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The efficacy of the innate immune system depends on its ability to mount an appropriate response to diverse infections
and damaging agents. Key components of this system are pattern recognition receptors that detect pathogen-associated
and damage-associated molecular patterns (PAMPs and DAMPs). Nlrp1b is a pattern recognition receptor that forms a
caspase-1 activation platform, known as an inflammasome, upon sensing the proteolytic activity of anthrax lethal toxin.
The activation of caspase-1 leads to the release of proinflammatory cytokines that aid in the clearance of the anthrax infec-
tion. Here, we demonstrate that Nlrp1b also becomes activated in cells that are subjected to energy stress caused by meta-
bolic inhibitors or by nutrient deprivation. Glucose starvation and hypoxia were used to correlate the level of cytosolic
ATP to the degree of inflammasome activation. Because lowering the ratio of cytosolic ATP to AMP activates the main cel-
lular energy sensor, AMP-activated protein kinase (AMPK), we assessed whether AMPK promoted inflammasome activity
by using a combination of small interfering RNA (siRNA) and transfection of a dominant negative AMPK subunit. We
found that AMPK promoted inflammasome activity, but activation of AMPK in the absence of ATP depletion was not suffi-
cient for caspase-1-mediated pro-interleukin 1� (pro-IL-1�) processing. Finally, we found that mutation of the ATP-bind-
ing motif of Nlrp1b caused constitutive activation, suggesting that ATP might inhibit the Nlrp1b inflammasome instead of
being required for its assembly.

Immune cells that respond to infection initiate energy-demand-
ing processes, often in inflamed tissues that are low in oxygen

and glucose. These conditions cause energetic stress that results in
a metabolic switch from oxidative phosphorylation to glycolysis
(1). Although glycolysis is a less efficient means to generate ATP, it
is rapid and capable of meeting the needs of activated cells. The
glycolytic pathway is also upregulated by Toll-like receptor signal-
ing (2), indicating that immune cells that detect pathogens pre-
pare to fight infection by altering their metabolism.

Studies on the NLRP3 inflammasome have revealed additional
links between metabolism and innate immunity (3). Inflam-
masomes are protein complexes that activate the proinflamma-
tory caspase-1 in response to pathogen- and damage-associated
molecular patterns (PAMPs and DAMPs) (4). NLRP3 becomes
activated when cells are exposed to certain microbe-derived or
endogenous stimuli that presumably generate a common signal or
signals that trigger inflammasome assembly. Among the stimuli
that activate NLRP3 are fatty acids and the islet amyloid polypep-
tide (5, 6), which are associated with obesity and type 2 diabetes.
These metabolic disorders are exacerbated by the activation of the
NLRP3 inflammasome, as this interferes with insulin signaling
and thereby decreases insulin sensitivity.

Comparatively, few studies have focused on NLRP1 and its
murine homolog Nlrp1b. Nlrp1b was discovered to be activated
by anthrax lethal toxin (LeTx) using a genetic approach to deter-
mine why macrophages from some strains of mice are rapidly
killed by the toxin while others are not (7). The macrophages that
were killed were found to express a sensitive allele of Nlrp1b (allele
1 or 5) and to undergo a caspase-1-dependent form of cell death
known as pyroptosis, whereas those that were not killed expressed
a resistant allele (allele 2, 3, or 4). Although it was originally be-
lieved that the induction of pyroptosis by LeTx was a virulence
strategy used by Bacillus anthracis to subvert the immune re-
sponse, subsequent studies have shown that mice that express a

sensitive allele are more resistant to an anthrax infection because
of the beneficial release of interleukin 1� (IL-1�) (8, 9).

The enzymatic component of LeTx is a metalloprotease that
cleaves mitogen-activated protein kinase kinases (MAPKKs) (10),
and this disruption of MAPKK signaling has been suggested to inter-
fere with several processes involved in the immune response (11). It
was recently discovered that LeTx also cleaves Nlrp1b and that this
proteolysis is required for inflammasome activity (12, 13). It remains
to be determined, however, if this cleavage event is sufficient or
whether LeTx also causes a form of cellular dysfunction that is de-
tected by Nlrp1b. Monitoring for cellular dysfunction would enable
Nlrp1b to detect more than just anthrax infections, which is in line
with how pattern recognition receptors are thought to be activated by
diverse pathogens or injury (14).

Given the energy requirements of an immune response and the
connection between innate immune receptors and metabolism,
we speculated that energy stress might be a danger signal that
activates Nlrp1b. Here, we have used a reconstituted system in
human fibroblasts to demonstrate that reduction of cytosolic ATP
levels induces murine Nlrp1b inflammasome activity. Reducing
the expression of the AMP-activated protein kinase (AMPK), the
major energy sensor in cells, decreased the level of Nlrp1b activa-
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tion, but signaling by AMPK was not sufficient to induce inflam-
masome activity. LeTx did not activate AMPK or cause a global
reduction in ATP levels, suggesting that ATP depletion and LeTx
activity represent distinct activation signals. Finally, we assessed
the requirement for a functional ATPase domain in Nlrp1b. Sur-
prisingly, mutation of the Nlrp1b Walker A motif, which is in-
volved in ATP-binding, caused constitutive activation. This result
contrasted with the abolition of activity observed when the same mu-
tation was introduced into NLRP3. These results suggest that Nlrp1b
does not require energy from ATP to activate caspase-1, which would
allow it to function under conditions of severe energy stress.

MATERIALS AND METHODS
Cell culture and reagents. HT1080 cells (ATCC) were cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. J774A.1 cells that
express control short hairpin RNA (shRNA) or shRNA directed against
Nlrp1b were described previously (15). Protective antigen (PA) and lethal
factor (LF) were purified as described previously, and each were applied to
cells at a final concentration of 10�8 M (16). The proteasome inhibitor,
MG-132 (Calbiochem), was used at 10 �M. Sodium azide, 2-deoxyglu-
cose (2DG), N-acetyl-cysteine, and staurosporine were purchased from
Sigma-Aldrich and used at the indicated concentrations.

Plasmid construction and site-directed mutagenesis. Plasmids en-
coding NTAP-Nlrp1b allele 1, NTAP-Nlrp1b allele 3, procaspase-1-T7,
and pro-IL-1�– hemagglutinin (HA) have been described previously (17).
QuikChange site-directed mutagenesis (Stratagene) was performed ac-
cording to the manufacturer’s instructions to generate the pNTAP-
Nlrp1b-WA mutant, containing mutations G137A, K138A, and S139A.
These three alanine mutations were introduced to pNTAP-Nlrp1b by us-
ing the oligonucleotide 5=-GAA GGG GCT GCT GGG ATT GCG GCG
GCA ACA CTG GCC AGG CTG GTG AAG-3= and its complement. The
WA mutation was introduced into Nlrp1b allele 3 using the oligonucleo-
tide 5=-GAA GGG GCT GCT GGG ATT GCG GCG GCA ACA CTG GCC
AGG CTG-3= and its complement.

The AMPK�1 gene was amplified by using the forward primer 5=-
CGC GCG GCC GCA ATG GCG ACA GCC GAG AAG CAG-3= and the
reverse primer 5=-CGC CGC GAG TTG TGC AAG AAT TTT AAT
TAG-3= from an Open Biosystems plasmid, clone ID LIFESEQ90091361.
The PCR product was digested with NotI and XhoI and then ligated into
pcDNA3-His-FLAG. The pcDNA3-His-FLAG vector was generated by
amplifying a triple FLAG tag with the forward primer 5=-CGC GGG CCC
GAC TAC AAA GAC CAT GAC GGT G-3= and the reverse primer 5=-
CGC GCT AGC CTA CTT GTC ATC GTC ATC CTT GTA GTC G-3=
from pMZI3F (18) and ligating the PCR product into the ApaI and NheI
sites of the pcDNA3-His-HA vector (17). The pcDNA3-His-AMPK�1-
T174A-FLAG was made by using the mutagenic oligonucleotide 5=-GGT
GAA TTT TTA AGA GCA AGT TGT GGC TCA CC-3= and its comple-
ment.

The murine NLRP3 gene was amplified by using the forward primer
5=-CGC AAG CTT ATG ACG AGT GTC CGT TGC AAG-3= and the
reverse primer 5=-CGC CTC GAG TCA CCA GGA AAT CTC GAA GAC
TAT AG-3= from an Open Biosystems plasmid, clone ID 40048724. The
PCR product was digested with HindIII and XhoI and then ligated into
pNTAP-B (Stratagene 240101-52). The pNTAP-NLRP3-WA mutant,
containing G227A, K228A, and T229A, was made by using the oligonu-
cleotide 5=-GTG TTC CAG GGA GCA GCA GGC ATC GCG GCA GCC
ATC CTA GCC AGG AAG ATT ATG-3= and its complement. Addition-
ally, an R258W mutation was introduced into pNTAP-NLRP3 by using
the oligonucleotide 5=-CTA TTT GTT CTT TAT CCA CTG CTG GGA
GGT GAG CCT CAG GAC G-3= and its complement.

The murine NLRP6 gene was amplified by using the forward primer
5=-CGC GAA TTC GAT GCT GAA GTC TGC AGG CAC C-3= and the
reverse primer 5=-CGC CTC GAG TCA TTT TGA ATA TAT GAT GGA

CAG-3= from an Open Biosystems plasmid, clone ID 4972485. The PCR
product was digested with EcoRI and XhoI and then ligated into
pNTAP-A (Stratagene 240101-51).

The ASC (apoptosis-associated speck-like protein containing a
CARD) gene was amplified from an Open Biosystems plasmid, clone ID
2648391, by using the forward primer 5=-CGC GGA TCC ATG GGG CGG
GCA CGA GAT GCC-3= and the reverse primer 5=-CGC GCG GCC GCT
CAG CTC TGC TCC AGG TCC ATC AC-3=. The PCR product was di-
gested with BamHI and NotI and then ligated into pcDNA3-FLAG.

IL-1� assay and ATP level assay. One million HT1080 cells were
seeded on a 10-cm dish the day before transfection. On the day of trans-
fection, 1 �g each of pNTAP-Nlrp1b, pcDNA3–procaspase-1-T7, and
pcDNA3–pro-IL-1�–HA were transfected using 9 �l of 1 mg/ml polyeth-
yleneimine, pH 7.2. Approximately 24 h after transfection, cells were
treated with LF (10�8 M) and PA (10�8 M) or 50 mM 2DG and 10 mM
NaN3 in 5 ml medium for 3 h. The cell supernatant was mixed with 1 �l of
�-HA antibody (Sigma-Aldrich H9658) overnight, followed by the addi-
tion of 100 �l of protein A Sepharose (GE Healthcare) and 2 h of incuba-
tion. Proteins were eluted from the protein A Sepharose beads with SDS
loading dye and subjected to immunoblotting using a polyclonal �-HA
antibody (Santa Cruz sc805).

Cell pellets were harvested and then lysed with 300 �l of EBC buffer
(0.5% NP-40, 20 mM Tris [pH 8], 150 mM NaCl, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]) for 60 min. Equivalent amounts of cell
lysate protein (�30 �g) were subjected to SDS-PAGE and immuno-
blotted with �-HA (Santa Cruz sc805) and �-�-actin (Sigma-Aldrich
A5441) antibodies.

Intracellular ATP levels were measured by a CellTiter-Glo lumines-
cent cell viability assay (Promega G7571) in accordance with the manu-
facturer’s instructions. Approximately 24 h after transfection in a 10-cm
dish, cells were trypsinized, and 1 � 105 cells were seeded in each well in a
96-well plate. After 2 h, these transfected cells were treated with LeTx,
2DG, and NaN3 as indicated for 3 h, and cell lysates were assayed for
intracellular ATP.

Knockdown of endogenous AMPK. Half a million HT1080 cells were
seeded on a 10-cm dish the day before transfection. On the day of trans-
fection, 15 �l of 10 �M control siRNA (Santa Cruz sc-37007) or 10 �M
AMPK siRNA (Santa Cruz sc-45312) were transfected using 15 �l Lipo-
fectamine RNAiMAX transfection reagent (Invitrogen 13778-150). Ap-
proximately 48 h after transfection, cell lysates were harvested and cyto-
solic proteins were extracted by using the NE-PER nuclear and
cytoplasmic extraction reagent kit (Fisher Scientific PI78833) in accor-
dance with the manufacturer’s instructions. Equivalent amounts of pro-
tein (�60 �g) were subjected to SDS-PAGE and immunoblotted with
�-phospho-AMPK (Santa Cruz sc-101630), �-total-AMPK (Santa Cruz
sc-74461), and �-�-actin (Sigma-Aldrich A5441) antibodies.

Detection of TAP-tagged proteins. One 10-cm dish of HT1080 cells
was transfected with 1 �g plasmid encoding TAP-tagged proteins, 1 �g
plasmid encoding procaspase-1-T7, and 1 �g plasmid encoding pro-IL-
1�-HA. Approximately 24 h after transfection, cell pellets from each plate
were lysed with 300 �l EBC buffer at 4°C for 1 h. Cell lysates from 3 plates
were incubated with 25 �l streptavidin agarose resin (Thermo Scientific
20349) for �2 h. Beads were washed 3 times with 1 ml EBC buffer. Pro-
teins were eluted with SDS and analyzed by immunoblotting with �-cal-
modulin binding peptide antibody (Upstate 07-482).

RESULTS
ATP depletion activates Nlrp1b. To determine whether reduc-
tion of cytosolic ATP can activate the Nlrp1b inflammasome, we
used a reconstituted system in which HT1080 human fibroblasts
were transfected with plasmids encoding Nlrp1b, procaspase-1,
and pro-IL-1�. This system allows for the study of Nlrp1b in iso-
lation of other inflammasomes, and we have shown previously
that LeTx induces Nlrp1b inflammasome assembly in the trans-
fected cells as monitored by the cleavage of pro-IL-1� by caspase-1
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and the subsequent release of processed IL-1� from the cells (17).
To inhibit the production of ATP, we treated cells with the glycol-
ysis inhibitor 2-deoxyglucose (2DG) and an inhibitor of the mi-
tochondrial electron transport chain, sodium azide. Treatment of
cells with these two compounds greatly reduced cytosolic ATP and
caused the release of IL-1� (Fig. 1A and B). Two forms of IL-1�
were secreted, which correspond in molecular weight to cleavage
events at the canonical site, yielding a 17-kDa form, and at an
amino-terminal site, yielding an �25-kDa form. Secretion of
IL-1� was observed from cells expressing Nlrp1b allele 1 but not
Nlrp1b allele 3 or from cells expressing the related control pro-
teins NLRP3 or NLRP6 (Fig. 1C to E; see also Fig. S1 in the sup-

plemental material). The Nlrp1b allele specificity for inflam-
masome activation by ATP depletion mirrors that observed in
LeTx-mediated inflammasome activation in HT1080 cells (Fig.
1A) and in murine macrophages (7).

We demonstrated previously that autoproteolysis of Nlrp1b
allele 1 is important for inflammasome assembly and that Nlrp1b
allele 3 does not undergo autoproteolysis because of an amino acid
difference at position 927 (15). Restoration of autoproteolysis in
Nlrp1b allele 3 by the D927V mutation did not, however, restore
inflammasome function in response to either LeTx or ATP deple-
tion (see Fig. S2 in the supplemental material), indicating that
additional amino acid differences impair allele 3 function (15).

FIG 1 Metabolic inhibitors activate the Nlrp1b inflammasome. (A) Plasmids pcDNA3–procaspase-1-T7 and pcDNA3–pro-IL-1�–HA were cotransfected with
either pNTAP-Nlrp1b allele 1 or allele 3 into HT1080 cells. Approximately 24 h after transfection, cells were treated with LeTx or 50 mM 2DG and 10 mM NaN3

for 3 h. The cell lysates were probed for HA-tagged pro-IL-1� and �-actin by immunoblotting; supernatants were immunoprecipitated with anti-HA antibodies
and then probed for HA-tagged IL-1� and pro-IL-1� by immunoblotting. The asterisk indicates an �25 kDa HA-tagged pro-IL-1�-cleaved product. (B) Cell
lysates from panel A were assayed for ATP. Error bars represent standard deviation for at least three independent experiments. (C) Plasmids encoding
procaspase-1-T7 and pro-IL-1�–�� were cotransfected with pNTAP-Nlrp1b (1 �g), pNTAP-NLRP3 (1 �g), or pNTAP-NLRP6 (1 �g). pcDNA3-FLAG-ASC
(50 ng) was cotransfected with the NLRP3 and NLRP6 constructs. Approximately 24 h after transfection, cells were treated with 50 mM 2DG and 10 mM NaN3

for 3 h. The cell lysates were probed for HA-tagged pro-IL-1� and �-actin by immunoblotting; supernatants were immunoprecipitated with anti-HA antibodies
and then probed for HA-tagged IL-1� and pro-IL-1� by immunoblotting. (D) Cell lysates from panel C were assayed for ATP. Error bars represent standard
deviations for at least three independent experiments. (E) To establish relative expression levels of NLRP proteins, plasmids pcDNA3–procaspase-1-T7 and
pcDNA3–pro-IL-1�–HA were cotransfected into HT1080 cells with pNTAP-Nlrp1b, pNTAP-NLRP3, and pcDNA3-FLAG-ASC or pNTAP-NLRP6 and
pcDNA3-FLAG-ASC. Approximately 24 h after transfection, cells were lysed and TAP-tagged proteins were precipitated using streptavidin resin and immuno-
blotted using antibody directed against the calmodulin binding peptide segment of the TAP tag. Blots shown represent at least three independent experiments.

Liao and Mogridge

572 iai.asm.org Infection and Immunity

http://iai.asm.org


To determine the threshold level of cytosolic ATP that triggers
Nlrp1b inflammasome activation, we grew cells in minimal me-
dium (containing no serum or glucose) with various concentra-
tions of either glucose or 2DG (Fig. 2A and B). IL-1� was released
from cells grown in 1 mM glucose but not from cells grown in 10
mM glucose. This reduction of glucose in the medium caused a
drop in cytosolic ATP levels from �90% to �80% of that ob-
served in control cells grown in complete medium. Further de-
creasing the concentration of glucose in the medium or adding
2DG caused a greater reduction in ATP levels and increased the
release of IL-1�. LeTx, and depletion of ATP to a lesser extent,
caused release of pro-IL-1� into the medium, which was likely
through passive release, because the release of pro-IL-1�, but not
processed IL-1�, was inhibited by the addition of the osmotic
stabilizer PEG-6000 (data not shown). These results suggest that
LeTx is a more effective inducer of pyroptosis than ATP depletion
is, possibly because the toxin is a stronger activator of the inflam-
masome.

We next assessed whether the Nlrp1b inflammasome functions
under hypoxia by growing cells in minimal medium with 1% ox-
ygen. These conditions caused intracellular ATP levels to drop to
�50% of control levels and stimulated the release of IL-1� into

the cell supernatants (Fig. 2C and D; see also Fig. S3 in the supple-
mental material). Hypoxia did not reduce the ATP levels in cells
grown in complete medium to an extent that triggered inflam-
masome activation (data not shown). These results suggest that
various conditions that lead to the reduction of cytosolic ATP
below a threshold level activate Nlrp1b.

AMPK promotes inflammasome activation. Depletion of cel-
lular ATP is sensed by the master regulator of metabolism, AMPK
(19). AMPK is phosphorylated when a high AMP/ATP ratio exists
in cells and it in turn phosphorylates numerous substrates to in-
crease catabolic and decrease anabolic processes. To determine
whether AMPK signaling is involved in the activation of Nlrp1b by
ATP depletion or by LeTx, we used siRNA to reduce AMPK levels
(Fig. 3A). A combination of 2DG and sodium azide, but not LeTx,
caused an increase in phosphorylation of AMPK in control cells.
In cells treated with AMPK siRNA, there was a reduced level of
total and phosphorylated AMPK upon ATP depletion and less
IL-1� was secreted compared to that in control cells, whereas sim-
ilar amounts of IL-1� were secreted by control and AMPK knock-
down cells in response to LeTx (Fig. 3A; see also Fig. S4A and B in
the supplemental material).

AMPK activity is dependent on phosphorylation of the alpha sub-

FIG 2 Glucose starvation and hypoxia deplete cytosolic ATP and activate the inflammasome. (A) Cells were transfected with plasmids containing pcDNA3–
procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and pNTAP-Nlrp1b allele 1. These transfected cells were trypsinized, and 1 � 105 cells were seeded per well in a
96-well plate. After 2 h, the cells were left in minimal DMEM containing 20 mM HEPES, pH 7.5, and the indicated concentrations of 2DG or glucose for 3 h. The
cell lysates were then assayed for ATP. (B) Cells were transfected as described for panel A. Approximately 24 h after transfection, cells were incubated in minimal
DMEM containing 20 mM HEPES, pH 7.5, and the indicated concentrations of 2DG or glucose. After 3 h of treatment, HA-tagged pro-IL-1� and IL-1� were
detected by immunoblotting. (C) Cells were transfected with plasmids containing pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and pNTAP-Nlrp1b
allele 1 or 3. These transfected cells were trypsinized, and 1 � 105 cells were seeded per well in a 96-well plate. After 2 h, these cells were left in minimal DMEM
containing 20 mM HEPES, pH 7.5, and incubated under normoxic or hypoxic (1% O2) conditions for 3 h. The cell lysates were then assayed for intracellular ATP.
(D) Plasmids encoding pNTAP-Nlrp1b allele 1 or 3, procaspase-1-T7, and pro-IL-1�–HA were transfected into HT1080 cells. Approximately 24 h after
transfection, cells were incubated in minimal DMEM containing 20 mM HEPES, pH 7.5, in normoxic or hypoxic conditions. After 3 h of treatment, HA-tagged
pro-IL-1� and IL-1� were detected as described above. Blots shown represent at least three independent experiments. The asterisk indicates an �25 kDa
HA-tagged pro-IL-1�-cleaved product. Error bars represent standard deviations for at least three independent experiments.
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FIG 3 AMPK facilitates Nlrp1b inflammasome activation. (A) HT1080 cells were first transfected with either control siRNA or AMPK siRNA. After 24 h, these
cells were then transfected with pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and pNTAP-Nlrp1b. Approximately 24 h after the second transfection,
cells were treated with LeTx or 50 mM 2DG and 10 mM NaN3 for 3 h. Cell lysates were probed for phospho-AMPK, total AMPK, HA-tagged IL-1�, and �-actin
by immunoblotting. Supernatants were immunoprecipitated with anti-HA antibodies and probed for HA-tagged IL-1� and pro-IL-1� by immunoblotting. (B)
Plasmids pNTAP-Nlrp1b, pcDNA3–procaspase-1-T7, and pcDNA3–pro-IL-1�–HA were cotransfected with pcDNA3-His-FLAG vector, pcDNA3-His-
AMPK�1-FLAG, or pcDNA3-His-AMPK�1-T174A-FLAG into HT1080 cells. Approximately 24 h after transfection, cells were treated with LeTx or 50 mM 2DG
and 10 mM NaN3 for 3 h. Cell lysates were probed for phospho-AMPK, total-AMPK, HA-tagged IL-1�, and �-actin by immunoblotting; supernatants were
immunoprecipitated with anti-HA antibodies and then probed for HA-tagged IL-1� and pro-IL-1� by immunoblotting. (C) Plasmids encoding procaspase-1-
T7, pro-IL-1�–HA, and pNTAP-Nlrp1b were transfected into HT1080 cells. These transfected cells were treated with LeTx, 50 mM 2DG, and 10 mM NaN3 or
with 2 �M staurosporine (STS) as indicated. After 3 h, cell lysates were harvested and probed for phospho-AMPK, total-AMPK, HA-tagged IL-1�, and �-actin
by immunoblotting. HA-tagged pro-IL-1� and IL-1� in the supernatants were detected as described above. (D) Cell lysates from panel C were assayed for ATP.
(E) Plasmids pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and pNTAP-Nlrp1b were cotransfected into HT1080 cells. Approximately 24 h after trans-
fection, cells were treated with LeTx or 50 mM 2DG and 10 mM NaN3 in the presence or absence of 10 �M cycloheximide (CHX) for 3 h. The cell lysates were
probed for HA-tagged pro-IL-1� and �-actin by immunoblotting; supernatants were immunoprecipitated with anti-HA antibodies and then probed for
HA-tagged IL-1� and pro-IL-1� by immunoblotting. Blots shown represent at least three independent experiments. The asterisk indicates an �25-kDa
HA-tagged pro-IL-1�-cleaved product. Error bars represent standard deviations for at least three independent experiments.
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unit at a conserved threonine residue (19). In order to confirm that
AMPK facilitated Nlrp1b activation by ATP depletion, the mutant
AMPK�1-T174A subunit was overexpressed, which had a dominant
negative effect, as indicated by the diminished level of AMPK phos-
phorylation in ATP-depleted cells (Fig. 3B). Consistent with the
knockdown experiment, overexpression of AMPK�1-T174A, but
not wild-type AMPK�1, reduced the amount of IL-1� secreted upon
ATP depletion (Fig. 3B; see also Fig. S4C in the supplemental mate-
rial). AMPK�1-T174A expression had only a minor effect on inflam-
masome activation by LeTx (Fig. 3B; see also Fig. S4D in the supple-
mental material).

We next assessed whether signaling by AMPK is sufficient to
activate Nlrp1b by treating cells with staurosporine. Staurospor-
ine is a kinase inhibitor that causes activation of AMPK in the
absence of ATP depletion (Fig. 3C and D). Staurosporine did not
cause the release of IL-1� from cells (Fig. 3C), indicating that
Nlrp1b activation is not controlled solely by AMPK.

Because a major function of AMPK is to inhibit translation, we
speculated that inhibition of ribosomal function may explain how
AMPK facilitates inflammasome activation. Treatment of cells
with cycloheximide did not, however, stimulate the release of
IL-1� from cells treated with sodium azide and 2DG or with LeTx
(Fig. 3E; see Fig. S4E and F in the supplemental material).

Effects of MG-132 and N-acetylcysteine on inflammasome
activation. Several studies have suggested that reactive oxygen
species (ROS) generated from the mitochondrial electron trans-
port chain are required to trigger NLRP3 assembly downstream of
diverse stimuli such as extracellular ATP, particulates, and palmi-
tate (5, 20). The ROS required to activate NLRP3 may be de-
rived from damaged mitochondria or from excessive oxidative
phosphorylation. Recently, however, the requirement for ROS
has been suggested to be at the priming stage—the expression
of NLRP3—rather than the activation stage (21). To address
whether activation of the Nlrp1b inflammasome required ROS,
we pretreated transfected HT1080 cells with the nonspecific
ROS scavenger N-acetylcysteine (NAC). We found that NAC
did not inhibit IL-1� secretion from cells treated with LeTx
(Fig. 4A; see also Fig. S5A in the supplemental material) but did
diminish the amount of IL-1� secreted from cells treated with
the metabolic inhibitors (Fig. 4A; see Fig. S5B and C in the
supplemental material). NAC did not affect cytosolic ATP lev-
els (Fig. 4B), however, which suggests that cellular redux po-
tential influences inflammasome assembly.

It has been established that proteasome inhibitors block the
activation of Nlrp1b by LeTx (22, 23), so we sought to determine
whether this was also the case for activation by ATP depletion. The
proteasome inhibitor MG-132 blocked the secretion of IL-1� in
response to both LeTx and 2DG-sodium azide (Fig. 4C; see also
Fig. S5D and E in the supplemental material). MG-132 did not,
however, prevent the depletion of cytosolic ATP by 2DG-sodium
azide (Fig. 4D), suggesting that proteasome inhibition diminishes
Nlrp1b inflammasome activity triggered by both LeTx and ATP
depletion.

Mutation of the Nlrp1b Walker A motif causes constitutive
activation. The NACHT domains of NLRPs are thought to medi-
ate homo-oligomerization by using energy derived from ATP
(24). Because this notion seemed at odds with Nlrp1b sensing low
ATP levels, we mutated the Walker A motif of the Nlrp1b NACHT
domain to assess its involvement in inflammasome activation. In
contrast to wild-type Nlrp1b, the Walker A mutant was constitu-

FIG 4 Roles of reactive oxygen species and proteasome activity in Nlrp1b
activation. (A) Plasmids pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–
HA, and pNTAP-Nlrp1b were transfected into HT1080 cells. Approximately
24 h after transfection, cells were left untreated or were treated with LeTx, 50
mM 2DG, and 10 mM NaN3 or 50 mM 2DG in the absence or presence of 25
mM N-acetyl cysteine (NAC). After 3 h, cell lysates were collected and probed
for HA-tagged pro-IL-1� and �-actin by immunoblotting; supernatants were
immunoprecipitated with anti-HA antibodies and probed for HA-tagged pro-
IL-1� and IL-1� by immunoblotting. (B) Cell lysates from panel A were as-
sayed for ATP. (C) Cells were transfected with pcDNA3–procaspase-1-T7,
pcDNA3–pro-IL-1�–HA, and pNTAP-Nlrp1b. Approximately 24 h after
transfection, cells were treated with LeTx or 50 mM 2DG and 10 mM NaN3 in
the presence or absence of 10 �M MG-132. After 3 h, cell lysates were collected
and probed for HA-tagged pro-IL-1�; HA-tagged pro-IL-1� and IL-1� in
supernatants were detected as described above. (D) Cell lysates from panel C
were assayed for ATP. Blots shown represent at least three independent exper-
iments. The asterisk indicates an �25-kDa HA-tagged pro-IL-1�-cleaved
product. Error bars represent standard deviations for at least three indepen-
dent experiments.
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tively active, suggesting that ATP hydrolysis is not required to
form a functional inflammasome (Fig. 5A and B). The lower level
of the Walker A mutant may result from its constitutive secretion,
as it has been demonstrated previously that inflammasome com-
ponents are secreted upon activation (25). The Walker A muta-
tion did not, however, activate allele 3 of Nlrp1b (Fig. 5C and D).
This was not surprising, as we have shown previously that the
inability of Nlrp1b allele 3 to undergo autocatalyic proteolysis
prevents the assembly of a functional inflammasome (15).

We next measured NLRP3 activity by using a constitutively
active mutant identified in patients with the auto-inflammatory
disorder Muckles-Wells syndrome (26). NLRP3-R258W caused

secretion of IL-1� in the presence of the ASC adaptor but not in its
absence (Fig. 6A and B). In contrast to what was observed for
Nlrp1b, mutation of the Walker A motif in NLRP3 did not cause
constitutive activation (Fig. 6C and D). Furthermore, the intro-
duction of the Walker A mutation into NLRP3-R258W impaired
its activity, indicating that a functional ATPase domain is required

FIG 5 Walker A motif mutant of Nlrp1b is constitutively active. (A) HT1080
cells were transfected with pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–
HA, and pNTAP-Nlrp1b wild-type (WT) or Walker A (WA) mutant. Approx-
imately 24 h after transfection, cells were lysed and TAP-tagged proteins were
precipitated using streptavidin resin and immunoblotted using antibody di-
rected against the calmodulin binding peptide segment of the TAP tag. (B)
Plasmids encoding procaspase-1-T7 and pro-IL-1�–HA were cotransfected
into cells with either pNTAP-Nlrp1b-WT or pNTAP-Nlrp1b-WA. Approxi-
mately 24 h after transfection, cells were treated with LeTx, and then cell lysates
were collected and probed for HA-tagged IL-1� and �-actin by immunoblot-
ting; supernatants were immunoprecipitated with anti-HA antibodies and
probed for HA-tagged pro-IL-1� and IL-1� by immunoblotting. (C) As de-
scribed for panel A, except that both Nlrp1b allele 1 and allele 3 were used. (D)
As described for panel B, except that both Nlrp1b allele 1 and allele 3 were used.
Blots shown represent at least three independent experiments. The asterisk
indicates an �25-kDa HA-tagged pro-IL-1�-cleaved product.

FIG 6 Mutation of the NLRP3 Walker A motif impairs activity. (A) Cells were
transfected with pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and
indicated pNTAP-NLRP3 plasmids along with 50 ng pcDNA3-FLAG-ASC or
50 ng empty vector. Approximately 24 h after transfection, TAP-tagged pro-
teins were precipitated using streptavidin resin and immunoblotted using
antibody directed against the calmodulin binding peptide segment of the TAP
tag. (B) Plasmids encoding the indicated proteins were cotransfected into
HT1080 cells with pcDNA3–procaspase-1-T7 and pcDNA3–pro-IL-1�–HA.
Approximately 24 h after transfection, cell lysates were harvested and probed
for HA-tagged IL-1� and �-actin; supernatants were probed for HA-tagged
pro-IL-1� and IL-1�. (C) Plasmids pcDNA3-FLAG-ASC, pcDNA3–pro-
caspase-1-T7, pcDNA3–pro-IL-1�–HA, and various pNTAP-NLRP3 con-
structs were transfected into HT1080 cells. TAP-tagged proteins were detected
as described above. (D) Cells were transfected with pcDNA3-FLAG-ASC,
pcDNA3–procaspase-1-T7, pcDNA3–pro-IL-1�–HA, and pNTAP-NLRP3.
HA-tagged IL-1� and pro-IL-1� were detected as described above. The aster-
isk indicates an �25-kDa HA-tagged pro-IL-1�-cleaved product. Blots shown
represent at least three independent experiments.
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for NLRP3 function (Fig. 6D). These data suggest that the
NACHT domains of Nlrp1b and NLRP3 have different require-
ments for ATP.

Depletion of ATP activates the Nlrp1b inflammasome in
J774A macrophages. To assess whether reduction of cytosolic
ATP activates the Nlrp1b inflammasome in a macrophage cell
line, we generated J774A cells that stably express either a control
shRNA or an shRNA directed against Nlrp1b. Treatment of the
control cells with either LeTx or 2DG led to the appearance of
caspase-1 fragments of �43 kDa and �33 kDa; in addition to
these fragments, several smaller fragments were observed in ly-
sates of the LeTx-treated cells (Fig. 7A). Cells that express Nlrp1b
shRNA exhibited reduced levels of caspase-1 fragments compared
to the control cells upon treatment with either LeTx or 2DG (Fig.
7A; see also Fig. S7 in the supplemental material). As expected, the
2DG treatment reduced ATP levels in both control and Nrlp1b
knockdown cells (Fig. 7B), indicating that ATP depletion activates
the Nlrp1b inflammasome. In contrast, LeTx caused a large reduc-
tion of ATP in control cells but not in the Nlrp1b knockdown cells,
which is likely a consequence of LeTx-induced pyroptosis causing
loss of ATP.

DISCUSSION

The innate immune system is able to detect a diversity of infec-
tions. It does so by using pattern recognition receptors to sense
conserved microbial structures and to discern between normal
events and those that are associated with cellular damage (14). The

damage signals that are detected directly by pattern recognition
receptors are poorly characterized, although the events that elicit
these signals are being uncovered. We have demonstrated here
that Nlrp1b is activated by energy deprivation in a reconstituted
system and in a macrophage cell line. That Nlrp1b can detect a
danger signal in addition to LeTx is an attractive idea because the
notion that a pattern recognition receptor has evolved to sense a
virulence factor from a single pathogen is counterintuitive.
Nlrp1b may therefore be able to detect viral replication, which can
deplete cellular ATP, and a number of bacterial pathogens that
secrete pore-forming toxins as sublytic concentrations of these
toxins reduce ATP levels (27–30). Activation of Nlrp1b by energy
stress and the subsequent release of IL-1� could benefit the host in
at least two ways. First, the chemokine activity of IL-1� could
recruit neutrophils to inflamed tissue to combat infection. Sec-
ond, IL-1� might facilitate tissue repair and immune cell function
by stimulating glucose uptake (31).

The molecular events that link the reduction of cytosolic ATP
levels to the activation of the Nlrp1b inflammasome are not clear.
The observation that a Walker A mutant is constitutively active
raises the idea that Nlrp1b is a direct sensor of ATP levels— de-
creased concentrations of ATP might promote the formation of
active ADP-bound or nucleotide-free Nlrp1b from inactive ATP-
bound Nlrp1b. This model does not, however, explain the effects
of AMPK, NAC, or MG-132 on inflammasome activity. It is con-
ceivable that in addition to an activating signal, either particular
cellular conditions must exist or a distinct inhibitory mechanism
must be overcome for the inflammasome to assemble.

The amino-terminal region of Nlrp1b may be involved in its
auto-inhibition, because cleavage of this region is required for
LeTx-mediated inflammasome activation (12, 13). We did not,
however, observe cleavage of Nlrp1b in response to ATP depletion
(see Fig. S6 in the supplemental material). Nonetheless, there may
be commonalities between the two activating signals. One possi-
bility is that LeTx may inactivate an ATP-binding protein, which is
likewise inactivated by ATP depletion, to initiate inflammasome
activation. Alternatively, LeTx may cause a highly localized deple-
tion of ATP that was not detected in our assays.

Lee and colleagues implicated AMP deaminase 3 (AMPD3),
which coverts AMP to IMP, in LeTx-mediated pyroptosis of a murine
macrophage cell line (32). These results are intriguing, but we do not
know if they relate to the findings reported here. Lee and colleagues
also demonstrated that a small-molecule activator of AMPK, AICAR,
did not influence pyroptosis, which is in agreement with our work
showing that activation of AMPK is not sufficient to trigger the
Nlrp1b inflammasome. AMPK does, however, enhance inflam-
masome assembly caused by ATP depletion. Although the role of
AMPK in this process is unclear, it does not appear to involve the
downregulation of translation, as cycloheximide did not stimulate
inflammasome activation.

A recent study has shown that a strain of B. anthracis that produces
LeTx activates caspase-1 in macrophages expressing a resistant allele
of Nlrp1b (33). The authors demonstrated that both the bacterium
and the toxin were required to activate caspase-1 and that the danger
signal was mediated by extracellular ATP that had leaked from the
macrophages. The authors did not directly test which inflammasome
was responsible for caspase-1 activation by knocking down NLRP
expression, but the data are consistent with NLRP3 activation. Extra-
cellular ATP, a well-characterized trigger of NLRP3 (34), binds puri-
nergic receptors to cause the opening of pannexin-1 channels. Mem-

FIG 7 Depletion of ATP activates the Nlrp1b inflammasome in J774 macro-
phages. (A) J774A cells were grown in minimal medium and treated either
with LeTx (5 � 10�10 M LF plus 10�8 M PA) or with 50 mM 2DG for 4 h.
Supernatants were collected and probed for caspase-1 by immunoblotting.
The blot represents three independent experiments. (B) Cell lysates from panel
A were assayed for ATP. Error bars indicate standard deviations from three
independent experiments.
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brane openings cause an efflux of potassium that is required for the
assembly of the NLRP3 inflammasome.

A Walker A motif mutation in Nlrp1b caused constitutive ac-
tivation, whereas the same mutation prevented activity of NLRP3
(Fig. 5 and 6). We speculate that the NACHT domain facilitates
auto-inhibition of both proteins and that mutation of the Walker
A motif abolishes auto-inhibition. The NLRP3 Walker A mutant
is not active because its NACHT domain is also required for its
oligomerization; oligomerization of Nlrp1b, however, is not de-
pendent on a functional NACHT domain, so it is constitutively
active. We showed previously that a truncation mutant of Nlrp1b
consisting of the FIIND and CARD domains alone oligomerizes
and activates procaspase-1 (17).

Our finding that Nlrp1b detects energy stress adds to a growing
body of work that links metabolism and inflammation. This con-
nection is likely a consequence of the requirement of immune cells
to function in inflamed tissues that are deprived of oxygen and
glucose. Hypoxia-inducible factor 1� (HIF-1�) is a transcription
factor that controls the cellular response to low-oxygen conditions
by upregulating genes involved in glycolysis, angiogenesis, and
glucose uptake; in myeloid cells, HIF-1� also increases the expres-
sion of tumor necrosis factor alpha (TNF-�) and antimicrobial
factors (35). The importance of HIF-1� for macrophage function
was demonstrated by the observation that HIF-1�-null macro-
phages exhibit impaired inflammatory function and a metabolic
defect that results in an �80% reduction in ATP levels (36). Thus,
sensors of oxygen and ATP appear to coordinate to mount an
effective immune response.
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