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Anthrax lethal toxin causes macrophages and dendritic cells from some mouse strains to undergo
caspase-1-dependent cell death. Central to this process is the NOD-like receptor Nlrplb (Nalplb), which
detects intoxication and then self-associates to form a complex, termed an inflammasome, that is capable
of activating the procaspase-1 zymogen. The nature of the signal detected directly by Nlrp1b is not known,
and the mechanisms of inflammasome assembly are poorly understood. Here, we demonstrate that
transfection of human fibroblasts with plasmids encoding murine Nlrp1lb and procaspase-1 was sufficient
to confer susceptibility to lethal toxin-mediated death on the cells. As has been observed in murine
macrophages, the enzymatic activities of lethal toxin and the proteasome were both required for activation
of the Nlrplb inflammasome and this activation led to prointerleukin-13 processing. Release of interleu-
kin-1P from cells was not dependent on cell lysis, as its secretion was not affected by an osmoprotectant
that prevented the appearance of lactate dehydrogenase in the culture medium. We generated constitu-
tively active mutants of Nlrplb by making amino-terminal deletions to the protein and observed that the
ability to activate procaspase-1 was dependent on the CARD domain, which bound procaspase-1, and a
region adjacent to the CARD domain that promoted self-association. Our results demonstrate that lethal
toxin can activate Nlrplb in a nonmyeloid cell line and are consistent with work that suggests that

activation induces proximity of procaspase-1.

During an anthrax infection, Bacillus anthracis secretes the
proteins protective antigen (PA) and lethal factor (LF), which
together form the essential virulence factor lethal toxin (LeTx)
(6). PA is responsible for entry of the toxin into cells; LF is a
zinc metalloprotease that cleaves mitogen-activated protein
kinase kinases, thereby inhibiting the activation of downstream
signaling proteins (8). LeTx kills macrophages and dendritic
cells by a caspase-1-dependent cell death program known as
pyroptosis (2, 9, 16, 21), although the involvement of mitogen-
activated protein kinase kinase cleavage in initiating this pro-
gram has not been established and it is possible that it is the
cleavage of other LF substrates that triggers pyroptosis.

Pyroptotic cell death occurs when the cytosolic sensor
Nlrp1b detects LeTx activity and forms a complex, known as
the inflammasome, that facilitates the processing of pro-
caspase-1 (5, 17). The Nlrplb gene is polymorphic, and only
macrophages from strains of mice that express functional
alleles of Nlrplb (allele 1 or 5) are susceptible to LeTx,
while those that express allele 2, 3, or 4 are resistant to
pyroptosis (5).

Nlrplb is a member of the Nod-like receptor (NLR) fam-
ily of proteins, whose members share similar domain orga-
nizations and function as sensors of pathogens or cellular
damage (3, 13). Nlrp1b contains an amino-terminal NACHT
domain and a central leucine-rich repeat (LRR) domain,
followed by a FIIND domain and a carboxy-terminal CARD
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domain (5, 19). The LRR domain is thought to detect a
cytosolic signal derived from LeTx activity. The nature of
the signal is unknown, but the signal appears to be depen-
dent on proteasome function, as proteasome inhibitors
block the activation of the Nlrplb inflammasome (22, 24).
Detection of the signal relieves an autoinhibitory conforma-
tion of Nlrplb to allow its oligomerization through the
NACHT domain, which facilitates autoproteolysis of pro-
caspase-1 bound to the Nlrplb CARD domain. The role of
the FIIND domain in inflammasome assembly and pro-
caspase-1 processing is unclear (23). Caspase-1 cleaves nu-
merous substrates, including prointerleukin-13 (pro-IL-1B),
which can result in mitochondrial dysfunction and cell death
(2). Processing of pro-IL-1B, however, does not appear to
play a role in cell death (24).

In this report, we use a heterologous expression system to
study the Nlrplb inflammasome. Human fibroblasts trans-
fected with murine NIrplb and procaspase-1 became suscep-
tible to LeTx-mediated pyroptosis, as demonstrated by lactate
dehydrogenase (LDH) release. Nlrp1b inflammasome function
was also detected by processing and secretion of IL-1f. Secre-
tion of IL-1B did not require cell lysis, because an osmopro-
tectant that blocked lysis did not inhibit IL-1f secretion. As
has been observed in murine macrophages, the enzymatic ac-
tivity of LF was required for inflammasome activation and the
proteasome inhibitor MG-132 blocked its activation. We next
made a series of Nlrplb deletion mutants and observed that
activation of procaspase-1 required the CARD domain but not
the LRR or NACHT domain. We narrowed this activity to a
fragment of Nlrplb containing the CARD domain and 56
amino acids amino terminal to the CARD domain. This
amino-terminal segment promoted the oligomerization of the
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CARD-containing fragment, which presumably served to bring
molecules of procaspase-1 into close proximity for autoproteo-
lysis.

MATERIALS AND METHODS

Cell culture and reagents. HT1080 cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. Polyethylene glycol 200 (PEG 200), PEG 2000, and PEG
6000 (Sigma-Aldrich) were added to the culture medium at a final concentration
of 15 mM. PA, LF, and LF-E687A were purified as described previously and
applied to cells at a final concentration of 10~® M (14). The proteasome inhibitor
MG-132 (Calbiochem) was used at 10 pM.

Plasmid construction, ¢cDNA cloning, and site-directed mutagenesis. The
Nirplb allele 1 gene was amplified, using the forward primer 5'-CGC GGA TCC
TAT GGA AGA ATC CCC ACC CAA G-3' and the reverse primer 5'-CGC
CTC GAG TCA TGA TCC CAA AGA GAC CCC ACC TG-3', from cDNA
derived from RAW264.7 cells. The PCR product was digested with BamHI and
Xhol and then ligated into pNTAP-A (Stratagene 240101-51).

The Nlrp1b allele 3 gene was cloned in two steps. A 5’ fragment was amplified,
using the forward primer 5'-CGC GGA TCC TAT GGA AGA ATC CCC ACC
CAA G-3' and the reverse primer 5'-CGC CTC GAG TCA TGA TCC CAA
AGA GAC CCC ACC TG-3', from cDNA derived from TIB-47 cells. The PCR
product was digested with the restriction enzymes BamHI and Xhol and then
ligated into pNTAP-A. The second fragment of the Nlrplb allele 3 gene was
amplified by using the forward primer 5'-CGC CTC GAG GAA GTC ACC CTT
CAC CTC TAC and the reverse primer 5'-CGC GGG CCC TCA TGA TCC
CAA AGA GAC CCC ACC-3'. The PCR product was digested with Xhol and
Apal and then ligated into the plasmid containing the 5" fragment of the Nlrp1lb
allele 3 gene.

The pro-IL-1B gene was amplified by using the forward primer 5'-CGC GAA
TTC ATG GCA ACT GTT CCT GAA CTC-3' and the reverse primer 5'-CGC
CTC GAG GGA AGA CAC GGA TTC CAT GGT G-3'. The PCR product was
digested with EcoRI and Xhol and then ligated into pcDNA3-HA (10).

pcDNA3-T7 was generated by inserting the T7 tag into pcDNA3 between the
Apal and Nhel restriction sites. Procaspase-1 was amplified by using the forward
primer 5'-CGC GGA TTC TAT GGC TGA CAA GAT CCT GAG G-3' and the
reverse primer 5'-CGC CTC GAG ATG TCC CGG GAA GAG GTA G-3'. The
PCR product was digested with BamHI and Xhol and then ligated into pcDNA3-
T7. QuikChange site-directed mutagenesis (Stratagene) was performed accord-
ing to the manufacturer’s instructions to introduce the C284A mutation into
pcDNA3-pro-caspase-1-T7, using the oligonucleotide 5'-GAT CAT TAT TCA
GGC AGC GCG TGG AGA GAA ACA AGG-3' and its complement.

Nlrplb truncation plasmids were constructed by amplifying fragments from
pNTAP-NIrp1b allele 1. The reverse primer 5'-CGC CTC GAG TCA TGA TCC
CAA AGA GAC CCC ACC TG-3' was used with the following forward primers
to amplify the designated fragments: for Nlrplb,ss.1233, 5'-CGC GGA TCC
TGA GGA TAG TGA GGA AAG ACA C-3'; for NIrp1bsg 1233, 3'-CGC GGA
TCC TGA CCT GTC CTC TCT CAG TGC C-3'; for NIrp1b,ggs.1233, 5'-CGC
GGA TCC TTT CCA ACT CTIT CTC TGA GAT CTA C-3'; and for
NIrplb;y4.1233, 5'-CGC GGA TCC TCT GCA CTT CAT GGA CCA GCA
TC-3'. Nlrplb,_,,4, was amplified by using the forward primer 5'-CGC GGA
TCC TAT GGA AGA ATC CCC ACC CAA G-3' and the reverse primer
5'-CGC CTC GAG TCA CAA GGA AGG GGC ATC TTT GAG-3'. The PCR
products were digested with the restriction enzymes BamHI and Xhol, and the
resulting products were ligated into pNTAP-A.

To construct the Nlrp1b,e,6.719 vector, a Sall site was introduced into pNTAP-
Nirp1b allele 1 by using the oligonucleotide 5'-CTT AAA TTC ACC GTC GAC
CTG GAG GGG TTG-3' and its complement. A second Sall site was introduced
by using the oligonucleotide 5'-AGC ATC CTG TGG GTC GAC CTG TCC
TCT CTC-3' and its complement. This plasmid was digested with Sall and
resolved by agarose gel electrophoresis. Gel extraction was performed, and the
plasmid lacking the Sall fragment was ligated together.

Nirplb fragments for glutathione S-transferase (GST) fusion protein con-
structs were amplified with the forward primer 5'-CGC GGA TCC TTC CAA
CTC TTC TCT GAG ATC TAC-3' and the reverse primer 5'-CGC CTC GAG
TCA TGA TCC CAA AGA GAC CCC ACC TG-3' for Nlrplbgs.1233 and the
forward primer 5'-CGC GGA TCC CTG CAC TTC ATG GAC CAG CAT C-3’
and the reverse primer 5'-CGC CTC GAG TCA TGA TCC CAA AGA GAC
CCC ACC TG-3' for Nlrplb; 45.1233- The PCR products were digested with
restriction enzymes BamHI and Xhol, and the resulting products were ligated
into pGEX4T-1.
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A six-histidine tag was inserted into pcDNA3-HA between the HindIII and
BamHI restriction sites to generate pcDNA3-His-HA. Nlrp1b;g6.1233 Was am-
plified by using the forward primer 5'-CGC GGA TCC TTC CAA CTC TTC
TCT GAG ATC TAC-3' and the reverse primer 5'-CGC CTC GAG TGA TCC
CAA AGA GAC CCC AC-3'. NIrplb, 4, 1,33 was amplified by using the forward
primer 5'-CGC GGA TCC CTG CAC TTC ATG GAC CAG CAT C-3' and the
reverse primer 5'-CGC CTC GAG TGA TCC CAA AGA GAC CCC AC-3'.
The PCR products were digested with the restriction enzymes BamHI and Xhol,
and the resulting products were ligated into pcDNA3-His-HA. pcDNA3-His-
NIrp1b;gge.1233-HA and pcDNA3-His-NIrp1b,45.1233-HA were digested with
the restriction enzymes HindIII and Xhol. The digestion products were resolved
by electrophoresis. Gel extraction was performed to isolate the inserts, which
were then ligated into pcDNA3-T7 to generate pcDNA3-His-Nlrp1bygs.1233-T7
and pcDNA3-His-Nlrp1b, 45.1233-T7.

IL-1B and LDH release assays. One million HT1080 cells were seeded on a
10-cm dish the day before transfection. On the day of transfection, 1 pg each of
pNTAP-NIrplb, pcDNA3-pro-caspase-1-T7, and pcDNA3-pro-IL-13-HA was
transfected using 9 pl of 1 mg/ml polyethylenimine, pH 7.2. Approximately 24 h
after transfection, cells were treated with LF (10~® M) and PA (10~% M) for 3 h.
The cell supernatant was mixed with 1 ul of antihemagglutinin (anti-HA) anti-
body (Sigma-Aldrich H9658) overnight, followed by the addition of 100 pl of
protein A Sepharose (GE Healthcare) and a 2-h incubation. Proteins were eluted
from the protein A Sepharose beads with sodium dodecyl sulfate (SDS) loading
dye and subjected to immunoblotting using a polyclonal HA antibody (Santa
Cruz sc805).

Cell pellets were harvested and then lysed with 300 wl of EBC buffer (0.5%
NP-40, 20 mM Tris, pH 8, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride)
for 60 min. Equivalent amounts of cell lysate protein (~30 pg) were subjected to
SDS-polyacrylamide gel electrophoresis and immunoblotted with anti-HA
(Santa Cruz sc805) and anti-B-actin (Sigma-Aldrich A5441) antibodies.

Release of cytoplasmic LDH into the cell supernatant was measured by a
CytoTox 96 nonradioactive cytotoxicity assay (Promega G-1780) in accordance
with the manufacturer’s instructions. The percentage of LDH released was
calculated as 100 X (experimental LDH — spontaneous LDH)/(maximum
LDH — spontaneous LDH).

Detection of TAP-tagged proteins. One 10-cm dish of HT1080 cells was trans-
fected with 4 pg of a plasmid encoding designated tandem affinity purification
(TAP)-tagged Nlrp1b fragments. Cell pellets from each plate were lysed with 300
wl EBC buffer at 4°C for 1 h. Cell lysates from three plates were incubated with
25 pl streptavidin agarose resin (Thermo Scientific 20349) for ~2 h. Beads were
washed three times with 1 ml EBC buffer. Proteins were eluted with SDS and
analyzed by immunoblotting with anti-calmodulin binding peptide antibody (Up-
state 07-482).

GST fusion protein purification and in vitro binding assay. GST, GST-
NlIrplb;gge.1233, and GST-Nlrplb, 4, 1,33 proteins were bound to glutathione
Sepharose at a concentration of ~0.4 mg/ml in accordance with the manufac-
turer’s instructions (GE Healthcare). Lysates were prepared from one plate of
HT1080 cells transfected with the designated plasmids by sonication or incuba-
tion with 300 nl EBC buffer at 4°C for 1 h. For the procaspase-1-T7 binding
assay, 40 pl of beads was incubated at 4°C for ~2 h with 400 pl of cell lysate
containing procaspase-1-C284A-T7. For the oligomerization binding assay, 40
pl of beads was incubated with 600 pl cell lysate containing either His—
Nlrp1bgge.1233—HA or His-NlIrplb, 4, 1,33-HA. Beads were washed three times
with 1 ml of cold EBC buffer. Proteins were eluted with SDS and analyzed by
immunoblotting with anti-caspase-1 p10 (M20) (Santa Cruz sc514) or anti-HA
(Santa Cruz sc805) antibodies.

Coimmunoprecipitation assay. Two plates of HT1080 cells were transfected
with pcDNA3-His-NIrp1b,ggs.1233-T7 and pcDNA3-His-NIrp1bgs.1233-HA or
with pcDNA3-His-Nlrplb,45.1533-HA and pcDNA3-His-Nlrplb, 4, 1233-T7.
Cells were lysed in 600 wl EBC buffer by sonication, and the lysates were clarified
by centrifugation. Lysates were incubated with 1 pl of anti-HA antibody (Sigma-
Aldrich H9658) or 1 pl of control anti-green fluorescent protein antibody (Co-
vance MMS-118R) for 2 h, followed by the addition of 50 wl of protein A
Sepharose (GE Healthcare) and a 2-h incubation. Complexes were resolved by
SDS-polyacrylamide gel electrophoresis and immunoblotted using an anti-T7
antibody (Novagen 69522).

RESULTS

Activation of the Nlrp1lb inflammasome in HT1080 cells. We
sought to determine whether LeTx could activate the assembly
of the murine Nlrplb inflammasome in a human nonmyeloid
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FIG. 1. Reconstitution of the Nlrp1b inflammasome in HT1080 cells. (A) Combinations of pNTAP-NIrp1b (1 pg), pcDNA3-pro-caspase-1-T7
(1 ng), and pcDNA3-pro-IL-18-HA (1 pg) were transfected into HT1080 cells. Approximately 24 h after transfection, cells were treated with LeTx
(10"* M LF and 10~® M PA) for 3 h and cell lysates were probed for HA-tagged pro-IL-1@ and B-actin by immunoblotting (IB); supernatants were
immunoprecipitated (IP) with anti-HA antibodies and then probed for HA-tagged IL-1f3 by immunoblotting. (B) Plasmids pcDNA3-pro-caspase-
1-T7 (1 pg) and pcDNA3-pro-IL-18-HA (1 pg) were cotransfected with either pPNTAP-NIrp1b allele 1 (1 pg) or allele 3 (1 pg) into HT1080 cells.
Cells were treated with LeTx, and HA-tagged IL-1B was detected as described above. (C) Cells were transfected with either pNTAP-NIrp1b allele
1 or allele 3. Approximately 24 h after transfection, cells were lysed, and TAP-tagged proteins were precipitated using streptavidin resin and
subjected to Western blotting using an antibody against calmodulin binding peptide to detect the TAP tag. (D) Cells were transfected with plasmids
pNTAP-NIrplb (1 pg), pcDNA3-pro-caspase-1-T7 (1 pg), and pcDNA3-pro-IL-13-HA (1 ng). Transfected cells were left untreated or were
treated with the indicated combinations of PA (10~® M), LF (10~® M), and LF-E687A (10~® M). After 3 h, HA-tagged IL-18 was detected as
described above. (E) HT1080 cells were transfected with plasmids pNTAP-NIrp1b (1 pg), pcDNA3-pro-caspase-1-T7 (1 pg), and pcDNA3-pro-
IL-1B-HA (1 ng). Transfected cells were cotreated with LeTx (107% M LF and 10~ M PA) in the absence or presence of MG-132 (10 uM). After
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3 h, HA-tagged IL-1B was detected as described above. Blots are representative of three independent experiments.

cell line. Different combinations of plasmids encoding Nlrplb
(allele 1), procaspase-1, and pro-IL-18 were transfected into
HT1080 fibroblasts. Approximately 24 h after transfection,
cells were treated with LeTx (10® M LF and 10~® M PA) for
3 h, and cell lysates and supernatants were then probed for
HA-tagged IL-1B by immunoblotting. Increased levels of pro-
IL-1B were observed in the cytosolic lysates of unintoxicated
cells that had been transfected with Nlrp1b, compared to those
in the lysates of cells that had not been transfected with Nlrp1b
(Fig. 1A), although the significance of this observation is not
clear. The 17-kDa mature form of IL-13 was detected in the
supernatant of cells transfected with plasmids encoding Nlrp1lb
and procaspase-1 only if the cells had been treated with LeTx
(Fig. 1A). The level of the 35-kDa pro-IL-1B in these cells was
lower than that in the corresponding unintoxicated cells, which
is consistent with pro-IL-1B being processed and secreted.
Neither processing of pro-IL-13 nor secretion of IL-18 was
observed when cells were transfected with plasmids encoding
Nlrp1b or procaspase-1 alone. These results suggest that LeTx
induces the assembly of a functional Nlrp1b inflammasome in
transfected fibroblasts.

LeTx induces pyroptosis in macrophages expressing Nlrplb
allele 1 or 5 but not in macrophages expressing allele 2, 3, or 4

(5). To determine whether a “resistant” allele would be acti-
vated by LeTx in HT1080 cells, plasmids containing pro-
caspase-1 and pro-IL-13 were cotransfected with a plasmid
containing either allele 1 or allele 3 of Nlrp1b. The transfected
cells were treated with LeTx for 3 h, and cell lysates and
supernatants were probed for HA-tagged IL-1B. Consistent
with allele-specific activation of the inflammasome in macro-
phages, LeTx caused processing and secretion of IL-1p in cells
that expressed Nlrplb allele 1 but not in those that expressed
allele 3 (Fig. 1B). The expression levels of Nlrplb allele 1 and
allele 3 were similar in HT1080 cells; the presence of a higher
mobility band observed for Nlrp1b allele 1 suggested the pres-
ence of a protease-sensitive site in this protein (Fig. 1C). This
processing may result from expression of the protein in human
cells, as the higher-mobility form was not detected in murine
macrophages (data not shown).

To confirm that the enzymatic activity of LF is required for
activation of the Nlrplb inflammasome, LF-E687A, which
lacks catalytic activity because of an active site mutation, was
used in the assay. As above, pro-IL-13 was processed and
IL-1B was secreted into the medium in the presence of wild-
type LF and PA. When the cells were treated with PA and
LF-E687A, PA alone, or LF alone, the level of pro-IL-1B
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FIG. 2. Characterization of LeTx-induced cell death and IL-1B release. (A) Different combinations of plasmids pNTAP-NIrplb (1 pg),
pcDNA3-pro-caspase-1-T7 (1 pg), and pcDNA3-pro-IL-1B-HA (1 ng) were transfected into HT1080 cells. Approximately 24 h after transfection,
cells were treated with LeTx (10~° M LF and 10~® M PA) for 6 h, and supernatants were assayed for LDH activity. (B and C) Cells were transfected
with plasmids pNTAP-Nlrp1b (1 pg), pcDNA3-pro-caspase-1-T7 (1 pg), and pcDNA3-pro-IL-18-HA (1 pg). Transfected cells were left untreated
or treated with LeTx (10~® M LF and 10~® M PA) for 1, 2, 3, or 6 h. Supernatants were assayed for LDH activity (B); supernatants and cell lysates
were probed for HA-tagged IL-18 by immunoblotting (IB) (C). IP, immunoprecipitation. (D and E) Plasmids carrying pNTAP-NIrp1b (1 ng),
pcDNA3-pro-caspase-1-T7 (1 ng), and pcDNA3-pro-IL-1B-HA (1 pg) were transfected into HT1080 cells. Approximately 24 h after transfection,
cells were cotreated with LeTx (107® M LF and 10~® M PA) and the indicated osmoprotectants (15 mM) for 3 h, and supernatants and cell lysates
were probed for HA-tagged IL-1B by immunoblotting (D); the supernatants were assayed for LDH activity (E). Results shown are representative

of three independent experiments.

remained constant in cells and mature IL-18 was not observed
in the medium (Fig. 1D). This result indicates that the enzy-
matic activity of LF is required for activation of the Nlrplb
inflammasome.

Proteasome activity is involved in LeTx-mediated macro-
phage death (22), so to test whether the proteasome is re-
quired for activation of the Nlrplb inflammasome in fibro-
blasts, transfected cells were cotreated with LeTx and the
proteasome inhibitor MG-132. The mature form of IL-13 was
detected in the medium of cells treated with LeTx but not in
the medium of cells treated with LeTx and MG-132 (Fig. 1E).
The level of pro-IL-18 in the cell lysates did not diminish in
LeTx-treated cells exposed to MG-132, suggesting that protea-
some activity is required for inflammasome activation.

Characterization of LeTx-induced cell death and IL-1(3 re-
lease. We next sought to determine whether the activation of
the Nlrplb inflammasome by LeTx caused death among
HT1080 cells. Cells were transfected with different combina-

tions of plasmids encoding Nlrplb, procaspase-1, and pro-IL-
1B. Approximately 24 h after transfection, the cells were
treated with LeTx for 6 h and then the supernatants were
collected and assayed for LDH activity. LDH activity was ob-
served in the supernatants of only those cells transfected with
Nlrp1b and procaspase-1 and then treated with LeTx (Fig. 2A).
Cotransfection of pro-IL-1f did not increase LDH activity in
the supernatant. These data suggest that activation of the
Nlrplb inflammasome leads to both IL-1B secretion and cell
death but that IL-1B does not stimulate cell death.
Previously published work has indicated that IL-1f release
from LeTx-treated macrophages occurs through cell lysis
rather than through a secretory system (24). To address
whether IL-1B release coincides with cell death in fibroblasts,
we performed time course experiments. Transfected cells were
treated with LeTx for up to 6 h, and the cell supernatants were
assayed for LDH activity (Fig. 2B) and IL-1B protein (Fig. 2C).
The release of LDH and IL-1B occurred with similar kinetics.
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FIG. 3. Deletion analysis of NIrplb. (A) Domain structures of var-
ious Nlrplb deletion constructs. (B) HT1080 cells were transfected
with various TAP-tagged Nlrplb deletion constructs. Approximately
24 h after transfection, cells were lysed and TAP-tagged proteins were
precipitated using streptavidin resin and immunoblotted using anti-
body directed against the calmodulin binding peptide segment of the
TAP tag. (C) NIrplb deletion constructs were cotransfected with plas-
mids pcDNA3-pro-caspase-1-T7 (1 pg) and pcDNA3-pro-IL-1B-HA (1
wg) into HT1080 cells. After 24 h, the cells were left untreated or were
treated with LeTx (10~® M LF and 10~% M PA) for 3 h. Cell lysates
were probed for HA-tagged pro-IL-1f and B-actin by immunoblotting
(IB); supernatants were immunoprecipitated (IP) with anti-HA anti-
bodies and then probed for HA-tagged IL-18 by immunoblotting.
Blots are representative of three independent experiments.

We next addressed whether osmoprotection of cells would
prevent release of IL-1B by incubating cells with PEG. Addi-
tion of PEG 200, PEG 2000, or PEG 6000 to cells did not affect
the release of IL-1B (Fig. 2D). PEG 6000 did, however, pre-
vent the release of LDH (Fig. 2E). These data indicate that
caspase-1 activity leads to the formation of membrane pores
with diameters between 2.8 nm (PEG 2000) and 5 nm (PEG
6000) (7) and that IL-1p release does not require cell lysis.
The CARD domain, but not the NACHT or LRR domain, is
required for inflammasome activity. To determine the func-
tional importance of the Nlrplb domains, three deletion mu-
tants were made: Nlrplb,;¢ 4,33 (deletion of the amino-termi-
nal region and the NACHT domain), Nlrplb,ee.710 (LRR
domain deletion), and Nlrplb,_,,,; (CARD domain deletion)
(Fig. 3A and B). Each construct was cotransfected with plas-
mids encoding procaspase-1 and pro-IL-1B. Transfected cells
were treated with LeTx for 3 h, and pro-IL-1B processing and
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secretion were monitored. In contrast to that of full-length
Nlrp1b, expression of NIrp1b,s4.1233 0 NIrp1lbg,6.710 resulted
in the secretion of IL-1B in the absence of LeTx (Fig. 3C).
Nlrplb,_,,4, Was not able to activate caspase-1, as no active
form of IL-1pB was detected in the supernatant in the presence
or absence of LeTx. These data suggest that the CARD do-
main is necessary for Nlrplb to activate caspase-1; the
NACHT and LRR domains are not necessary for caspase-1
activation and may function in autoinhibition.

Amino-terminal truncation mutants of Nlrp1b are constitu-
tively active. We next made a series of Nlrp1lb deletion mutants
to define the region that can constitutively activate caspase-1 (Fig.
4A and B). Expression of either NIrp1b,sg_ 1233, NIrp1b,5g 1033, OF
NIrp1b,g6.1233 caused secretion of IL-1B (Fig. 4C). In contrast,
we did not detect IL-1B in the supernatant of cells transfected
with the Nlrp1b, 451,55 plasmid. This correlated with the obser-
vation that expression of NIrp1b;ygs.1233, but not Nlrp1b, 451533,
led to LDH release (Fig. 4D). Thus, a fragment of Nlrplb con-
taining the CARD domain and 56 amino acids amino terminal to
the CARD domain activates caspase-1, whereas the CARD do-
main alone does not exhibit any detectable activity.

The role of the proteasome in mediating events downstream
of inflammasome activation was assessed by treating cells ex-
pressing Nlrp1b,gge.1235 With MG-132. IL-1B was detected in
the medium of Nlrplb;yg4.1035-€Xpressing cells 6 h after trans-
fection (Fig. 4E); the level of IL-1B was higher by 10 h post-
transfection whether or not MG-132 was added to the cells at
6 h posttransfection. In contrast, IL-18 was detected in the
supernatants of cells expressing full-length Nlrplb at 10 h if
toxin was added at 6 h, but no increase in IL-1B level was
detected if MG-132 was added with the toxin. This lack of
involvement of proteasome activity downstream of inflamma-
some activation was confirmed by monitoring the release of
LDH; the increase in LDH activity detected in the supernatant
of NIrplb,g6.1233-€Xpressing cells between 6 h and 10 h post-
transfection was not blocked by MG-132 (Fig. 4F).

Nlrplb,¢s6.1233 and Nlrplb,, ., ;,3; interact with procaspase-1.
To determine why Nlrp1b,g6.1233, but not NIrp1lb, 451233, in-
duced secretion of IL-1B, we performed an in vitro binding
assay to determine whether the two NIrplb constructs could
interact with procaspase-1. GST fusions of the Nlrplb frag-
ments were used to precipitate the catalytically inactive pro-
caspase-1-C284A-T7 mutant from HT1080 cell lysates. Both
GST-NIrplb,pg6.1255 and GST-Nlrplb,,4, 1233 bound pro-
caspase-1-C284A-T7, while the GST control did not (Fig. 5A).
Although NIlrplb,yg6.12335 precipitated slightly more pro-
caspase-1-C284A-T7 than Nlrplb,,4,_ 1,55 did, this result sug-
gests that the inability of the CARD domain construct to
promote secretion of IL-1B is not due to an inability to bind
procaspase-1.

Self-association of Nlrplb,ggs.1233- The proximity model of
caspase activation posits that mediator proteins activate mole-
cules of procaspases by bringing them together to facilitate a trans
proteolytic reaction (4). Thus, we speculated that Nlrp1b,gq_1033,
but not NIrp1b, 451233, would self-associate. To test this notion,
GST fusion proteins were used in binding assays with
HT1080 cell extracts containing either His-Nlrplb,g6.1235—
HA or His—NIrp1b,45_1,35—HA. His-NIrp1b,ygs.123:—HA was
precipitated by GST-Nlrplb,ygs.1233, but no detectable



4460 LIAO AND MOGRIDGE

INFECT. IMMUN.

A g 435 627 719 1142 1226 1233 B > \rib"’ \rib'b NN
" " y Q4
[ | nacut | [RR | FnD | camp [| Nirpiby 4555 4 @@«@@\@@\\u
kDa - é\& e\& \;\‘Q é\‘Q é\&
| | LRR | FIIND | CARD ” Nirp1b,36 1033 130 — s
100 — o
[ P [ carp [] Nirptbgyg 403 55— -
CARD Nirp1b,ge6.
[ToAmo ] Mwibiggsrzss i
CARD | NIrp1by445 1233 s -
C D 2517
o> o>
YRS S & .
> P P 6.’3' 4 20
o S W 8
g G Vv Q N’
& & & & & S 15-
wa & & o8 & ¢ g
Medium — - | @-IL-15-HA 5 107
B:HA 18 * .-
Cell 40
Lysates 35 D —— — —— — <@—pro-IL-18-HA
IB:HA 0-
. NIrp1byog6.1233  + -
IB:f-actin 40 s — w——— NIrp1by 45 1033 - +
pro-IL-18 + +
pro-caspase-1 + +
E Medium F 207
— - - - -
IP-HA <@ IL-18-HA
IB:HA § 15
lcan [}
Cell - —— -IL-1B- °
Lysates S W @ pro-iL-1p-HA 2 104
IB:HA 3
-
IB:B-actin e s - o— —— — - R 51
LeTx - - - - -+ -+ 0 -
MG-132 - - - + - - + + LeTx - - - - + - 4
Time(h)- 6 10 10 10 10 10 10 MG-132 - - + - - + o+
NIrplby.qp33 - - - - + + + + Time(h) 6 10 10 10 10 10 10
Nirp1byoge.1233 - + + + - - - - NIrp1by 4233 - - - + + + +
pro-IL-18-HA -+ + + + + + + Nirp1byogg-1233 + + + - - - -
pro-caspase-1 - + + + + + + + pro-IL-1 + * & L + + +
pro-caspase-1 + + + + + + +

FIG. 4. Amino-terminal truncation mutants of Nlrplb are constitutively active. (A) Domain structures of Nlrplb deletion constructs.
(B) HT1080 cells were transfected with various NIrp1b deletion constructs. Approximately 24 h after transfection, cells were lysed, and TAP-tagged
proteins were precipitated using streptavidin resin and immunoblotted using antibody directed against the calmodulin binding peptide segment of
the TAP tag. (C) Cells were transfected with plasmids containing different NIrplb fragments, procaspase-1, and pro-IL-1f3. Approximately 24 h
after transfection, cell lysates were probed for HA-tagged pro-IL-1p and B-actin by immunoblotting (IB); supernatants were immunoprecipitated
(IP) with anti-HA antibodies and then probed for HA-tagged IL-1B by immunoblotting. (D) Cells were transfected with plasmids containing
Nirp1b fragments, procaspase-1, and pro-IL-18. Approximately 24 h after transfection, supernatants were assayed for LDH release. (E and F) Cells
were transfected with plasmids encoding the indicated proteins, and after 6 h, cells were treated with MG-132 and/or LeTx for an additional 4 h.
Supernatants were probed for IL-13—-HA and LDH at either 6 h or 10 h posttransfection, as indicated. Results shown are representative of three

independent experiments.

amount of His-NIrp1b,,4,_;,35—HA was pulled down by GST-
Nlrplb,, 45 1235 (Fig. 5B).

Coimmunoprecipitation experiments were then performed
to confirm that Nlrplb,ogs 1035 self-associates and that
Nlrplb, 451235 does not. His—NIrplb,gs.125:—HA was ex-
pressed with His—Nlrp1b,ygs.1235—17 in HT1080 cells. The T7-
tagged protein was immunoprecipitated along with HA-tagged
Nlrp1b;gg6.1233 (Fig. 5C). In contrast, coimmunoprecipitation
was not observed between the NIrplb;,4,_1,35 constructs (Fig.

5D). Taken together, these experiments indicate that
Nlrp1b,g6.1233 associates with itself but that NIrplb, 45 1233
does not.

DISCUSSION

Numerous studies indicate that NLRs detect microbial prod-
ucts or endogenous danger signals, but the identification of the
molecules that directly activate NLRs has proven to be difficult
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FIG. 5. Nlrp1b,ge.1233 and Nlrplb 4, 1,33 interact with procaspase-1, but only NIrp1b,ggs.1233 self-associates. (A) GST, GST-Nlrp1b,g4.1233,
and GST-Nlrplb, 4, 1,33 were immobilized on glutathione-Sepharose beads and incubated with mammalian cell lysates containing procaspase-
1-C284A-T7. Precipitated proteins and 5% of the input lysates were subjected to Western blot analysis using anti-caspase-1 p10 antibody.
(B) GST, GST-NIrplb,gs.1233, and GST-Nlrplb, 4, 1,33 were immobilized on glutathione-Sepharose beads and incubated with mammalian cell
lysates containing either His—NIrp1b,gs.1233-HA or His—Nlrp1b,4,_1,35—HA. Precipitated proteins and 5% of the input lysates were subjected to
Western blot analysis using anti-HA antibodies. IB, immunoblotting. (C) HT1080 cells were transfected with His—Nlrp1bge.1233-HA, His—
NIrp1b,gg6.1233-17, or both constructs. Cells were lysed 24 h after transfection, and proteins were immunoprecipitated (IP) using anti-HA antibody,
followed by immunoblotting with anti-T7 antibody. GFP, green fluorescent protein. (D) HT1080 cells were transfected with His—NIrp1b, 451533
HA, His-Nlrp1b,4,.1,35-T7, or both constructs. Cells were lysed 24 h after transfection, and proteins were immunoprecipitated using anti-HA
antibody, followed by immunoblotting with anti-T7 antibody. Blots are representative of three independent experiments.

(13, 15). The activation of Nlrp1b by LeTx is dependent on the
proteolytic activity of the toxin, but neither the LeTx substrate
nor the Nlrplb ligand involved in activation is known. Murine
dendritic cells and macrophages are the only cell types that
have been shown to undergo pyroptosis upon treatment with
LeTx, which could be because expression of Nlrplb is re-
stricted to these cell types but could also be because factors
involved in activation are missing in other cell types. We have
shown here that transient expression of Nlrplb and pro-
caspase-1 is sufficient to sensitize human fibroblasts to LeTx-
induced pyroptosis. Thus, the activation pathway appears to be
conserved in human cells and is not dependent on myeloid
cell-specific proteins.

That this heterologous system reflects how Nlrplb is acti-
vated in murine macrophages is supported by the observation
that proteasome activity is required for inflammasome activa-
tion in both cases (Fig. 1E and 4E and F) (22). The role of the
proteasome in this process is not known, but the involvement
of the proteasome suggests that NIrp1b is not a direct target of
LF and rather that the proteasome might degrade a negative
regulator of Nlrplb. A second observation that indicates the
fidelity of the heterologous system is the demonstration of
Nlrplb allele specificity for function. Nlrplb allele 1, which
supports pyroptosis in macrophages, supported pro-IL-1B pro-
cessing in fibroblasts, whereas allele 3, found in LeTx-resistant
macrophages, did not. There are a number of amino acid
differences between alleles 1 and 3, making it difficult to spec-

ulate on why allele 3 is not able to detect LeTx activity and/or
to assemble into a functional inflammasome. We note that the
CARD domains of the two alleles are identical, indicating that
the defect in allele 3 is not due to an inability to bind pro-
caspase-1.

Activation of caspase-1 not only caused IL-1B secretion but
also induced death among the HT1080 cells. Studies using
murine macrophages have suggested that IL-1p release results
from cell lysis, precluding the release of this cytokine as a cause
of death (24). Our results indicated that IL-1f secretion does
not require cell lysis, because the osmoprotectant PEG 6000
prevented LDH release but not IL-1f secretion. LDH release
was dependent on the transfection of NIrp1b and procaspase-1
but not on that of pro-IL-1B, which is consistent with the
notion that IL-1B does not mediate cell death. A difference
between what has been observed in macrophages and in trans-
fected fibroblasts involves the kinetics of cell death; macro-
phages are killed within 60 to 90 min of toxin treatment (22,
24), whereas the transfected fibroblasts died over the course of
several hours. This difference in the kinetics of cell death could
be a result of differences in the expression levels of inflamma-
some components or downstream mediators of cell death, such
as Bnip3 (11).

We demonstrated that the CARD domain of Nlrplb was
essential for inflammasome activity. This finding was not sur-
prising, because unlike human NLRP1, Nlrplb lacks a pyrin
domain at its amino terminus to recruit procaspase-1 through
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the adaptor ASC (apoptosis-associated speck-like protein con-
taining a CARD). ASC is not likely required for Nlrplb in-
flammasome function, as the LeTx-sensitive RAW264.7 cell
line does not express ASC at detectable levels (18) and we
found that cotransfection of ASC into HT1080 cells did not
stimulate inflammasome activity (data not shown).

Deletion of the LRR domain yielded a constitutively active
Nlrplb mutant. This finding is consistent with an autoinhibi-
tion model in which an interaction between the LRR domain
and the NACHT domain holds Nlrplb in an inactive confor-
mation that is relieved when the LRR domain detects an ac-
tivating signal. Deletion of the NACHT domain also yielded a
constitutively active mutant indicating that oligomerization of
the NACHT domain is not required for processing of pro-IL-
1B, at least in the context of a truncated protein. These data
agree with a study of human NLRP1 that showed that a trun-
cation mutant that lacked the NACHT domain was able to
cause cell death (12).

We made a series of truncation mutants to delimit the region
of Nlrplb required for constitutive activity. Nlrp1b,gg6.1233»
which contains the CARD domain and the adjacent 56 amino
acids, activated procaspase-1, whereas the CARD domain
alone did not. Both of these constructs bound procaspase-1,
demonstrating that a CARD-procaspase-1 interaction is not
sufficient to activate procaspase-1. The 56 amino acids adjacent
to the CARD domain promoted self-association of the trun-
cation mutant in GST pulldown and coimmunoprecipitation
experiments. These results suggest that a segment of the
FIIND domain induces the close proximity of procaspase-1 mol-
ecules that promotes frans proteolysis. A similar region exists
adjacent to the CARD domains of human NLRP1 and
CARDS (TUCAN/CARDINAL) (1, 20) and might also en-
hance the self-association of these proteins.
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