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Abstract
Infection with Listeria monocytogenes can cause meningitis and septicemia in newborn, elderly, or
immunocompromised individuals. Pregnant women are particularly susceptible to Listeria, leading
to a potentially fatal infection. Cytosolic Listeria activates the proinflammatory caspase-1 and
induces the processing and secretion of interleukins IL-1β and IL-18 as well as caspase-1-
dependent pyroptosis. This study elucidates the role of various inflammasome components of host
macrophages in the proinflammatory response to infection with Listeria. Here, we have used
macrophages from AIM2-, NLRC4-, NLRP3-, and ASC-deficient mice to demonstrate that AIM2,
NLRC4, and NLRP3 inflammasomes as well as the adaptor protein ASC all contribute to
activation of caspase-1 in Listeria-infected macrophages. We show that Listeria DNA, which
escapes into the cytosol of infected macrophages, triggers AIM2 oligomerization, caspase-1
activation, and pyroptosis. Interestingly, we found that flagellin-deficient Listeria, like Francisella
tularensis, is recognized primarily by the AIM2 inflammasome, as no caspase-1 activation or cell
death was observed in AIM2-deficient macrophages infected with this Listeria mutant. We further
show that prior priming of NLRC4-deficient macrophages with LPS is sufficient for Listeria-
induced caspase-1 activation in these macrophages, suggesting that TLR4 signaling is important
for activation of the AIM2 and NLRP3 inflammasomes by Listeria in the absence of NLRC4.
Taken together, our results indicate that Listeria infection is sensed by multiple inflammasomes
that collectively orchestrate a robust caspase-1 activation and proinflammatory response.
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Introduction
Mammalian cells respond rapidly via an innate immune response to diverse danger signals
elicited by pathogens, pathogen-derived molecules, and even to self-derived molecular
danger signals, which arise from tissue damage. Recognition of pathogen-associated
molecular patterns (PAMPs) is achieved by pattern-recognition receptors (PRRs) that
constantly survey the extracellular space and the cytoplasm for the presence of danger [1].
The PRRs include toll-like receptors (TLRs) that sense PAMPs on the cell surface or in the
endosomes and NLRs that recognize microbial molecules in the host cytosol [1-3]. After
stimulus recognition, both TLRs and NLRs induce the activation of multiple signaling
pathways, which lead to innate and adaptive immune responses [1, 3].
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The NLR family is composed of 23 family members in humans, whereas the mouse genome
contains at least 34 NLR-encoding genes [2, 3]. Several NLRs, including NLRP1 (also
called NALP1), NLRP3 (also called cryopyrin or NALP3), and NLRC4 (also called IPAF),
can assemble inflammasomes, which are molecular platforms responsible for activation of
the proinflammatory cysteine protease caspase-1 [3]. We and others have recently identified
AIM2 (absent in melanoma 2) as a novel inflammasome involved in the recognition of
cytosolic DNA during viral and bacterial infection [4-9]. AIM2 is particularly crucial for
innate immunity against infection with Francisella tularensis, as infection of AIM2-
deficient mice with F. tularensis resulted in greater bacterial burdens and higher mortality
than infection of wild-type mice [8]. The increased lethality in F. tularensis-infected AIM2-
deficient mice was associated with decreased production of caspase-1-generated cytokines
in these mice [8]. AIM2 is an interferon-inducible HIN-200 family member that contains an
amino-terminal pyrin domain and a carboxy-terminal HIN-200 oligonucleotide/
oligosaccharidebinding domain. Recognition of cytoplasmic DNA by the HIN-200 domain
triggers AIM2 oligomerization, recruitment of ASC, and the activation of caspase-1 [4, 8].
The interaction of AIM2 with ASC also leads to the activation of the ASC pyroptosome,
which induces pyroptotic cell death [4, 8, 10].

Listeria monocytogenes (LM) is a Gram-positive bacterium and a facultative intracellular
pathogen that causes life-threatening disease, particularly in immunocompromised
individuals, pregnant women, and neonates [11]. Listeria infection of macrophages proceeds
via phagocytosis followed by escape from the phagosome into the cytosol through the action
of the pore-forming toxin listeriolysin O (LLO) [12, 13]. Intracellular secretion of a pore-
forming toxin appears to be unique to Listeria infection.

Caspase-1 activation is required for the clearance of Listeria in murine infection [14].
Listeria is known to be recognized by TLR2, NOD1, and NOD2 [15-20], which can lead to
NF-κB-dependent proinflammatory gene expression. Recent reports have suggested that
Listeria activates caspase-1 through multiple NLRs [21]. There are conflicting reports
regarding the contributing roles of NLRP3, AIM2, and NLRC4 inflammasomes in Listeria-
infected macrophages [21-26]. In this study, we used AIM2-deficient mouse macrophages,
together with mouse macrophages deficient in NLRP3, NLRC4, and ASC and demonstrate
that all three inflammasomes (NLRC4, AIM2, and NLRP3 inflammasomes) and the ASC
adaptor protein are involved in caspase-1 activation in Listeria-infected macrophages. We
further show that Listeria flagellin and TLR4 signaling play critical roles in caspase-1
activation in Listeria-infected AIM2- and NLRC4-deficient macrophages, respectively.

Materials and Methods
Reagents

Polyclonal anti-AIM2 antibody was custom raised in rabbits at Invitrogen against a mixture
of recombinant mouse and human AIM2 proteins. The anti-IL-1β monoclonal antibody was
obtained from the NCI preclinical repository, biological resource branch. Other antibodies
used against mouse NLRP3 (polyclonal anti-NLRP3 PYD; our lab), mouse ASC (polyclonal
anti-mouse ASC; from Dr. Junji Sagara), and mouse caspase-1 p20 (monoclonal anti-mouse
caspase-1 p20; from Dr. Junying Yuan) were described previously [10, 27, 28]. Anti-β-actin
monoclonal antibody was obtained from Santa Cruz Biotechnology. Hoechst 33342 was
obtained from Invitrogen. Nigericin was obtained from Sigma-Aldrich. Ultrapure LPS was
obtained from Invivogen. CytoTox96 LDH-release kit was from Promega.
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Mouse Macrophage Cell Culture
J2 retrovirus (carrying v-myc and v-raf oncogenes)-immortalized macrophage cell lines
were used in all experiments. Immortalized bone marrow-derived macrophage cell lines
deficient in NLRC4 (NLRC4-KO), NLRP3 (NLRP3-KO) or ASC (ASC-KO) were obtained
from Dr. Eicke Latz. Immortalized wild-type (WT) and AIM2-deficient (AIM2-KO)
macrophage cell lines were generated by infecting primary bone marrow cells with J2
recombinant retrovirus (a kind gift from Dr. Howard Young) as described previously [29].
Briefly, mouse bone marrow cells were isolated from femurs of WT and AIM2-KO mice
siblings and cultured in DMEM for 3–5 days in DMEM (Gibco) supplemented with 12%
(vol/vol) conditioned medium from L929 mouse fibroblasts, 10% (vol/vol) fetal bovine
serum (FBS), and 1% (vol/vol) penicillin-streptomycin (15140; Gibco) for the induction of
macrophage differentiation. Subsequently, cells were incubated with ψCREJ2 cell
supernatant (a source of the J2 transforming retrovirus; [30]) with 8 μg/ml Polybrene
(Sigma) and 12% (vol/vol) L929 conditioned medium for 24 h at 37°C. The supernatant was
then replaced with fresh DMEM containing 12% (vol/vol) L929 conditioned medium and
10% FBS. Cells were slowly weaned off L929 conditioned medium until they were growing
in DMEM, 10% FBS without L929 conditioned medium. NLRP3-KO-AIM2-GFP-N1 cell
line was generated as described previously [8]. All immortalized macrophage cell lines were
grown in DMEM supplemented with 10% FBS and 1% penicillin–streptomycin. All cells
were grown at 37°C with 5% CO2.

Bacterial Culture and Infection of Macrophages with Listeria
Wild-type (10403S) and mutant Listeria strains containing deletions in the flagellin gene
(flaA, DP-L4650) or the hly gene (Δhly, LLO-deficient, DP-L4027) were obtained from Dr.
Daniel Portnoy. Bacteria were grown to logarithmic phase in brain heart infusion at 37°C
with continuous shaking at 250 rpm. On the day of infection, a 1/50 dilution of the overnight
culture was prepared and allowed to grow at 37°C with shaking to about A 600 = 0.5, which
corresponds to ~109 CFU/ml. Bacterial cultures were diluted to the desired concentration in
OPTI-MEM and used to infect macrophages at different multiplicities of infection (MOI).
Unless indicated otherwise, all Listeria infections were done with LPS-nonprimed
macrophages. After 1 h of infection at 37°C, macrophages were washed twice with PBS, and
fresh OPTI-MEM containing 50 μg/ml gentamycin was added to limit the growth of
extracellular bacteria. After culture for an additional 4 h, culture supernatants and cell pellets
were collected and assayed as indicated.

Immunoblot Analysis
Proteins in cell culture supernatants were precipitated by adding an equal volume of
methanol and 0.25 volumes of chloroform as described [4, 31]. Protein samples were
separated by 12.5% SDS-PAGE and were transferred onto PVDF membranes. Western blots
were probed with rat anti-mouse caspase-1 p20 antibody. In addition, cell lysates were
mixed with SDS sample buffer and separated by 12.5% SDS-PAGE and analyzed by
immunoblotting with the appropriate antibodies as indicated.

LDH Release Assay
After infection with Listeria, cell culture supernatants were harvested and assayed for lactate
dehydrogenase (LDH) activity using the CytoTox96 LDHrelease kit (Promega) according to
the manufacturer’s protocol.

Confocal Microscopy
NLRP3-KO-AIM2-GFP-N1 macrophages seeded on 35-mm glass-bottomed culture dishes
were infected for 5 h with unstained or Hoechst-stained Listeria (MOI = 50). Cells infected
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with unstained Listeria were then stained with Hoechst 33342; cells infected with Hoechst-
stained Listeria were not stained after infection. Live cell images were collected on a Nikon
confocal microscope in the Kimmel Cancer Center Bioimaging facility as described
previously [8].

Results
Listeria Flagellin Is Essential for Caspase-1 Activation in AIM2-deficient Macrophages

To study the involvement of the AIM2 inflammasome in innate signaling by Listeria,
macrophages from WT and AIM2-KO mice were infected with wild-type (WT), flagellin-
deficient (flaA), or LLO-deficient (Δhly) Listeria for 5 h. Inflammasome activation was
assessed by Western blot for processed caspase-1 (p20) in culture supernatants. Cell death
was evaluated by LDH release. As shown in Fig. 1a, b, WT Listeria at an MOI of 50
induced more caspase-1 activation and cell death in WT than in AIM2-KO macrophages,
but Δhly Listeria, which cannot escape the phagosome, did not induce any caspase-1
activation or cell death. Interestingly, we observed that flagellin-deficient flaA Listeria
triggered obvious caspase-1 activation and cell death in WT but not in AIM2-KO
macrophages, indicating that Listeria flagellin is required for activating caspase-1 through
other inflammasomes in the absence of AIM2. This also implies that the flagellin-deficient
flaA Listeria mutant, like F. tularensis, is only recognized by the AIM2 inflammasome.
Consistent with this, flaA Listeria at MOIs of 20 and 50 induced caspase-1 processing and
cell death in a dose-dependent manner in WT macrophages but not in AIM2-KO cells (Fig.
1c, d). LPS plus Nigericin (a pore-forming toxin), which activate caspase-1 through the
NLRP3 inflammasome, induced caspase-1 processing and cell death in both WT and AIM2-
KO macrophages, demonstrating that AIM2-KO macrophages are not defective in caspase-1
activation by AIM2-independent stimuli. In addition, upregulation of NLRP3 and pro-IL-1β
proteins was observed in macrophages infected with all three Listeria strains compared to
the uninfected macrophage controls. However, AIM2 protein expression was unchanged
following Listeria infection. Since NLRP3 and pro-IL1β proteins are upregulated through
activation of the transcriptional NF-κB pathway [28], these observations indicate that the
three Listeria strains do not have a defect in their ability to activate the NF-κB signaling
pathway.

NLRC4 Is Required for WT Listeria-Induced Caspase-1 Activation in Nonprimed
Macrophages

The above results suggest that activation of caspase-1 and cell death induced by WT Listeria
is partially dependent on AIM2 since infection with WT Listeria only produced less
caspase-1 processing and less LDH release in AIM2-KO macrophages compared to WT
macrophages. Our results are in line with previous studies, which implicated multiple
inflammasomes, including NLRC4 and NLRP3 in Listeria-induced caspase-1 activation in
macrophages [21]. However, since the previous studies were performed with LPS-primed
macrophages [21], whereas ours were performed without LPS priming of macrophages, we
decided to reinvestigate the role of NLRC4 and NLRP3 in caspase-1 activation by Listeria
in the absence of LPS priming. To this end, we infected WT, AIM2-KO, NLRC4-KO, and
NLRP3-KO macrophages simultaneously under the same conditions with WT or flaA
Listeria. Consistent with the previous findings [21], we found that WT Listeria induced less
caspase-1 processing and cell death in NLRP3-KO macrophages compared to WT
macrophages (Fig. 2a, b), suggesting that NLPR3 is partially involved in caspase-1
activation after Listeria infection and that absence of LPS priming reduces but does not
abrogate caspase-1 activation or cell death in these macrophages. Similarly, the flaA Listeria
mutant induced a smaller amount of caspase-1 processing and cell death in NLRP3-KO
macrophages compared to WT macrophages, possibly through activation of the AIM2
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inflammasome, since the flaA Listeria cannot activate NLRC4 because it lacks flagellin,
which is thought to be sensed by NLRC4 [32, 33]. Notably, although only the flaA Listeria
mutant, but not WT Listeria, was defective in caspase-1 activation in AIM2-KO
macrophages, both strains were defective in inducing caspase-1 processing in LPS-
nonprimed NLRC4-KO macrophages (Fig. 2a). These NLRC4-KO macrophages were also
resistant to WT and flaA Listeria-induced cell death as most NLRC4-KO macrophages were
viable after a 5-h infection with the two Listeria strains (Fig. 2b). Taken together, our results
indicate that in the absence of prior LPS priming, the NLRC4 inflammasome is critical for
caspase-1 activation and caspase-1 dependent cell death in WT Listeria-infected
macrophages, whereas NLRP3 and AIM2 inflammasomes contribute downstream of
NLRC4 to robust caspase-1 activation but are not essential. However, in flaA Listeria-
infected macrophages, the AIM2, but not NLRP3, inflammasome is critical for caspase-1
activation and cell death.

NLRC4 Is Not Critical for WT Listeria-Induced Caspase-1 Activation in LPS-Primed
Macrophages

LPS priming has been shown to play critical roles in NLRP3 inflammasome activation [34].
Since WT Listeria-induced inflammasome activation was almost completely impaired in
LPS-nonprimed NLRC4-KO macrophages (Fig. 2), we decided to test whether LPS priming
alters the response of NLRC4-KO macrophages to WT Listeria infection. To this end, WT,
AIM2-KO, NLRC4-KO and NLRP3-KO macrophages were primed with 200 ng/ml of LPS
for 4 h prior to infection with WT or flaA Listeria for 5 h. Interestingly, LPS priming greatly
enhanced caspase-1 processing and cell death in NLRC4-KO macrophages (Fig. 3),
suggesting that prior LPS priming of macrophages can bypass the requirement for NLRC4.
Notably, prior LPS priming of AIM2-KO macrophages did not alter their response to flaA
Listeria infection, and they showed no caspase-1 activation or cell death after infection with
this mutant (Fig. 3a, b). These results indicate that AIM2 is essential for caspase-1 activation
and cell death by the flaA Listeria mutant in both LPS-primed and nonprimed macrophages.
On the other hand, NLRC4 is only critical for activation of caspase-1 and cell death by WT
and flaA Listeria in LPS-nonprimed macrophages (Fig. 2).

ASC Is Indispensable for Caspase-1 Activation in Listeria-Infected Macrophages
Genetic studies have demonstrated that ASC is a critical adaptor protein for NLRC4,
NLRP3, and AIM2 inflammasomes, linking microbial and endogenous ‘danger’ signals to
caspase-1 activation [8, 35]. To assess whether ASC is essential for the activation of
caspase-1 and cell death in Listeria infection, WT or ASC-KO macrophages were infected
with different MOIs (10, 20, and 50) of WT or flaA Listeria for 5 h. Culture supernatants
and cell lysates were prepared and immunoblotted with anti-caspase-1 and other antibodies
as indicated. Cell death was evaluated by LDH release. WT Listeria induced dose-dependent
caspase-1 processing and cell death in WT macrophages (Fig. 4a, b). flaA Listeria also
induced dose-dependent caspase-1 processing and cell death in WT macrophages but to a
lesser extent (Fig. 4a, b). In contrast, both WT and flaA Listeria did not induce any
caspase-1 processing or cell death in ASC-KO macrophages even at MOI 50 (Fig. 4c, d).
We therefore concluded that although Listeria-induced caspase-1 activation and cell death is
dependent on multiple inflammasomes, ASC appears to be critical for Listeria-induced
activation of each of these inflammasomes.

Listeria DNA Triggers AIM2 Aggregation
To provide additional support for the involvement of AIM2 in sensing cytoplasmic DNA
generated by Listeria infection in macrophages, we engineered NLRP3-KO macrophages to
express AIM2-GFP-N1 stably, infected the cells with WT Listeria, and stained for DNA
using Hoechst 33342. NLRP3-KO-AIM2-GFP-N1 macrophages were used in our
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experiments to exclude the possibility of involvement of NLRP3 in the response to cytosolic
DNA. AIM2 protein (green) was evenly distributed in the cytoplasm and nuclei of
uninfected cells (Fig. 5a). Infection of the cells with Listeria resulted in AIM2
oligomerization (Fig. 5b), as shown by the clustering of AIM2-GFP fusion protein. These
AIM2-GFP clusters co-localized with DNA-specific Hoechst 33342 staining, which is
consistent with a role for bacterial DNA in AIM2 clustering. The infected NLRP3-KO-
AIM2-GFP-N1 macrophages containing the AIM2-DNA clusters showed distinct features of
caspase-1 dependent (pyroptotic) cell death. To evaluate whether cytosolic DNA derived
from Listeria was responsible for aggregation of AIM2-GFP, we pretreated Listeria with
Hoechst stain prior to infection of NLRP3-KO-AIM2-GFPN1 macrophages. Infection with
the Hoechst-labeled Listeria resulted in aggregation of AIM2-GFP around the Hoechst-
labeled DNA (Fig. 5c). Because only Listeria DNA was labeled with Hoechst dye, these
results provide direct evidence that Listeria infection is sufficient to promote aggregation of
AIM2 and that Listeria DNA colocalizes with AIM2 aggregates. Collectively, our results
indicate that cytosolic DNA generated by infection of macrophages with Listeria induces
AIM2 aggregation, which leads to the activation of caspase-1 and cell death.

Discussion
Inflammasomes have emerged as the critical signaling molecules of the innate immune
system. In this study, we have used AIM2-KO, NLRP3-KO, NLRC4-KO, and ASC-KO
macrophages to investigate the roles of the AIM2, NLRP3, and NLRC4 inflammasomes in
caspase-1 activation in Listeria-infected macrophages. Although a previous RNA
interference knockdown study suggested that AIM2 is dispensable for caspase-1 activation
in Listeria-infected human PBMCs [26], our study demonstrated clearly that AIM2 is
associated with cytosolic Listeria DNA, as stable AIM2-GFP-N1-expressing NLRP3-KO
macrophages infected with the Hoechst-labeled Listeria showed obvious colocalization of
AIM2-GFP-N1 with Hoechst-labeled Listeria DNA. These observations suggest that
cytoplasmic DNA derived from Listeria binds to AIM2 and induces its aggregation, which
leads to caspase-1 activation and cell death as we showed recently in DNA-transfected or F.
tularensis-infected macrophages [4, 8]. Our results are consistent with two recent reports,
which indicated that Listeria can be partially sensed by the AIM2 inflammasome [9, 25]. In
addition, we have used a flagellin-deficient (flaA) Listeria mutant to study the role of
Listeria flagellin in caspase-1 activation. We found that flaA Listeria induces very little
caspase-1 activation and cell death in AIM2-KO macrophages compared with WT cells,
which suggests that Listeria flagellin is essential for AIM2-independent activation of
caspase-1 and that the flaA Listeria, like F. tularensis, is only recognized by the AIM2
inflammasome [8].

Cytosolic flagellin has been shown to require NLRC4 for activation of caspase-1 in
Salmonella-infected macrophages [32, 33] and in the regulation of Legionella infection [32].
However, the role of NLRC4 in Listeria infection is less clear. Some groups [25, 26] found
no evidence that NLRC4 is critical for caspase-1 activation in Listeria-infected
macrophages, while others observed a partial role for NLRC4 in caspase-1 activation in
Listeria-infected macrophages [21]. In contrast with the results from the above mentioned
studies, we found that caspase-1 processing is almost absent in LPS-nonprimed NLRC4-KO
macrophages infected with WT and flaA Listeria, which demonstrates a critical role for
NLRC4 in caspase-1 activation in Listeria-infected macrophages in the absence of LPS
priming (Fig. 6). This could explain the seemingly contradictory results between our
findings and the previous studies in which macrophages were primed with LPS prior to
infection with Listeria. The WT Listeria strain (10403s) used in our experiments expresses
flagellin at 37°C [36], which excludes the possibility that defective expression of flagellin
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under the conditions of the experiment is responsible for failure to activate caspase-1 in
NLRC4-KO macrophages.

Our results show that LPS priming potentiates inflammasome activation by Listeria in
NLRC4-KO and NLRP3-KO macrophages (Fig. 3), indicating that prior LPS priming of
macrophages can bypass the requirement for NLRC4 and/or NLRP3. Recent studies
documented that LPS priming triggered de novo protein synthesis via TLR4, which is a
critical prerequisite for inflammasome activation by various danger signals [28, 37]. LPS
priming may upregulate inflammasome or inflammasome-related gene expression to bypass
upstream NLRC4 signaling.

Our results also suggest that LPS priming may obscure the roles of various inflammasomes
in regulating caspase-1 activation in response to Listeria infection. For example, while
knockout of NLRP3 is not sufficient to abrogate caspase-1 activation by either wild-type or
flagellin-deficient Listeria (Fig. 2), it does reduce caspase-1 activation significantly,
suggesting that NLRP3 inflammasomes contribute to caspase-1 activation in response to
Listeria infection, which is consistent with previous reports [21, 23, 25, 26].

Our finding that NLRC4 knockout completely blocks caspase-1 activation in LPS-
nonprimed macrophages (Fig. 2), but that caspase-1 activation can be largely restored by
priming with LPS (Fig. 3), suggests strongly that NLRC4 functions upstream of the
inflammasome that is primed with LPS (possibly NLRP3, which is known to be upregulated
in response to LPS [28]) (Fig. 6). AIM2 is clearly necessary for caspase-1 activation by the
flagellin-deficient Listeria mutant (Fig. 1), but is not sufficient to activate caspase-1 in an
NLRC4 knockout background (Fig. 2), suggesting that NLRC4 functions upstream of the
AIM2 inflammasome as well in LPS-nonprimed macrophages. Taken together, our results
suggest that NLRC4 is necessary for priming of the AIM2 and NLRP3 inflammasomes as
opposed (or in addition) to functioning as an independent inflammasome that activates
caspase-1 in response to Listeria infection (Fig. 6) in LPS-nonprimed macrophages. The
mechanism by which NLRC4 primes the AIM2 and NLRP3 inflammasomes is currently
unknown, but we can speculate that NLRC4 is required for phagosomal maturation in
Listeria-infected macrophages as previously seen with Legionella-infected macrophages
[38] (Fig. 6). In NLRC4-KO macrophages, the maturation of the Legionella-containing
phagosome is stalled and Legionella escapes degradation [38]. Similarly, we believe that in
LPS-nonprimed NLRC4-KO macrophages, Listeria might not be able to induce phagosomal
maturation and thereby cannot induce phagosomal destabilization, which is required for
activation of the NLRP3 inflammasome by a mechanism reminiscent of the activation of
NLRP3 inflammasome by silica crystals [31]. Likewise, phagosomal maturation is required
for release of DNA into the cytosol, which is necessary for activation of the AIM2
inflammasome. Our recent results showed that phagosomal maturation is critical for
activation of the AIM2 inflammasome by F. tularensis infection in WT macrophages [8].
Therefore, defective phagosomal maturation in LPS-nonprimed NLRC4-KO macrophages
might prevent the escape of Listeria DNA into the cytosol, which prevent activation of the
AIM2 inflammasome as well. It will be interesting to see if F. tularensis is also defective in
activation of the AIM2 inflammasome in LPS-nonprimed NLRC4-KO macrophages.

The mechanism by which LPS priming restores AIM2 and NLRP3 inflammasome activation
in NLRC4-KO macrophages could also be dependent on modulation of phagosomal
maturation by LPS. Indeed, there is considerable evidence indicating that LPS priming can
enhance killing of numerous intracellular pathogens including Listeria, Leishmania, and
Mycobacterium through induction of superoxide and nitric oxide production [39], and
modulation of phagosome maturation [40-43].
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Our results clearly indicate the involvement of at least three different inflammasomes in
caspase-1 activation in response to Listeria infection. However, these inflammasomes must
somehow translate danger signals (cytoplasmic DNA, flagellin) into activation of caspase-1,
maturation of proinflammatory cytokines, and cell death. ASC is an adaptor protein that
links upstream receptors involved in pathogen recognition to caspase-1. NLRP3, NLRC4,
and AIM2 are all known to interact with ASC [35]. Our data (Fig. 4) indicate that ASC is
indispensable for caspase-1 activation in WT and flaA Listeria-infected macrophages. Our
results suggest that signaling through NLRP3, NLRC4, and AIM2 inflammasomes in
Listeria-infected macrophages converges on caspase-1 activation through agonist-induced
assembly of an oligomeric complex of each inflammasome with the common ASC adapter
protein.

In summary, all three major inflammasomes (NLRP3, NLRC4, and AIM2) are involved in
caspase-1 activation in Listeria-infected macrophages. We provide direct evidence to
demonstrate that Listeria DNA specifically binds to AIM2 and induces AIM2
oligomerization, which leads to activation of caspase-1 and cell death. We show that Listeria
flagellin is essential for caspase-1 activation in the absence of AIM2 and that NLRC4 likely
functions upstream of both AIM2 and NLRP3 in Listeria-infected LPS-nonprimed
macrophages as opposed (or in addition) to its function in direct activation of caspase-1. In
our working model (Fig. 6), Listeria infection triggers signaling from NLRC4 that primes
both AIM2 and NLRP3 inflammasomes, leading to robust caspase-1 activation, which
induces inflammation and pyroptosis. Flagellin and possibly other PAMPs serve as the
primary agonists for activation of the NLRC4 inflammasome, while cytosolic DNA released
from ruptured phagosomes serves as the primary agonist triggering caspase-1 activation by
the AIM2 inflammasome. Future studies will focus on further elucidating the details and
mechanism of crosstalk between different inflammasomes in Listeria or other pathogen
infections.
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Fig. 1.
Listeria flagellin is important for activation of the AIM2 inflammasome. a–b WT and
AIM2-KO macrophages were left uninfected (Control) or infected for 5 h with WT (wild
type), flaA (flagellin-deficient) or Δhly (LLO-deficient) Listeria monocytogenes (LM) at
MOI 50. c–d WT and AIM2-KO macrophages were left uninfected or infected for 5 h with
different MOIs of flaA Listeria, or primed with 200 ng/ml of LPS for 4 h, then pulsed with 5
μM Nigericin for 45 min as indicated. Culture supernatants (Sup) and cell lysates (Lysates)
were harvested and analyzed by immunoblotting with the indicated antibodies (a and c).
Culture supernatants were also analyzed by LDH release assay (b and d). Data are
representative of at least three experiments
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Fig. 2.
NLRC4 and NLRP3 are required for activation of caspase-1 in Listeria-infected LPS-
nonprimed macrophages. a WT, AIM2-KO, NLRC4-KO, and NLRP3-KO macrophages
were left untreated or infected for 5 h with LM-WT or flaA Listeria at MOI 50. Culture
supernatants and cell lysates were collected after infection and analyzed by immunoblotting
with the indicated antibodies. b Release of LDH into culture supernatants of the
macrophages in a was assayed with the CytoTox 96 LDH-release kit. Data are
representative of at least three experiments
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Fig. 3.
LPS priming restores Listeria-induced inflammasome activation in NLRC4-KO
macrophages. a WT, AIM2-KO, NLRC4-KO, and NLRP3-KO macrophages were primed
with 200 ng/ml of LPS for 4 h before infection for 5 h with WT or flaA deletion mutant
Listeria at MOI 50. Culture supernatants and cell lysates were collected after infection and
analyzed by immunoblotting with the indicated antibodies. b Release of LDH into culture
supernatants of the macrophages in a was assayed with the CytoTox 96 LDH-release kit.
Data are representative of at least three experiments
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Fig. 4.
ASC is indispensable for caspase-1 activation in Listeria-infected macrophages. WT (a) or
ASC-KO (c) macrophages were left untreated or infected for 5 h with WT or flaA Listeria at
the indicated MOI. Culture supernatants and cell lysates were collected after infection and
analyzed by immunoblotting with the indicated antibodies. Data are representative of at least
three experiments. b and d Release of LDH into culture supernatants of the macrophages in
a and c, respectively
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Fig. 5.
Cytoplasmic DNA derived from Listeria triggers AIM2 oligomerization. NLRP3-KO-
AIM2-GFP-N1 macrophages were left uninfected (a) or infected for 5 h with WT Listeria at
MOI 50 (b) and then stained with the DNA-specific blue Hoechst dye. c NLRP3-KO-AIM2-
GFP-N1 macrophages were infected for 5 h with Hoechst-labeled WT Listeria at MOI 50.
Live cell images were then collected by confocal microscopy. The white arrow in the blue,
green, and merged channels indicate the Hoechst-labeled Listeria cytoplasmic DNA. Data
are representative of at least three experiments
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Fig. 6.
A schematic diagram showing that NLRC4 signals upstream of the NLRP3 and AIM2
inflammasomes in LPS-nonprimed macrophages infected with Listeria. Asterisks indicate
activated inflammasomes. See discussion for details
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