
the human and mouse IL-18 ELISA kits (all from R&D Systems) and 20 µl 
neutravidin agarose beads (Thermo Fisher Scientific). IL-18-mutant 
proteins carrying C-terminal Flag tags were immunoprecipitated using 
15 µl of anti-Flag matrix (Thermo Fisher Scientific). The remaining 
cells in the well were lysed in 1× SDS loading dye and served as lysate 
control. The beads were washed three times with PBS pH 7.4 before 
eluting bound proteins in 50 µl of 1× SDS loading dye. Immunoprecipi-
tated and cell-associated cytokines were detected by immunoblotting 

using a rabbit anti-mouse IL-1β antibody, rabbit anti-human IL-1β 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 a mouse 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 ml of serum-free Opti-MEM instead of cRPMI. After incubation for 2 h, 
the samples for immunoblotting were prepared by adding 250 µl of 5× 
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 µM 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 µM of the indicated caspase-4-p20/p10 complex and the syringe was 
filled with pro-IL-18 at a concentration of 150–200 µM. After an initial 
delay period of 60 s, a total of 19 injections (first injection of 0.4 µl in 
0.8 s, 2 µl in 4 s for residual injections) was performed while stirring 
at 750 rpm with a twisted paddle syringe at a constant temperature of 
37 °C. The spacing between individual injections was 180 s with a filter 
period of 5 s. The reference power was set to 6 µcal s−1 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 at least 200 iterations.

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

Data availability
All data and materials reported in the 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 Å 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 3WO2 and 6KN1, respectively. Source data are provided with 
this paper.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Comparative analysis of IL-1 cytokine cleavage  
across mammals. a, 10 µg of indicated proteins were separated by SDS-PAGE 
and stained with InstantBlue. b-k, In vitro cleavage of pro-forms of indicated 
human IL-1 family cytokines by caspase-4, caspase-1 and caspase-5. Immunoblots  
are representative of three independent repeats. Asterisk marks signal due to 
cross-reaction of primary antibody with His-tagged p20 subunit of the caspase. 
l,m, Immunoblots showing in vitro cleavage of human pro-IL-1β by human 
caspase-1 and caspase-5. Asterisk marks signal due to cross-reaction of primary 
antibody with His-tagged p20 subunit of the caspase. n-q, Immunoblots 

showing in vitro cleavage of murine pro-IL-18 by human caspase-1 and 
caspase-4, and murine caspase-1 and caspase-11. r–v, Immunoblots showing 
in vitro cleavage of pro-IL-18 from indicated mammalian species by caspase-4 
homologue from the same species. w, x, Immunoblot and quantification of 
in vitro 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. 
All immunoblots are representative of at least three biological replicates. Bars and 
error bars represent 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 Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Cytosolic LPS induces NLRP3-independent IL-18 
release from human cells. a, b, WT or NLRP3-deficient THP1 monocytes were 
primed with Pam3CSK4, or left unprimed, and electroporated with LPS (or PBS) 
in presence or absence of MCC950 and LDH and IL-18 release into supernatant 
was quantified after 2 h. c, ELISA analysis of purified pro-IL-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 
results are representative of two experiments. d, e, WT or NLRP3-deficient 
THP1 monocytes were electroporated with LPS (or PBS) in the presence of 
absence of MCC950. IL-18 from cell culture supernatants was immunoprecipitated  
and analysed by immunoblot. f, g, Pam3CSK4-primed WT or NLRP3-deficient 
THP1 monocytes were electroporated with LPS (or PBS) in the presence of 
absence of MCC950. IL-1β was immunoprecipitated from supernatants and 
analysed by immunoblot. h, Immunoblot analysis of THP1 cells in which 
expression of caspase-1 or caspase-4 was disrupted by CRISPR–Cas9. i, j, LPS-
primed THP1 macrophages deficient for caspase-1, caspase-4 or treated with a 
non-target sgRNA (NT) were electroporated with LPS (or PBS) and LDH release 
and IL-18 levels in supernatants were quantified after 2 h. IL-1β from 

supernatants was immunoprecipitated and analysed by immunoblot. 
Immunoblot is representative of three biological replicates. k, Immunoblot 
analysis of LPS-primed caspase-1 or caspase-4-deficient THP1 macrophages 
compared to caspase-4-deficient THP1 cells reconstituted with caspase-5 by 
retroviral transduction. Cells were differentiated into macrophages and 
stimulated with LPS for 4 h. l, Immunoblot analysis of caspase-4-deficient THP1 
cells reconstituted with caspase-4 or caspase-5 by retroviral transduction.  
m, Caspase-4-deficient THP1 macrophages expressing GFP only, caspase-4 or 
caspase-5 were primed with LPS before delivery of LPS into the cytosol by 
electroporation. LDH and IL-18 release into supernatants was quantified after 
2 h. n, WT or caspase-4-deficient THP1 macrophages were infected with a 
flagellin-deficient strain of Salmonella and LDH and IL-18 release was 
quantified after 24 h. Immunoblots are representative of three (d, e, f, g, h, j) or 
two (h, l, k, c) biological replicates. Bars and error bars represent mean ± SEM 
of three (i, n), four (a, b right panels) or five (a, b left panel) biological replicates.  
Statistical significance was determined by two-way ANOVA with Tukey’s 
multiple comparisons test: ns = not significant (p > 0.05). For gel source data, 
see Supplementary Fig. 1.



Article

Extended Data Fig. 3 | Cytosolic LPS-induced IL-18 release from murine 
cells is NLRP3-dependent. a, b, c, WT or NLRP3-deficient iBMDMs were 
primed with extracellular LPS, or left unprimed, and electroporated with LPS 
(or PBS) in the presence of absence of MCC950. LDH, IL-18 and IL-1β release into 
supernatant was quantified after 2 h. n = 3 biological replicates. d, e, LPS- 
primed WT iBMDMs were electroporated with LPS (or PBS) in the presence or 
absence of MCC950. IL-18 and IL-1β were immunoprecipitated from supernatants  
and analysed by immunoblot (representative of three biological replicates).  
f, Immunoblot analysis caspase-4-deficient THP1 cells reconstituted with 

caspase-11 by retroviral transduction (representative of two independent 
repeats). g, Caspase-4-deficient THP1 macrophages expressing caspase-11 
were primed with extracellular LPS, or left unprimed, and electroporated with 
LPS (or PBS) in the presence of absence of MCC950. LDH, and IL-18 release into 
supernatant was quantified. n = 6 biological replicates. Bars and error bars 
represent mean ± SEM. Statistical significance was determined by two-way 
ANOVA (a,b,c) or one-way ANOVA (g) with Tukey’s multiple comparisons test: 
ns = not significant (p > 0.05). For gel source data, see Supplementary Fig. 1.



Extended Data Fig. 4 | Assembly and purification of a recombinant 
caspase-4/pro-IL-18 complex. a, SEC profile and corresponding coomassie- 
stained SDS-PAGE gel of purified pro-IL-18 expressed in insect cells. b, SEC 
profile and corresponding coomassie-stained SDS-PAGE gel of purified 
catalytically inactive caspase-4 p20/p10 expressed in E. coli. c, SEC profile and 
corresponding coomassie-stained SDS-PAGE gel of a complex consisting of 

caspase-4 p20/p10 and pro-IL-18. Complex was assembled by co-incubation  
at 37 °C for 20 min. d, SEC profile and corresponding coomassie-stained Blue 
Native-PAGE gel of a complex consisting of caspase-4 p20/p10 and pro-IL-18 
crosslinked with BS3. Gels and SEC profiles are representative of at least two 
independent purifications. Peak fractions that were combined for downstream 
applications are highlighted in blue. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 5 | Cryo-EM data processing for the caspase-4/pro-IL-18 
complex. a, Cryo-EM raw image (representative of two data collections).  
b, Cryo-EM data processing flow chart. The black arrow pointing to “State C” 

shows domain flexibility indicated by 3D variability analysis. c, Heat map for 
the orientation of particles used for the final reconstruction. d, Fourier shell 
correlation (FSC) plots. e, 3D FSC plot.



Extended Data Fig. 6 | Crosslinking mass spectrometry analysis of 
caspase-4/pro-IL-18 complex and structural comparison between caspase-
4-bound pro-IL-18 and free IL-18. a, Summary of BS3 crosslinking between 
caspase-4 and pro-IL-18. The crosslinked peptides with high confidence are 
shown with residue ranges, and colour labelled by their domain colour except 
for the crosslinked Lys residues which are in red. b, Crosslinked lysine pairs 
between caspase-4 and pro-IL-18 mapped onto the structure of the caspase-4/
pro-IL-18 complex and indicated by black dash lines. c, The molecular interaction  
of the active form of caspase-4 interacting with pro-IL-18. Model was derived by 
replacing Ala258 with Cys. d, e, Structural alignment between pro-IL-18 bound 
to caspase-4 and the crystal structure of mature IL-18 (d) and in topology 
diagrams (e). β-strands are labelled sequentially with those in the pro-domain 

denoted by a prime (‘). f, Crosslinked lysine pairs within pro-IL-18 in the 
caspase-4/pro-IL-18 complex (upper table), and those within pro-IL-18 alone 
before incubating with caspase-4 (lower table). The former pairs are consistent 
with the caspase-4/pro-IL-18 complex structure, but not the mature IL-18 
structure, and the latter pairs are not consistent with any IL-18 structures, 
suggesting that the pro-IL-18 conformation may be different before caspase-4 
binding. g, Crosslinked lysine pairs within pro-IL-18 mapped onto the structure 
of the caspase-4/pro-IL-18 complex and indicated by black dash lines.  
h, AlphaFold predicted model of pro-IL-18 coloured by per-residue pLDDT 
score, ranging from unreliable in red to reliable in blue. Residues 16-25 of the pro- 
domain form a β-hairpin structure, consistent with our cryo-EM structure 
pro-IL-18 in complex with caspase-4.
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Extended Data Fig. 7 | The pro-domain of pro-IL-18 mediates the interaction  
with caspase-4. a, c, Immunoblots showing in vitro cleavage of pro-IL-18 
mutants by caspase-4. The pro-domain chimera consists of the pro-domain of 
murine pro-IL-18 fused to the mature domain of human pro-IL-18. Immunoblots 
are representative of three biological replicates. b, Sequence alignment of 
human and murine pro-IL-18. Identical and similar amino acids are highlighted 
in red or white boxes, respectively. Sequences were aligned using ClustalOmega  

online tool and plotted in ESPript 3.0. d-h, Immunoblots showing in vitro 
cleavage of murine pro-IL-18 mutants by caspase-4. i, ITC analysis of binding  
of mature IL-18 to WT caspase-4. j, Immunoblots showing in vitro cleavage of 
human pro-IL-18 ΔN24 by caspase-4. Pro-IL-18 ΔN24 lacks the first 24 amino 
acids at the N-terminus. k, Analytical SEC demonstrating no binding between 
pro-IL-18 ΔN24 and caspase-4. All data are representative of three independent 
repeats. For gel source data, see Supplementary Fig. 1.



Extended Data Fig. 8 | Biochemical characterization of caspase-4 and 
pro-IL-18 mutants that disrupt interaction interfaces with pro-IL-18.  
a, ITC analysis of binding of pro-IL-18 (purified from insect cells) to caspase-4 
mutants. b, Thermodynamic parameters of binding of indicated caspase-4 
mutants to pro-IL-18 as determined by ITC. c, d, e, Immunoblots showing 
in vitro cleavage of human pro-IL-18 by indicated caspase-4 mutants. f, ITC 
analysis of binding of indicated pro-IL-18 mutants (purified from E. coli) to WT 

caspase-4. Graphs are representative of at least three biological replicates.  
g, Thermodynamic parameters of binding of caspase-4 mutants to pro-IL-18 as 
determined by ITC. h-k, Immunoblots showing in vitro cleavage of indicated 
human pro-IL-18 variants by caspase-4. Immunoblots are representative of 
three biological replicates. ITC graphs are representative of three independent 
repeats. ITC results represent mean ± SD of three independent measurements. 
n.d. = no binding detected. For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Effect of structure-based mutations in caspase-4 on 
GSDMD and pro-IL-18 cleavage in cells. a, Expression of indicated caspase-4 
mutants in caspase-4-deficient THP1 cells (representative of two independent 
repeats). b, In vitro cleavage of human GSDMD by caspase-4 mutants. c–f, 
Immunoblots showing in vitro cleavage of pro-IL-18 by caspase-4 mutants. 
Immunoblots are representative of three independent repeats. g, h, Caspase-
4-deficient THP1 macrophages expressing caspase-4 mutants were primed 
with LPS 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  
LDH into cell culture supernatant was quantified after 2 h. k, ELISA analysis 
demonstrating that pro-IL-18V47N/I48N is not recognized by the used ELISA 
reagent. ELISA results are displayed as mean ± SD of two technical replicates 
and are representative of two independent biological replicates. Bars and error 
bars in b, j represent mean ± SEM of three biological replicates. Each data point 
represents result of one independent experiment. Statistical significance was 
determined by two-way ANOVA with Tukey’s multiple comparisons test:  
ns = not significant (p > 0.05). For gel source data, see Supplementary Fig. 1.
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Extended Data Fig. 10 | Mutagenesis of murine caspase-11 based on 
structural and sequence alignments. a, Sequence alignment of human 
caspase-4 and murine caspase-11. Identical and similar amino acids are 
highlighted in red or white boxes, respectively. Sequences were aligned using 

ClustalOmega and plotted in ESPript 3.0. b, c, d, Immunoblots showing  
in vitro cleavage of human pro-IL-18 by caspase-11 mutants. Immunoblots  
are representative of three biological replicates. For gel source data, see 
Supplementary Fig. 1.



Extended Data Table 1 | Data collection, data processing and validation statistics
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