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Caspase-1 self-cleavage is an intrinsic mechanism to
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Host-protective caspase-1 activity must be tightly requlated to prevent pathology, but mechanisms controlling the duration of
cellular caspase-1 activity are unknown. Caspase-1 is activated on inflammasomes, signaling platforms that facilitate caspase-1
dimerization and autoprocessing. Previous studies with recombinant protein identified a caspase-1 tetramer composed of two p20
and two p10 subunits (p20/p10) as an active species. In this study, we report that in the cell, the dominant species of active
caspase-1 dimers elicited by inflammasomes are in fact full-length p46 and a transient species, p33/p10. Further p33/p10 auto-
processing occurs with kinetics specified by inflammasome size and cell type, and this releases p20/p10 from the inflammasome,
whereupon the tetramer becomes unstable in cells and protease activity is terminated. The inflammasome—caspase-1 complex
thus functions as a holoenzyme that directs the location of caspase-1 activity but also incorporates an intrinsic self-limiting
mechanism that ensures timely caspase-1 deactivation. This intrinsic mechanism of inflammasome signal shutdown offers a mo-
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lecular basis for the transient nature, and coordinated timing, of inflammasome-dependent inflammatory responses.

INTRODUCTION

Inflammasomes are signaling hubs that assemble in response
to cell stress or microbial infection and provide an activation
platform for the zymogen protease, caspase-1. Upon activa-
tion, caspase-1 triggers the maturation and secretion of potent
proinflammatory mediators (IL-1f and IL-18) and induces cell
lysis (pyroptosis), culminating in the activation of the immune
system and antimicrobial defense (Schroder and Tschopp,
2010). Other proinflammatory signaling pathways are tightly
controlled, with signal initiation eliciting negative feedback
mechanisms to shut down inflammatory signaling within a
set time window (Liew et al., 2005). Isolated studies have sug-
gested that caspase-1 enzymatic function can be suppressed
via cysteine oxidation by reactive oxygen species (Meissner et
al., 2008) or prevented by primate-specific caspase activation
and recruitment domain (CARD)-only proteins (Schroder
and Tschopp, 2010). General mechanisms, including signal
feedback loops, that control the duration of caspase-1 activity
in inflammasome-signaling cells are unknown.

RESULTS

Active caspase-1 is predominantly a

transient species, p33/p10

Full-length caspase-1 is recruited to inflammasomes via its
N-terminal CARD that interacts with a CARD domain
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presented by these signaling hubs (e.g., that of polymerized
ASC). Caspase-1 recruitment to the hub enables its activation
(Schroder and Tschopp, 2010), likely by increasing the local
concentration of caspase-1 to facilitate the dimerization of
caspase-1 monomers (Datta et al., 2013). Indeed, caspase-1
dimerization enables its protease activity (Fig. S1, A and B).
A CARD domain linker (CDL) separates the CARD of
caspase-1 from its C-terminal catalytic domain, which is com-
posed of large (p20) and small (p10) subunits, separated by an
interdomain linker (IDL; Fig. 1 A). Caspase-1 can undergo
self-processing at multiple sites within the two linker domains
(Broz et al., 2010; Fig. 1 A), to potentially generate a vari-
ety of dimeric caspase-1 species (Fig. 1 B). In macrophages,
cytokine processing by caspase-1 requires caspase-1 cleavage
at the IDL (p20|p10; Broz et al., 2010) and is temporally
associated with cleavage of the CDL (CARD/|p20; Maria-
thasan et al., 2006; Broz et al., 2010). Because inflammasome
activation elicits caspase-1 p20 and p10 cleavage fragments,
and recombinant p20/p10 is catalytically active (Fig. S1 C;
Ramage et al., 1995;Walsh et al., 2011; Datta et al., 2013), it is
widely assumed that the active species of caspase-1 in cells is
a tetramer composed of two p20 and two p10 subunits (p20/
p10; Thornberry et al., 1992). However, the active species of
cellular caspase-1 has not been defined experimentally.
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Jterms]). After six months it is available under a Creative Commons License (Attribution-Noncommercial-
Share Alike 4.0 International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

827

520z Jequeoe( G0 U0 3senb Aq 4pd'zzzz. 10z Wel/g80159.1/.28/c/S L z/pd-ajone/wal/Bio sseidny//:dpy woly papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20172222&domain=pdf
http://www.rupress.org/terms/
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:

Potential species of caspase-1 dimer

.%%ﬂl

A Caspase-1

D304 D308

1
11.5 kD

. 19.6 kD | 10.4 kD 033/p10 020/p10
33.1kD
C Lps Nigericin  Harvest & pulldown D
l bVAD-fmk i %L
. MK LE. r
-4 h 1 0051 3 4h
bVAD-fmk S
additiontime (h): -1 005 1 3 4 wWT Gsdmd
bVAD-fmk: + + + + 4 4+ + 4+ - Time (mins): 120 15 30 60120 120 15 30 60 120
Nigericin: - - + + + + + +
LPS: - + + + + + + + + Nigericin: - + + + + - + + + +
Bound  |50— —— <p46 37— .~ <Pro-IL-1p
wts|>’ - <p33 o-IL-1p [ 25—
25_ 20_
20— 15— - ~ <«Cleaved
50— - 7 e < 46 50— - —— (pro-
37— ¥ a-GSDMD | 37— GSDMD
o gn “p . «Cleaved
0-SS | 25— 25| oo
20= 50— W ——— <45
15— _ - -
10— e <p10 37—
o-LS|[25— g
Unbound SO—m._,.__..,<p46 20— - —— 20
37— -
a-LS 25—
20— s eegnamas «  <p20
23: D e a» e —— —— D < D46
i a-SS
25—
0-SS| 20—
15—
10— ————— 010
; a-Tubulin
a-Tubulin [ 50— s a— — — a— c— — a— ]

Figure 1. Active caspase-1 is predominantly a transient p33/p10 species in nigericin-stimulated macrophages. (A) Representation of potential
self-processing sites within the CDL and IDL of mouse caspase-1, relative to the catalytic cysteine (C284). (B) Possible species of dimeric caspase-1 gener-
ated by CDL and/or IDL cleavage. (C) Pull-down of active caspase-1 from mouse macrophages, using the bVAD-fmk caspase activity probe. Macrophages
were left untreated or primed with LPS for 4 h, and then stimulated with nigericin for a further 4 h before addition of 19% IGEPAL into the well, to lyse cells
directly in their culture medium. bVAD-fmk was applied to cells 1 h before (=1 h), during (0 h), or after (0.5, 1, 3, 4 h) nigericin addition. Streptavidin-coated
beads pulled down active caspase-1 bound to the biotin-labeled activity probe in mixed lysates/supernatants. Streptavidin-bound and -unbound fractions
were analyzed by Western blot using antibodies directed against the caspase-1 large and small subunits (LS, SS). (D) LPS-primed WT and Gsdmd~'~ mac-
rophages were stimulated with nigericin and harvested at various time points until 2 h after nigericin stimulation. Cell supernatants were precipitated and
resuspended in cell extracts, and the kinetics of caspase-1 substrate cleavage (pro-IL-1f cleavage to p17, pro-GSDMD to GSDMD p30) was examined by
Western blot. All data are representative of at least three independent experiments.

We examined the active species of caspase-1 in inflam-
masome-activated cells, first using an activity probe that cova-
lently binds the catalytic cysteine of active caspases and inhibits
further protease activity. We used a stimulation protocol that ac-
tivates the well-characterized NLRP3-ASC-caspase-1 inflam-
masome, in which mouse bone marrow macrophages are first

828

primed with LPS for 4 h to induce the expression of NLRP3
and pro—IL-1p, and are then exposed to the bacterial toxin,
nigericin, to trigger NLRP3 inflammasome assembly (Maria-
thasan etal.,2006).A cell-permeable pan-caspase activity probe,
biotin-VAD(OMe)-fimk (bVAD-fink; Faleiro et al., 1997), was
applied to cells at various times before and after nigericin stim-
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ulation, to trap caspases in their active form and suppress fur-
ther autoprocessing. Streptavidin pulled down active caspase-1
species, which were then identified by Western blot using an-
tibodies raised against the caspase-1 small (p10) and large (p20)
subunits («-SS, a-LS; Fig. 1 C). Strikingly, the major caspase-1
fragments pulled down by bVAD-fmk/streptavidin were p10
and p33, a cleavage product generated by caspase-1 IDL but
not CDL processing (Fig. 1,A—C). By contrast, the bVAD-fmk
activity probe did not detectably pull down p20, an anticipated
component of active caspase-1. Full-length caspase-1 (p46)
was pulled down as a minor species, in keeping with the ac-
cepted activation model for initiator caspases in which caspase
dimerization is the first step for the protein to acquire basal
enzymatic function such as the ability to self-cleave (Boatright
et al., 2003). Surprisingly, when the caspase activity probe was
applied to cells 30 min after nigericin, its ability to pull down
p33/p10 diminished, and bVAD-fmk addition thereafter failed
to capture any active caspase-1 species (Fig. 1 C), indicating
that p33/p10 is a transient species. bVAD-fmk addition at early
time points (<30 min after nigericin stimulation) that allow it
to capture p33/p10 suppressed the generation of p20 (Fig. 1 C).
Given that bVAD-fmk binds to caspases only in their active
forms and inhibits their further processing, this indicates that
early bVAD-fmk application trapped the major active species,
caspase-1 p33/p10, and prevented its subsequent processing
to p20/p10, which could not be captured by later addition of
bVAD-fmk. This suggests that contrary to general assumption,
p20/p10 is not the major active caspase-1 species generated by
cellular inflammasome signaling, and may instead be an inac-
tive caspase-1 species. The observation that caspase-1 is rap-
idly deactivated in cells was confirmed using the YVAD-afc
fluorescent caspase-1 substrate to monitor protease activity
over time in lysates of nigericin-stimulated, Gsdmd-deficient
macrophages unable to undergo rapid pyroptotic cell death.
Caspase-1-like activity was restricted to cell lysates in which
protease activity declined over time, and caspase-1-like activity
was not observed in the cell culture media of these samples
(Fig. S1 C). If inflammasome assembly triggers caspase-1 ac-
tivation and then subsequent deactivation, then this suggests
that caspase-1—dependent substrate processing occurs within
a set time window. Indeed, pro—IL-1p and pro—gasdermin-D
(GSDMD), were predominantly cleaved in a burst between 15
and 30 min after nigericin stimulation (Figs. 1 D and S1 D),
coinciding with the duration of caspase-1 activity (Fig. 1 C).
Pyroptotic pores or cell rupture were not primarily responsible
for curtailed substrate processing, because Gsdmd deficiency,
or the addition of the osmoprotectant glycine, delayed cell lysis
(Fig. S1 E) but did not extend the kinetics of caspase-1-depen-
dent substrate processing (Figs. 1 D and S1 D).

p33/p10 self-cleavage generates p20/p10

and deactivates caspase-1

The aforementioned data are at odds with the common be-
lief, based on activity of recombinant p20/p10, that caspase-1
self-processing within the CDL is required for caspase-1—de-
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pendent cytokine processing. To definitively establish that
CDL processing is not required for cellular caspase-1 activity,
and in fact deactivates caspase-1, we first retrovirally reconsti-
tuted caspase-1 expression in Casp1™"/Casp11™"™" (Ice™")
macrophages. We ectopically expressed a caspase-1 mutant
in which the CDL self-cleavage sites are mutated to prevent
their processing (CDL-uncleavable caspase-1 compound mu-
tant in which preferred [D] and suboptimal [E] cleavage sites
are substituted for alanine, E102A/D103A/E121A/D122A,
CDL"™; Fig. 2 A), alongside WT caspase-1 and its catalytic
cysteine mutant (C284A), and performed activity assays after
cells were stimulated for 30 min with nigericin. Similar to
endogenous caspase-1 (Fig. 1 C), ectopically expressed WT
caspase-1 lost activity over time (Figs. 2 B and S2 A). Mu-
tation of the CDL cleavage sites to prevent self-processing
substantially increased caspase-1 activity at 30 min after ni-
gericin stimulation, and unlike WT caspase-1, the activity of
caspase-1 CDL"™ was remarkably stable over the next 30 min
(Figs. 2 B and S2 A). To further confirm that CDL cleavage
inactivates cellular caspase-1 protease activity, we also used
the reverse approach, in which CDL cleavage was controlled
in trans. For this, we replaced caspase-1 CDL self-cleavage
sites with a thrombin cleavage site, within an engineered con-
struct that enables caspase-1 dimerization to be induced by
a dimerizer drug (AP20187; Fig. 2 C). Here, recombinant
thrombin cleaved dimerized caspase-1 at the CDL (Fig. 2 D),
and this triggered dimeric caspase-1 to rapidly lose activity
over time (Figs. 2 E and S2 B), akin to endogenous and ec-
topic WT caspase-1 in macrophages (Figs. 1 C and 2 B). Di-
merized caspase-1 cleaved its natural substrates pro-GSDMD,
pro—IL-1pB, and pro—IL-18, but this was blocked when the
caspase-1 CDL was cleaved by thrombin (Fig. 2 F). Thus,
CDL cleavage is not required for caspase-1 activity, but rather
inactivates cellular caspase-1 protease function.

Our observation that cellular caspase-1 CDL cleavage to
generate p20/p10 renders the protease inactive was surpris-
ing, given that recombinant preparations of caspase-1 p20/
p10 exhibit protease activity (Fig. S1 C; Ramage et al., 1995;
Walsh et al., 2011; Datta et al., 2013). In vitro expression of
ACARD-caspase-1 yields high protein concentration, trig-
gering spontaneous caspase-1 dimerization and IDL cleavage
to generate an active p20/p10 protease (Fig. S1 C). How-
ever, recombinant caspase-1 (p20/p10) is reported to rapidly
lose its quaternary structure and become inactive when di-
luted to 10 nM (Walsh et al., 2011), a concentration close to
total (active plus inactive) cellular caspase-1 levels (Walsh et
al., 2011), which are substantially lower than the dissociation
constant of the caspase-1 p20/p10 tetramer (Kp ~110 pM;
Datta et al., 2013). Indeed, we confirm here that diluting re-
combinant p20/p10 results in reduced protease activity per
nM caspase-1 (Fig. S2 C). In all, these biochemical charac-
teristics of caspase-1 predict that cellular full-length caspase-1
monomers will only dimerize, gain activity, and self-cleave if’
they are recruited to a complex (i.e., the inflammasome) that
allows a high local concentration of monomers. They further
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predict that the quaternary structure of cellular caspase-1 di-
mers will only be stable while they remain bound to their
activation complex. Given that caspase-1 interacts with in-
flammasome signaling hubs via its CARD, we hypothesized
that CDL cleavage to remove the CARD releases the p20/
p10 tetramer from the signaling hub and in so doing renders
the tetramer unstable, terminating activity. Indeed, when cel-
lular dimers of the caspase-1 catalytic mutant were cleaved at
the CDL by thrombin, this destabilized their dimeric struc-
ture (Fig. 2 G) that is required for protease activity (Fig. S1
B). Thus, active caspase-1 p33/p10 self-cleaves at the CDL to
generate p20/p10, and in so doing inactivates protease func-
tion by destabilizing caspase-1 dimer structure.

The inflammasome is the site of caspase-1 activity

We thus hypothesized that inflammasomes would be the
major site of caspase-1 activity (p33/p10 species) and CDL
cleavage would trigger the release of p20/p10 from the sig-
naling hub, leading to dissociation of p20/p10 tetramers and
caspase-1 deactivation.To examine whether p33, and not p20,
was bound to the inflammasome, we added bVAD-fmk to
cells at various times after nigericin stimulation to trap ac-
tive caspase-1 species on the complex and prevent their fur-
ther self-cleavage. The cell lysates were then fractionated to
isolate polymerized ASC (the ASC speck, found in the Tri-
ton X-100—insoluble fraction), or ASC was immunoprecip-
itated, to capture ASC-bound caspase-1 species. Indeed when
bVAD-fmk was applied to cells within 30 min of nigericin
treatment, caspase-1 p33/p10, but not p20/p10, was captured
in the ASC speck—containing fraction (Fig. 3 A). bVAD-fmk
application 1 h after nigericin stimulation failed to trap any
caspase-1 species on the ASC speck (Fig. 3 A). When cell
rupture was delayed by glycine, p20 was retained within the
cell but did not cofractionate with the Triton X-100-insolu-
ble ASC speck (Fig. 3 A). In glycine-untreated cells, caspase-1
p20 was released into the cell culture medium, where it was
inactive (Fig. S3 A). Likewise, p33/p10 was the dominant spe-
cies coimmunoprecipitated with ASC in bVAD-fmk—treated
macrophages (Fig. 3 B) and macrophages exposed to the
caspase-1 inhibitor VX765 (Fig. S3 B), whereas p20 was not

coimmunoprecipitated, despite being a prominent fragment
in the unbound and input fractions of stimulated cells.

To examine the subcellular localization of endoge-
nous active caspase-1 species, the FAM-FLICA caspase-1
probe or the bVAD-fmk caspase probe was applied to ni-
gericin-treated macrophages, and active and total caspase-1
were localized relative to ASC. Both activity probes local-
ized active caspase-1 to the ASC speck, and total caspase-1
was also enriched on the ASC speck in stimulated cells (Figs.
3 C and S4). We also performed proximity ligation assay
(PLA) to verify that active caspase-1 was confined to the in-
flammasome, first by using antibodies against caspase-1 and
biotin to detect bVAD-fmk—labeled caspase-1, in stimulated
macrophages. The resultant PLA signal localized to a single
focus characteristic of the ASC speck (Fig. 3 D). PLA was
also used to detect dimeric caspase-1 species, by conjugating
the same caspase-1 monoclonal antibody to plus and minus
probes and detecting the PLA between these antibodies.
Dimeric caspase-1 in inflammasome-stimulated cells like-
wise localized to a single speck-like focus (Fig. 3 E). Unlike
endogenous and ectopic WT caspase-1, which did not co-
immunoprecipitate with ASC unless cells were exposed to
a caspase-1 inhibitor before nigericin (Figs. 3B and S3 B),
ectopically expressed, CDL-uncleavable caspase-1 (p33) re-
mained in the ASC speck fraction in both inhibitor-treated
and -untreated cells (Fig. S5 A), indicating that p33—ASC
interaction is stabilized by preventing CDL cleavage. The
activity of CDL-uncleavable caspase-1 also colocalized
with the ASC speck (Fig. S5 B). In all, our data indicate
that caspase-1 is predominantly active when it is bound to
a signaling hub such as polymeric ASC and show that CDL
self-cleavage releases the p20/p10 protease from the hub,
leading to tetramer dissociation. This explains why caspase-1
dimers and caspase-1 activity are localized to the ASC speck
(Fig. 3, D and E) and cellular p20 is not pulled down with
the bVAD-fmk activity probe (Figs. 1 C and S3 A).Thus, the
inflammasome—caspase-1 complex functions as a holoen-
zyme that incorporates an intrinsic self-limiting mechanism,
in which caspase-1 CDL self-cleavage governs the duration
of holoenzyme activity.

Figure 2. Caspase-1 processing at the CDL destabilizes caspase-1 dimers and terminates protease activity. Bone marrow progenitors from

lce™" (Casp1/~/Casp 11" mice were retrovirally reconstituted for mouse caspase-1 (WT, C284 catalytic mutant, or CDL-uncleavable mutant) during
their differentiation to macrophages. (A) Differentiated macrophages were then left untreated or LPS-treated for 6 h, or were LPS-primed for 4 h before
stimulation with nigericin for 0.5, 1, or 2 h. Cell extracts and cell-free supernatants were mixed and analyzed by immunoblot. (B) Differentiated, transduced
macrophages were LPS-primed for 4 h, before stimulation with nigericin for 30 min. Cell culture medium was then replaced with caspase assay buffer
containing the caspase-1 fluorogenic substrate, YVAD-afc, and caspase-1-like activity was monitored over the next 30 min. (C) An engineered caspase-1
system allowed controlled caspase-1 dimerization by AP20187 (AP) and CDL cleavage by thrombin (thr). 1 uM AP20187 was added to HEK293T-expressing
caspase-1 constructs (WT vs. catalytic mutant, C284A) for 10 min. Cell culture medium was replaced for caspase activity buffer supplemented with digitonin
to lyse cells for activity assays (+ 20 U/ml thrombin). (D) Immunoblot analysis of caspase-1 cleavage by thrombin after incubation for 1 h. (E) Caspase
activity assay, in which thrombin was added to cell lysates at the same time as the YVAD-afc fluorogenic substrate. (F) Cleavage assay in which thrombin
was added to caspase-1-expressing cell lysates at the same time as natural substrates (lysates from HEK293T ectopically expressing V5-tagged substrates)
and incubated for 0.5 h. (G) Thrombin was added to caspase-1_C284A-expressing cell lysates and incubated for 1 h. Bismaleimidohexane was then added
to lysates for 1 h to cross-link caspase-1 dimers. Graphs are mean + SD of triplicate wells from a single experiment. All data are representative of at least
two (G) or three (A-F) independent experiments.
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Inflammasome size specifies active caspase-1 species

and deactivation kinetics

We next explored the signaling determinants that control
caspase-1 activation and deactivation by CDL cleavage. Many
inflammasomes (e.g., NLRP3, AIM2) obligatorily require
ASC for signaling to caspase-1, but some inflammasomes
can elicit specific caspase-1 signals in Asc-deficient cells.
For example, the NLRC4 inflammasome directly recruits
caspase-1 to trigger pyroptosis without apparent caspase-1
autoprocessing to p20 in Asc-deficient macrophages, whereas
in WT cells, NLRC4 signaling triggers ASC polymerization,
cytokine processing, and full caspase-1 processing to p20 and
p10 (Broz et al., 2010). This suggests that efficient caspase-1
autocleavage to p20 requires the ASC speck, a conclusion
also reached by studies with ASC point mutants that cannot
polymerize or facilitate caspase-1 cleavage to p20 but retain
the ability to activate caspase-1 for pyroptosis (Dick et al.,
2016). A fully uncleavable caspase-1 mutant (i.e., uncleav-
able at both the IDL and CDL) activated on the NLRC4
or AIM2 inflammasomes induced pyroptosis but not cyto-
kine processing (Broz et al., 2010), suggesting that dimeric
full-length caspase-1 is an active, stable species in specific
scenarios (and indeed, we see caspase-1 p46 as a minor ac-
tive species in Fig. 1 C), but full-length dimeric caspase-1
is unable to efficiently cleave pro-IL-1P. To definitively es-
tablish whether the nature of the inflammasome affects the
species of active caspase-1 generated (p33/p10 vs. p46), we
transfected WT versus Asc™’~ macrophages with flagellin to
activate the NLR C4 inflammasome and compared the active
caspase-1 species generated on the NLR C4-ASC-caspase-1
speck versus the smaller NLR C4-caspase-1 signaling hub. As
for NLRP3, NLRC4 activation in WT cells generated p46,
p33, and p10 as major active caspase-1 fragments, and active
caspase-1 species could not be pulled down when bVAD-fmk
was applied 1 h after flagellin (Fig. 4 A). In contrast, in Asc™"~
macrophages, although p33/p10 was an active species, the
dominant active species was p46, which retained substantial
activity 1 h after flagellin (Fig. 4 A), indicating extended
and stable activity kinetics. This suggests that p46 is unable
to efficiently self-cleave on this hub to generate p33/p10 or
terminate protease activity (p20/p10). These data indicate

that either (1) ASC-caspase-1 interactions enable caspase-1
self-processing and deactivation in a manner not supported
by other caspase-1 signaling hubs such as NLR C4-caspase-1,
or (2) the size or density of the signaling hub (e.g., large, com-
pact ASC speck versus small NLRC4 oligomers) is critical
for the efficient generation of p33/p10 and the inactivation
of this species by CDL cleavage. To generate an intermedi-
ate ASC signaling platform, we activated NLRP3 in Asc™'~
macrophages. Both p46 and p33/p10 were dominant active
caspase-1 species in Asc'’~ macrophages, and p46 and p33 ac-
tivity was more stable over time in Asc"’~ macrophages com-
pared with WT macrophages (Fig. 4 B). As anticipated, specks
from Asc'’~ macrophages had half the ASC content of WT
specks (Fig. 4 C). This suggests that the number of available
binding sites for caspase-1 (i.e., the size of the inflammasome)
is a critical factor specifying the nature of caspase-1 species
that are generated, and their activity duration.

Cell type specifies caspase-1 deactivation kinetics

We recently reported that neutrophils exhibit prolonged
kinetics of IL-1fB production compared with macrophages
(Chen et al., 2014), and we note that neutrophils assemble a
smaller ASC speck than macrophages (Fig. 5 A) because they
express substantially less ASC per cell (Fig. 5 B). Given these
findings, coupled with the extended duration of caspase-1
activity in Asc™~ macrophages (Fig. 4 B), we speculated that
caspase-1 activity may be prolonged in neutrophils com-
pared with macrophages. Unlike nigericin-stimulated macro-
phages in which mature IL-1f (p17) was generated in a burst
(Fig. 1 D), levels of secreted IL-1p p17 continued to rise up
to 6 h after nigericin stimulation in neutrophils (Fig. 5 C),
and p46, p33, and pl0 were major and sustained cleavage
fragments pulled down by bVAD-fmk (Fig. 5 D). Further,
bVAD-fmk application up to 8 h after nigericin stimula-
tion successfully trapped the active p46 and p33/p10 spe-
cies (Fig. 5 D), confirming that neutrophil caspase-1 activity
duration is indeed extended relative to macrophages. Thus,
caspase-1 CDL self-cleavage within the inflammasome holo-
enzyme also tailors the duration of caspase-1 activity to the
identity of the responding cell. ASC speck size may not be
the only factor controlling cell type—specific caspase-1 activ-

Figure 3. Caspase-1 activity localizes to the inflammasome. (A) Mouse macrophages were either left untreated or LPS-primed for 4 h before

nigericin stimulation for a further 2 h. bVAD-fmk was applied to cells at various times after nigericin (0, 15, 30, 60 min). Cell supernatants were removed
and subjected to streptavidin pull-down, which failed to detect active caspase-1 species in this fraction (see Fig. S3 A for pull-down analysis of cell
culture medium). Cells were harvested and fractionated. The ASC speck-containing (Triton X-100-insoluble) fraction and the Triton X-100-soluble fraction
were analyzed for caspase-1 species by Western blot. Cells were treated with 5 mM glycine 30 min before nigericin to delay cell rupture (right). (B)
Macrophages were LPS-primed (4 h) and stimulated with nigericin for 30 min (with and without bVAD-fmk application immediately before nigericin).
ASC was immunoprecipitated, and coimmunoprecipitated caspase-1 species were examined by immunoblot. *, Nonspecific band. (C) Macrophages were
LPS-primed (4 h) and stimulated with nigericin for 30 min. The FAM-FLICA caspase-1 activity probe was added at the indicated times after nigericin
stimulation to localize caspase-1 activity relative to ASC. (D and E) LPS-primed WT or Casp7-deficient /ce~ macrophages were stimulated with nigericin.
Caspase inhibitors (0VAD-fmk caspase activity probe, VX765) were applied at the indicated times after nigericin stimulation, with (D) or without (E) 5 mM
glycine in the cell culture media. 30 min after nigericin stimulation, cells were fixed and PLA was performed to detect active caspase-1 (a-biotin/a-caspase-1
LS; (D) or caspase-1 dimers (a-caspase-1 LS:PLUS/a-caspase-1 LS:MINUS; E). DAPI labeled the nucleus. All data are representative of at least three (A-D) or
two (E) independent experiments. Arrowheads indicate foci of caspase-1 activity or dimers.
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<p10

Inflammasome size specifies active caspase-1 species and activity duration. (A-C) LPS-primed macrophages were transfected with flagel-
lin (A) or stimulated with nigericin (B and C). bVAD-fmk was applied at the indicated time points (A and B). (A and B) Pull-down of active caspase-1 from
macrophages. 1% IGEPAL was added to macrophages at 3 h after flagellin and 2 h after nigericin stimulation, to lyse cells directly in their culture medium.
Streptavidin-coated beads pulled down active caspase-1 bound to the biotin-labeled activity probe in mixed lysates/supernatants. (C) ASC speck intensity of
Asc*’* and Asc*~ macrophages (4 h LPS + nigericin, with VX765 added 1 h before nigericin to prevent cell death), quantified from microscopy images. Each
circle is one speck (n = 40-55), and significance between samples was assessed by nonparametric, unpaired Mann-Whitney test. All data are representative
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ity kinetics; we also noted that caspase-1 is less abundant in
neutrophils than macrophages on a per-cell basis (Fig. 5 B),
which is also likely to affect its ability to dimerize and auto-
process on the inflammasome.

DISCUSSION

Proinflammatory signaling pathways must be tightly con-
trolled, because failure to shut down inflammatory signaling
leads to inflammatory diseases. Since the discovery of inflam-
masomes in 2002, inflammasome research has focused on ac-
tivation mechanisms and pathway association with a plethora
of human diseases, but surprisingly little is known of how
cells and tissues deactivate inflammasomes and their elicited
caspases to shut down inflammatory signaling. Given that in
vivo inflammasome activity is transient in acute inflammation
(e.g., infection models), mechanisms for signal inhibition must
exist to allow for inflammation resolution and the return to
homeostasis. The existence of such negative regulatory mech-
anisms is also indicated by a universal principle of signal trans-
duction, in which signal initiation elicits negative feedback
mechanisms to curtail cell signaling in a timely manner. Here
we have characterized the molecular mechanisms of caspase-1
activation and deactivation by inflammasomes and report an
elegant self-limiting signaling mechanism by which caspase-1
activation is intrinsically coupled to its timely deactivation.
Our data show that caspase-1 clustering on inflammasomes
generates active caspase-1 p46 dimers that self-process at the
IDL to generate a second active species, p33/p10, which re-
mains bound to the inflammasome. The activity of caspase-1
p33/p10 is then halted by a second self-cleavage event, which
removes the CARD domain, releasing caspase-1 (p20/p10)
from the inflammasome (Fig. 6). Because free caspase-1 p20/
p10 is unstable at the concentrations found in cells, caspase-1
release from the inflammasome triggers a loss of dimer struc-
ture and terminates protease activity. A molecular timer also
governs caspase-9 deactivation during apoptosome signaling,
but via a distinct mechanism involving caspase-9 displace-
ment from the apoptosome (Malladi et al., 2009), rather than
cleavage to release the enzymatic subunits from the activation
complex as we describe here for caspase-1. This mechanism
of caspase-1 protease activation intrinsically coupled to deac-
tivation by CDL cleavage is thus unique among caspase regu-
latory mechanisms reported to date.

Caspase-1 activity duration is also specified by activa-
tion platform size, which differs between distinct inflam-
masome complexes and cell types, with large signaling hubs
turning over protease activity more quickly (Fig. 6). Cellular
caspase-1 activity duration is likely specified by cell type and
inflammasome size at three levels: (1) the number of available
caspase-1-binding sites on the inflammasome; (2) the kinet-
ics of CDL cleavage-driven caspase-1 p20/p10 release from
inflammasomes; and (3) the number of successive rounds of
caspase-1 binding and release from inflammasomes, which
will be dictated by cellular concentrations of full-length
caspase-1 relative to available binding sites on the inflam-

JEM Vol. 215, No. 3

masome. Individual cell types, and individual inflammasome
complexes, may thereby tailor the kinetics of caspase-1 activ-
ity duration to modulate the chronicity of inflammasome sig-
naling. Future studies should identify cell types with extended
caspase-1 activity duration, such as neutrophils identified here.
Prolonged signaling by such cells may be critical for inflam-
masome-driven chronic inflammatory diseases in humans.
Unlike apoptotic caspases that are either initiator or ex-
ecutioner caspases, caspase-1 is both an initiator and execu-
tioner caspase. Compared with other caspases, recombinant
caspase-1 tested in vitro is promiscuous in its substrate reper-
toire, but in cells, the caspase-1 substrate repertoire is relatively
small (Agard et al., 2010; Walsh et al., 2011). Our discovery
that the inflammasome—caspase-1 complex functions as a ho-
loenzyme has interesting implications for caspase-1 substrate
selection. Because cellular caspase-1 activity is confined to the
inflammasome, caspase-1 substrates may be additionally spec-
ified by their capacity for recruitment to the inflammasome.
In summary, we report the first definition of active cel-
lular caspase-1 species as p46 and a transient species, p33/
p10, and demonstrate that the inflammasome is not merely
an inert platform that facilitates caspase-1 activation. The in-
flammasome—caspase-1 complex constitutes an active holo-
enzyme, as caspase-1 requires association with the complex
to retain its activity. Assembly of the holoenzyme and resul-
tant protease activity then enables caspase-1 CDL cleavage
to generate p20/p10, with kinetics specified by cell type and
inflammasome size. p20/p10 has been presumed to be an ac-
tive species of caspase-1 in inflammasome-signaling cells, but
here we show that CDL cleavage to generate p20/p10 in fact
destabilizes caspase-1 structure and thus terminates caspase-1
signaling. Our data provide a mechanism for self-limiting in-
flammasome signaling that explains inflammatory resolution
after immune challenge and reveals the molecular basis for the
coordinated timing of caspase-1 cellular programs.

MATERIALS AND METHODS

Mice

Mice not generated on the C57BL/6 background were back-
crossed at least 10 times to C57BL/6,and all experiments were
performed using age- and sex-matched animals. C57BL/6,
Ice™’~ (Caspl_/_/ Caspl grelnull Kaida et al., 1995) Asc™’~ and
Asc”’™ (Mariathasan et al.,2004),and Gsdmd™"~ (Kayagaki etal.,
2015) mice were housed in specific pathogen-free facilities at
the University of Queensland. The University of Queensland’s
animal ethics committee approved all experimental protocols.

Preparation of mouse macrophages and neutrophils

Bone marrow—derived macrophages were differentiated as
previously described (Schroder et al., 2012a) and stimulated
on day 7 of differentiation. Bone marrow neutrophils were
MACS purified using an a-Ly6G-FITC antibody (1A8; Bio-
Legend) and a-FITC beads as previously described (Chen et
al., 2014). MACS-purified neutrophils achieved >98% purity,
as assessed by flow cytometry.
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Figure 5. Cell type specifies caspase-1 activity duration. (A-D) LPS-primed (A and B) macrophages or (A-D) neutrophils were left untreated or stim-
ulated with nigericin. (A) ASC speck intensity of /ce”~ macrophages and neutrophils (4 h LPS + nigericin), quantified from microscopy images. Each circle is
one speck (n = 20-55), and significance between samples was assessed by nonparametric, unpaired Mann-Whitney test. (B) Immunoblot for inflammasome
component expression in whole-cell extracts (4 h LPS). (C) Cell lysates and cell-free supernatants were harvested at various times after nigericin stimulation
(0,2, 4,8 h), and analyzed by Western blot. *, Nonspecific band. (D) bVAD-fmk was applied at the indicated time points. Supernatant was removed, and cells
were lysed 8 h after nigericin stimulation, and active caspase-1 was pulled down using streptavidin beads. Streptavidin-bound and -unbound fractions from
mixed supernatants/extracts were analyzed by Western blot. All data are representative of at least three (A, B, C [WT], D [WT]) or two (C [lce™], D [lce ™))
independent experiments.
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See Discussion for details.
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Retroviral transduction

The coding sequence of mouse caspase-1 was cloned into
a replication-defective mouse stem cell retroviral construct
(pMSCV). Caspase-1 mutants were generated using overlap-
ping PCR site-directed mutagenesis. The retroviral packing
cell line, PlatE, was Lipofectamine-transfected with pMSCV
vectors and incubated at 32°C for 2 d for virus production
(Schroder et al., 2012b). Cell-free retrovirus was prepared
and used to spinfect Ice™™ bone marrow cells on day 2 of
their CSF-1—directed differentiation into macrophages. Equal
numbers of transduced (GFP") differentiated macrophages
were seeded for each construct for inflammasome assays.

Inflammasome and pyroptosis assays

Differentiated mouse bone marrow—derived macrophages
were plated at a density of 10° cells/ml in full media (RPMI-
1640, 10% FBS, 1X Glutamax, and 150 ng/ml recombinant
human CSF-1 [endotoxin-free, produced in insect cells by
the UQ Protein Expression Facility]). Bone marrow neutro-
phils were used for experiments directly after purification and
were plated at a density of 107 cells/ml in opti-MEM (Life
Technologies) supplemented with 1.2 pg/ml aprotinin (Sig-
ma-Aldrich). Cells were primed with ultrapure Escherichia
coli K12 LPS (100 ng/ml) for 4 h, before exposure to 5 uM
nigericin (Sigma-Aldrich) or transfected with flagellin (0.4%
Lipofectamine LTX + 150 ng/ml of ultrapure flagellin; Invi-
voGen) for the indicated times. For most applications, mac-
rophage cell culture medium was replaced with opti-MEM
(supplemented with 150 ng/ml human CSF-1) before nigeri-
cin stimulation. IL-1f in cell-free supernatants was analyzed
by ELISA (eBioscience). Cellular cytotoxicity was quan-
tified using the Cytox96 nonradioactive cytotoxicity assay
(Promega) and displayed as a percentage of total cellular LDH
(100% cell lysis control). Western blots of cell extracts and
methanol/chloroform-precipitated supernatants were per-
formed using standard procedures (Gross, 2012). Antibodies
for immunoblot were against IL-1f (polyclonal goat; R&D
Systems), caspase-1 p20 (LS; Casper-1; Adipogen), caspase-1
p10 (SS; M-20; Santa Cruz Biotechnology; or casper-2; Ad-
ipogen), ASC ([N-15]-R; Santa Cruz Biotechnology), GSD
MD (126-138; Sigma-Aldrich), oa-tubulin (B5-1-2; Sig-
ma-Aldrich), and GADPH (polyclonal mouse; BioScientific).

Active caspase pulldown

bVAD-fmk (Faleiro et al., 1997) was applied to cells to label
and trap active caspases during inflammasome activation.
Mouse bone marrow—derived macrophages (10°) or neu-
trophils (3 X 10° were primed and stimulated as described.
10 uM bVAD-fmk (Santa Cruz) was applied to cells at various
times before or after the inflammasome agonist, as indicated.
For bVAD-fmk pull-down of entire cell output (lysate plus
supernatant), cells were lysed directly in opti-MEM with 1%
IGEPAL CA630 and incubated on ice for 5 min in the pres-
ence of protease inhibitors (cOmplete mini protease inhibitor
cocktail; Roche) and benzonase. Paramagnetic streptavidin
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beads (Promega) were added to cell lysates and incubated with
gentle rotation at 4°C for 3 h or overnight. The streptavi-
din-unbound fraction was methanol/chloroform-precipitated
(Gross, 2012), and beads were washed three times with buf-
fers with increasing salt concentrations (150-500 mM NaCl,
50 mM Hepes, pH 8.0, and 1% IGEPAL CA630). Beads were
then pelleted and resuspended in NuPage LDS sample buffer
(Thermo Fisher Scientific) supplemented with 10 mM DTT
and boiled for 10 min to release bVAD-fmk—trapped proteins
from the beads. The mixture was centrifuged for 1 min at
6000 g, and the soluble (streptavidin-bound) fraction was sep-
arated by gel electrophoresis alongside the unbound fraction.

ASC speck isolation

10° macrophages per condition were treated with LPS, ni-
gericin, and bVAD-fmk as indicated; cell supernatant was re-
moved for streptavidin pull-down assay; and the cells were
lysed on ice for 5 min in lysis buffer (50 mM Hepes, pH
8.0, 0.5% Triton X-100, and Roche cOmplete mini protease
inhibitor cocktail). Cell lysates were then centrifuged for 15
min at 6,000 g. The resulting supernatant (Triton X-100-sol-
uble fraction) was precipitated (Gross, 2012), and the pellet
was once again washed with lysis buffer and dried. The Tri-
ton X-100—soluble and —insoluble fractions were then resus-
pended in NuPage LDS sample buffer. Cell fractions were
analyzed by immunoblot.

ASC immunoprecipitation

5 X 10° macrophages per condition were primed with LPS
for 4 h and then stimulated with nigericin for 30 min. DMSO
vehicle control, bVAD-fimk (10 uM), or VX765 (10 pM) were
applied 5 min before nigericin. Cells were then lysed in buffer
containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM
EDTA, 0.5% IGEPAL, 1 mM ATP, protease inhibitors (cOm-
plete Mini; Roche), and benzonase. Clarified lysates were in-
cubated with a-ASC antibody (N15, 0.4 pg/ml; Santa Cruz
Biotechnology) with Dynabeads for 2 h rotating at 4°C. Im-
munoprecipitated samples, input (8%), and unbound fractions
were analyzed by immunoblot.

Preparation of recombinant caspase-1

Mouse caspase-1 (ACARD) was expressed as a GST-DmrB
fusion protein with a C-terminal Hisg tag in E. coli BL21
Gold. Expression was induced with 200 uM IPTG for 8 h
at 18°C, and ACARD_caspase-1 was purified using Ni Sep-
harose 6 Fast Flow resin as described (Boucher et al., 2014).
Active caspase-1 was quantified via active site titration using
zVAD-fmk (Boucher et al., 2014). For experiments in which
different concentrations of recombinant p20/p10 were as-
sayed for activity, recombinant caspase-1 p20/p10 was first
diluted to 1 uM in high-salt buffer (50 mM Hepes, pH
7.4,50 mM NaCl, 1 M sodium citrate, 0.01% CHAPS, and
10 mM DTT) for 30 min at 37°C and then further diluted
in caspase activity buffer (200 mM NaCl, 50 mM Hepes, pH
8.0,50 mM KCIl, 200 uM Ac-YVAD-afc, and 10 mM DTT)
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for 5 min before caspase-1-like activity on the substrate Ac-
YVAD-afc was quantified.

Caspase-1 dimerizer system

ACARD_Caspase-1 (residues 91-402 of the full-length
mouse protein) and ACARD_Caspase-1_C284A were
cloned as N-terminal DmrB fusions into pEF6.A ACARD_
Caspase-1 variant was engineered to prevent self-processing
but allow cleavage by thrombin, in which residues 99-103
(including self-processing sites E102/D103) were mutated to
a thrombin cleavage site (LVPRG), and residues E121 and
D122 were substituted with alanine to prevent self-processing.
HEK293T were transfected with 500 ng DmrB-ACARD_
caspase-1 plasmids using Lipofectamine 2000 for 18 h. 4 X
10° cells were then seeded per well in 24-well plates. 4 h later,
cells were exposed to 1 pM AP20187 for 10 min to mediate
DmrB dimerization. Cell culture medium was then replaced
with caspase assay buffer (200 mM NaCl, 50 mM Hepes, pH
8.0,50 mM KClI, and 100 pg/ml digitonin). For the substrate
cleavage assay, the buffer was supplemented with 10 mM
DTT,; cell extract from HEK293T expressing pro—IL-1B-V5,
pro—IL-18-V5, or pro-GSDMD-V5; and 20 U/ml thrombin
(Sigma-Aldrich), where appropriate, to cleave the engineered
caspase-1 protein. The reaction was incubated for 0.5 h. For
the cross-linking experiment, caspase assay buffer was sup-
plemented with 20 U/ml thrombin (Sigma-Aldrich). 1 h
later, 2 mM bismaleimidohexane (Thermo Fisher Scientific)
was added for 1 h at RT.

Caspase-1-like activity assay

Cells were seeded in opaque, flat-bottom 96-well plates
(Costar) before cell stimulation, at 10> cells (untransduced
macrophages, transfected HEK293T) or 4 x 10" GFP™ cells
(transduced macrophages) per well. Macrophages were LPS-
primed and stimulated with nigericin as described, and trans-
fected HEK293T were treated with 1 uM DmrB dimerizer
drug, AP20187. 30 min after nigericin stimulation (macro-
phages) or 10 min after AP20187 treatment (HEK293T), the
cell culture supernatant was removed and replaced with buf-
fer (200 mM NaCl, 50 mM Hepes, pH 8.0, 50 mM KClI,
100 uM Ac-YVAD-afc, 100 pg/ml digitonin, and 10 mM
DTT). Fluorogenic caspase activity was measured using an
M1000 Tecan spectrofluorometer at 37°C with 400-nm exci-
tation and 505-nm emission, at set time intervals.

Immunofluorescence microscopy and PLA

Macrophages were seeded at 1-1.5 X 10° on glass coverslips
in full medium in 24-well plates. Cells were LPS-primed for
4 h in opti-MEM, and then stimulated with nigericin. 10 pM
bVAD-fmk, VX765, or FAM-FLICA (used as per manufac-
turer’s instructions; ImmunoChemistry) was added to the cells
as indicated. After 30 min of nigericin stimulation, coverslips
were washed twice with PBS (or 1X Apoptosis Wash Buffer
supplied with Caspase-1 assay Kit for FAM-FLICA) and in-
cubated in PBS containing 4% paraformaldehyde for 15 min.
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For immunofluorescence microscopy, cells were stained
with the following antibodies: mouse anti—caspase-1 p20 (LS,
Casper-1, 1:100; Adipogen), mouse anti—caspase-1 p10 (SS,
Casper-2, 1:100; Adipogen), rabbit anti-ASC (N15, 1:300;
Santa Cruz Biotechnology), and goat anti-biotin (ab6643,
1:100; Abcam). Alexa Fluor 488— and 594—conjugated sec-
ondary antibodies were purchased from Molecular Probes
(Invitrogen). Coverslips were mounted in ProLong Gold
Reagent (Life Technologies) and imaged using a DeltaVision
Olympus IX80 inverted wide-field deconvolution micro-
scope equipped with Olympus Plan-Apochromat X60/1.35
oil lens and a Lumencor 7 line LED lamp. Images were cap-
tured using a Photometrics Coolsnap HQ2 camera. Images
were deconvolved using 10 cycles of iterative deconvolution
using SofWorx. Imaging analysis of all data were performed
using Image] software (NIH). ASC speck sum intensity be-
tween cell types and genotypes were calculated as area X
mean intensity using the particle analysis function in Image].

For PLA, coverslips were washed twice with PBS, be-
fore Duolink In Situ PLA was performed using Duolink In
Situ Detection Reagents Orange (Sigma-Aldrich), accord-
ing to the manufacturer’s instructions. Primary antibodies
were mouse anti—caspase-1 p20 (LS, Casper-1, 1:100; Ad-
ipogen) and goat anti-biotin (ab6643, 1:500; Abcam), used
in conjunction with anti-goat minus and anti-mouse plus
Duolink PLA probes. Alternatively, Duolink plus and minus
probes were each conjugated to the mouse anti—caspase-1
p20 (LS, Casper-1, 1:100; Adipogen) monoclonal antibody
(using Duolink In Situ Probemaker; Sigma-Aldrich), and
PLA detected the signal between these antibodies. Covers-
lips were mounted with ProLong Gold antifade with DAPI.
Confocal images were acquired on a Zeiss LSM 710 la-
ser-scanning microscope (Plan-Apochromatic 40%/1.3 oil
objective) driven by Zen software (ZEN 2009; Zeiss). Images
were also acquired on an Olympus BX51 fluorescence mi-
croscope with an Olympus DP70 CCD camera (Plan-Apo-
chromatic 60X%/1.35 oil objective). Images were processed
and analyzed using Image].

Online supplemental material

Fig. S1 displays additional data related to Fig. 1, showing that
cellular caspase-1 activity is induced by dimerization and
terminated in a manner independent of GSDMD or frank
cell lysis. Fig. S2 shows additional data related to Fig. 2, and
demonstrates that caspase-1 cleavage at the CDL in cis or
trans inactivates proteolytic activity, and dilution of recombi-
nant caspase-1 p20/p10 triggers its loss of relative activity. Fig.
S3 displays additional data related to Fig. 3, and demonstrates
that caspase-1 is active only on the inflammasome, and not
when released into cell culture medium. In keeping with this,
p33/10 but not p20/p10 is bound to ASC. Fig. S4 displays
additional data related to Fig. 3, showing that active caspase-1
colocalizes with the ASC speck. Fig. S5 displays additional
data related to Fig. 3, and demonstrates that a CDL-uncleav-
able mutant of caspase-1 localizes to the ASC speck.
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