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Multiple microbial components trigger the formation of an inflammasome complex that contains pathogen-
specific nucleotide oligomerization and binding domain (NOD)-like receptors (NLRs), caspase-1, and in some
cases the scaffolding protein ASC. The NLR protein Nalplb has been linked to anthrax lethal toxin (LT)-
mediated cytolysis of murine macrophages. Here we demonstrate that in unstimulated J774A.1 macrophages,
caspase-1 and Nalplb are membrane associated and part of ~200- and ~800-kDa complexes, respectively. LT
treatment of these cells resulted in caspase-1 recruitment to the Nalplb-containing complex, concurrent with
processing of cytosolic caspase-1 substrates. We further demonstrated that Nalplb and caspase-1 are able to
interact with each other. Intriguingly, both caspase-1 and Nalplb were membrane associated, while the
caspase-1 substrate interleukin-18 was cytosolic. Caspase-1-associated inflammasome components included,
besides Nalplb, proinflammatory caspase-11 and the caspase-1 substrate a-enolase. Asc was not part of the
Nalplb inflammasome in LT-treated macrophages. Taken together, our findings suggest that LT triggers the
formation of a membrane-associated inflammasome complex in murine macrophages, resulting in cleavage of

cytosolic caspase-1 substrates and cell death.

Multiple microbial pathogens, including Salmonella, Fran-
cisella, Listeria, and Staphylococcus species, activate specific
nucleotide oligomerization and binding domain (NOD)-like
receptors (NLRs) and elicit an inflammatory response charac-
terized by caspase-1 activation (40, 42). The NLR protein
Nalp1b has also been linked to caspase-1 activation and mac-
rophage cytolysis mediated by anthrax lethal toxin (LT) (6, 36).
However, it is unclear how LT activates the proinflammatory
protein Nalp1lb and how this results in caspase-1 activation in
murine macrophages.

LT is considered the primary virulence factor produced by
the gram-positive organism Bacillus anthracis. In fact, chal-
lenge with LT alone mimics disease progression seen in mam-
malian hosts infected with B. anthracis spores. LT is a protein
toxin consisting of two subunits, protective antigen (PA) and
lethal factor (LF) (10). PA binds to specific cell surface recep-
tors and mediates endocytosis of LF, a zinc protease. The
proteolytic activity of LF is essential for the cytopathic and
lethal effects observed in LT-treated mice (15, 20).

The response of murine macrophages to LT exposure is
mouse strain dependent. Murine macrophages are either sus-
ceptible or resistant to L'T-mediated caspase-1 activation and
cytolysis (29, 30). Genetic mapping experiments have identified
a single gene, Nalp1b, which is linked to the strain-specific LT
responsiveness of murine macrophages (6, 36). The expression
of dominant Nalp1b alleles from susceptible murine strains in
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the resistant C57BL/6 background renders the resulting mac-
rophages susceptible to rapid LT Kkilling (6).

Nalp1b belongs to the NLR family of intracellular surveil-
lance proteins, which are able to recognize pathogen-associ-
ated molecular patterns, including lipopolysaccharide (LPS)
(25, 34, 40). In contrast to murine Nalplb, the human NLR
proteins NALP1 and NALP3 have been well characterized (25,
40). Stimulation of NALP1 or NALP3 results in the recruit-
ment of downstream components and the formation of the
inflammasome complex, which appears to be a critical event
associated with caspase-1 activation (1, 24, 26). The NOD of
NALP proteins is required for dimerization, and the LRR
domain has a microbe-sensing function (40). The pyrin domain
(PYD) and the caspase recruitment domain (CARD) of
NALP1 and NALP3 are essential for the recruitment of ASC
and caspase-1, respectively (24, 26). In contrast to human
NALP1, the PYD is absent in murine Nalp1b, and the involve-
ment of murine Asc in Nalplb inflammasome activation is
therefore questionable (6).

NLR stimulation by specific ligands results in activation of
proinflammatory caspase-1 and cell death (11, 12, 16). Acti-
vated caspase-1 then processes pro-interleukin-13 (pro-I1L-1B),
IL-18, and IL-33 into their mature forms (22, 37). Consistent
with a role for Nalplb in LT susceptibility, caspase-1 is acti-
vated in susceptible LT-treated macrophages but not in resis-
tant cells (31). Studies with caspase-1-deficient murine macro-
phages and caspase-1 inhibitors suggest that caspase-1 is
essential for LT killing of susceptible murine macrophages (6,
31, 41).

The mechanism by which microbial components, including
LT, activate the inflammasome and the way in which this
results in caspase-1 activation are poorly understood. In con-
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trast to bacteria, which contain multiple virulence factors that
simultaneously activate several NLRs, LT is a single virulence
factor and appears to represent an ideal model system to study
microbial inflammasome induction and caspase-1 activation.
Our findings indicate that LT triggers the formation of an
inflammasome complex containing Nalplb and caspase-1 in
murine macrophages. In untreated macrophages, caspase-1
was part of low-molecular-weight fractions and shifted toward
high-molecular-weight fractions following LT treatment. For-
mation of the high-molecular-weight complex, presumably the
inflammasome, coincides with caspase-1 activation and macro-
phage lysis. Caspase-1-associated proteins also included
caspase-11 and the caspase-1 target a-enolase in LT-treated
macrophages.

MATERIALS AND METHODS

Cell lines and plasmids. The BALB/c-derived murine macrophage cell line
J774A.1 and the human kidney fibroblast line 293T were obtained from the
American Type Tissue Culture Collection (ATCC, Manassas, VA). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Hern-
don, VA) containing 10% fetal bovine serum (HyClone, Logan, UT) supple-
mented with 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco, Grand
Island, NY). The procaspase-1 expression vector was purchased from ATCC.
The Nalplb-V5 expression construct was kindly provided by Bill Dietrich
(Novartis, Boston, MA). PA and LT were purchased from List Biological Lab-
oratories (Campbell, CA) and used at 500 and 250 ng/ml, respectively.

DNA transfection. For transfection assays, 293T cells were grown in 100-mm
tissue culture dishes at 80% confluence. 293T cells were transfected using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
guidelines. Transfected cells were cultured for 48 h before processing.

Antibodies. Rabbit anti-procaspase-1, goat anti-a-enolase, goat anti-caspase-
11, and mouse antiactin antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA); mouse anti-IL-18 antibodies were from Biovision
(Mountain View, CA); mouse antiflotillin antibodies were from BD Pharmingen
(Franklin Lanes, NJ); mouse anti-V5 antibodies were from Invitrogen; and
polyclonal rabbit anti-Toll-like receptor-4 (TLR-4) antibodies were from eBio-
science (San Diego, CA). Antibodies were used for Western blotting and immu-
noprecipitation according to manufacturers’ recommendations. Murine anti-
Nalplb and anti-Asc peptide antibodies were generated in rabbits against the
following peptides: for Nalplb, SPPKQKSNTKVAQHEGAQ, and for Asc, QAL
KEIHPYLVMDLEQS (EzBiolab, Westfield, IN). The resulting antibodies
against Nalplb and Asc were affinity purified against the immunogenic peptide
immobilized to epoxy-activated agarose beads (Sigma, St. Louis, MO).

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot anal-
ysis of caspase-1 and IL-18. Caspase-1 activation was examined in J774A.1
macrophages treated with LT. Cells were washed with phosphate-buffered saline
(PBS) at designated time points and lysed in radioimmunoprecipitation assay
buffer (50 mM Tris-HCI, pH 7.4, 0.1% sodium dodecyl sulfate [SDS], 0.5%
sodium deoxycholate, 1% NP-40, 150 mM NaCl, 1 mM EDTA) containing a
protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates were then
centrifuged at 10,000 rpm for 15 min, and 15 pg of protein was run on 4 to 20%
SDS-polyacrylamide gradient gels (Bio-Rad, Hercules, CA). Immunoblotting
was performed with antibody dilutions recommended by the manufacturer.

PI exclusion assay. Murine J774A.1 macrophages were washed three times
with PBS and seeded at 8 X 10° cells/ml on 96-well fluorescent plates in DMEM
with 10% fetal calf serum and antibiotics (Mediatech, Herndon, VA). Cytopathic
effects were assessed by a propidium iodide (PI) exclusion assay at different time
points after LT exposure. PA treatment alone and LF treatment alone were used
as controls. PT (25 uM) was added to each well, and fluorescence was determined
with a Wallac Victor II multititer plate reader at 590 nm (PerkinElmer Life
Sciences).

Fluorescence microscopy. Staining using phalloidin, PI, and Hoechst 33342
(Invitrogen) was performed according to the manufacturer’s recommendations.
Immunostaining was performed as described previously (2). Briefly, cells were
grown overnight on Lab-Tek IT coverslip chambers (Nalgene, Rochester, NY) to
a density of ~10° cells/ml. Cells were stained with Hoechst 33342 (10 pg/ml) for
15 min and washed twice with PBS prior to LT treatment. LT and PI were then
added to cells for the PI exclusion assay. Cells were fixed with 4% paraformal-
dehyde and permeabilized with 1% Triton X-100 and 0.05% SDS in PBS at
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different time points after LT exposure. For major histocompatibility complex
class I (MHC-I) immunostaining, cells were incubated with anti-MHC-I antibody
in DMEM containing preimmunized mouse antibody (10 wg/ml; Sigma) for 20
min, followed by 10 washes with PBS. Subsequently, the secondary antibody was
added for an additional 20 min and the cells were washed 10 times with PBS and
fixed. For intracellular immunostaining, cells were fixed, permeabilized, and
blocked with 10% fetal bovine serum in PBS and preimmune mouse immuno-
globulin G (10 wg/ml; Sigma) and then incubated with primary antibody for 1 h
at room temperature. Cells were then washed 10 times with PBS and incubated
with secondary antibodies (30 min). Finally, cells were washed and mounted
using Prolong (Invitrogen). As controls, we used nonmatching secondary anti-
bodies and secondary antibodies alone.

Subcellular fractionation. Subcellular fractions were prepared according to
the method of Yeung et al. (48). Briefly, J774A.1 macrophages were grown in
DMEM on 100-mm tissue culture dishes. Upon reaching 90% confluence, cells
were exposed to LT for 90 min. After LT exposure, cells were swollen in
hypotonic buffer (10 mM sodium pyrophosphate, 10 mM sodium fluoride, 5 mM
Tris-HCI, pH 7.4) in the presence of a protease inhibitor cocktail (Roche) for 5
min on ice. Cells were homogenized to more than 95% breakage with a Dounce
homogenizer (Kimble/Kontes, Vineland, NJ), as monitored by phase-contrast
microscopy. Finally, 0.25 volume of compensation buffer (0.95 M sucrose, 60 mM
sodium pyrophosphate, 150 mM sodium fluoride, 20 mM Tris-HCI, pH 7.4) was
added, the homogenate was centrifuged for 5 min at 1,000 X g to pellet the
nuclei, and the supernatant was saved as postnuclear supernatant (PNS). The
resultant pellet was washed with the compensated homogenization buffer to
remove contamination by the other subcellular fractions and solubilized in SDS
loading buffer. The PNS was subfractionated by centrifugation at 100,000 X g at
4°C for 1 h, and the supernatant was saved as the cytosolic fraction. Pellets (the
postnuclear particulate [PNP] fraction) were homogenized in hypotonic fraction-
ation buffer with compensation buffer and 1% Triton X-100 with a Dounce
homogenizer. The homogenate was centrifuged at 100,000 X g for 30 min at 4°C,
and the supernatant was saved as the Triton X-100-soluble membrane (TXS)
fraction. The Triton X-100-insoluble particulate fraction was further separated
into Triton X-100-insoluble lipid raft (LR) and cytoskeletal (CSK) fractions (19).
The LR fraction was diluted 10 times in buffer A (130 mM NaCl, 10 mM
Tris-HCI, pH 7.2), pelleted by centrifugation at 40,000 rpm at 4°C for 1 h, and
resuspended in a small volume of buffer A prior to solubilization in SDS-PAGE
loading buffer. Protein concentrations of the fractions were determined using a
bicinchoninic acid protein assay kit (Pierce Biotech, Rockfort, IL). The purity of
each subcellular fraction was determined using lactate dehydrogenase (LDH)
(34 kDa) as a cytosolic marker, flotillin-1 (48 kDa) as a marker for LRs, and
TLR-4 (100 kDa) as a marker for the nonraft TXS fraction.

SEC. Sephacryl S-300 (100- by 2.5-cm) and S-200 (100- by 2.5-cm) columns
(Amersham, Piscataway, NJ) were used for size exclusion chromatography
(SEC) of macrophage lysates. Briefly, J774A.1 macrophages were grown on
100-mm tissue culture dishes in DMEM in the presence or absence of LT. The
PNSs from these cells were collected after treatment with SEC buffer (50 mM
Tris, pH 7.4, 150 mM NaCl, 1% octylglucoside) containing a protease inhibitor
cocktail and centrifuged (10,000 rpm, 4°C, 15 min) to remove insoluble cellular
debris. The protein concentration was determined using a bicinchoninic acid
protein assay kit (Pierce). Ten milligrams of solubilized PNS from either treated
or untreated cells was loaded onto the SEC column.

Cross-linking antibody to protein A and immunoaffinity purification. Cross-
linking of antibodies to protein A-Sepharose was performed as previously de-
scribed (38). Briefly, 1 mg of the antibody was incubated with 1 ml protein
A-Sepharose beads (Invitrogen), with continuous mixing at 4°C for 2 h. The
beads were then centrifuged and washed five times with PBS and once with 200
mM sodium borate, pH 9. Equal volumes of 40 mM dimethylsuberimidate
(Pierce) in 200 mM sodium borate were mixed with the beads, and the suspen-
sion was incubated, with continuous mixing, at room temperature for 30 min. The
reaction was terminated by addition of equal volumes of 400 mM ethanolamine,
and the sample was incubated for an additional 30 min. The beads were packed
into a 1-cm-diameter column (Bio-Rad) and washed three times with 2 bed
volumes of PBS and once with 4 bed volumes of 100 mM glycine-HCI at pH 2.4
to remove non-cross-linked antibodies. Finally, the cross-linked antibody beads
were washed with PBS until the pH reached 7 and stored at 4°C in PBS con-
taining 0.02% sodium azide. Rabbit anti-caspase-1 antibodies cross-linked to
protein A-Sepharose beads and packed into columns (Bio-Rad) were used to
immunoaffinity purify the caspase-1-associated complex. To reduce nonspecific
protein-protein interactions, samples were precleared with protein A beads
cross-linked to rabbit immunoglobulin G. Eluates from the affinity column were
concentrated using a 10-kDa-cutoff Amicon Ultra-4 concentrator (Millipore,
Billerica, MA).
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Mass spectrometry. Concentrated samples from casapse-1 affinity chromatog-
raphy eluates were digested with trypsin, and the tryptic peptides were analyzed
by electrospray ionization-tandem mass spectrometry (Keck Foundation, Pro-
teomics Facility, Yale University).

Immunoprecipitation and pull-down assays. 293T cells were cotransfected
with V5-His-tagged Nalplb and caspase-1 expression plasmids, and 36 h post-
transfection, transfected cells were lysed with immunoprecipitation buffer (1%
NP-40, 150 mM NaCl, 50 mM Tris, pH 8.4, in the presence of 2X protease
inhibitors [Roche]). For immunoprecipitation from J774A.1 cells, cells were
treated either with LPS (2 pg/ml) for 8 h or with LT (250 ng/ml LF and 500 ng/ml
PA) for 90 min. Cells were lysed with immunoprecipitation buffer. Samples were
mixed with anti-caspase-1 antibody-conjugated beads for 4 h at 4°C. The beads
were collected and washed five times with the same lysis buffer and one time with
doubly distilled H,O before elution with protein loading buffer. Samples were
resolved on 4 to 15% SDS-polyacrylamide gels and electroblotted to polyvinyl-
idene difluoride membranes (Bio-Rad) according to the manufacturer’s proto-
col. After that, the blotted membranes were probed with anti-V5 and anti-
procaspase-1 antibodies. Nickel columns were used to pull down His-tagged
Nalplb proteins according to the manufacturer’s recommendations (Pierce).
After elution, samples were concentrated over a 10-kDa-cutoff Amicon Ultra-4
concentrator (Millipore, Billerica, MA) before electrophoresis and probing with
anti-V5 and anti-caspase-1 antibodies.

RESULTS

LT triggers the formation of a high-molecular-weight com-
plex containing caspase-1 in murine macrophages. Several
microbial toxins and components, including LT, stimulate the
innate immune response via activation of specific NLRs. In the
case of LT, the dominant isoform of the NLR protein Nalplb
controls the susceptibility of murine macrophages to rapid cell
death (6). We are using LT and murine macrophages as a tool
to study inflammasome activation by microbial toxins. It re-
mains unknown how LT triggers Nalplb activation and how
this leads to macrophage killing. We postulate that LT triggers
the formation of a specific inflammasome complex in suscep-
tible murine macrophages, resulting in caspase-1 activation
and cell death.

To date, the best-characterized inflammasome complex is
associated with the human NLR NALP3. Stimulation of this
receptor leads to the recruitment of the downstream compo-
nents ASC and caspase-1 (1, 24). Here we tested whether LT
triggers the formation of a specific inflammasome complex
containing Nalp1b, Asc (the murine homolog of human ASC),
and caspase-1.

To analyze the formation of an inflammasome complex in
LT-treated macrophages, we performed SEC. Untreated or
LT-treated J774A.1 macrophages were homogenized, and the
PNSs from these cells were subjected to SEC under nondena-
turing conditions. To observe the formation of a Nalplb in-
flammasome complex, we generated antibodies against murine
Nalp1b and Asc proteins. Polyclonal antibodies raised against
Nalp1b and Asc peptides detected the corresponding proteins
in Western blot analyses of subcellular-fractionation assays
(see Fig. 1 and 3). The anti-Nalplb antibody also immuno-
stained endogenous Nalplb in murine J774A.1 macrophages
and in 293T cells transiently transfected with Nalplb expres-
sion constructs, while the anti-Asc antibody detected endoge-
nous Asc in murine J774A.1 macrophages (data not shown).
While subcellular-fractionation assays localized Nalplb to the
membrane fraction, we detected punctate as well as cytosolic
staining of Nalplb in J774A.1 cells (data not shown), possibly
due to the presence of a truncated version of Nalplb (see
Fig. 5).
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The SEC fractions of untreated and LT-treated macro-
phages showed distinct protein profiles (Fig. 1A) and were
further subjected to SDS-PAGE and Western blotting using
antibodies against the putative inflammasome components.
Procaspase-1 was found in an ~200-kDa complex, Asc in an
~350-kDa complex, and Nalp1b in a complex of ~800 kDa in
unstimulated J774A.1 cells (Fig. 1B, top). While the distribu-
tions of Nalplb and Asc did not change following LT treat-
ment of murine macrophages, procaspase-1 shifted from the
low-molecular-mass fractions (~200 kDa) to the high-molec-
ular-mass fractions (~800 kDa) following LT exposure. Ac-
cordingly, the high-molecular-mass fractions in LT-treated
macrophages contained caspase-1 and Nalplb but not Asc
(Fig. 1B, bottom). The shift of caspase-1 toward the high-
molecular-mass fraction is consistent with the hypothesis that
caspase-1 is recruited to a putative inflammasome complex in
LT-treated macrophages. Consistent with the inflammasome-
dependent caspase-1 activation observed with LPS-stimulated
monocytes (24), we found activated caspase-1 (p10) exclusively
in the high-molecular-mass fraction of LT-treated macro-
phages (data not shown). It should be noted that in unstimu-
lated macrophages, the 45-kDa procaspase-1 was eluted from
the ~200-kDa SEC fractions, suggesting that procaspase-1 is
not monomeric and forms a complex, presumably in associa-
tion with other proteins, in unstimulated cells.

Inflammasome components caspase-1 and Nalp1b localized
to the membrane fraction of murine macrophages. Our find-
ings suggested that the formation of the inflammasome com-
plex in LT-treated cells requires recruitment of caspase-1 to a
putative inflammasome complex. We therefore tested whether
the cellular localization of caspase-1 and other putative inflam-
masome components changed following LT treatment of mu-
rine macrophages. In order to address this question, we first
determined the kinetics of caspase-1 activation in LT-treated
macrophages. Murine J774A.1 macrophages were challenged
with a cytotoxic dose of LT (250 and 500 ng/ml of LF and PA,
respectively), and caspase-1 activation and cell lysis were ex-
amined. As only a minor fraction of caspase-1 is activated in
LT-treated cells, we enriched for active caspase-1 by immuno-
precipitation. We detected a peak in caspase-1 activation 90
min after LT exposure (Fig. 2A). Strikingly, the peak in
caspase-1 activation was concurrent with a drastic increase in
IL-18 processing and in the number of PI-positive cells and a
breakdown of the cytoskeleton 90 min after LT exposure (Fig.
2B to D). No increase in PI signal (Fig. 2C) or caspase-1
activation (data not shown) was detected when J774A.1 mac-
rophages were treated with PA or LF only, indicating that the
activity was LT specific and not due to LPS contamination.
These findings indicate the close -correlation between
caspase-1 activation and cytolytic events in LT-treated macro-
phages. Subsequently, we analyzed the subcellular localization
of inflammatory components in untreated cells and in stimu-
lated cells at the peak of caspase-1 activation (90 min after LT
exposure).

To investigate the cellular localization of putative inflamma-
some components, we subjected untreated and LT-treated
macrophages to subcellular-fractionation assays. In untreated
macrophages, caspase-1 and Nalplb were found exclusively in
membrane-associated fractions (Fig. 3). More specifically, we
detected caspase-1 in the TXS and LR fractions, with only
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FIG. 1. LT triggers the formation of a high-molecular-weight complex containing caspase-1 and Nalplb in J774A.1 macrophages. The PNP
fractions were isolated from untreated and LT-treated macrophages 120 min after LT exposure and fractionated by SEC on an S-300 column under
nondenaturing conditions at 4°C. (A) Elution profiles of proteins (optical density at 280 nm [OD,g]) from untreated and LT-treated macrophages.
The molecular mass scale was determined using a wide range of molecular mass markers. (B) SDS-PAGE of fractions of untreated and LT-treated
macrophages immunoblotted with anti-procaspase-1, anti-Asc, and anti-Nalp1b antibodies. All fractions were immunoblotted, but only those with

detected bands are shown. WB, Western blotting.

trace amounts of caspase-1 in the CSK fraction (Fig. 3).
Caspase-1 and Nalplb were both in the TXS fraction, suggest-
ing that the inflammasome forms in this subcellular fraction.
However, unlike caspase-1, Nalp1b was not present in the CSK
and LR fractions. In contrast to Nalplb and caspase-1, the
inflammatory proteins Asc and IL-18 were found exclusively in
the cytosolic fraction (Fig. 3). Notably, we did not detect any
caspase-1 or Nalplb in the cytosolic fraction. The subcellular
compartmentalization of caspase-1 or IL-18 did not change
upon LT treatment of murine macrophages (Fig. 4). As ex-
pected, the cellular localization of Nalplb and Asc did not
change following LT exposure of J774A.1 cells (data not
shown). While LT treatment resulted in caspase-1 recruitment
to the high-molecular-weight fraction, it did not alter the sub-
cellular localization of caspase-1 (Fig. 4).

Nalp1lb and caspase-1 interactions. To determine whether
Nalp1b and caspase-1 are able to interact with each other, we
performed pull-down experiments with 293T cells expressing
plasmids for V5-His-tagged Nalplb and murine caspase-1.

Nalplb was coimmunoprecipitated with anti-caspase-1 anti-
body from lysates of cells expressing Nalplb and caspase-1
(Fig. 5). Similar results were obtained in a reciprocal experi-
ment in which we pulled down caspase-1 using a nickel column
to capture His-tagged Nalplb complexes (Fig. 5). Together,
these data suggest that caspase-1 and Nalp1b interact to form
a protein complex.

Identification of protein components of the inflammasome.
Our SEC fractionation assays have demonstrated that Nalplb
is part of a high-molecular-weight complex in unstimulated
J774A.1 cells and that caspase-1 shifts toward this high-molec-
ular-weight fraction upon LT exposure (Fig. 1). In LPS-stim-
ulated human monocytes, the human ortholog of murine
Nalpl, NALP1, recruits caspase-1 via the caspase-1 recruit-
ment protein ASC (24). Murine Nalp1b, however, lacks a func-
tional Asc recruitment domain, and Asc does not shift toward
the high-molecular-weight fractions in LT-treated macro-
phages (Fig. 1), suggesting that inflammasome formation is
Asc independent in LT-treated macrophages. Moreover, our
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FIG. 2. The peak of caspase-1 activation is concurrent with membrane impairment in LT-treated murine macrophages. (A) Caspase-1 was immunopre-
cipitated from LT-treated murine J774A.1 macrophages. Triton X-100-soluble PNP fractions of J774A.1 macrophages were immunoprecipitated using
anti-caspase-1 antibodies, and proteins were analyzed by SDS-PAGE and immunoblotting. (Bottom) Immunoblotting of whole-cell lysates from untreated and
LT-treated macrophages was done using anti-IL-18 antibodies. IP, immunoprecipitation; WB, Western blotting. (B) Membrane integrity of murine macrophages
in response to LT treatment, as determined by PI (red) exclusion. Nuclei were stained with the membrane-permeable Hoechst stain (blue). (C) PI uptake in
J774A.1 macrophages following treatment with LT (250 and 500 ng/ml of LF and PA, respectively) for the indicated times. PI uptake was determined using a
plate reader (Victor 3V; PerkinElmer). As a control, macrophages were treated with PA and LF only (250 and 500 ng/ml of LF and PA, respectively) for 120
min. Error bars indicate standard deviations. (D) Changes in the J774A.1 cytoskeleton 90 min after LT treatment. The changes in the cytoskeleton were
determined by F-actin staining with phalloidin (green), and the nuclei were stained with Hoechst stain (blue). An LT-treated cell lacking its cytoskeleton is

marked with a white arrowhead.

pull-down experiments suggested that caspase-1 is able to in-
teract directly with Nalplb. However, the high molecular
weight of the complex suggested that in addition to Nalp1b and
caspase-1, there are other, unidentified components. To ana-

lyze the composition of the inflammasome complex in LT-
treated murine macrophages, we subjected low- and high-mo-
lecular-weight SEC fractions from LT-treated J774A.1
macrophages to immunoaffinity purification by using anti-
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FIG. 3. Inflammasome proteins Nalplb and caspase-1 localize to the membrane fraction of J774A.1 murine macrophages. Cells frac-
tionated into cytosolic (Cyt), nuclear (Nuc), and PNP fractions, and the PNP was further fractionated into CSK, LR, and TXS subfractions.
Fifteen micrograms of protein from each fraction was subjected to 4 to 20% SDS-PAGE and immunoblotting using antibodies against
Nalplb, Asc, and caspase-1. The purity of subcellular fractions was demonstrated with markers for cytosolic (LDH), LR (flotillin), and TXS

(TLR-4) fractions. WB, Western blotting.

caspase-1 antibodies cross-linked to protein A beads. The
eluted fractions were digested with trypsin, and the resulting
peptides were subjected to electrospray ionization-tandem
mass spectrometry for identification.

The ~800-kDa fractions from LT-stimulated cells contained
the inflammatory proteins Nalplb, a-enolase, caspase-1, and
caspase-11, as determined by mass spectrometry (Table 1). As
expected, the ~800-kDa complex from LT-treated macro-
phages did not contain the scaffolding protein Asc. As a con-
trol, we also identified caspase-1-associated components of the
low-molecular-mass (~200-kDa) complex in LT-treated mac-
rophages (Fig. 1). Strikingly, the only protein from the ~800-
kDa complex that forms in LT-treated cells that was also found
in the ~200-kDa complex in untreated cells was caspase-1.

Caspase-11 and a-enolase are caspase-l-associated pro-
teins in LT-treated macrophages. The caspase-1-associated
proteins isolated from the high-molecular-weight fractions of
LT-treated macrophages contained caspase-11 and the
caspase-1 substrate a-enolase. Strikingly, caspase-11-deficient
mice are highly resistant to LPS-induced septic shock and show
reduced levels of IL-1P following LPS exposure (17, 47). More-
over, caspase-11 has been shown to be required for caspase-1
activation and IL-1B processing in LPS-treated mice (17, 47).
To confirm that caspase-11 is part of the inflammasome com-

plex formed in response to LT, we immunoprecipitated
caspase-1 from LT-treated J774A.1 macrophages by using a
protein A-cross-linked anti-caspase-1 antibody. As a positive
control, we used LPS-treated J774A.1 cells. Caspase-1 coim-
munoprecipitated with the active p20 subunit of caspase-11
from both LT- and LPS-treated J774A.1 macrophages (Fig.
6A). These results suggested that caspase-11 is required for
caspase-1 activation by LPS and LT in murine J774A.1 mac-
rophages.

Our proteomics results indicated that the glycolytic enzyme
and caspase-1 substrate a-enolase is a caspase-1-associated
protein in LT-treated J774A.1 macrophages. To confirm that
a-enolase was part of the high-molecular-weight complex as-
sembled in LT-treated macrophages, we performed immuno-
precipitation experiments using anti-procaspase-1 antibodies.
Consistent with our proteomics results, we found that
caspase-1 was able to coimmunoprecipitate a-enolase from
both LT-treated and LPS-treated (control) cells but not from
untreated cells (Fig. 6A).

Consistent with the recruitment of a-enolase to an inflam-
masome complex, we found that a-enolase partially localized
with caspase-1 in LT-treated J774A.1 macrophages (Fig. 6B),
while no colocalization of a-enolase and caspase-1 was ob-
served in untreated cells (data not shown). These findings are
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FIG. 4. The subcellular localization of caspase-1 and IL-18 does not change upon LT exposure of J774A.1 murine macrophages. Untreated (—) and
LT-treated (+) macrophages were subjected to subcellular fractionation at 90 min after LT exposure, as described in Materials and Methods. SDS-PAGE and
immunoblotting were performed with anti-IL-18, anti-caspase-1, and anti-LDH antibodies. WB, Western blotting.

consistent with previous studies showing changes in the cellular
localization of a-enolase in cells stimulated with phorbol
myristate acetate or LPS (3, 13, 32).

Taken together, our findings indicate that LT triggers the
formation of a high-molecular-weight complex, presumably the

inflammasome. Our data suggest that this complex is mem-
brane bound and contains Nalp1b, caspase-1, caspase-11, and
a-enolase. Our findings indicate that the activation of this
complex results in processing of caspase-1 substrates and mac-
rophage killing.

kDa M
IP: Casp-1 120 R +Nalp1b
WB: V5 (Nalp1b) (130 kDa)
; >
30 & |« (@35kDa)
Pull-down: His (Nalp1b) e +Casp-1
WB: Casp-1 . (45 kDa)
Lysates:
Rl «Nalp1b
WB: V5 (Nalp1 b) (130 kDa)
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Caspase-1 + + -
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FIG. 5. Nalplb interacts directly with caspase-1. Coimmunoprecipitation and pull-down assays were performed using lysates from 293T cells
that had been transiently transfected with plasmids encoding murine caspase-1 (Casp-1) and V5-His-tagged Nalp1b, as indicated. Lysates were
immunoprecipitated using an anti-caspase-1 antibody, and following elution, samples were subjected to SDS-PAGE and immunoblotting using
anti-V5 antibodies. Lysates were pulled down with a nickel column, and the eluates were subjected to immunoblotting using anti-caspase-1
antibodies. A truncated version of Nalplb is indicated with an asterisk. IP, immunoprecipitation; WB, Western blotting.
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TABLE 1. Identification of caspase-1-associated proteins from
high-molecular-weight complexes of LT-treated macrophages,
as determined by mass spectrometry”

Category Protein Accession no.”
Inflammatory Pro-caspase-11 NP_031635
proteins Pro-caspase-1 NP_033937
Nalplb ABI18117
Glycolytic enzymes a-Enolase P17182

Membrane-associated ~ AP-2 subunit a-1 NP_001070732

proteins Annexin Al NP_034860
Potassium channel 088454
subfamily K member 4
ABCI1 transport protein NP_038482

“ Octylglucoside-solubilized PNP fractions of LT-treated macrophages were
fractionated by SEC, and high-molecular-weight fractions were immunoaffinity
purified using anti-caspase-1 antibodies. Proteins were identified by electrospray
ionization-tandem mass spectrometry, as described in Materials and Methods.

b Accession numbers are from the PubMed and ExPASY databases.

DISCUSSION

Genetic mapping experiments have linked the LT suscepti-
bility of murine macrophages to the NLR protein Nalplb.
Human NLR proteins closely related to Nalplb, such as
NALP1 and NALP3, have been shown to stimulate the innate
immune response via caspase-1 activation. Several findings
have indicated that caspase-1 controls the LT-mediated cytol-
ysis of murine macrophages: caspase-1 inhibitors block LT
killing of susceptible murine macrophages (41), proteasome
inhibitors prevent cytolysis of LT-treated macrophages by
blocking caspase-1 (31, 41), and caspase-1-deficient macro-
phages are highly resistant to LT-mediated cytolysis (6). How-
ever, no studies to date have shown the direct involvement of
proinflammatory proteins, such as Nalplb and caspase-1, in
LT-mediated cell killing of murine macrophages. Here we
present data suggesting that LT triggers the formation of a
high-molecular-weight complex and that this complex contains
the proinflammatory proteins Nalp1b and caspase-1. We found
that caspase-1 was part of a low-molecular-weight complex in
unstimulated cells and that caspase-1 shifted to a high-molec-
ular-weight complex in LT-treated macrophages. Intriguingly,
this complex contained Nalp1b both before and after LT chal-
lenge. We assume that caspase-1 is recruited to the Nalplb-
containing complex upon LT treatment. Formation of high-
molecular-weight complexes containing NLR proteins and
caspase activation have been described to occur in macro-
phages following stimulation with microbial components
(18, 23).

The assembly of high-molecular-weight protein complexes
has been shown to result in caspase activation and cell death
(5, 8). For example, following activation of the intrinsic apop-
totic pathway, the NLR protein Apaf-1 forms the apoptosome
complex with procaspase-9, an essential step for caspase-3 ac-
tivation and apoptosis induction (7). It is reasonable to assume
that caspase-1 recruitment to the Nalp1b inflammasome com-
plex is also essential for caspase-1 activation. Here we show
that caspase-1 activation is concurrent with a loss of membrane
integrity, IL-18 release, and a breakdown of the cytoskeleton,
all markers of necrotic cell death. These findings suggest a
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close correlation between caspase-1 activation and induction of
necrosis.

Different NLR proteins have been shown to recruit
caspase-1 via the scaffolding protein ASC (40). For example,
the PYD of human NALPI1 through Nalpl4 is required for
recruitment of ASC, which then recruits caspase-1 via its
CARD (40, 44). We found that, unlike caspase-1, murine Asc
did not shift toward the high-molecular-weight fraction follow-
ing LT treatment of murine macrophages. This result suggests
that Asc is not part of the Nalplb inflammasome complex,
consistent with the fact that murine Nalplb lacks a PYD (6)
and that LT kills Asc-deficient macrophages (33, 35). There-
fore, we propose that Nalplb recruits caspase-1 in an Asc-
independent fashion. Both Nalplb and caspase-1 contain a
CARD, and these proteins are therefore able to interact di-

A IP: Caspase-1 | - I‘_ Caspase-11
WB: Caspase-11 (20 kDa)
IP: Caspase-1 o—enolase
WB: a—-enolase (47 kDa)
Lysates: o-enolase
WB: a—enolase |. - .l‘_ (47 kDa)
Lysates: Actin
WB: Actin [o— — (43 kDa)
AN () A
O
EEE
®
B
(o3 Caspase-1 o-enolase
Caspase-1 MHC- Merge

FIG. 6. Caspase-1 is able to pull down caspase-11 and a-enolase in
LT-treated J774A.1 macrophages. (A) Pull-down assays were per-
formed using lysates from untreated, LPS (2 pg/ml)-treated, and LT-
treated J774A.1 macrophages. Lysates were immunoprecipitated using
an anti-caspase-1 antibody, and following elution, samples were sub-
jected to SDS-PAGE and immunoblotting using anti-caspase-11 and
anti-a-enolase antibodies. Levels of expression of a-enolase and actin
in J774A.1 lysates are shown as controls. IP, immunoprecipitation;
WB, Western blotting. (B) LT-treated J774A.1 murine macrophages
were subjected to immunostaining with anti-a-enolase (fluorescein
isothiocyanate [FITC] conjugated, green) and anti-caspase-1 (Alexa
Fluor 555 labeled, red) antibodies 90 min after LT exposure. Nuclei
were stained with Hoechst (blue). (C) LT-treated J774A.1 cells were
incubated with anti-MHC-I antibodies (FITC conjugated, green) for
20 min at 37°C to allow endocytosis of MHC-1. Subsequently, cells
were immunostained using anti-caspase-1 antibodies (red). Colocaliza-
tion of caspase-1 and a-enolase or MHC-1 is shown in yellow. As a
negative control for the MHC-I immunostaining, cells were incubated
with the secondary antibody alone (data not shown).
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rectly via their CARDs. Consistent with a direct interaction
between these proteins, we were able to pull down Nalp1b with
anti-caspase-1 antibodies from 293T cells transiently trans-
fected with caspase-1 and Nalp1lb expression plasmids. More-
over, Nalplb was among the caspase-1-associated proteins in
LT-treated J774A.1 macrophages. While unlikely, we cannot
rule out that Nalp1b and caspase-1 interact indirectly with each
other and require a bridge protein for signaling. However,
CARD-CARD interactions are highly specific (9, 43). For ex-
ample, the CARD of human NALP1 does not interact with the
caspase-1 CARD, but it interacts efficiently with the CARD of
caspase-5 (24). While it remains to be shown definitively
whether Nalp1b recruits caspase-1 directly via its CARD or via
an alternative Nalp1b-specific protein in murine macrophages,
our pull-down experiments support a direct-recruitment
model.

Finally, subcellular-fractionation assays suggested that LT
triggers the formation of a membrane-associated inflamma-
some complex. Fractionation assays further indicated that
Nalp1b and caspase-1 were both present in the TXS fractions,
indicating the colocalization of these proteins. Intriguingly, LT
treatment did not alter the subcellular localization of Nalplb
and caspase-1. Caspase-1 has previously been shown to localize
to the plasma membrane in human THP1 monocytes (39). The
membrane localization of Nalplb is consistent with the re-
ported membrane association of the NLR protein NOD-2 (4).
Furthermore, NOD-1 has also been shown to localize to the
plasma membrane of human epithelial cells (21).

In contrast to the membrane association of caspase-1 and
Nalplb, we detected the caspase-1 substrate IL-18 in the cy-
tosol of murine macrophages. This finding is consistent with
studies showing the cytosolic localization of IL-18 and IL-1B3
(14). Our data indicate that membrane-bound caspase-1
cleaves cytosolic IL-18 in LT-treated macrophages. It is there-
fore very conceivable that that the inflammasome complex is
on the cytosol-facing side of intracellular membrane structures.
The secretion mechanism of the caspase-1 substrates IL-1B
and IL-18 is controversial, as these cytokines lack leader se-
quences and do not follow traditional secretion pathways.
While an active-secretion model has been proposed for IL-18
and IL-1pB, several findings support a passive-release model for
activated IL-18. First, we did not detect any unprocessed and
cleaved IL-18 in the membrane fraction, as would be expected
in an active secretion system. Moreover, LT treatment resulted
in the breakdown of the cytoskeleton, which is required for
vesicle trafficking to the plasma membrane, an essential step in
the active-release model. Also, the presence of actin and LDH
in the supernatant of LT-treated macrophages further sup-
ports a passive-release model. Finally, LT-induced caspase-1
activation was concurrent with a loss of membrane integrity
and a release of cytosolic proteins. Taken together, LT appears
to trigger the necrotic release of cytosolic proteins, including
processed cytokines.

Caspase-11 was also among the caspase-1-associated com-
ponents of the high-molecular-weight complex in LT-treated
macrophages. We were also able to pull down caspase-11 from
LT-treated murine macrophages by using anti-caspase-1 anti-
bodies. Caspase-11 is highly homologous to human caspase-5
and caspase-4 (45). It has been reported that caspase-11 is
required for the activation of caspase-1 (47). While caspase-11
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cannot process pro-IL-1B directly, its overexpression stimu-
lates the processing of IL-1B by caspase-1 (17, 47). Interest-
ingly, caspase-5, the human homolog to caspase-11, has been
identified as a part of the NALP1 inflammasome complex that
forms following LPS stimulation of human monocytes (24). It
is thus reasonable to deduce that caspase-1 and caspase-11 are
part of the Nalplb inflammasome.

We also found that the glycolytic enzyme and caspase-1
substrate a-enolase was part of the high-molecular-weight
complex in LT-treated macrophages. Moreover, we pulled
down a-enolase from LT-treated macrophages by using anti-
caspase-1 antibodies. These findings are consistent with the
partial colocalization of a-enolase with caspase-1 in LT-treated
macrophages but not in untreated cells. Strikingly, caspase-1
has been reported to alter its cellular localization upon stim-
ulation with phorbol myristate acetate and LPS, other NLR
agonists (3, 13, 27, 28, 32, 46, 49). This suggests that a-enolase
recruitment is a general process of inflammasome activation.

Taken together, we discovered that LT treatment triggers
the formation of a high-molecular-weight complex containing
proinflammatory proteins in murine macrophages. We further
demonstrated that the activation of this membrane-associated
complex results in processing of cytosolic IL-18 and macro-
phage death. Formation of the inflammasome is a critical step
in initiating both pyroptosis and the innate immune response.
However, it remains to be shown how the formation of this
complex triggers downstream events leading to cell death and
possibly disease progression.
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