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Targeted Peptidecentric Proteomics Reveals
Caspase-7 as a Substrate of the Caspase-1

Inflammasomes*s

Mohamed Lamkanfi}§], Thirumala-Devi Kannegantit§|, Petra Van Damme**t,
Tom Vanden Berghe§§1]1l, Isabel Vanoverberghe§§1v, Joél Vandekerckhove**1%,
Peter Vandenabeele§§1]1], Kris Gevaert**1t, and Gabriel Nufezt||

The aspartate-specific cysteine protease caspase-1 is ac-
tivated by the inflammasomes and is responsible for the
proteolytic maturation of the cytokines IL-18 and IL-18
during infection and inflammation. To discover new
caspase-1 substrates, we made use of a proteome-wide
gel-free differential peptide sorting methodology that al-
lows unambiguous localization of the processing site in
addition to identification of the substrate. Of the 1022
proteins that were identified, 20 were found to be specif-
ically cleaved after Asp in the setup incubated with re-
combinant caspase-1. Interestingly, caspase-7 emerged
as one of the identified caspase-1 substrates. Moreover
half of the other identified cleavage events occurred at
sites closely resembling the consensus caspase-7 recog-
nition sequence DEVD, suggesting caspase-1-mediated
activation of endogenous caspase-7 in this setup. Con-
sistently recombinant caspase-1 cleaved caspase-7 at
the canonical activation sites Asp?® and Asp'®®, and re-
combinant caspase-7 processed a subset of the identified
substrates. In vivo, caspase-7 activation was observed in
conditions known to induce activation of caspase-1, in-
cluding Salmonelia infection and microbial stimuli com-
bined with ATP. Interestingly Salmonella- and lipopo-
lysaccharide + ATP-induced activation of caspase-7 was
abolished in macrophages deficient in caspase-1, the pat-
tern recognition receptors Ipaf and Cryopyrin, and the
inflammasome adaptor ASC, demonstrating an upstream
role for the caspase-1 inflammasomes in caspase-7 acti-
vation in vivo. In contrast, caspase-1 and the inflamma-
somes were not required for caspase-3 activation. In con-
clusion, we identified 20 new substrates activated
downstream of caspase-1 and validated caspase-1-medi-
ated caspase-7 activation in vitro and in knock-out mac-
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rophages. These results demonstrate for the first time
the existence of a nucleotide binding and oligomeriza-
tion domain-like receptor/caspase-1/caspase-7 cas-
cade and the existence of distinct activation mecha-
nisms for caspase-3 and -7 in response to microbial
stimuli and bacterial infection. Molecular & Cellular
Proteomics 7:2350-2363, 2008.

Cysteinyl aspartate-specific proteases (caspases)' have
essential roles in apoptosis and inflammation (1). They are
synthesized as zymogens with a prodomain of variable length
followed by a large and a small catalytic subunit. In humans,
the caspase family consists of 11 members, which are clas-
sified into three phylogenetic groups correlating with their
function (2).

Caspase-1 is the prototypical member of the inflammatory
caspases and mediates the proteolytic maturation of the re-
lated cytokines IL-18 and IL-18 (3, 4) following its recruitment
in large protein complexes termed “inflammasomes” (5-10).
The molecular composition of the inflammasome depends on
the identity of the nucleotide binding and oligomerization
domain (NOD)-like receptor (NLR) family member serving as
scaffold protein in the complex (6). The members of the cy-
tosolic NLR family are believed to recognize conserved mi-
crobial and viral components called pathogen-associated
molecular patterns (PAMPs) in intracellular compartments. In
humans, the NLR family is composed of 23 members that
share remarkable structural similarity to a subset of plant
disease resistance genes (R genes) (11). The amino-terminal
sequence of NLRs generally contains homotypic interaction
motifs such as the caspase recruitment domain (CARD) and

" The abbreviations used are: caspase, cysteinyl aspartate-specific
protease; CARD, caspase recruitment domain; ASC, apoptosis-asso-
ciated specklike protein containing a CARD; ATP, adenosine triphos-
phate; BMDM, bone marrow-derived macrophage; COFRADIC, com-
bined fractional diagonal chromatography; DISC, death-inducing
signaling complex; IL-1p, interleukin-1B; IL-18, interleukin-18; LPS,
lipopolysaccharide; NLR, NOD-like receptor; PAMP, pathogen-asso-
ciated molecular pattern; NOD, nucleotide binding and oligomeriza-
tion domain; RP, reverse phase; TNBS, 2,4,6-trinitrobenzenesulfonic
acid; cmk, chloromethyl ketone; fmk, fluoromethyl ketone.
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the pyrin domain. The central NOD is thought to be involved
in self-oligomerization and activation, whereas the carbox-
yl-terminal leucine-rich repeat motifs sense specific PAMPs
and autoregulate NLR activity. The bipartite adaptor protein
apoptosis-associated specklike protein containing a CARD
(ASC) bridges the interaction between NLR proteins and
inflammatory caspases through homotypic interactions with
its own amino-terminal pyrin and carboxyl-terminal CARD
domains. As such, ASC plays a central role in the assembly
of the inflammasomes and the activation of caspase-1 in
response to a broad range of PAMPs and intracellular
pathogens (7, 12). Whereas the Cryopyrin inflammasome is
essential for caspase-1 activation in response to LPS, lipid
A, lipoteichoic acid, lipoprotein, and double-stranded RNA
in the presence of millimolar concentrations of ATP (8, 9,
13), intracellular pathogens such as Salmonella typhimurium
(Salmonella) activate caspase-1 through the Ipaf inflamma-
some (5, 8, 14). Recently Salmonella flagellin was identified
as the bacterial ligand that is sensed by Ipaf, although the
mechanism remains obscure (5, 14). Interestingly Salmo-
nella induces a rapid and specialized form of macrophage
cell death, which is sometimes termed “pyroptosis” and
requires activation of caspase-1 (15) through the Ipaf in-
flammasome (15).

The central roles of the executioner caspase-3 and -7 dur-
ing apoptosis have been well established. Upon initiation of
the cell death program, homotypic interaction motifs in the
large prodomains of caspase-8 and -9 mediate their recruit-
ment in the death-inducing signaling complex (DISC) and the
apoptosome, respectively, where they undergo proximity-in-
duced activation (16-18). Once activated, the initiator
caspases induce an apoptotic caspase cascade by proteo-
lytically removing the linker region between the large and
small catalytic subunits of caspase-3 and -7, a step that is
required for full proteolytic activity of these executioner
caspases (19, 20). In turn, active caspase-3 and -7 cleave a
large set of substrates, ultimately resulting in the morpholog-
ical and biochemical hallmarks of apoptosis such as DNA
fragmentation and mitochondrial damage (21, 22). As defi-
ciency in caspase-3 induced a compensatory activation of
caspase-7, the mild apoptotic phenotype of caspase-3
knock-out mice was suggested to be due to its functional
redundancy with caspase-7 (23, 24). Consistently, caspase-7
knock-out mice have been recently reported to be born at
normal Mendelian ratios and to display no gross abnormali-
ties, whereas caspase-3/-7 double knock-out mice suffer
from early perinatal lethality (25). Furthermore, caspase-7-
deficient cells from adult mice exhibit normal activation of
apoptosis in response to a wide variety of stimuli including
death receptor activation, etoposide, and UV irradiation (25).
These results indicate that caspase-3 and -7 perform redun-
dant roles in the regulation of apoptosis during embryonic
development and in response to a wide variety of “classical”
apoptotic triggers (25). However, the molecular mechanisms

that govern the activation of these executioner caspases dur-
ing inflammation and infection remain unclear.

Here we identified caspase-7 as a caspase-1 substrate by
a proteome-wide screen for caspase-1 targets using the ami-
no-terminal combined fractional diagonal chromatography
(COFRADIC) gel-free technology. By this technique, amino-
terminal peptides, including those newly formed by protease
processing, are isolated prior to LC-MS/MS analysis. Briefly
S-alkylated and N-acetylated proteins are digested with tryp-
sin, and the resulting peptide mixture is passed over an strong
cation exchange column to enrich for a-N-acetylated amino-
terminal peptides in the non-binding fraction (26). This peptide
mixture is then fractionated by RP-HPLC, and contaminating,
internal peptides carrying a free a-amino group are incubated
with 2,4,6-trinitrobenzenesulfonic acid (TNBS), which renders
such peptides more hydrophobic and thus segregates them
from TNBS-unaffected (because they are already blocked)
amino-terminal peptides during a series of identical, second-
ary RP-HPLC separations (27). Our data demonstrate that
recombinant caspase-1 processes caspase-7 at the canoni-
cal activation sites Asp®® and Asp'®®. In vivo, activation of
caspase-7 by microbial stimuli, including infection with Sal-
monella and stimulation with LPS, requires caspase-1 and
components, respectively, of the Ipaf and Cryopyrin inflam-
masomes, whereas caspase-3 is activated independently of
the caspase-1 inflammasomes. These results demonstrate
the existence of a NOD-like receptor/caspase-1/caspase-7
cascade activated in response to microbial stimuli and bac-
terial infection and indicate for the first time the existence of
differential activation mechanisms for caspase-3 and -7 dur-
ing inflammation and infection.

EXPERIMENTAL PROCEDURES

COFRADIC Isolation of Amino-terminal Peptides— 108 Mf4/4 cells
were grown for 10 days in SILAC (stable isotope labeling by amino
acids in cell culture) RPMI 1640 medium containing ['2Cg] or ['*C4]Arg
(Invitrogen). Cells were collected, washed twice with cold PBS, and
resuspended in 1 ml of ice-cold homogenization buffer (20 mm
HEPES-KOH, pH 7.5, 10 mm KCI, 1.5 mm MgCl,, 1 mm EDTA, 100 of
a Complete protease inhibitor mixture tablet (Roche Applied Science),
and 1 mm DTT). After three rounds of freeze-thawing in liquid N, and
cold ethanol, samples were cleared by centrifuging at 20,000 X g for
30 min at 4 °C, and the protein concentration was determined using
the Bradford method (Bio-Rad). Subsequently 1 mg of protein extract
was incubated with 400 nm recombinant mouse caspase-1 (2C-
labeled setup) or left untreated ('*C-labeled setup) for 1 h at 37 °C
before 1 um Ac-YVAD-cmk (Calbiochem) was added to stop the
reaction. Subsequent steps for the sorting and identification of differ-
entially generated amino-terminal peptides by COFRADIC were per-
formed as described (full technical details are described elsewhere:
see Ref. 26). Briefly the proteins in the lysates were reduced and
S-alkylated by iodoacetamide. Subsequently free primary amino
groups were blocked by trideuteroacetylation. Following trypsin di-
gestion, the peptide mixtures were mixed in a 1:1 ratio, and amino-
terminal peptides were enriched after passing them over a strong
cation exchange cartridge at pH 3 and then fractionated by RP-HPLC
(primary run). Peptides in each fraction were incubated with TNBS to
block free a-amino termini of remaining internal (i.e. non-amino-
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terminal) peptides. Peptides carrying an amino-terminal protein part
(i.e. amino-terminal peptides from either unprocessed proteins or
protein fragments generated by processing) are not affected by TNBS
because their a-amino group was already (in vitro or in vivo) blocked.
During a series of replicate secondary RP-HPLC runs, the TNBS-
altered internal peptides shift to later elution times because of their
increased hydrophobicity. In this way, a set of unaltered, amino-
terminal peptides that do not shift during the consecutive runs were
collected for mass spectrometric analysis.

LC-MS/MS Analysis and Peptide Identification by Mascot—The
collected peptide fractions were dried and redissolved in 20 ul of
water/acetonitrile (98:2, v/v), and half of each analyte mixture was
sampled by LC-MS/MS using a microfluidic interface (Agilent Chip
Cube) mounted on an Agilent XCT-Ultra ion trap mass spectrometer
that was operated as described previously (28). Mascot generic files
were created as described previously (28) and used to search the
mouse subset of the UniProtKB/Swiss-Prot release 51.0 (October 31,
2006 containing 241,242 sequence entries of which 11,897 entries
originate from Mus musculus) using a locally installed version of
Mascot (29) (version 2.1.04). The following search parameters were
set. Both the peptide mass tolerance and the peptide fragment mass
tolerance were set to +0.5 Da, the “instrument setting” of Mascot was
set to “ESI-TRAP,” and peptide charge was set to 1+, 2+, and 3+.
Fixed modifications were trideutero-amino-acetylation of lysine and
S-carbamidomethylation of cysteine (for identifying heavy labeled
peptides; ['*Cglarginine was also set as an additional fixed modifica-
tion). Oxidation of methionine to its sulfoxide derivative, pyrogluta-
mate formation (amino-terminal Gin), pyrocarbamidomethylcysteine
formation (amino-terminal carbamidomethylated cysteines), acetyla-
tion and trideuteroacetylation of the a-amino terminus, and deamida-
tion (GIn and Asn) were considered as variable modifications. Endo-
proteinase Arg-C/P was considered as the protease used with a
maximum number of one missed cleavage.

Raw DAT result files of Mascot were further queried using in-house
developed software. Only MS/MS spectra receiving a score exceed-
ing the corresponding Mascot identity threshold score at the 95%
confidence level were kept. As a rule of thumb, all such identified
peptides holding six or fewer amino acids were discarded. In addition,
spectra that received a low Mascot score (five or fewer points above
the corresponding threshold) were further interrogated, and only
spectra that contained a significant number of b and y peptide frag-
ment ions typically covering a stretch of three consecutive amino
acids were considered identified (see supplemental data with identi-
fied MS/MS spectra). Truncated peptide databases made by DBTool-
kit (30) were searched in parallel to pick up protein processing events
more efficiently (e.g. see Refs. 30 and 31). Decoy databases (a shuf-
fled version of the UniProtKB/Swiss-Prot database made by the
DBToolkit algorithm (32)) were searched as suggested previously (33)
to estimate the false discovery rate. At the Mascot identity threshold
score (95%) used, the estimated false discovery rate was typically
found to be between 2 and 4% on the spectrum level (26). When
neo-amino-terminal peptides generated by the (downstream) action
of caspase-1 were found to match multiple members of a protein
family (i.e. redundancies found in the searched database), the corre-
sponding proteins are listed in Tables | and Il.

In Vitro Caspase Cleavage Assays—cDNAs encoding wild type
murine caspase-7 or site-directed mutants harboring D23A, D198A,
or D23A/D198A mutations were cloned in the pLT10 vector down-
stream of the T7 promoter. pGEM11-prolL-13 was constructed by
inserting murine pro-IL-13 cDNA into the unique Hindll site of the
pGEM11Zf(+) vector (Promega). pCMV-Sport6-Ligatin, pCMV-
Sport6-Vps72, pCMV-Sport6-elF4H, pCMV-Sport6-MCM3, pCMV-
Sport6-Ascc2, pCMV-Sport6-Hsp60, pYX-Asc-TIF13, and pYX-Asc-
GIT2 plasmids were purchased from ATCC. Plasmids were used as a

template (250 ng each) for in vitro coupled transcription/translation in
a rabbit reticulocyte lysate system according to the manufacturer’s
instructions (Promega). For detection of the translation products,
[®°S]methionine was added to the translation reactions. Translation
reactions (2 ul each) were incubated with 30 nm purified recombinant
caspase-1 or caspase-7 in 23 ul of cell-free system buffer (10 mm
HEPES, pH 7.4, 220 mm mannitol, 68 mm sucrose, 2 mm NaCl, 2.5 mm
KH,PO,, 0.5 mm EGTA, 2 mm MgCl,, 5 mm sodium pyruvate, and 1
mmMm DTT) for 1 h at 37 °C. In some experiments, recombinant
caspase-1 was preincubated with 1 um YVAD-cmk (Calbiochem). The
resulting cleavage products were analyzed by SDS-PAGE and
autoradiography.

Mice and Macrophages— Cryopyrin~'~, Ipaf~/~, ASC™'~, caspase-
17/, and caspase-3~/~ mice have been described previously (4, 5,
10, 23). caspase-7~'~ mice in a C57BL/6 background have been
described previously (25) and were purchased from The Jackson
Laboratory. Mice were housed in a pathogen-free facility. Bone-
marrow derived macrophages (BMDMs) were prepared as described
before (34). The animal studies were conducted under protocols
approved by the University of Michigan Committee on Use and Care
of Animals.

Bacteria and Ligands—Salmonella enterica serovar typhimurium
strain SL1344 was kindly provided by D. Monack (Stanford Univer-
sity). The fliB~/fliC~ Salmonella strain was a generous gift of A.
Aderem (University of Washington). Single colonies were inoculated
into 3 ml of brain-heart infusion medium and grown overnight at 30 °C
with shaking. All bacterial ligands and heat-killed bacteria were pur-
chased from Invivogen and used at a concentration of 10 ug/ml. ATP
(Roche Applied Science) was used at 5 mm throughout all experi-
ments. Infection and stimulation of BMDMs with LPS and ATP was
performed as described previously (34).

Western Blotting—Extracts were prepared, transferred to nitrocel-
lulose membranes, and immunoblotted with primary antibodies, and
then proteins were detected by enhanced chemiluminescence as
described previously (6). Anti-caspase-1 antibody was described be-
fore (35). Anti-caspase-3 and anti-caspase-7 were purchased from
Cell Signaling Technology.

Precipitation of Biotin-bound Caspase-3 and -7—108 BMDMs were
left untreated, stimulated with LPS + ATP, or infected with Salmo-
nella. Cells were collected by centrifugation, and the cell pellet was
resuspended in 1 ml of Buffer A (1% Nonidet P-40, 200 mm NaCl, 20
mwm Tris-HCI, pH 7.4, and Roche Applied Science Complete protease
inhibitor mixture tablet) containing 100 um biotin-DEVD-fmk (Kamiya
Biomedical Co.). Cells were incubated at room temperature for 15 min
and lysed with three rounds of freeze-thawing in liquid N,. Superna-
tants were collected by centrifugation (14,000 rpm at 4 °C) and incu-
bated overnight with high capacity streptavidin-agarose beads
(Thermo Scientific) or stored at —70 °C for direct immunoblotting of
cell lysates. Streptavidin-bound complexes were washed four times
with cold Buffer A and analyzed by immunoblotting after elution in
SDS-PAGE sample buffer.

Measurements of Cytokines—Mouse cytokines were measured in
serum and culture supernatants with ELISA kits (R&D Systems).

RESULTS

Identification of Caspase-7 in a Proteome-wide Screen for
in Vitro Caspase-1 Substrates—We performed a proteome-
wide screen to identify novel caspase-1 substrates using the
gel-free COFRADIC peptide sorting methodology used on a
differential setup (30). In addition to the identification of the
substrate, this technology provides the exact position of the
processing site by specifically identifying the neo-amino ter-
minus generated by protein processing. In this study, we
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prepared proteins from untreated and caspase-1-treated
macrophage extracts for differential analysis of amino-termi-
nal peptides. Following LC-MS/MS analysis, 2663 peptides
were identified by Mascot (29), and these converged into 1022
different proteins. On the basis of the differential '2C/"3Cy
isotope labeling of L-arginine used (36), peptides that display
as couples of “light” and “heavy” forms spaced by 6 Da are
present in both the control and caspase-1-treated samples
and thus do not hint at protein processing. Such peptides
were therefore not considered for further data interpretation.
On the other hand, peptides that were (a) exclusively found in
the proteome digest of caspase-1-treated cell lysate (thus
represented by a single isotopic peptide envelope) and (b)
were generated by cleavage after Asp residues were here
regarded as candidate caspase-1 targets. Using this ap-
proach, 20 proteins cleaved after Asp were identified upon
incubation with recombinant caspase-1 (Tables | and Il). In
addition, 29 proteins were processed after residues other than
Asp (supplemental Table 1) and were hence not further con-
sidered. Eleven of the 23 (48%) identified Asp-specific cleav-
age sites resembled the caspase-1 cleavage sites in pro-
IL-18 and pro-IL-18, suggesting that this subgroup of
substrates was directly processed by caspase-1 (Tables | and
II, cluster I): next to the requirement for Asp in P, that is typical
for all caspases, this cluster was characterized by a unique
specificity for the aliphatic residues Leu, lle, Met, and Val in
the P, position as evident from an analysis of the identified
cleavage sites on the WeblLogo (37) server (Fig. 1A, left).
Notably the executioner caspase-7 was identified as a mem-
ber of this substrate cluster with cleavage occurring at its
canonical activation site IQAD'®® between the p20 and p10
subunits (Tables | and Il). This result suggested that recom-
binant caspase-1 induced activation of endogenous
caspase-7 in the treated lysate. In line with this notion, the
remaining 12 of 23 (52%) processing events occurred at
cleavage sites that perfectly matched or closely resembled
the optimal caspase-7 recognition sequence DEVD (Fig. 1A,
right) identified in combinatorial peptide library screenings
(38).

Caspase-1 Processes Procaspase-7 at Canonical Asp®®
and Asp’®® Sites—To confirm that caspase-1 can cleave
caspase-7, in vitro translated 5S-labeled procaspase-7 was
incubated with 30 nm recombinant caspase-1 for 30 min, 1 h,
or 2 h at 37 °C, and the resulting cleavage fragments were
analyzed by SDS-PAGE and autoradiography. Similar to
caspase-1-mediated cleavage of pro-IL-13, the 33-kDa full-
length procaspase-7 band was completely processed in less
than 30 min, giving rise to 19- and 11-kDa fragments that are
characteristic for the p20 and p10 subunits of active
caspase-7, respectively (Fig. 1B). As expected, caspase-1-
mediated processing of pro-IL-13 and procaspase-7 was ab-
rogated by the caspase-1 inhibitor YVAD-cmk (Fig. 1B). We
made use of site-directed procaspase-7 mutants to investi-
gate whether caspase-1-mediated cleavage of procaspase-7

occurred at the IQAD"98 site and to verify whether caspase-1
also removes the amino-terminal procaspase-7 peptide after
Asp?® (39). Wild type procaspase-7 was found to be cleaved
by caspase-1, generating the characteristic p19 and p11 frag-
ments (Fig. 1C). Mutation of the canonical Asp®® activation
site between the prodomain and the large catalytic subunit
did not interfere with the generation of the p11 activation
fragment, although a slightly larger p19 subunit was apparent.
These results are consistent with caspase-1-mediated re-
moval of the procaspase-7 prodomain by cleavage at Asp?3.
The prototypical p19 and p11 subunits were not detected
when Asp'®® was mutated to Ala, although some pro-
caspase-7 was processed to a fragment of 30 kDa (Fig. 1C).
The latter fragment is likely generated by caspase-1-mediated
removal of the amino-terminal peptide at Asp®® as its forma-
tion was prevented in the D23A/D198A double caspase-7
mutant (Fig. 1C). Together these results show that caspase-1
can cleave procaspase-7 at its canonical activation sites
Asp?® and Asp'98. We next analyzed whether caspase-7 ac-
tivated downstream of caspase-1 could be responsible for the
cleavage events grouped under cluster Il (Tables | and Il). The
cluster | members TIF18 and Hsp60 were incorporated as
negative controls for caspase-7-mediated cleavage. The lat-
ter two proteins were not cleaved by recombinant
caspase-7 even at enzyme concentrations 10 times higher
than the 30 nm used to cleave the cluster Il substrates (Fig.
1D and data not shown). In contrast, active caspase-7
processed all tested cluster Il members (Assc2, GIT2, Liga-
tin, elF4h, MCM3, and Vps72), generating cleavage frag-
ments that were in line with those predicted from the cleav-
age sites identified by COFRADIC analysis (Fig. 1E).
Caspase-1 Is Essential for Activation of Caspase-7, but
Not Caspase-3, in Response to Microbial Stimuli—To as-
sess whether caspase-1 acts upstream of caspase-7 in
vivo, BMDMs from wild type and caspase-1~/~ macrophages
were stimulated with LPS or LPS combined with ATP or
pulsed with ATP alone for 30 min, and proteolytic activation of
endogenous caspase-1, caspase-3, and caspase-7 was as-
sessed by immunoblotting. As a control and in accord with
previous reports (8, 9, 34), stimulation of LPS-treated macro-
phages with ATP induced activation of caspase-1 in wild type
BMDMs, whereas LPS or ATP alone did not (Fig. 2A). Similar
to caspase-1, activation of caspase-7 occurred only by com-
bined stimulation with LPS and ATP (Fig. 2A). In contrast, the
related caspase-3 was activated in macrophages stimulated
with LPS alone (Fig. 2A), suggesting a differential activation
mechanism for caspase-3 and -7. Indeed whereas activation
of caspase-7 triggered by LPS and ATP was abolished in
caspase-1-deficient macrophages, that of caspase-3 was not
affected (Fig. 2A). To determine whether caspase-7 is acti-
vated by bacterial infection, macrophages were incubated
with wild type S. typhimurium or a flagellin-deficient mutant.
As a control and consistent with published studies (5, 14),
Salmonella-induced caspase-1 activation required flagellin as
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TaBLE Il
Characteristics of peptides identified in the proteome-wide COFRADIC analysis with caspase-1

The complete list of internally located, trideuteroacetylated peptides with an Asp residue in P, that were uniquely identified in the digested
proteome of recombinant caspase-1-treated mouse Mf414 lysates is shown. Protein names are identified by using the Swiss Institute of
Bioinformatics BLAST network service, and the accession numbers are according to the UniProtKB/Swiss-Prot database. The targets are
divided into two groups based on the presence of an aliphatic (cluster I) or acidic (cluster Il) residue at P,. The predicted molecular mass of
the proteolytic fragments are indicated in integers. The number of identified spectra (Spectra no.), start/end, m/z, z, error (Da), threshold and
A threshold of the identified spectra, the Mascot ion score of highest scoring spectra, and e value are given.

i : Molecular Score of
Accession Protein mass, Spectra Start End m/z z  Error  Threshold hlghgast A threshold e value
no. name fragments no. scoring
spectra
kDa Da
Cluster |
P97864  Caspase-7 22-11 1 199 210 657.394 2 0.1284 31 39 8 0.007940871
P60710  B-Actin 1-41 1 12 28 909.372 2 -0.0332 42 46 4 0.019925952
P63260  y-Actin
P63038  Hsp60 6-56 2 50 60 596.878 2  0.0862 42 66 24 0.000200292
11-50 3 101 121 107546 2 -0.1272 43 60 17 0.001002025
Q8R5A3 PREL-1 8-66 1 7 81 638.435 2 0.2009 42 56 14 0.001997753
Q99KY4 Cylglin G-associated 92-52 2 821 839 1050.923 2 -0.0168 43 98 55 1.60378e—07
inase
Q62318 TIF1b 73-16 2 685 701 880.975 2 0.0019 42 62 20 0.000502592
Q5RJH6  SMG7 59-68 1 518 530 674.928 2 0.0786 42 64 22 0.000317278
Q7TMY8 E3-histone 263-220 2 2385 2400 866.493 2 0.1088 42 63 21 0.000399326
035601 FYN-binding protein 46-44 1 435 459 974771 3  0.0584 43 54 1M 0.003982951
P25206 MCM3 59-33 1 531 543 813.364 2 0.0454 42 63 21 0.000399326
Cluster Il
P25206 MCM3 59-33 1 534 543 649.82 2 0.064 31 35 4 0.019925952
P08113  Endoplasmin 3-89 1 27 39 747911 2 0.0594 42 76 34 2.00811e—-05
Q91WR3 Assc2 70-16 1 615 632 960.958 2  0.0479 42 131 89 6.44113e—11
QaJLQ2 GIT2 44-35 1 391 405 873.885 2 0.0247 42 90 48 8.02341e—-07
QIWUK2 elF-4H 10-17 1 93 108 906.399 2 -0.1749 47 72 25 0.000159139
P47713  cPLA, 59-26 2 522 532 632.848 2 0.1004 42 58 16 0.001261149
Q61211  Ligatin 26-37 2 244 257 88152 2 0.1005 42 66 24 0.000200292
088746  Target of Myb protein 1 36-18 1 325 347 794.043 3 0.0199 43 45 2 0.031564182
Q62481 Vps72 6-35 1 59 79 780.951 3 -—0.0916 38 40 2 0.031564182
Q8K2H1  Periphilin-1 33-11 2 292 304 778.858 2 —0.0179 47 71 24 0.000200292
P60710  B-Actin 27-15 3 245 254 566.381 2 0.1352 41 87 46 1.27097e—06
P63260  y-Actin
Q61152  FLP-1 47-3 1 425 436 618.324 2 -0.0163 42 81 39 6.35841e—-06

flagellin-deficient bacteria failed to induce caspase-1 activa-
tion (Fig. 2A). As seen with caspase-1, caspase-7 was acti-
vated only when macrophages were infected with flagellated
bacteria, whereas caspase-3 activation occurred independ-
ently of flagellin (Fig. 2A). Importantly Salmonella-induced
caspase-7 activation was abolished in caspase-1~/~ macro-
phages in line with an essential requirement for caspase-1 in
the activation of caspase-7. In contrast, caspase-1 deficiency
did not impair caspase-3 activation in response to wild type or
flagellin-deficient Salmonella (Fig. 2A). To further confirm ac-
tivation of caspase-3 and -7 in LPS + ATP-stimulated and
Salmonella-infected BMDMs, we made use of biotin-DEVD-
fmk to pull down the active forms of caspase-3 and -7 (40).
The amount of active caspase-3 and -7 recovered from
streptavidin beads was then determined by immunoblotting
for these caspases. As expected, full-length caspase-3 and -7
were detected in the cell lysates but were not recovered from
the streptavidin beads (Fig. 2, B and C). In contrast, the large

catalytic subunits of cleaved caspase-3 (Fig. 2B, p17 and p19)
and cleaved caspase-7 (Fig. 2C, p19) were efficiently pulled
down from the setups stimulated with LPS + ATP or infected
with Salmonella, confirming the activation status of caspase-3
and -7 under these conditions.

Caspase-3 and -7 Are Activated Independently in Response
to Inflammatory Stimuli—As caspase-3 was activated in LPS-
stimulated and Salmonella-infected macrophages, it was pos-
sible that caspase-3 was also required for caspase-7 activa-
tion under these conditions. To examine this possibility, wild
type and caspase-3~/~ macrophages were stimulated as de-
scribed above, and activation of caspase-1 and -7 was as-
sessed by immunoblotting. We found that activation of
caspase-1 and caspase-7 in response to LPS + ATP and
Salmonella infection proceeded normally in macrophages de-
ficient in caspase-3 (Fig. 3A), demonstrating that caspase-3 is
not required for activation of caspase-1 and -7. Similarly
caspase-7 deficiency did not affect activation of caspase-1
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and -3 (Fig. 3B), indicating that these caspases do not require
caspase-7 for their activation. As expected, the caspase-7
antibody failed to detect immunoreactive bands in lysates of
caspase-7-deficient macrophages, thus confirming its speci-
ficity (Fig. 3B). These results indicate that the regulation of
caspase-7 activation triggered by LPS and ATP or Salmonella
is highly specific and relies on caspase-1 but not caspase-3.
Reciprocally the activation of caspase-3 by microbial stimuli is
independent of caspase-1 and -7. These results demonstrate
the existence of non-redundant molecular mechanisms gov-
erning the activation of the executioner caspase-3 and -7 in
response to microbial stimuli.

The Inflammasomes Control Activation of Caspase-7 but
Not Caspase-3—ATP induces the activation of caspase-1 in
LPS-stimulated macrophages through the Cryopyrin inflam-
masome (8-10, 34), whereas Salmonella and flagellin require
components of the Ipaf inflammasome to activate caspase-1
(5, 7, 14). We made use of BMDM s lacking the NLR proteins
Cryopyrin or Ipaf as well as macrophages deficient in the
essential inflammasome adaptor ASC to examine whether the
Cryopyrin and Ipaf inflammasomes are required for caspase-7
activation in response to microbial stimuli. As a control, the
activation of caspase-1 induced by stimulation with LPS and
ATP was abolished in ASC™/~ and Cryopyrin~/~ macro-
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with LPS for 3 h and then pulsed with
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phages but proceeded normally in lpaf~’~ macrophages (Fig.

4A). Notably processing of caspase-7 induced by LPS and
ATP was prevented in BMDMs lacking ASC or Cryopyrin but
not in lpaf’~ cells (Fig. 4B) consistent with an essential role
for the Cryopyrin inflammasome in the activation of
caspase-7. In contrast, caspase-3 activation in response to
LPS alone or in combination with ATP proceeded normally in
ASC~/~, Cryopyrin~/~, and Ipaf~’~ macrophages (Fig. 4C),
demonstrating that the Cryopyrin and Ipaf inflammasomes are
not required for caspase-3 activation. As reported previously
(5, 14, 34), wild type and Cryopyrin~/~ macrophages acti-
vated caspase-1 through the cytosolic recognition of Salmo-

nella flagellin, which was abolished in ASC™/~ and lpaf ’~
cells (Fig. 4A). Caspase-7 processing in response to Salmo-
nella required flagellin, Ipaf, and ASC but not Cryopyrin (Fig.
4B), demonstrating that the Ipaf inflammasome functions
upstream of caspase-7 activation in Salmonella-infected
macrophages. In contrast, caspase-3 activation occurred in
all tested knock-out macrophages (Fig. 4C), indicating that
activation of this executioner caspase proceeds independ-
ently of the Ipaf and Cryopyrin inflammasomes in response
to Salmonella infection. The latter results confirm our pre-
vious findings in caspase-1-deficient cells (Fig. 2A). Thus,
activation of caspase-7, but not caspase-3, in response to
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Fic. 3. Caspase-3 and -7 are acti-
vated independently in response to mi-
crobial stimuli. A and B, macrophages
from wild type and caspase-3~/~ (A) or
caspase-7 '~ (B) mice were stimulated
with LPS for 3 h and then pulsed with ATP
for 30 min, stimulated with LPS alone,
pulsed with ATP alone, or infected with
wild type S. typhimurium (Salm) or a
flagellin-deficient mutant (Salm flib/c—) for
1 h. Cell extracts were immunoblotted
with  antibodies against caspase-1
(CASP1), caspase-3 (CASP3), and
caspase-7 (CASP7). Black arrows indi-
cate full-length caspases, and white ar-
rows mark the large subunits of activated
caspase-1, -3, and -7. Results are repre-
sentative of at least three independent ex-
periments. CTRL, control; WT, wild type.

LPS and ATP requires the assembly of a functional
Cryopyrin inflammasome, whereas the Ipaf inflammasome
is required for caspase-7 activation in Salmonella-infected
macrophages. In addition, activation of caspase-1 (Fig. 5A)
and caspase-7 (Fig. 5B) was abolished in ASC-deficient
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BMDMs stimulated with an array of microbial ligands and
ATP and in LPS + nigericin-treated macrophages, demon-
strating that the inflammasome is also required for activa-
tion of caspase-7 in response to these proinflammatory
stimuli. Collectively these results demonstrate the activation
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of an NLR-specific caspase-1/caspase-7 cascade in re-
sponse to microbial stimuli.

Caspase-7 Deficiency Does Not Prevent Cytokine Produc-
tion or Salmonella-induced Macrophage Cell Death—
Caspase-1 is best known for its role in the proteolytic matu-
ration of the proinflammatory cytokines IL-18 and IL-18 (3, 4,
41-43). However, the mechanism by which the mature cyto-
kines are secreted from the cytosol is unknown. To test
whether caspase-7 is essential for the secretion of IL-18 and
IL-18 in response to LPS + ATP or Salmonella, we measured
the levels of these cytokines in the culture supernatants
of stimulated macrophages. As expected, the combination of
LPS and ATP or Salmonella infection triggered the release of
significant levels of IL-18 and IL-18 in the culture superna-
tants of wild type macrophages, whereas LPS or ATP alone
and flagellin-deficient Salmonella failed to do so (Fig. 6, A and
B). The secretion of IL-13 and IL-18 triggered by LPS and ATP
or Salmonella infection was abolished in caspase-1/",
whereas cytokine levels comparable to those released by wild
type cells were detected in the culture supernatants of
caspase-7 '~ macrophages (Fig. 6, A and B). Similarly secre-
tion of IL-1B (Fig. 6C) and tumor necrosis factor-a (Fig. 6D)
was not affected in stimulated caspase-3-deficient macro-
phages. These results suggest that although caspase-7 is
activated downstream of caspase-1 it is not required in the
secretion of the caspase-1-dependent cytokines IL-18 and
IL-18.

Caspase-1 is not directly implicated in apoptosis (3) except
for the specialized form of macrophage cell death induced by

pathogenic bacteria such as Salmonella (15). As both
caspase-3 and -7 were activated in response to Salmonella
infection (Fig. 2), we assessed the respective contribution of
the executioner caspase-3 and -7 in Salmonella-induced
macrophage cell death. As expected, substantial cell death of
wild type macrophages infected with wild type Salmonella,
but not with the flagellin-deficient Salmonella mutant, was
evident 2 h after infection. In contrast to caspase-1-deficient
cells, caspase-3~/~ and caspase-7/~ macrophages were
not protected from Salmonella-induced membrane damage
and DNA fragmentation (Fig. 7, A and B). Therefore, the lack
of protection from Salmonella-induced macrophage death in
caspase-7-deficient cells might be due to functional redun-
dancy with caspase-3 as occurs during developmental cell
death (23-25) and in response to classical apoptotic triggers
(25).

DISCUSSION

Using a proteomics approach to search for novel caspase-1
targets, we identified 11 cleavage events that occurred at
sites closely matching the caspase-1 cleavage sites in pro-
IL-18 and pro-IL-18. In addition to cytoskeletal proteins,
chaperones, and ftranscription factors, the executioner
caspase-7 was identified as a member of this substrate clus-
ter with cleavage occurring at its canonical activation site
IQAD'®® between the p20 and p10 subunits. These results
suggest that this subgroup of substrates was directly pro-
cessed by caspase-1 and that recombinant caspase-1 in-
duced activation of endogenous caspase-7 in the treated
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Fic. 5. Inflammasomes mediate caspase-7 activation in re-
sponse to LPS + nigericin and bacterial ligands with ATP. A and
B, macrophages from wild type and ASC /~ mice were stimulated
with the indicated bacterial ligands and heat-killed bacteria for 3 h
and then pulsed with 5 mm ATP or 20 uMm nigericin for 30 min. Cell
extracts were immunoblotted with antibodies against caspase-1 (A)
and caspase-7 (B). Black arrows indicate full-length caspases, and
white arrows mark the large subunits of activated caspase-1 and -7.
Results are representative of three independent experiments. CTRL,
control; WT, wild type; Pam3, Pam3-GSK4; PGN, peptidoglycan;
LTA, lipoteichoic acid; HKLM, heat-killed Listeria monocytogenes;
HKSA, heat-killed Staphylococcus aureus; HKLP, heat-killed Legio-
nella pneumophila; HKPG, heat-killed Porphyromonas gingivalis.

lysate. Biochemical analysis confirmed that the caspase-7
precursor was processed at the canonical activation sites
Asp?® and Asp'%® in the linker region, a step that is required
for full activation (19, 20). In line with this notion, the remaining
12 of 23 (52%) processing events identified in the proteomics
analysis occurred at cleavage sites that perfectly matched or
closely resembled the optimal caspase-7 recognition se-
quence DEVD identified in combinatorial peptide library
screenings (38). Indeed recombinant caspase-7 cleaved sev-
eral members of the second substrate cluster but failed to
process members containing caspase-1-like cleavage sites.

Importantly, genetics studies demonstrated that caspase-1
was required for proteolytic activation of caspase-7 in re-
sponse to Salmonella infection and stimulation with LPS and
ATP. These results provide evidence for a critical role for the
inflammasome in the induction of caspase-7 activation in
response to microbial stimuli. Previous reports revealed that
caspase-1 activation is mediated by NLR family members that
link recognition of specific bacterial molecules to caspase-1
activation (5, 7-10, 44, 45). Consistently, we report here that
caspase-7 processing induced by Salmonella infection re-
quired Ipaf and flagellin, whereas Cryopyrin was essential for
that triggered by LPS and ATP. These results delineate an
NLR/caspase-1/caspase-7 pathway activated in response to
specific microbial stimuli. In contrast, activation of caspase-3
was independent of inflammasome components including
caspase-1, thus revealing an important difference with the
classical apoptotic pathways where both caspase-3 and -7
are believed to be activated by the DISC and apoptosome
complexes. Thus, although caspase-3 and caspase-7 can be
activated in concert by the initiator proteases caspase-8 and
caspase-9 in response to classical apoptotic triggers such as
death receptor engagement and UV irradiation (1, 2), the
executioner caspases differ in their upstream activation
mechanisms in response to inflammatory stimuli. Furthermore
the absence of caspase-3 did not have an impact on
caspase-1 or caspase-7 activation in response to bacterial
stimuli. Nevertheless neither caspase-3~/~ nor caspase-7~'~
macrophages were protected from Salmonella-induced mem-
brane damage and DNA fragmentation. This finding is in
agreement with what has been reported during developmen-
tal cell death (23-25) and in response to classical apoptotic
triggers such as death receptor activation and UV irradiation
(25) and suggests that the lack of protection from Salmonella-
induced macrophage death in caspase-3- and -7-deficient
cells might be due to their functional redundancy. Unfortu-
nately this interesting possibility is hard to address experi-
mentally in doubly deficient macrophages because of the
early perinatal lethality of caspase-3/-7-deficient mice (25)
and awaits the generation of conditionally targeted mice. Al-
together we report here the identification of caspase-7 as a
caspase-1 substrate, and we demonstrated that caspase-7
processing occurs at its canonical activation sites. In addition,
we found that activation of caspase-7, but not caspase-3, is
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Fic. 6. Caspase-3 and -7 are dispensable for LPS- and Salmonel-
la-induced cytokine secretion. A-D, macrophages from wild type,
caspase-1~'~, caspase-3~/~, and caspase-7 '~ mice were stimulated
with LPS for 3 h and then pulsed with ATP for 30 min, stimulated with
LPS alone, pulsed with ATP alone, or infected with wild type S. typhi-
murium (Salm) or a flagellin-deficient mutant (Salm Flib/c—) for 1 h. Cell
culture medium was analyzed for release of IL-13 (A and C), IL-18 (B), or
tumor necrosis factor-a (TNF-«) (D) by ELISA. CASP1, caspase-1;
CASP3, caspase-3; CASP7, caspase-7; CTRL, control; WT, wild type.
Results represent mean = standard deviation of triplicates and are
representative of these three independent experiments.
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Fic. 7. Neither caspase-3 nor caspase-7 deficiency protects
from Salmonella-induced macrophage cell death. A and B, mac-
rophages from wild type, caspase-1~/~, caspase-3~/~, and caspase-
77/~ mice were infected with wild type S. typhimurium (Salm) or a
flagellin-deficient mutant (Salm flib/c—) for 2 h at multiplicity of infec-
tion 5. Extracellular bacteria were washed away, and cell death was
studied by measuring membrane damage (Live/Dead assay, Invitro-
gen) (A) and DNA fragmentation using ELISA (Roche Applied Science)
(B) according to the manufacturers’ instructions. Results represent
mean = standard deviation of triplicates and are representative of
three independent experiments. CASP1, caspase-1; CASP3,
caspase-3; CASP7, caspase-7; CTRL, control; WT, wild type.

controlled by the inflammasomes in LPS + ATP-stimulated
and in Salmonella-infected macrophages. These results es-
tablish for the first time the existence of an inflammatory
NLR/caspase-1/caspase-7 cascade in macrophages and
demonstrate the existence of differential activation mecha-
nisms for the executioner caspase-3 and -7 in response to
bacterial stimuli.
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