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Abstract

Innate immune signaling pathways comprise multiple proteins that promote inflammation.

This multistep means of information transfer suggests that complexity is a prerequisite for
pathway design. Herein, we test this hypothesis by studying caspases that regulate inflammasome-
dependent inflammation. Several caspases differ in their ability to recognize bacterial LPS and
cleave interleukin-1p (IL-1B). No caspase is known to contain both activities, yet distinct caspases
with complementary activities bookend an LPS-induced pathway to IL-1p cleavage. Using
caspase-1/4 hybrid proteins present in canines as a guide, we identified molecular determinants

of IL-1p cleavage specificity within caspase-1. This knowledge enabled the redesign of human
caspase-4 to operate as a one-protein signaling pathway, which intrinsically links LPS detection to
IL-1pB cleavage and release, independent of inflammasomes. We identified caspase-4 homologues
in multiple carnivorans which display the activities of redesigned human caspase-4. These findings
illustrate natural signaling pathway diversity and highlight how multistep innate immune pathways
can be condensed into a single protein.

One sentence summary

Caspase-4 homologues can naturally evolve or be synthetically engineered to directly link
cytosolic LPS detection to IL-1f secretion.

Introduction

Central to our understanding of immunity are the signaling pathways of the innate immune
system. Prototypical examples include the pathways activated by the Toll-like Receptors
(TLRs) and the Nucleotide binding Leucine Rich Repeat containing (NLR) proteins. Upon
detection of microbial products, virulence factors or dysregulation of cellular homeostasis,
members of these receptor families seed the assembly of multiprotein complexes known as
supramolecular organizing centers (SMOCs; (1)). SMOCs represent the signaling organelles
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of the innate immune system, which unleash activities that promote inflammation, interferon
responses, changes in metabolism or cell death, in a context-dependent manner. Examples
of these signaling organelles include the inflammasomes, which serve as the sites of
interleukin-1p (IL-1p) maturation and signals that induce pyroptosis (2).

Inflammasomes are controlled by caspases that operate upstream or downstream of these
molecular machines, including caspase-1 (Casp-1), murine Casp-11 (mCasp-11) or human
Casp-4 (hCasp-4) and -5 (3). These enzymes consist of an N-terminal caspase activation and
recruitment domain (CARD) fused to an enzymatic domain. Upon activation, inflammatory
caspases cleave the cytosolic protein gasdermin D (GSDMD), which subsequently forms
pores in the plasma membrane that cause lytic cell death (pyroptosis) and the release of the
cleaved IL-1 family cytokines IL-1p and IL-18 (4-7).

Despite their commonalities, inflammatory caspases possess protein-specific activities. For
example, only Casp-1 has considerable IL-1p converting enzyme (ICE) activity (8) and only
Casp-1 can be recruited into inflammasomes to stimulate its catalytic activity (2). mCasp-11,
hCasp-4 and -5, in contrast, are not recruited into inflammasomes and their catalytic activity
is stimulated by binding of their CARD to bacterial lipopolysaccharide (LPS) (9). As
mCasp-11 and hCasp-4 cannot cleave pro-1L-1p, the pathways activated by LPS depend on
the downstream activation of the NLRP3 inflammasome. Inflammasome-associated Casp-1
then provides the ICE activity that the upstream caspases cannot (10-12). No caspase is
known to combine LPS-binding and IL-1p processing activities. Despite the importance

of inflammatory caspases in host defense, the mechanisms underlying their differential
cleavage specificities and ligand-binding activities are poorly defined.

Core components of the pyroptosis machinery are conserved throughout vertebrate
evolution. Mammals of the order Carnivora, including all terrestrial and marine dog-like
and cat-like animals, represent an exception to this statement. These animals lack the gene
encoding Casp-1 (13, 14). Instead, carnivorans possess a gene where a Casp-1-like CARD
is fused to a second CARD and an enzymatic domain, both of which are similar to hCasp-4
(Fig. 1A, B). In addition, transcripts of this gene are spliced to give rise to two isoforms:
one that contains a single CARD (Casp-1/4a) and one with both CARDs (Casp-1/4b) (Fig.
1A). Importantly, both carnivoran caspases contain enzymatic domains that are most similar
to hCasp-4, which does not contain ICE activity. These bioinformatic observations raise the
question of how pyroptosis and IL-1 release is regulated in carnivorans, as key elements of
the known pathways are reorganized or missing.

Herein, we show that in contrast to bioinformatic predictions, the Casp-1/4 proteins from
Canis lupus familiaris display all activities of Casp-1, including the ability to cleave pro-
IL-1B. Comparative analysis revealed how mouse and human caspases select pro-IL-1p as
a substrate, by a mechanism distinct from that which cleaves GSDMD. This knowledge
enabled us to redesign hCasp-4 into a protease exhibiting ICE activity that operated

as a one-protein signaling pathway that senses LPS and cleaves IL-1p and GSDMD,
independent of inflammasomes. A broader evolutionary analysis revealed multiple animal
species that encode a Casp-4 gene whose product naturally operates in a similar manner to
our redesigned hCasp-4. These findings reveal molecular determinants of caspase substrate
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specificity and challenge the idea that complexity is a prerequisite for innate immune
pathway design.

Despite bioinformatic predictions, canine inflammatory caspases are functional
homologues of Casp-1.

The gene encoding the inflammasome stimulatory protein NLRP3 is conserved in
carnivorans (15). To determine if NLRP3 is operational in carnivoran cells, we primed
canine monocyte-derived macrophages (MDMs) (Fig. S1A) with LPS and stimulated with
the K* ionophore nigericin, an inducer of NLRP3 activation in murine and human cells.
Stimulated cells were then stained with the membrane impermeable dye propidium iodide
(PI), which binds to intracellular nucleic acids upon plasma membrane disruption, and
determined cellular ATP levels as a proxy for viability. Treatments of canine MDMs

with nigericin stimulated an increase in PI fluorescence and a decrease in cellular ATP,
both of which are indicators of pyroptosis (Fig. 1C and S1B). Nigericin induced these
responses in the presence or absence of LPS, as is observed in human monocytes (16).
LPS priming correlated with the release of IL-1p (Fig. 1D), which was processed into the
bioactive p17 fragment (Fig. 1E; fragment at ~17 kDa). The NLRP3 inhibitor MCC950
(17) prevented nigericin-induced cell death, as cells treated with this inhibitor exhibited
lower PI staining and higher ATP levels, as compared to non-inhibitor-treated cells (Fig. 1C,
Fig. S1B). In addition, the pan-caspase inhibitor zVAD-FMK and disulfiram, an inhibitor
of GSDMD pore formation (18), reduced nigericin-induced death. (Fig. 1C, Fig. S1B). All
three inhibitors diminished IL-1p release (Fig. 1D). Overall, these data indicate that the
NLRP3 inflammasome pathway is intact in canine cells.

Our finding that IL-1p can be cleaved and released from canine MDMs was notable, as
Casp-1 is missing in dogs. To explain these findings, we determined if canine Casp-1/4
(cCasp-1/4a and cCasp-1/4b) proteins can operate as Casp-1. We designed an experimental
system based on stable, heterologous expression of a caspase in immortalized bone
marrow-derived macrophages (iBMDMSs) from mice deficient in mCasp-1 and mCasp-11
(hereafter referred to as Casp-1/117~iBMDMs). We reconstituted Casp-1/117~iBMDMs
with cCasp-1/4 isoforms (cCasp-1/4a or cCasp-1/4b), mCasp-1, mCasp-11, or hCasp-4.
cCasp-1/4a and cCasp-1/4b could be detected by immunoblot using a Casp-4-specific, but
not a Casp-1-specific, antibody, underscoring their identity as structural Casp-4 homologues
(Fig. 1F).

We primed cells with LPS and subsequently stimulated with nigericin. Within wild

type (WT) cells, these treatments induced pyroptosis, as assessed by the release of the
cytosolic enzyme lactate dehydrogenase (LDH) and IL-1p (Fig. 1G). Both processes were
abrogated in Casp-1/117~iBMDM:s expressing GFP or mCasp-11 as a transgene, but
were restored by expression of mCasp-1 (Fig. 1G). Similar to mCasp-1, cells expressing
cCasp-1/4a or cCaspl/4b released LDH and IL-1f upon LPS priming and nigericin
treatment. These phenotypes coincided with the cleavage of GSDMD into its pore-forming
N-terminal domain (Fig. 1H). Similar results were obtained when cells were transfected
with poly(dA:dT) (Fig. S1C, D), which stimulates the AIM2 inflammasome (19, 20).
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Poly(dA:dT)-induced LDH release was independent of LPS priming (Fig. S1C), as expected
(19).

In addition to stimulating pyroptosis, select inflammasome activators can induce IL-18
release from living (hyperactive) cells (21, 22). Infection of macrophages with S. aureus
lacking O-acetyltransferase A (SA113 AoatA) causes hyperactivation in a Caspl-dependent
manner (22). We infected transgene-expressing Casp-1/117~iBMDMs with SA113 AoatA.
WT iBMDMs, as well as cells expressing mCasp-1, cCasp-1/4a or cCasp-1/4b responded to
infection with the release of IL-1pB, but not LDH, and the amount of IL-1f could be boosted
if cells were primed with LPS (Fig. 11). No IL-1f was released from Casp-1/117~iBMDMs
expressing GFP or mCasp-11 upon infection (Fig. 11).

Within mCasp-1, the N-terminal CARD is critical for recruitment into inflammasomes

(23, 24). To determine the role of the CARD within cCCARD-1/4a and cCARD1/4b, we
reconstituted Casp-1/11~~iBMDMs with a canine caspase construct lacking its Casp-1-like
CARD. Cells expressing this mutant caspase (cCasp-1/4bACARD) failed to release LDH or
IL-1pB after LPS priming followed by nigericin treatment (Fig. SIE-H). These collective data
demonstrate that both cCasp-1/4 isoforms can operate similar to Casp-1 in the context of
multiple inflammasome stimuli.

Canine caspases are not LPS sensors and canine cells cannot respond to intracellular

LPS.

While the first CARD of cCasp-1/4b is similar to that of Casp-1, the second CARD
shares homology with the LPS-sensing CARDs of hCasp-4 and mCasp-11. We therefore
investigated whether cCasp-1/4b might respond to exposure to LPS. Transgenic cells
were primed with LPS before delivery of LPS into the cytosol via electroporation. LPS
electroporation stimulated LDH release from WT iBMDMs and Casp-1/117~iBMDMs
expressing mCasp-11 or hCasp-4, indicating the induction of pyroptosis (Fig. 2A). Cells
expressing mCasp-1 or GFP did not lyse upon LPS electroporation. Notably, none of
our reconstituted Casp-1/117~iBMDMs released significant amounts of IL-1p after
LPS electroporation (Fig. 2B). This finding validates current dogma, which predicts that
mCasp-11 and mCasp-1 are both needed for LPS to induce cleavage and release IL-13
(11). Since our iBMDMs produce either mCasp-1 or mCasp-11 (not both), IL-1p release is
diminished.

We found that neither cCasp-1/4a nor cCasp-1/4b expressing cells died upon cytosolic

LPS delivery (Fig. 2A). These results imply that cCasp-1/4b cannot become activated

by LPS. To further investigate this lack in LPS responsiveness, we determined if the
Casp-4-like CARD from cCasp-1/4b can functionally replace the LPS-sensing CARD from
either mCasp-11 or hCasp-4. We designed chimeric caspases where the CARDs from
cCasp-1/4b were attached to the enzymatic domain from mCasp-11 (mEnz11) or hCasp-4
(hEnz4) (cCARD1+4/mEnz11 and cCARD1+4/hEnz4). These chimeric proteins were stably
produced in Casp-1/117~iBMDMs (Fig. 2C, D). Cells expressing these chimeras failed

to promote pyroptosis when electroporated with LPS (Fig. 2E). We further considered the
possibility that the Casp-1-like CARD prevents LPS detection by cCasp-1/4b. However,
deletion of this additional CARD did not render cells responsive to LPS electroporation
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(Fig. S2A). Even within primary canine MDMs, we observed no evidence of cell death

or IL-1B release upon LPS electroporation (Fig. 2F-H). Altering electroporation conditions
did not reveal any LPS-specific changes in canine MDMs (Fig. S2B-D). In human and

pig monocytes (but not MDMs), the TLR4 pathway activates the NLRP3 inflammasome
to promote IL-1p release (25). We observed similar responses when we stimulated canine
monocytes with LPS, as these treatments promoted IL-1f release (Fig. S2E, F). Canine
cells are therefore not generally unresponsive to LPS but are specifically unresponsive to
cytosolic LPS.

Canine caspase activities reveal distinct mechanisms of IL-18 and GSDMD substrate
selection by murine and human inflammatory caspases.

Our findings suggest that cCasp-1/4 proteins operate most similarly to Casp-1 homologues
in humans and mice. We therefore investigated mechanisms that underlie this symmetry

of activities. Cysteine 285 (C285) is the main catalytic residue within human and murine
Casp-1 (26), which is conserved in the canine caspases. We introduced Cys-to-Ala mutations
at the equivalent sites in cCasp-1/4a and cCasp-1/4b (C285A and C370A, respectively) and
expressed these mutants in Casp-1/117~iBMDMs (Fig. 3A). We did not observe any LDH
release, secretion of IL-1p, or processing of GSDMD after LPS + nigericin treatment of
cells expressing these cCasp-1/4 mutants (Fig. 3B-F). The catalytic activity of cCasp-1/4a
and cCasp-1/4b is therefore required to induce pyroptosis and IL-1p release.

The ability of cCasp-1/4 proteins to induce IL-1f processing was surprising, as their
catalytic domain is most similar to that found in hCasp-4, a caspase that has minimal ICE
activity (27, 28). The presence of cleaved IL-1p in the supernatants of the reconstituted
macrophages could be explained if Casp-4 homologues actually do have ICE activity,

but this activity is dormant under natural conditions and can only be stimulated upon
recruitment into an inflammasome.

To address this possibility, we created a scenario whereby the enzymatic domains of
hCasp-4 or mCasp-11 can be recruited into inflammasomes via a mechanism similar to
Casp-1. This was accomplished by generating fusions between the CARD of hCasp-1 or
mCasp-1 to full-length hCasp-4 or mCasp-11, or the isolated enzymatic domains of these
caspases (Fig. 3G). When expressed in Casp-1/117/~iBMDMs, these chimeric enzymes
caused a similar degree of pyroptosis after LPS + nigericin treatment (Fig. 3H, I). However,
this pyroptotic cell death was not accompanied by the release of mature IL-18 (Fig. 3J, K).
These findings eliminate the possibility that recruitment of hCasp-4 or mCasp-11 into an
inflammasome stimulates a latent ICE activity.

Based on the above-described phenotypes, we considered the possibility that cCasp-1/4
display intrinsic ICE properties. We therefore purified recombinant catalytic domains from
mCasp-1, hCasp-4 and cCasp-1/4. Analysis by SDS-PAGE confirmed that the recombinant
enzymes are autocatalytically processed into the large (p20) and small (p10) catalytic
subunits (Fig. 4A). We then characterized their ability to cleave peptide-based and full-
length protein substrates. Enzyme kinetic analyses using YVAD-pNA, a chromogenic
tetrapeptide substrate optimized for cleavage by Casp-1, revealed similar Michaelis-Menten
constants (K,) for mCasp-1 and cCasp-1/4, while the K,, of hCasp-4 for this substrate was
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so high it was not possible to calculate (Fig. 4B, C). The turnover number (kq4t) and catalytic
efficiency of mCasp-1 were only 2-3-fold higher than those of cCasp-1/4 (Fig. 4C). Similar
results were observed when we examined whether the can caspases process pro-1L-1f. As
expected, pro-1L-1p was cleaved far more efficiently by mCasp-1 than by hCasp-4 (Fig.
4D, E). Our results are consistent with earlier reports that hCasp-4 can process pro-IL-18
in vitro, albeit at very slow rates, which imply that this reaction is unlikely to be of
physiological relevance (29). Intriguingly, cCasp-1/4 processed murine pro-1L-1( at a near-
comparable rate to mCasp-1 (Fig. 4F, G). Equivalent results were obtained when the canine
variant of this cytokine was used as a substrate (Fig. S3A-D). We also investigated the
ability of our recombinant caspases to process another IL-1 family member, pro-1L-18 (30).
As expected (28, 31), mCasp-1 and hCasp-4 efficiently cleaved pro-I1L-18 and produced the
mature 18 kDa fragment (p18) and cCasp-1/4 cleaved pro-1L-18 with a similar efficiency
(Fig. S3E-H). These findings demonstrate that cCasp-1/4 enzymes can process IL-1 family
cytokines comparably to mCasp-1.

To identify the molecular determinants for the ICE activity of cCasp-1/4, we first generated
chimeric enzymes consisting of the p20 domain of cCasp-1/4 and the p10 domain of
hCasp-4, and vice versa. Both chimeras exhibited intermediate catalytic efficiencies of
pro-IL-1p cleavage (Fig. S4A-C). This finding suggests that sites distributed across the large
and small subunit contribute to pro-IL-1p cleavage, with sites in the small subunit being
dominant.

We reasoned that critical residues should be conserved among carnivoran Casp-1/4
homologues, but not in hCasp-4. By applying this rationale, we identified several conserved
residues (E288/P290, H342, K345, K379) in cCasp-1/4, which we individually replaced
with the respective amino acids from hCasp-4. Each of the single point mutations (E288A/
P290R, H342D, K345M, K379T) led to a slight decrease in cleavage efficiency compared
to WT cCasp-1/4 (Fig. 4H). When combining three (triple mutant: H342D, K345M, and
K379T) or four of the mutations (quadruple mutant), we observed additive effects, causing
pro-IL-1p cleavage efficiency to drop to a level similar to hCasp-4 (Fig. 4H, Fig. S4E-

J). Notably, the ability of the quadruple mutant to cleave GSDMD remained unaffected,
indicating a specific impact of the mutations on cleavage of pro-1L-1p, without affecting the
overall activity of the caspase (Fig. 4H, Fig. S4K). Introduction of reciprocal canine-specific
mutations into hCasp-4 had the opposite effect. While individual point mutations led to
modest increases (~4-6-fold) in the ability to cleave pro-1L-1p, by combining mutations at
several sites we generated a hCasp-4 quadruple mutant, which is as efficient as cCasp-1/4
at processing pro-I1L-1p (Fig. 41, Fig. S5A-H). We observed only minor effects of these
mutations on GSDMD cleavage (Fig. 41). Consistent with these findings, the cCasp-1/4
triple mutant maintained the ability to support LPS + nigericin induced pyroptosis when
expressed in Casp-1/117~iBMDMs (Fig. 4J, K). In this situation, however, cell lysis was
not accompanied by the release of mature IL-1p (Fig. 4L, M). These findings therefore
identify amino acids that determine ICE activity in human and canine caspases.

When mapping the amino acids of interest onto a homology model of cCasp-1/4 in complex
with the peptide inhibitor zVAD-FMK, we found that the conserved positively charged
residues H342, K345 and K379 are located in the same region in the p10 subunit: a cleft
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formed by two loops proximal to the tetrapeptide binding site (Fig. S5I). This charged

site is spatially distinct from the hydrophobic recognition site for GSDMD (highlighted in
yellow in Fig. S51)(32, 33). This observation suggests that positive charges in this cavity
promote recognition of pro-IL-1p as a cleavage substrate. To test this model, we created
additional caspases carrying charge reversal mutations within this region. A D381R mutation
in cCasp-1/4 increased its ability to cleave pro-I1L-1p by 4-fold (Fig. S6A, B), whereas

a R354D mutation in hCasp-4 further decreased its cleavage efficiency by 10-fold (Fig.

S6A, C). Similar to its canine counterpart, mCasp-1 E379R was ~3-fold better at cleaving
pro-1L-1p than WT mCasp-1 (Fig. S6A, D).

H342 drew our attention, as it is positioned in a manner that suggests a direct involvement
in coordinating the tetrapeptide in the active site (Fig. S51). H342 is present in most
carnivoran Casp-1/4 proteins and is conserved in Casp-1. Casp-4 homologues that contain
no ICE activity, such as hCasp-4, display a negative charge at this site (Fig. S6E).
Introducing a charge-swap H340D mutation into mCasp-1 greatly decreased its ability to
process pro-1L-1p, while only slightly affecting GSDMD cleavage (~31-fold and ~2-fold
reduction compared to WT mCasp-1, respectively) (Fig. 5A, Fig. S6F-H). To determine if
this cleavage deficiency extended to activities within cells, we reconstituted Casp-1/117~
iBMDMs with a mCasp-1 H340D mutant (Fig. 5B). After LPS + nigericin treatment, we
detected less processed IL-1p released from cells expressing mCasp-1 H340D, as compared
to WT mCasp-1-expressing cells (Fig. 5C, D). LDH release, GSDMD processing and
autocatalytic cleavage of mCasp-1 H340D were unimpaired, indicating an IL-1B-specific
effect of the H340D mutation (Fig. 5E-G). We confirmed these results in cells expressing
hCasp-1 (or the respective H340D mutant), thereby establishing the importance of H340
across species (Fig. 5H-K). These collective findings establish that the charge of amino
acids within the catalytic site determines ICE activity, but has minimal impact on the
GSDMD-cleaving activity of inflammatory caspases.

Recognition and cleavage of GSDMD is mediated by hydrophobic interactions between

a conserved protease exosite present in the L2 loop region of all inflammatory caspases
and the C-terminal domain of GSDMD (32, 33)(Fig. S7A). We investigated if mutations

in this site affect the ability of a caspase to process pro-1L-18. We generated cCasp-1/4

and mCasp-1 mutants in which the exosite has been disrupted by introducing a hydrophilic
side chain (cCasp-1/4 W294N, mCasp-1 L294N). cCasp-1/4 W294N and mCasp-1 L294N
exhibited a marked decrease in the ability to process GSDMD compared to their WT
counterparts (Fig. S7B, C). In contrast, we observed only weak effects on pro-IL-1p
cleavage (~40 vs. 4-fold reduction; Fig. S7B, D). Overall, these data suggest that recognition
of GSDMD and pro-1L-1f are mediated by spatially and functionally distinct regions of the
caspase.

Redesign of hCasp-4 to intrinsically link LPS detection to IL-1p cleavage and release,
without the need for inflammasomes

In mice, mCasp-11 and mCaspl link LPS detection to the release of IL-1p, with
inflammasomes serving as an intermediate between these enzymes. Based on the finding
that we can redesign hCasp-4 into an enzyme with the ability to process IL-1p in vitro,
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it should be possible to condense the natural multistep LPS-mediated pathway to IL-1p
release into one single protein. To fulfill this task, hCasp-4 would need to exhibit LPS-
sensing, GSDMD and IL-1p cleavage functionalities. As a proof of concept of this idea,

we first designed chimeric caspases consisting of the LPS-binding CARDs from hCasp-4 or
mCasp-11 and the enzymatic domain of cCasp-1/4 (hamed hCARD4/cEnz and mCARD11/
cEnz, respectively). These chimeric enzymes were expressed in Casp-1/117~iBMDMs (Fig.
6A, Fig. S8A). Cells expressing either caspase underwent pyroptosis, as assessed by LDH
release after LPS electroporation (Fig. 6B, C). Cells expressing either chimeric caspase also
released higher amounts of IL-1p, as compared to cells expressing WT caspases (Fig. 6D,
E). Notably, the cleaved p17 fragment of IL-1p was exclusively detected in the supernatants
of cells expressing hCARD4/cEnz or mCARD11/cEnz, but not of cells expressing hCasp-4
or mCasp-11 (Fig. 6F, G). The ability of these chimeric caspases to promote IL-1p cleavage
and release was independent of NLRP3, as production of this cytokine was insensitive to
NLRP3 inhibition by MCC950 (Fig. 6H, I, Fig. S8B, C). In contrast, MCC950 prevented
IL-1pB release (but not LDH release) from WT iBMDMs after LPS electroporation (Fig.
S8D, E), as expected (10). These findings demonstrate that caspases can be engineered to
bypass the need for inflammasomes to promote IL-1f cleavage and release.

To determine if the chimera-based strategy of inflammasome-bypass can be extended to

a subtler engineering approach, we examined the redesigned hCasp-4 quadruple mutant
that displays ICE activity /in vitro. Within Casp-1/117" cells expressing this LPS receptor,
which contains only four amino acid substitutions, LPS electroporation stimulated I1L-1p
and LDH release. In contrast, cells expressing WT hCasp-4 released LDH, but not IL-1p
(Fig. 6J-L). Consistent with IL-1p release by redesigned hCasp-4 being an inflammasome-
independent process, IL-1B release was insensitive to MCC950 (Fig. 6K,L). To further
verify that redesigned hCasp-4 could bypass inflammasomes and cleave and release IL-1p,
we determined if these cells could respond to LPS + nigericin treatment. Consistent with the
fact that these cells lack endogenous mCasp-1 and mCasp-11, LPS + nigericin treatment
was unable to promote IL-1p release (Fig. S8F, G). Thus, IL-1p cleavage after LPS
electroporation is driven by the intrinsic activities of redesigned hCasp-4, independent of
inflammasomes.

We investigated whether this inflammasome-independent pathway can be engaged by Gram-
negative bacteria. We focused on Salmonella enterica serovar Typhimurium, which activates
inflammasomes by mCasp-11, NLRP3 and NAIP-NLRC4 (34). We eliminated NLRP3
activities from consideration in these studies, as the iBMDMs used are unresponsive to
NLRP3 agonists. In addition, we used a flagellin-deficient strain of Sa/monella (SL1344
fliC/fljB) (35) to diminish NAIP-NLRC4 inflammasome activities (36). Consistent with

this experimental setup focusing attention on LPS-induced activities, infection with SL1344
fliC/fljB induced LDH release in a hCasp-4 or mCasp-11 transgene-dependent manner (Fig.
6N, O). Consistent with our findings with electroporated LPS, infection-induced IL-1f
release was strongly enhanced within cells expressing redesigned caspases that contain LPS-
binding and ICE activity (hCasp-4 quadruple mutant, \hCARDA4/cEnz or nCARD11/cEnz)
(Fig. 6P-S). In contrast, cells expressing WT hCasp-4 or mCasp-11 were unable to release
cleaved IL-1p after infection (Fig. 6R, S). These collective data demonstrate the redesign
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of a normally inflammasome-dependent process into a one-protein signaling pathway that
intrinsically links LPS detection to IL-1p cleavage and release.

Multiple animal species encode a one-protein signaling pathway that bypasses
inflammasomes to link LPS detection with IL-1 cleavage and release.

Our finding that the inflammasome pathway can be bypassed by the simple introduction

of four mutations into hCasp-4 raises the question of whether similar caspases and
pathways exist in nature. To address this possibility, we performed a cell-based mini-screen,
where we introduced Casp-4 homologues from species spanning a range of mammalian
orders (namely mouse, cat, lemur, rabbit, sheep, horse, bat, manatee and wombat) into
Casp-1/117~iBMDMs (Fig. 7A). We electroporated cells with LPS and assessed 1L-1pB
release and pyroptosis. With the exception of the manatee and wombat genes, all Casp-4
homologues responded to LPS electroporation with the induction of pyroptosis (Fig. 7B).
The observation that manatee and wombat Casp-4 do not support LPS-induced pyroptosis
is interesting, as these species are evolutionarily most distant from the rest of the animals

in our panel. This finding hints that recognition of LPS might not be a primordial function
of Casp-4, but was acquired after these species diverged. Another caspase that stands out

is the Casp-4 homologue from the cat (feline Casp-1/4b). Unlike other caspases examined,
Casp-1/117"~ iBMDM:s expressing feline Casp-1/4b released large amounts of mature IL-18
(Fig. 7C, D). As observed with our synthetically redesigned pathways, IL-1p release induced
by feline Casp-1/4b was insensitive to MCC950 (Fig. 7E). Feline primary MDMs behaved
in a similar manner: When LPS was delivered to the cytosol, pyroptosis and the release

of mature IL-1p was evident. Unlike in murine iBMDMs, MCC950 cotreatment did not
inhibit IL-1p processing and secretion (Fig. 7F). We eliminated the possibility that MCC950
is ineffective in feline cells, as it inhibited cell death and IL-1p release when NLRP3

was activated by nigericin (Fig. 7G). These findings suggests that IL-1f is processed and
secreted upon activation of feline Casp-1/4b by LPS, without the need for inflammasomes.
Intrigued by the apparent dichotomy in the behavior of canine and feline Casp-1/4b, we
characterized Casp-4 homologues from additional carnivoran species. When introduced
into Casp-1/117~ iBMDMs, most caspases examined, including those found in carnivorous
and herbivorous bears (polar bear, panda), marine pinnipeds (harbor seal), and diverse
felines (tiger, cheetah) conferred the ability to cause LDH and IL-1p release in response

to LPS electroporation (Fig. 7H). The only exceptions in this panel were made by Casp-4
homologues from dingo and fox which, like the common dog, are members of the Canidae
family. These proteins failed to respond to intracellular LPS (Fig. 7H). When we correlated
our functional analyses with their evolutionary relationship, we could divide the examined
Casp-4 homologues into three distinct classes: Class 1, represented by mCasp-11 and
hCasp-4, are Casp-4 homologues, which sense LPS, but do not exhibit ICE activity; Class
2, which includes most carnivoran Casp-1/4 proteins, both sense LPS and have ICE activity;
Class 3 is represented by Casp-1/4 proteins from canines, which have ICE activity, but are
unresponsive to LPS. Most carnivorans, but not dogs and closely related species, therefore
have the ability to mount an inflammatory response to cytosolic LPS, and they do so by
employing a natural one-protein signaling pathway (Fig. S9).
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Discussion

In this study, we discovered that bioinformatic alignments failed to accurately predict the
functions of cCasp-1/4 enzymes. Whereas one of the CARDs in cCasp-1/4b is similar to
LPS-sensing CARDs, cCasp-1/4b does not recognize LPS and canine cells do not respond
to cytosolic LPS. Similarly, the enzymatic domains within cCasp-1/4 closely resemble that
from hCasp-4, yet cCasp-1/4 proteins display ICE activity /n vitro and within cells. Based
on this evidence, we propose that cCasp-1/4 proteins represent functional homologues of
Casp-1. We speculate that such bioinformatic—function disconnects may become more
common, as it is increasingly recognized that each species has tailored its immune networks
in different manners (37).

We demonstrate that carnivoran caspases are excellent tools to identify general mechanisms
of substrate selection by inflammatory caspases. Our analysis revealed that the ability of
cCasp-1/4 and its murine and human counterparts to cleave pro-IL-1p is conferred by a
small set of charged amino acids located in proximity to the active site. These findings
highlight how ICE activity is conferred to select caspases, which is a process distinct from
that which facilitates GSDMD cleavage. We suggest a model whereby an overall positive
electrostatic potential in or in close proximity to the caspase active site promotes pro-IL-1p
cleavage. In line with this model, H340 in mCasp-1 is the only conserved positively charged
amino acid near its active site. Mutation of H340D results in a 30-fold decrease in ICE
activity (Fig. 5A). In contrast, H342 in cCasp-1/4 is proximal to other charged residues (e.g.
K345 and K379) all of which are conserved in carnivorans. Mutation of all these residues

is necessary to abolish ICE activity (Fig. 4H). This model can also explain why feline
Casp-1/4, which lacks H342, but contains other positively charged amino acids adjacent to
the active site, exhibits ICE activity (Fig. 7, Fig. S4D). Nevertheless, we cannot exclude that
additional interactions might play a role in the recognition of pro-1L-1p by specific caspases,
particularly mCasp-1, which exhibited superior catalytic activity in our assays.

A notable aspect of the mutations we identified is that they appear to specifically affect
ICE activity, rather than overall catalytic activity of the caspase. In contrast, a recent

study identified mutations that are conserved in some species of bats that dampen the
inflammatory capacity of Casp-1 (38). However, these mutations most likely inhibit Casp-1
homodimerization, thereby interfering not only with IL-1p processing, but also cleavage of
GSDMD and Casp-1 itself.

The knowledge gained from the study of canine caspases not only identified molecular
determinants of ICE activity within Casp-1, but also illustrated the plasticity of network
design. Our data indicate a direct correlation between the ability of a caspase to cleave pro-
IL-1pB /n vitro and the degree to which it promotes IL-1p release from a cell, independent
of the cell biological path that leads to its activation. While we found that artificial
recruitment of the enzymatic domains of hCasp-4 or mCasp-11 into an inflammasome
does not promote IL-1p processing, a caspase with ICE activity will cause IL-1p release,
no matter if its activation was inflammasome-dependent or initiated by an interaction with
LPS. We exploited this relationship to design synthetic one-protein signaling pathways
that intrinsically link LPS detection to IL-1p cleavage and release via GSDMD, bypassing

Sci Immunol. Author manuscript; available in PMC 2022 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Devant et al.

Page 11

the need for an inflammasome. Strikingly, we discovered that similar pathways naturally
exist in multiple animal species. This simplified means of signal propagation contrasts
with the complex pathway architecture that is commonly observed in human and mouse
innate immunity. While complex pathways allow for intricate ways to regulate signal
transduction (39), multistep processes might also offer more opportunities for pathogens
to develop immune evasive strategies. The synthetic and natural one-protein signaling
pathways we described reveal unexpected network-design flexibility, which provides a
mandate to investigate the potential cost and benefits of different types of innate immune
pathway design.

Materials and Methods

Study design

Cell lines

The aim of this study was to investigate Casp-1/4 fusion proteins found in carnivoran
mammals and use them as a tool to obtain general insights into inflammatory caspase
substrate selection. We investigated the function of these enzymes /n vitro using
recombinant proteins, in reconstituted murine macrophages and feline and canine primary
cells. Sample sizes for each experiment are indicated in the figure legends.

All cells were cultured in humidified incubators at 37°C and 5% CO,. Immortalized bone
marrow-derived macrophages (iBMDMs) from WT or Casp-1/117~ mice were cultured

in DMEM supplemented with 10% fetal bovine serum (FBS), Penicillin + Streptomycin, L-
Glutamine and Sodium pyruvate, herafter referred to as complete DMEM (cDMEM). cDNA
sequences for wildtype or chimeric caspase constructs of interest carrying an N-terminal
Myc-tag were ordered as gBlocks (Integrated DNA technologies) and cloned into pMSCV
IRES EGFP using Aot/ and Sall restriction sites. Point mutations were introduced using
the Quikchange mutagenesis kit (Agilent) or the Q5 mutagenesis kit (NEB) according to
manufacturer’s protocols. All constructs generated in this paper were sequence confirmed
by Sanger sequencing. HEK293T cells were cultured in cDMEM and used as packaging
cells for retroviral vectors. For the production of retroviral particles, 2.5x108 HEK293T
cells were seeded in a 10 cm cell culture dish. After overnight incubation at 37°C, cells
were transfected with 10 pug of pMSCV IRES EGFP encoding the protein of interest, 6

ug of pCL-ECO and 3 pg of pPCMV-VSVG using Lipofectamine 2000 (ThermoFisher)
according to the manufacturer’s instructions. After 18-24 h at 37°C, media was changed

to 6 ml of fresh cOMEM and virus containing supernatant was collected 24 h post media
change. Supernatants were clarified from cellular debris by centrifugation (400 x g, 5 min)
and filtered through a 0.45 pm PVDF syringe filter. ~2x10® Caspase-1/117~ iBMDMs
were transduced twice on two consecutive days in a 6-well plate by adding 4.5 ml of

viral supernatant supplemented with Polybrene (1:2000; EMD Millipore) per well, followed
by centrifugation for 1 h at 1250 x g and 30 °C. GFP™ cells were sorted twice on a
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
immunobloting using a rabbit anti-Myc-tag or mouse anti-Myc-tag primary antibody (both
from Cell Signaling Technologies) at a 1:1000 dilution.
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Primary cell culture

Canine or feline whole blood from healthy beagle dogs was purchased from BiolVT and
processed within 24 h post blood draw. Primary cells were cultured in RPMI supplemented
with 10% FBS, L-Glutamine, Sodium pyruvate and Penicillin + Streptomycin (referred to
as complete RPMI). Whole 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 media (GE Healthcare). Density gradient centrifugation was performed at 800 x

g for 35 min at 20 °C. Total peripheral blood mononuclear cells were havested from the
interphase and washed twice with wash buffer (PBS pH 7.4, 2.5 mM EDTA, 1% FBS). Red
blood cells were lysed by resuspending the pellet in ACK lysis buffer and incubation for 5
—10 min at RT. After a final washing step in wash buffer, total PBMCs were seeded in T75
cell culture flasks in 15 ml complete RPMI (40x108 PBMCs per flask). After incubation for
2 h at 37°C for canine PBMCs or overnight for feline PBMCs, non-adherent PBMCs were
removed by three washes with pre-warmed, sterile PBS pH 7.4. Adherent cells (monocytes)
were either used for experiments right away or cultured in complete RPMI supplemented
with 50 ng/ml of recombinant human M-CSF (R&D Systems) for 5-7 days. Media was
replenished with fresh complete RPMI containing M-CSF every 2 — 3 days.

Differentiation and immortalization of bone marrow-derived macrophages

Bone marrow-derived macrophages were immortalized as described before with slight
modifications (40). L929 fibroblasts secreting M-CSF were cultured in cDMEM and
M-CSF containing supernatants were harvested, cleared by centrifugation (400 x g, 5

min) and passed through a 0.22 um filter. CreJ2 cells were cultured in cDMEM and J2
retrovirus-containing supernatans were harvested, cleared by centrifugation (400 x g, 5 min)
and passed through a 0.45 um filter. Femurs from freshly sacrificed Casp-1/117/~ mice
(B6N.129S2-Caspltmi1FIv/J from Jackson Laboratories) were dissected and flushed with
sterile PBS pH 7.4. Obtained cell suspension was passed through a 70 pm cell strainer
before plating cells in non-tissue culture-treated 10 cm dishes (1 x 107 cells per dish). Cells
were cultured in cDMEM supplemented with 30% M-CSF-containing supernatants from

L 929 cells for 4 days. On day 4 and 6 post isolation, bone marrow cells were transduced
with J2 virus by swapping media for immortalization media (30% L929 supernatant + 70%
CreJ2 supernatant) for 24 h. Following day 7, cells were passaged in cDMEM supplemented
with gradually decreasing doses of L929 conditioned media (starting at 30%) until they
divided normally in unsupplemented cDMEM. When the concentration of supplemented
L929 supernatant was below 5%, cells were cultured tissue culture-treated plates for better
adherence.

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 and used at a working concerntration of 1 pg/ml. Nigericin
was bought from Invivogen, dissolved in 100% ethanol to 6.7 mM and used for NLRP3
stimulation at a concentration of 10 uM. Poly(dA:dT) was from Invivogen and dissolved
to a stock concentration of 1 mg/ml. Poly(dA:dT) was transfected at a final concentration
of 5 pg/ml. MCC950 and zVAD-FMK (both from Invivogen) were resuspended in sterile
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DMSO to a concentration of 20 mM and used at a final concentration of 10 uM and 20

UM, respectively. Disulfiram was purchased from Tocris Biosciences, dissolved in DMSO to
generate a stock solution at 20 mM. During inhibition experiments, disulfiram was present
at a concentration of 50 pM. To inhibit pyroptosis, cells were pre-treated with inhibitors

for 30 min and the respective inhibitor was present during signal 2 of inflammasome
stimulation. Propidium iodide solution (1 mg/ml) was purchased from MilliporeSigma.
Recombinant human M-CSF (CHO expressed, carrier-free) was bought from R&D Systems
and dissolved in sterile PBS pH 7.4 (stock concentration 50 pg/ml). YVAD-pNA was from
Enzo Biosciences and the stock solution was prepared at 20 mM in DMSO.

Inflammasome activation, cell death assays and ELISAs

Inflammasome activation assays were performed in a 96-well format. To activate the NLRP3
inflammasome, 1 x 10° cells were seeded in duplicate wells in 100 pl of cDMEM and
incubated for 1 h at 37°C and 5% CO, for cells to adhere to the plate before adding 100 pl
of cDMEM with or without 2x LPS (1 pg/ml final concentration) for priming. After 4 h at
37°C and 5% CO,, cells were stimulated with 10 uM nigericin in 200 ul cDMEM for 3 h.
Cell lysis was quantified using the CyQuant LDH cytotoxicity assay kit (Thermo Fisher). 50
ul of supernatants were mixed with 50 pl of LDH assay buffer and incubated for 15 — 30 min
at RT. Absorbance at 490 nm and 680 nm was meaured on a Tecan Spark plate reader and
signal was normalized to lysis controls. Since primary cells yielded low signal intensities

in LDH assays, Pl staining was used as a readout to quantify membrane perforation in
experiments involving these cells. 1 x 10° canine cells or 0.5 x 10° feline cells were treated
as described in a black 96-well plate with clear bottom and PI was added to the media at a
1:300 dilution 30 min before the end of the stimulation. Plates were spun for 5 min at 400

x g and fluorescence was measured on a Tecan Spark device at an excitation wavelength

of 530 nm and an emission wavelength of 617 nm. Cellular ATP levels as a measure of
viability were determined using the Celltiter-Glo Luminescent Cell Viability kit (Promega).
Supernatant was completely removed from the cells stimulated in a 96-well format before
adding 30 pl of Opti-MEM and 30 pl of Celltiter-Glo solution per well. After incubation

for 5 min at RT, the mixture was transferred into a white 96-well plate and luminescence
signal was quantified using a Tecan Spark device. Release of IL-1p was assessed by ELISA
using the IL1 beta mouse uncoated ELISA kit (Thermo Fisher), or the feline or canine IL-1
beta/IL1F2 DuoSet kit (both from R&D Systems), respectively, according to manufacturer’s
protocols. To activate the AIM2 inflammasome, 5 x 10 cells were seeded in duplicate wells
in 100 pl of cDMEM and incubated overnight at 37°C and 5% CO,. After priming with 1
pg/ml of LPS for 4 h, cells were transfected with 5 pg/ml of Poly(dA:dT) (Inivivogen) using
Lipofectamine 2000 in a total volume of 200 pl cDMEM per well. Supernatants for LDH
assay and ELISA analysis were collected 6 h post-transfection.

Processing of GSDMD and caspase-1 after inflammasome activation was analyzed by
immunoblotting using a rabbit anti-GSDMD (Abcam) or mouse anti-murine caspase-1 p20
(Adipogen) primary antibodies; diluted at 1:1000. 1 — 2 x 10% iBMDMs of the cell line of
interest were seeded in a 6-well plate and primed with 1 pg/ml of LPS for 3 -4 h. In order to
capture proteins present in the lysate and the supernatant, nigericin was administered in 1.5
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ml of Opti-MEM media for 2 h. Samples for immunoblotting were prepared by adding 375
ul of 5x SDS loading buffer directly to the well and heated to 65 °C for 10 min.

LPS electroporation

The Neon transfection system (ThermoFisher) was used to deliver bacterial LPS into the
cytoplasm of cells. Canine MDMs or murine iBMDMs cells primed with LPS for 3 - 4

h in 6-well plates, lifted with PBS + EDTA and resuspended in R buffer at a density of

10 x 108 cell/ml. Feline MDMs were primed equivalently in non-TC-treated 6-well plates
and resuspended in R buffer at a density between 3 - 5 x 10° cell/ml. LPS or sterile PBS
(negative control) was mixed with the cell supension (1 ug of LPS or 1 ul of PBS per 1 x
106 cells, respectively) before aspirating the cell suspension into the electroporation pipette
equipped with a 100 pl tip and performing electroporation with two pulses with a width

of 10 ms and a voltage of 1400 V, unless stated otherwise. Cells were then dispensed into
media at a density of 5 x 10° cell/ml (murine and canine cells) or 2.5 x 10° cell/ml (feline
cells) and seeded in 96-well (200 ul per well) or 6-well tissue culture plates. Cell death and
IL-1p release was quantified 3 h post-electroporation by LDH or PI and CelltiterGlo assay,
and ELISA.

Bacterial infections

S. aureus strain lacking the oatA gene (SA113 AoatA) was a kind gift from David Underhill
(Cedars Sinai). Bacteria were streaked on TSA agar plates containing sheep blood (Thermo
Fisher) and incubated overnight at 37°C. Single colonies were picked to inoculate 5 ml of
Todd-Hewitt Broth (Millipore Sigma) containing 25 pg/ml of kanamycin and grown up at
37°C and 250 rpm for 24 h. Cultures were washed three times in PBS pH 7.4, and ODgqg
was determined before appropriately diluting bacteria in cDMEM without antibiotics. 1 x
10° iBMDMs per well in a 96-well plate were primed with 1 pg/ml LPS or left untreated
followed by infection with SA113 AoatA at an MOI of 30 in a total volume of 200 pl per
well. Synchronized infection was facilitated by spinning the plates at 500 x g for 5 min right
after addition of bacteria-containing media. After 1 h of infection, extracellular bacteria were
killed by changing the media to cDMEM (with Pen/Strep) and supplemented with 50 pg/ml
of gentamicin. Cell culture supernatants for LDH release assay and ELISA to quantify levels
of IL-1B in the were collected 12 h post initial infection.

Salmonella strain deficient for flagellin (SL1344 #/iC/fljB) was a kind gift from Igor
Brodsky (University of Pennsylvania) and infections were performed as described before
with minor modifications (35). Bacteria were streaked on LB agar plates containing 25
ug/ml kanamycin, grown overnight at 37°C and plates were stored at 4 °C for later use.
Overnight cultures (3 ml LB + 25 pg/ml kanamycin and 25 pg/ml chloramphenicol) were
inoculated with a single bacterial colony and grown at 37°C while shaking at 250 rpm. On
the next morning, bacterial culture was diluted into high salt LB (3 ml LB + 100 pl of
overnight culture + 78 pl of sterile 5 M NaCl) and incubated for another 3 h at 37°C without
shaking. Infections were performed in a 96-well (for LDH and ELISA analyses) or 12-well
format (for IL-1p immunoprecipitations) using 1x10° and 1x10° cells per well, respectively.
Cells were seeded in cDMEM without Pen/Strep and primed with 1 pg/ml of LPS for 3 h.
Bacteria were washed three times with pre-warmed cDMEM without Pen/Strep and added to
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cells at an MOI of 100 in 200 pl (96-well) or 2 ml (12-well) of cDMEM without Pen/Strep.
Synchronized infection was facilitated by spinning the plates at 500 x g for 5 min right after
addition of bacteria-containing media and cells were incubated at 37°C and 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 were harvested at 4 h post-infection.

Immunoprecipitation of IL-1p from cell culture supernatants

IP of murine IL-1p from cell culture supernatants was performed as described before (7).
Supernatants from 0.5 — 1.0 x 108 cells (cell number consistent within each individual
experiment) stimulated as indicated were transferred into 5 ml FACS tubes and depleted of
cells and debris by spinning at 400 x g for 5 min. Cell-free supernatants were transferred
into new tubes and rotated overnight at 4 °C in the presence of 0.5 pg of biotinylated goat
anti-murine IL-1p antibody (R&D Systems) and 20 pl neutravidin agarose beads (Thermo
Fisher). Remaining cells in the well were lysed in 1x SDS loading dye and served as

input control. Beads were subsequently washed three times with PBS pH 7.4 before eluting
bound proteins in 50 pl of 1x SDS loading dye. Immunoprecipitated and cell-associated
IL-1p was detected by immunoblotting using a rabbit anti-murine IL-1f antibody (Genetex).
Cell-associated actin or tubulin was detected as a loading control using a mouse anti-tubulin
antibody (DSHB hybridoma bank; 1:100 dilution) or a mouse anti-actin antibody from
Sigma at a dilution of 1:5000. IP of canine or feline IL-1p was performed equivalently
from pooled supernatants from two wells of a 96-well plate containing 0.5 — 1.0 x 10° cells
per well using 0.18 pg of biotinylated canine/feline IL-1B ELISA detection antibody (R&D
Systems) as bait and rabbit anti-canine IL-1p antibody from BioRad or goat anti-feline
IL-1B antibody from R&D Systems for immunoblot detection. Unless stated otherwise, all
primary antibodies were used at a concentration of 1:1000.

Recombinant protein expression and purification

DNA sequences encoding residues 131 - 404 of canine caspase-1/4 isoform a, residues 94 -
377 of human caspase-4 and residues 130 — 404 of murine caspase-1 were amplified by PCR
using gBlocks of the full-length proteins as a template and cloned into a pET28A(+) vector
with an N-terminal Hisg-tag using BamH/and EcoR/ restriction sites. cDNA encoding
full-length murine pro-IL-1p, canine pro-IL-1p and human pro-1L-18 was synthesized by
Integrated DNA Technologies and cloned equivalently. Chemically competent Rosetta (DE3)
pLysS cells (EMD Millipore) were transformed with the plasmid of interest and plated on
LB agar plates with 25 pug/ml of Kanamycin. Overnight pre-cultures inoculated with a single
colony were grown at 30 °C and 250 rpm in 2x YT media containing 25 ug/ml kanamycin
and 50 pg/ml chloramphenicol. Expression cultures of 500 — 1500 ml were inoculated with
overnight cultures at a ratio of 1:100 and incubated at 37°C and 250 rpm until the ODgqq
reached a value between 0.7 and 0.8. Following a cooling step on ice, protein expression was
induced by adding IPTG to a final concentration of 0.25 mM and expression was allowed to
proceed overnight at 18 °C. Bacterial pellets were harvested by centrifugation (5000 x g for
20 — 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, 10 mM Imidazole) and lysed by

Sci Immunol. Author manuscript; available in PMC 2022 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Devant et al.

Page 16

ultrasonication. Cell lysates were clarified by centrifugation (30 min, 20,000 x g, 4 °C)
and passed through a 0.22 um syringe filter before pouring them into a gravity flow column
containing a bed of Ni-NTA agarose beads (Qiagen). Beads were washed with at least 10
bed volumes of wash buffer (25 mM HEPES pH 7.4, 400 mM NaCl, 25 mM Imidazole)
and bound protein was eluted stepwise in resuspension buffer supplemented with 40 — 250
mM Imidazole. Fractions containing the protein of interest were pooled, buffer exchanged
into storage buffer (25 mM HEPES-NaOH pH 7.4, 150 mM NacCl, 10% glycerol) using a
PD-10 desalting column (GE Healthcare). Lastly, protein was concentrated by centrifugal
ultrafiltration. Aliquots were snap-frozen in liquid nitrogen and stored at =80 °C for later
use. Purity and integrity of the purified proteins were analyzed by SDS-PAGE followed by
Instant B/ue staining (Expedeon).

Recombinant human GSDMD was provided by Hao Wu (Harvard Medical School) and
purified as described (18).

In vitro protein substrate cleavage assays

Two-fold dilution series of the indicated recombinant caspase were incubated with purified
murine/canine pro-1L-1p, human pro-1L-18 or human GSDMD at a final concentration of 50
nM in 40 pl of caspase 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. Reactions were stopped by adding
15 ul of 5x SDS loading dye and boiling at 65 °C for 10 min. Cleavage products were
analyzed via immunoblot using rabbit anti-murine IL-1p (Genetex), rabbit anti-human 1L-18
(MBL), or rabbit anti-GSDMD (Cell Signaling) primary antibody at a 1:1000 dilution. Band
intensities were quantified using ImageJ to determine EC50 values and catalytic efficiencies
were calculated as described before (8) using the following equation:

In(2)

kear
Ky, = (EC50%x1)

In vitro peptide cleavage assays

For peptide cleavage assays, recombinant mCasp-1, hCasp-4 or cCasp-1/4 were first diluted
to a concentration of 100 nM in caspase assay buffer. To start the reaction, 20 pl of

the diluted caspase were then mixed with 80 pl of a serial dilution of the chromogenic
tetrapeptide substrate YVVAD-pNA in the same buffer (final concentration of caspase was 20
nM in a total volume of 100 ul) in a clear 96-well plate. Absorbance at a wavelength of 405
nm was measured every 20 s for 20 min using a Tecan Spark plate reader with temperature
control set to 37°C. Substrate solution was pre-warmed to 37°C before adding to the caspase
to ensure homogenous assay conditions. Absorbance values were plotted in dependence

of time and initial velocities were determined by performing linear fits of the resulting
curves. A pNA standard curve was generated to transform absorbance values into molar
concentrations. Initial velocities were plotted as a function of the substrate concentration and
kinetic parameters (Km, Vmax, Kcat) Were determined by performing a fit according to the
Michaelis-Menten equation in GraphPad Prism.
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Sequence alignments and homology modelling

Mammalian caspase homologues were identified by NCBI BLASTp search using amino
acid sequences of canine Casp-1/4a or human Casp-1 as search queries. Sequences of
interest were aligned using the Clustal Omega Multiple Sequences Alignment tool and
visualized in ESPript 3.0 (41, 42).

To generate a homology model of the catalytic domain of cCasp-1/4, we utilized tools
available on the SWISS-MODEL online server (43). A crystal structure of the catalytic
domain of human Casp-1 in complex with the inhibitor zZVAD-FMK (sequence identity 57%
and 63% for the p20 and p10 fragment, respectively) was used as an input template (PDB
ID: 2H51)(44). Obtained homology model was visualized in PyMOL (Schroedinger, Inc.).

Quantification and Statistical Analysis

Statistical significance was determined by two-way ANOVA or one-way ANOVA with
Tukey’s multiple comparison test, or unpaired, two-tailed Student’s t-test as appropriate for
each experimental dataset. Utilized statistical method is indicated in the respective figure
legends. P-values below 0.05 were seen as statistically significant. All statistical analyses
were performed using GraphPad Prism data analysis software. Data is representative of at
least three independent repeats. Data with error bars are represented as mean + standard
error of the mean.
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All data needed to evaluate the conclusions in the paper are in the paper or Supplementary
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Fig. 1. Canine Casp-1/4 exhibit Casp-1 like inflammasome activities.
(A) Schematic of genetic loci encoding inflammatory caspases in humans, mice and dogs.

(B) Phylogenetic tree displaying evolutionary relationship between cCasp-1/4b and murine
and human inflammatory caspases based on amino acid conservation.
(C-E) Canine primary MDMs were primed LPS for 4 h or left unprimed before stimulation
with Nigericin for 3 h. Cells were pre-treated with indicated inhibitors for 30 min and

inhibitors were co-administered during nigericin treatment. Pl fluorescence intensity and

cell-associated or extracellular IL-1p release was assessed after 3 h nigericin treatment.
(F) Immunoblot analysis of lysates of LPS-primed WT iBMDMs and Casp-1/117~
iBMDMs reconstituted with the indicated Myc-tagged caspase.
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(G) WT iBMDMs or Casp-1/117~ iBMDMs reconstituted with the indicated caspase were
primed for 4 h with LPS or left unprimed before treatment with nigericin for 3 h. LDH and
IL-1B in supernatants were then quantified.

(H) Casp-1/117/~iBMDM:s reconstituted with indicated caspases were primed for 4 h with
LPS, then either left untreated or stimulated with nigericin for 2 h. Lysates and media were
combined to assess processing of GSDMD by immunoblot.

(1) WT iBMDMs or Casp-1/117~ iBMDM:s reconstituted with the indicated caspases were
primed for 4 h with LPS or left unprimed before infection with S. aureus 113 AoatA. LDH
and IL-1p in supernatants were quantified 12 h post-infection.

Data are represented as mean + SEM of at least three independent experiments. Primary
cell experiments include data from at least three different donors. Immunoblots show
representative result of three independent repeats. Statistical significance was determined
by one-way ANOVA (B+C) or two-way ANOVA (F+H): *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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Fig. 2. Canine Casp-1/4 proteinsdo not act as cytosolic L PS sensors.
(A, B) WT iBMDMs or Casp-1/117/~ iBMDMs reconstituted with the indicated caspase

were primed for 4 h with LPS before electroporation of LPS or PBS. LDH and IL-1p in

supernatants was quantified after 3 h.

(C) Schematic of WT and chimeric caspase constructs.
(D) Immunoblot analysis of whole-cell lysates of Casp-1/117~iBMDM:s reconstituted with

the indicated Myc-tagged caspases.
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(E) Casp-1/11~"~ iBMDM:s reconstituted with the caspases were primed for 4 h with LPS
or left unprimed before electroporation of LPS or PBS. LDH in supernatants was quantified

after 3 h.

(F-H) Canine primary MDMs or murine WT iBMDMs were primed with LPS for 4 h.
LPS or PBS was delivered into the cytosol of the cells by electroporation. Pl fluorescence
intensity, intracellular ATP levels and IL-1f in supernatants were quantified after 3 h.
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Data are represented as mean = SEM of three (E), four (F-H), or five (A+B) independent
experiments. Statistical significance was determined by two-way ANOVA: *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 3. The catalytic activity of cCasp-1/4 isrequired for inflammasome-dependent IL-1f release.
(A) Immunoblot analysis of lysates of Casp-1/117~iBMDMs expressing either Myc-tagged

cCasp-1/4 variants.

(B-F) Casp-1/117~iBMDM s reconstituted with the indicated caspase were primed for 4
h with LPS or left unprimed before treatment with nigericin. LDH and intracellular and
extracellular IL-1p were quantified after 3 h. Cells in (F) were treated with nigericin for 2 h

before assessing GSDMD processing.

(G) Schematics showing architecture of synthetic hybrid caspases consisting of human or
murine Casp-1 CARDs and the catalytic domains and CARDs of hCasp-4 or mCasp-11,

respectively.
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(H) Immunoblot analysis of lysates of Casp-1/117~iBMDMs expressing indicated Myc-
tagged caspases.

(1-K) Casp-1/1177~iBMDMs reconstituted with the caspases indicated were primed for 4 h
with LPS or left unprimed before treatment with nigericin for 3 h. LDH and intracellular and
extracellular IL-1p were then quantified.

Data are represented as mean = SEM of three independent experiments. Immunoblots of
immunoprecipitated IL-1p display one representative result of three independent repeats.
Statistical significance was determined by two-way ANOVA: ****p < 0.0001.
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Fig. 4. Mechanistic insightsin how inflammatory caspases select | L-1p as a substrate.
(A) Recombinant catalytic domains of the caspases indicated were visualized after SDS-

PAGE by Coomassie staining.

(B, C) Enzyme kinetic analysis of the cleavage of the chromogenic Casp-1-substrate YVAD-
pNA by recombinant caspases.

(B) Recombinant caspases (20 nM) were mixed with serially diluted substrate (0 — 1600
UM). Initial velocities were plotted in dependence of the substrate concentration and fitted
according to the hyperbolic Michaelis-Menten equation to derive kinetic parameters.

(C) Calculated kinetic parameters of YVAD-pNA cleavage reaction for each tested caspase.
Parameters for hCasp-4 could not be accurately determined as curves did not reach
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saturation in the tested range of substrate concentrations. Displayed parameters represent
mean + SD of three independent experiments involving two separate caspase preparations.
(D-G) 50 nM of recombinant murine pro-IL-1f was incubated with two-fold serial dilutions
of caspase catalytic domains. Processing of pro-1L-1f was analyzed by immunoblot. Highest
enzyme concentration used in each assay is indicated above the blot. Catalytic efficiencies
(keat/Km) were calculated based on disappearance of band corresponding to pro-form of
IL-1B.

(H) Catalytic efficiencies of pro-IL-1p and GSDMD cleavage by cCasp-1/4 mutants. Triple
mutant carries K379T, K345M and H342D mutations. Quadruple mutant combines these
three mutations with E288A/P290R mutation.

(1) Catalytic efficiencies of pro-IL-1p and GSDMD cleavage by hCasp-4 mutants. Triple
mutant carries T352K, M318K and D315H mutations. Quadruple mutant combines these
three mutations with A261E/R263P mutation.

(J) Immunoblot analysis of whole-cell lysates of Casp-1/117~iBMDM:s expressing Myc-
tagged caspases indicated.

(K - M) Casp-1/117~ iBMDM s reconstituted with cCasp-1/4a or cCasp-1/4a triple mutant
were primed for 4 h with LPS or left unprimed before treatment with nigericin for 3 h. LDH
and intracellular and extracellular IL-1p were then quantified.

Each data point (G-I) represents the result of one independent assay. Bars and error bars
represent mean = SEM of at least three independent experiments. Repeats of /in7 vitro assays
involved at least two independent caspase preparations. Immunoblots are representative of at
least three independent repeats. Statistical significance was determined by one-way ANOVA
(H, 1) or two-way ANOVA (K, L): ****p < 0.0001.
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Fig. 5. The conserved residue H340 determines | CE activity in Caspase-1.
(A) Catalytic efficiencies of pro-1L-1p and GSDMD cleavage by mCasp-1 H340D compared

to WT mCasp-1.

(B, H) Immunoblot analysis of lysates of Casp-1/117~iBMDM:s expressing the indicated
Myc-tagged caspases.

(C-=G, | - K) Casp-1/117~ iBMDMs expressing the caspases indicated were primed for 4 h
with LPS or left unprimed before treatment with nigericin for 3 h. LDH and intracellular and
extracellular IL-1p or GSDMD cleavage status were then quantified.

Each data point (A) represents the result of one independent assay. Bars and error bars
represent mean = SEM of at least three independent experiments. Repeats of in vitro assays
involved at least two independent caspase preparations. Immunoblots are representative of at
least three independent repeats. Statistical significance was determined by one-way ANOVA
(A) or two-way ANOVA (C, E, I, K): ****p < 0.0001.
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Fig. 6. Design of a synthetic one-protein signaling pathway that links L PS detection and IL-1B
release, independent of inflammasomes.
(A, J) Immunoblot analysis of lysates of Casp-1/117/~iBMDMs expressing the indicated

Myc-tagged caspases.
(B-1, K-M) Casp-1/117~iBMDM:s reconstituted with the indicated caspase were primed for
4 h with LPS before electroporation of LPS or PBS. LDH and intracellular and extracellular
IL-1pB were assessed after 3 h. As indicated, the NLRP3 inhibitor MCC950 was added after
electroporation.
(N-S) Casp-1/117~iBMDM:s reconstituted with the indicated caspase were primed for 3 h
with LPS before infection with Salmonella. LDH release and IL-1f in supernatants were
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quantified after 4 h. Immunoprecipitated IL-1f from supernatants and pro-IL-1p in lysates
were analyzed by immunoblotting after 4 h.

Data are represented as mean = SEM of three independent experiments. Immunaoblots

of immunoprecipitated IL-1p are representative of three independent repeats. Statistical
significance was determined by unpaired Student’s t-test (H, I) or two-way ANOVA (B, C,
D,E, K, L,N, O, P, Q): *p <0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 7. Multiple animal species contain a natural one-protein signaling pathway that links LPS
detection to IL-1p cleavage.
(A) Immunoblot analysis of lysates from Casp-1/117/~ iBMDMs reconstituted with Myc-

tagged Casp-4 homologues from following species: mouse (Mus musculus), cat (Felis
catus), lemur (Microcebus murinus), rabbit (Oryctolagus cuniculus), sheep (Ovis aries),
horse (Equus caballus), bat (Pteropus alecto), manatee ( Trichechus manatus latirostis),
wombat (Wombatus ursinus).

(B-E) Casp-1/117~iBMDM:s reconstituted with the casp-4 homologue from the indicated
species were primed for 4 h with LPS before electroporation of LPS or PBS. LDH and
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intracellular and extracellular IL-1p were then assessed. after 3 h. As indicated, the NLRP3
inhibitor MCC950 was added after electroporation.

(F) Feline primary MDMs or murine iBMDMs were primed with LPS for 4 h. Subsequently,
LPS or PBS was delivered into the cytosol by electroporation. PI fluorescence intensity,
intracellular ATP, and extracellular and intracellular IL-1p were assessed 3 h post-
electroporation. As indicated, the NLRP3 inhibitor MCC950 was present in media after
electroporation.

(G) Feline primary MDMs were primed with LPS for 4 h or left unprimed before stimulation
with nigericin. Cells were pre-treated with MCC950 for 30 min and inhibitor was co-
administered during nigericin treatment. Pl fluorescence intensity, intracellular ATP levels,
and extracellular IL-1pB were quantified after 3 h.

(H) Casp-1/117/~iBMDMs were reconstituted with Myc-tagged Casp-1/4b homologues
from following carnivorans: dingo (Canis lupus dingo), fox (Vulpes vuipes), harbor seal
(Phoca vitulina), polar bear (Ursus maritimus), panda (Afluropoda melanoleuca), tiger
(Panthera tigris altaica), cheetah (Acinonyx jubatus). Cells were primed for 4 h with LPS
before electroporation of LPS or PBS. LDH release and IL-1p levels in supernatants were
quantified after 3 h.

Data are represented as mean = SEM of at least three independent experiments.

Primary cell experiments include data from three different donors. Immunaoblots of
immunoprecipitated IL-1p are representative of three independent repeats. Statistical
significance was determined by two-way ANOVA (B,C,FH), unpaired Student’s t-test (E) or
one-way ANOVA (G): *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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