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Abstract
NLRP3 assembles an inflammasome complex that activates caspase-1 upon sensing various
danger signals derived from pathogenic infection, tissue damage and environmental toxins. How
NLRP3 senses these various stimuli is still poorly understood, but mitochondria and mitochondrial
reactive oxygen species (mtROS) have been proposed to play a critical role in NLRP3 activation.
Here, we provide evidence that the mitochondrial anti-viral signaling protein MAVS associates
with NLRP3 and facilitates its oligomerization leading to caspase-1 activation. In reconstituted
293T cells, full length MAVS promoted NLRP3-dependent caspase-1 activation, while a C-
terminal transmembrane domain-truncated mutant of MAVS (MAVS-ΔTM) did not. MAVS, but
not MAVS-ΔTM, interacted with NLRP3 and triggered the oligomerization of NLRP3, suggesting
that mitochondrial localization of MAVS and intact MAVS signaling are essential for activating
the NLRP3 inflammasome. Supporting this, activation of MAVS signaling by Sendai virus
infection promoted NLRP3-dependent caspase-1 activation, whereas, knocking down MAVS
expression clearly attenuated the activation of NLRP3 inflammasome by Sendai virus in THP-1
and mouse macrophages. Taken together, our results suggest that MAVS facilitates the
recruitment of NLRP3 to the mitochondria and may enhance its oligomerization and activation by
bringing it in close proximity to mtROS.

Introduction
The NLRP3 inflammasome is a multiprotein complex that assembles rapidly in response to a
wide range of danger signals, including pathogens, microbial toxins, crystalline materials
and endogenous danger signals (1). The assembled NLRP3 inflammasome recruits the
adaptor protein ASC to activate caspase-1, which processes pro-IL-1β and pro-IL-18 into
their active IL-1β and IL-18 cytokines, respectively. Although, the NLRP3 inflammasome
plays an important role in the innate immune response to pathogenic infection, its
inappropriate activation can lead to a number of human inflammatory diseases (2), including
gouty arthritis, silicosis, neurodegeneration and many metabolic disorders such as
atherosclerosis, type 2 diabetes, and obesity (3, 4). Inappropriate activation of the NLRP3
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inflammasome due to mutations in NLRP3 can also lead to a number of autoinflammatory
diseases or periodic fever syndromes (5).

Assembly of the NLRP3 inflammasome requires a priming signal derived from pattern
recognition or cytokine receptors, followed by an activation signal derived from
extracellular ATP, pore-forming toxins, or crystalline materials (6, 7). However, the detailed
molecular mechanism of how these two signals activate the NLRP3 inflammasome and how
they are regulated are not yet clear (8). Recent studies suggested that mitochondrial reactive
oxygen species (mtROS), which is generated in response to a wide range of stimuli, might
be critical for NLRP3 activation (7, 9). It has been suggested that ROS might induce
conformational changes in redox sensing proteins that then associate with NLRP3 resulting
in its activation (10). More recently a NLRP3 deubiquitination mechanism has also been
proposed to explain the activation of NLRP3 by diverse stimuli (7, 11,12).

The mitochondrial antiviral signaling protein MAVS (also known as VISA, IPS-1 or cardif)
mediates type I interferon (IFN) and NF-κB signaling in response to viral infection (13-16).
During infection with RNA viruses, cytoplasmic RIG-I or MDA-5 senses viral 5’ ppp-RNA
or double-stranded RNA, respectively, and associates with MAVS through CARD-CARD
homotypic interaction on the outer mitochondrial membrane (17). The mechanism of
activation of MAVS by the upstream adaptor RIG-I involves the formation of very large
prion-like functional aggregates of MAVS (18). These MAVS aggregates then activate the
cytosolic kinases TBK1 and IKK, which in turn activate IRF3 and NF-κB, respectively,
leading to the induction of type I IFN and other antiviral molecules (17).

Considering recent evidence that a fraction of NLRP3 is recruited to the mitochondria upon
activation (9), and that mitochondria-derived molecules such as mtROS and mitochondrial
DNA might be involved in the activation of NLRP3 (9, 19, 20), we investigated whether
MAVS aggregation on the outer mitochondrial membrane might also regulate NLRP3
activity. Here, we demonstrate that activated MAVS associates with NLRP3 and induces its
oligomerization, leading to the activation of caspase-1. Knocking down MAVS expression
lead to decreased activation of NLRP3 in response to Sendai virus infection. Our results
suggest that MAVS facilitates the recruitment of NLRP3 to the mitochondria, and may
enhance its activation by allowing efficient sensing of ROS from damaged mitochondria.

Materials and Methods
Reagents and antibodies

Rotenone, nigericin, LPS, poly dA:dT, Poly I:C and N-acetyl-L-cysteine (NAC) were
purchased from Sigma. Anti-NLRP3, Anti-human-caspase-1 (p20), anti-AIM2 and anti-
pyrin antibodies were generated in the lab as described previously (7, 21-23). All other
antibodies detecting Myc (Abcam), Flag (Sigma), T7 (Bethyl Laboratories), mouse
caspase-1 (Adipogen), phospho-IRF3 (Cell Signaling), IRF-3 (Santa Cruz), human MAVS
(Alexis), mouse MAVS (Cell Signaling), human IL-1β (Cell Signaling), mouse IL-1β
(R&D), IκB (Cell Signaling), VDAC1 (Abcam) and ASC (Santa Cruz) were obtained from
commercial sources.

Cell culture
293T cells stably expressing ASC and procaspase-1 (293T-C1A cells) and THP-1 cells
stably expressing ASC-GFP were generated as described previously (22, 24). 293T cells and
293T-C1A cells were maintained in DMEM/F12 medium supplemented with 10% FBS and
100 U/ml penicillin / streptomycin. THP-1 and THP-1-ASC-GFP cells were grown in
RPMI1640 supplemented with 10% FBS, 2 mM glutamine, 10 mM HEPES, 1 mM sodium
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pyruvate, 0.05 mM 2-mercaptoethanol and 100 U/ml penicillin and streptomycin.
Transfections of plasmids were performed in 6 well or 12 well plate using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s protocol. Wild type and NLRP3-deficient
immortalized mouse bone marrow-derived macrophages (BMDM) were described
previously (23). NLRP3- or NLRP3-GFP-expressing mouse BMDMs were generated by
retrovirus infection of NLRP3-deficient BMDM as described previously (7, 25). Mouse
BMDMs were maintained in L929-conditioned DMEM supplemented with 10% FBS and
100 U/ml penicillin / streptomycin.

Expression constructs
The cDNAs for human full-length MAVS (pcDNA3-MAVS-myc) and MAVS-ΔTM
(pcDNA3-MAVS-ΔTM-myc) were generated by PCR using appropriate PCR primers and
human MAVS cDNA, and cloned in the BglII-Xho I sites of Myc-pcDNA3. The human
NLRP3 constructs, pcDNA3-Flag-NLRP3 and NLRP3-ΔLRR, were generated by PCR
using human NLRP3-cDNA as a template. All other constructs including human pyrin
(pcDNA3-pyrin-T7) and AIM2 (pcDNA3-AIM2-T7) were generated as described
previously (22, 23).

Cell treatment
Sendai virus was cultured using eggs containing chick embryos and titrated by
hemagglutination assay. For determination of inflammasome activity, THP-1 cells were
differentiated with phorbol-12-myristate-13-acetate (PMA, 0.4 μM) for 3 h, and the next day
cells were stimulated with LPS or Sendai virus for 6 h. In some experiments, mouse
BMDMs were infected with Sendai virus for 6 h or primed with LPS (0.25 μg/ml) for 4 h
before stimulation with nigericin for 45 min.

Immunoblot analysis
Cells were lysed in 20 mM Hepes (pH 7.5) buffer containing 0.5% NP-40, 50 mM KCl, 150
mM NaCl, 1.5 mM MgCl2, 1 mM EGTA and protease inhibitors. Soluble lysates were
subjected to SDS-PAGE and transferred onto PVDF membranes, and then immunoblotted
with the appropriate antibodies. To determine inflammasome activity in macrophages,
culture supernatants were precipitated and immunoblotted for caspase-1 as described
previously (23).

Coimmunoprecipitation
Cells were lysed in 10 mM Hepes buffer (pH 7.4) containing 0.2% NP-40, 100 mM KCl, 5
mM MgCl2, 0.5 mM EGTA, 1 mM DTT and protease inhibitors, and centrifuged to remove
cell debris. The resulting lysates were pre-cleared with protein G-sepharose (GE) for 30 min
and immunoprecipitated with the indicated antibodies. The protein-antibody complexes
were then precipitated with protein G-sepharose bead, and the bead-bound proteins were
fractionated by SDS-PAGE and immunoblotted with the appropriate antibodies.

Confocal microscopy
Cells grown on cover slips in 12 well plate were fixed with 4% formaldehyde and then
permeabilized with 0.2% Triton X-100. After blocking with 4% bovine serum albumin
(Sigma), cells were incubated with primary antibody against MAVS or NLRP3, followed by
incubation with fluorescein-conjugated anti-rabbit IgG or Cy3-conjugated anti-mouse IgG
antibodies (Jackson). Cover slips were then mounted using the ProLong Gold reagent
(Invitrogen) containing the nuclear stain DAPI and examined using a confocal microscope
(Olympus, FV1000). Confocal microscopy of ASC-GFP expressing THP-1 cells or NLRP3-
GFP-expressing BMDMs was performed as described previously (23, 24).
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Subcellular fractionation
For subcellular fractionation experiments, cells were lysed in buffer A containing 250 mM
sucrose, 10 mM Hepes (pH 7.8), 10 mM KCl, 2 mM MgCl2, 0.1 mM EGTA, 1 mM DTT,
0.1% NP-40 and protease inhibitors. The lysates were centrifuged for 10 min at 700 g to
remove nuclei. The supernatants were collected and then centrifuged for 10 min at 12,500 g.
The resultant supernatants were used for cytosolic fraction analysis and the remaining
pellets were washed with buffer A and then resuspended in 10 mM Hepes buffer (pH 7.4)
containing 0.5% NP-40, 50 mM KCl, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA and
protease inhibitors. The resuspended pellets were re-centrifuged for 10 min at 12,500 g, and
the resulting supernatants were used as mitochondrial-protein enriched fraction for
immunoblot analysis and for immunoprecipitation.

Knockdown of MAVS expression
To knockdown MAVS expression in THP-1 macrophages, cells were transfected with
siRNA oligonucleotides (Bioneer, 50 nM) targeting human MAVS or nontargeting
scrambled siRNA control using Lipofectamine 2000. To knockdown MAVS expression in
mouse macrophages, lentiviral particles containing shRNA targeting mouse MAVS or
nontargeting shRNA control (Sigma) were used to infect immortalized mouse BMDMs.
Cells stably expressing shRNA were cloned by puromycin selection and used for
experiments.

Determination of ASC oligomerization
Chemical crosslinking was performed using discuccinimidyl suberate (DSS, Pierce) as
described previously (24). Precipitated pellets and soluble lysates were simultaneously
immunoblotted using anti-ASC antibody. To quantify in situ ASC oligomerization, ASC
specks were counted after different treatments in THP-1-ASC-GFP cells in several random
fields containing more than 250 cells each using a fluorescence microscope (Olympus IX71/
DP71). Relative percentage of ASC speck-containing cells was calculated by dividing the
number of ASC speck-containing cells by the total number of cells in each field. Five
independently treated wells were analyzed per experiment.

Type I IFN production
For reporter gene assay, cells were transfected with an IFN-β promoter-luciferase reporter
plasmid (100 ng), pβ-gal (100 ng) and the appropriate plasmids as indicated. After
transfection for 24 h, cells were lysed and the luciferase activity was determined using a
Luciferase assay kit (Promega). β-Galactosidase assay kit (Promega) was used for
normalizing transfection efficiencies. IFN luciferase activity was represented as the relative
fold compared to unstimulated control with MAVS, poly I:C or Sendai virus. To measure
the mRNA levels of IFN-β, quantitiative real-time PCR assay was performed. Briefly, total
cellular RNA was isolated using the PureLink RNA kit (Invitrogen) and reverse transcribed
using the SuperScript cDNA synthesis kit (Invitrogen). Template DNA was then amplified
by quantitative real-time PCR using iTaq universal SYBR green supermix (BioRad).
Primers were as follows: 5’-TTC CTG CTG TGC TTC TTC AC-3’ and 5’-CTT TCC ATT
CAG CTG CTC CA-3’ for mouse IFN-β and 5’-AGC CAT GTA CGT AGC CAT CC-3’
and 5’-CTC TCA GCT GTG GTG GTG AA-3’ for mouse β-actin.

Statistics
All values were expressed as the mean and s.d. of individual samples. Data were analyzed
with Student’s t-test. p values of 0.05 or less were considered significant.
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Results
MAVS associates with NLRP3

Mitochondria-derived ROS (mtROS) and mitochondrial DNA have been implicated in the
activation of the NLRP3 inflammasome (9, 19), suggesting that NLRP3 might sense these
products and/or ROS-damaged mitochondrial outer membrane proteins. To explore the latter
possibility, we analyzed the interaction of NLRP3 with the outer mitochondrial membrane-
associated protein MAVS, because MAVS plays a crucial role in the innate immune
responses to viruses and might thus play a direct role in NLRP3 inflammasome activation.
Immunoprecipitation experiments in transfected 293T cells showed that MAVS could
indeed interact specifically with the NLRP3 inflammasome, but not with the AIM2 or pyrin
inflammasomes (Fig. 1A).

To investigate whether the interaction between NLRP3 and MAVS requires the localization
of MAVS to the mitochondrial outer membrane, we examined the interaction of NLRP3
with MAVS-ΔTM, which lacks the C-terminal mitochondrial-targeting transmembrane
domain. In contrast to the mitochondrially localized full-length MAVS, the cytosolic
MAVS-ΔTM failed to associate with NLRP3, indicating that mitochondrial localization of
MAVS is essential for the interaction with NLRP3 (Fig. 1B), and that the interactions
between NLRP3 and MAVS does not occur in the cytosol but occurs on the outer
mitochondrial membrane. These findings were also corroborated by confocal
immunofluorescence imaging, which showed filamentous/punctate staining of full-length
MAVS that co-localized with NLRP3 staining, and diffused cytosolic MAVS-ΔTM staining
that did not co-localize with the NLRP3 staining in any specific structures (Fig. 1C).

Further examination of the interactions between NLRP3 and MAVS revealed that truncated
NLRP3-ΔLRR, which lacks the C-terminal LRR domain, could still interact with MAVS,
indicating that the LRR domain is dispensable for this interaction (Fig. 1D), and that the
interaction region is located in the PYD-NACHT domains.

MAVS regulates NLRP3 inflammasome activity
Previous studies showed that a fraction of NLRP3 associates with the mitochondria and
mitochondria-associated ER membranes upon activation (9), suggesting that this
redistribution of NLRP3 might be important for its activation. To examine whether the
observed interactions between MAVS and NLRP3 on the mitochondrial membrane (Fig. 1)
might facilitate NLRP3 inflammasome activation, we transiently transfected 293T cells that
stably express procaspase-1 and ASC (293T-C1A cells) (22), with low amount of NLRP3
plasmid together with or without MAVS plasmid (Fig. 2A). Expression of NLRP3 alone in
these cells caused negligible processing of procaspase-1 into the active caspase-1 p20
subunit (Fig. 2A, lane 3). However, co-expression of MAVS together with NLRP3 resulted
in marked increase in processing of procaspase-1 (Fig. 2A, lane 4), whereas expression of
MAVS alone had no effect on procaspase-1 (Fig. 2A, lane 2). Consistent with the observed
lack of interaction between NLRP3 and MAVS-ΔTM (Fig. 1B and C), co-expression of
MAVS-ΔTM with NLRP3 failed to induce processing of procaspase-1 (Fig. 2B). Together,
these results indicate that the interaction between MAVS and NLRP3 facilitates the
activation of the NLRP3 inflammasome.

Sendai virus promotes MAVS- and NLRP3-dependent caspase-1 activation
Infection of 293T cells and mouse embryonic fibroblasts with Sendai virus has been shown
to induce the formation of large MAVS signaling complexes composed of functional prion-
like MAVS aggregates (18). To examine whether formation of these MAVS aggregates in
response to Sendai virus infection could lead to activation of the NLRP3 inflammasome, we
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infected NLRP3-transfected cells with Sendai virus. Similar to ectopic overexpression of
MAVS, Sendai virus infection potentiated NLRP3-mediated caspase-1 activation (Fig. 2C,
4th lane), but did not promote caspase-1 processing in the absence of NLRP3 (Fig. 2C, 2nd

lane). These results suggest that formation of the MAVS signaling complexes in response to
Sendai virus infection can lead to NLRP3-dependent caspase-1 activation.

To further validate the above findings, we examined whether infection of PMA-
differentiated THP-1 macrophages with Sendai virus could lead to MAVS-dependent
caspase-1 activation. As shown in Fig. 3A, infection of THP-1 cells with Sendai virus
caused caspase-1 activation as evidenced by formation of the active caspase-1 p20 subunit
and IL-1β p17 fragment. Knockdown of MAVS expression in these cells remarkably
reduced the formation of active caspase-1 p20 subunit and IL-1β p17 in response to Sendai
virus infection (Fig. 3A). These results suggest that MAVS signaling is important for
caspase-1 activation in response to Sendai virus infection in macrophages.

ASC oligomerization is a critical step for caspase-1 activation and caspase-1-dependent
pyroptosis in response to NLRP3 stimuli (22). Consistent with the above caspase-1
activation results, Sendai virus infection of THP-1 cells induced strong oligomerization of
ASC, which was largely reduced when MAVS expression was knocked down by siRNA
(Fig. 3B), indicating that MAVS is required for ASC oligomerization by Sendai virus.
Similarly, formation of the oligomeric ASC speck-like pyroptosomes in THP-1-ASC-GFP
cells upon infection with Sendai virus was significantly reduced after MAVS knock-down
(Fig. 3C, and Supplemental Fig. 1). In contrast, ASC pyroptosome formation in response to
poly dA:dT, which activates the AIM2 inflammasome, was not affected by knockdown of
MAVS (Fig. 3C, and Supplemental Fig. 1). These results suggest that MAVS is important
for the assembly of the NLRP3 inflammasome in response to Sendai virus infection, but
dispensable for the assembly of the AIM2 inflammasome in response to poly dA:dT.

In agreement with the interaction studies in transfected 293T cells (Fig. 1A), and the above
activation studies in THP-1 macrophages, we found that endogenous MAVS associates with
endogenous NLRP3 in THP-1 cells upon stimulation of these cells with Sendai virus, but not
in un-stimulated cells (Fig. 3D). These results indicate that activation of MAVS by Sendai
virus infection promotes its association with NLRP3.

To provide additional evidence that caspase-1 activation by Sendai virus infection in
macrophages is dependent on NLRP3, we performed similar experiments as described above
in mouse WT and NLRP3-KO bone marrow-derived macrophages (BMDM). Unlike THP-1
macrophages, mouse BMDMs require, in addition to the primary NLRP3 stimulus (also
known as signal 1), a second stimulus (signal 2) from pore forming toxins (e.g., nigericin) or
purinergic receptors to induce efficient NLRP3-dependent caspase-1 activation (6, 7).
Consistent with this mechanism, infection of WT BMDM with Sendai virus alone, or
stimulation with LPS alone (not shown), did not show detectable caspase-1 activation (Fig.
4A). However, when these cells were infected with Sendai virus or treated with LPS
followed with stimulation with nigericin, they showed robust caspase-1 activation and IL-1β
secretion (Fig. 4A, 4th to 6th lanes). The relatively weaker secretion of IL-1β is attributed to
the lower induction of pro-IL-1β in response to Sendai virus infection compared to LPS.
Sendai virus-mediated caspase-1 activation was not observed in NLRP3-KO macrophages,
but was restored when these macrophages were stably reconstituted with NLRP3 (N1-8
macrophages, (7)) (Fig. 4B), indicating that Sendai virus-mediated caspase-1 activation is
dependent on the NLRP3 inflammasome. Consistent with these results, Sendai virus plus
nigericin stimulation of NLRP3-KO cells stably reconstituted with NLRP3-GFP protein
induced aggregation of NLRP3 into one or two speck-like structures per cell, which was also
observed after LPS plus nigericin stimulation (Fig. 4C). In contrast, LPS, nigericin or Sendai
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virus treatments alone did not induced the NLRP3 speck-like structures in these cells (Fig.
4C). These results indicate that Sendai virus infection provides a NLRP3 priming signal
(signal 1) similar to that provided by TLR signaling.

To provide additional evidence for a role for MAVS in the activation of the NLRP3
inflammasome by Sendai virus infection in mouse BMDM, we reduced the expression of
MAVS in these cells by shRNA-mediated knockdown. Knockdown of MAVS largely
diminished caspase-1 activation induced by Sendai virus plus nigericin (Fig. 4D), but not by
LPS plus nigericin or the AIM2 inflammasome stimulus poly dA:dT (Supplemental Fig.
2A). Similar experiments in MAVS knockout (MAVS-KO) macrophages showed that
MAVS is required for caspase-1 activation by Sendai virus plus nigericin, but not by LPS
plus nigericin (Supplemental Fig. 2B). Collectively, these results indicate that Sendai virus
infection requires MAVS to prime the NLRP3 inflammasome.

MAVS facilitates NLRP3 oligomerization in mitochondria
The reported ability of MAVS to form large SDS-resistant oligomers upon activation by
Sendai virus infection or enforced expression (18), and its ability to interact with NLRP3
(Fig. 1) suggest that MAVS might prime the NLRP3 inflammasome by inducing formation
of SDS-resistant NLRP3 oligomers on the mitochondrial membrane. To examine this
possibility we co-transfected 293T cells with NLRP3 plasmid together with increasing
amounts of MAVS plasmid and then analyzed NLRP3 expression by immunoblot analysis.
Notably, enforced expression of MAVS resulted in the formation of large SDS-resistant
NLRP3 oligomers (Fig. 5A). These oligomers were not detected when cells were transfected
with NLRP3 and MAVS-ΔTM, indicating that formation of these NLRP3 oligomers requires
close interaction between NLRP3 and MAVS on the outer mitochondrial membrane (Fig.
5B). To validate these results we fractionated 293T cell lysates into cytosolic and
mitochondria-enriched fractions after transfection with NLRP3 and MAVS, and then
analyzed the expression of NLRP3 in these fractions. Although the majority of NLRP3 was
detected in the cytoplasmic fraction, a small amount of NLRP3 was also found in the
mitochondrial fraction (Fig. 5C). However, MAVS was equally detected both in the cytosol
and mitochondrial fractions. Notably, enforced expression of MAVS caused the formation
of NLRP3 oligomers in the mitochondrial, but not the cytosolic fraction (Fig. 5C), indicating
that MAVS-mediated oligomerization of NLRP3 occurs on the outer mitochondrial
membrane.

To examine whether infection of cells with Sendai virus can also lead to formation of the
NLRP3 oligomers, we infected NLRP3 expressing 293T cells with Sendai virus and
analyzed the oligomerization status of NLRP3 as above. As shown in Fig. 5D, Sendai virus
infection induced formation of some NLRP3 oligomers, albeit to a lesser extent than seen
with MAVS overexpression. These NLRP3 oligomers were also detected by confocal
microscopy in some NLRP3-KO macrophages stably reconstituted with NLRP3-GFP
protein (Fig. 5E). Knocking down MAVS by siRNA transfection reduced the formation of
the NLRP3 oligomers (Supplemental Fig. 2C), indicating that MAVS is required for NLRP3
oligomerization.

Accumulating evidence suggest that ROS plays an important role in the activation of the
NLRP3 inflammasome (7, 9,10). Our recent results showed that ROS scavenging by anti-
oxidants such as NAC or mito-TEMPO inhibits priming and activation of NLRP3, whereas
induction of mitochondrial ROS (mtROS) by rotenone can lead to its potent priming and
activation (7). To examine whether ROS regulates MAVS-induced NLRP3 oligomerization,
we treated 293T cells with NAC or rotenone after co-transfection with MAVS plus NLRP3
expression constructs. Interestingly, NAC almost completely inhibited NLRP3
oligomerization, whereas rotenone greatly enhanced its oligomerization (Fig. 5F and 5G).

Park et al. Page 7

J Immunol. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Notably, NAC did not affect MAVS interaction with NLRP3 (Fig. 5H). Together these
observations indicate that ROS is critical for MAVS-induced NLRP3 oligomerization.

NLRP3 negatively regulates MAVS signaling
The above results demonstrate that the interaction of MAVS with NLRP3 clearly impacts
the function of NLRP3. To examine whether this interaction could also impact the function
of MAVS itself, we tested whether NLRP3 could inhibit MAVS-induced activation of an
IFN-β promoter. Indeed, overexpression of NLRP3 in 293T cells resulted in more than 80%
inhibition of MAVS-induced activation of the IFN-β promoter (Fig. 6A). This inhibition was
specific for NLRP3, as overexpression of AIM2 or pyrin proteins failed to inhibit MAVS-
induced activation of the IFN-β promoter (Fig. 6A). Similarly, overexpression of NLRP3,
but not AIM2 or pyrin, also inhibited activation of the IFN-β promoter by poly I:C/RIG-I
and Sendai virus infection (Fig. 6B and C). Supporting these results, infection with Sendai
virus induced more phosphorylation of IRF3 and IFN-β synthesis in NLRP3-KO
macrophages compared with the NLRP3-reconstituted N1-8 macrophages, which express
physiological level of NLRP3 (7) (Fig. 6D and E). Collectively, these results indicate that
the interaction between NLRP3 and MAVS negatively regulates MAVS-induced type-1
interferon production.

Discussion
Activation of caspase-1 by the NLRP3 inflammasome is a critical step in the innate immune
response against a wide variety of stimuli including pathogens, microbial products,
crystalline materials and endogenous danger signals (1). How NLRP3 senses these diverse
stimuli is still unknown. Two models have been proposed to explain NLRP3 inflammasome
activation. The lysosomal disruption model suggests that the rupture of phagosomes
triggered by phagocytosis of large crystalline particles or protein aggregates releases
lysosomal enzymes which cleave uncharacterized cellular proteins, which in turn directly or
indirectly activate NLRP3 (26). The mitochondrial damage model on the other hand
suggests that mitochondria damage, which can be triggered by a large number of stimuli,
causes the releases of ROS which stimulates the activation of NLRP3 directly or indirectly
through potential NLRP3-interacting proteins such as TXNIP (10). Yet another version of
the mitochondrial damage model suggests that the release of oxidized DNA from damaged
mitochondria leads to the activation of the NLRP3 inflammasome through direct interactions
between oxidized mtDNA and NLRP3 (19). Support for a role for mitochondria in NLRP3
activation was based on studies which showed that a fraction of NLRP3 translocates from
the cytosol to the mitochondria upon activation with NLRP3 stimuli (9). In addition,
inhibition of mitochondrial voltage-dependent anion channel, suppressed mitochondrial
ROS production and NLRP3 inflammasome activation (9).

The work presented here provides further evidence for the involvement of mitochondria in
the regulation of NLRP3 inflammasome. The mitochondrial anti-viral protein MAVS is
critically involved in the activation of type I interferons by RNA viruses (13-16). This
pathway is activated when viral RNA is recognized by RIG-I, which then binds to MAVS
through homotypic CARD-CARD interactions leading to the oligomerization of MAVS into
large SDS-resistant aggregates on the outer mitochondrial membrane (18). Our work shows
that knockdown of MAVS or MAVS deficiency in macrophages causes a marked reduction
in NLRP3 inflammasome activation in response to Sendai virus infection. This indicates that
mitochondria use MAVS to regulate NLRP3 activation in response to infection with RNA
viruses.

The mechanism by which MAVS regulates NLRP3 inflammasome activation appears to
involve association of MAVS with NLRP3 on the outer mitochondrial membrane. This
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association triggers NLRP3 oligomerization as enforced expression of MAVS or infection of
cells with Sendai virus leads to the formation of SDS-resistant NLRP3 oligomers. The
formation of these NLRP3 oligomers requires mtROS production as stimulation of mtROS
production with rotenone increases MAVS-induced NLRP3 oligomerization, whereas
scavenging ROS with NAC inhibits it. Since oligomerization of NLRP3 is a critical step in
its activation (27), it is likely that these MAVS-induced NLRP3 oligomers form molecular
platforms to recruit and oligomerize ASC and procaspase-1, leading to caspase-1 activation.

In mouse macrophages, the assembly of the NLRP3 inflammasome requires a priming signal
(signal 1) from pattern recognition or cytokine receptors followed by a second signal (signal
2) derived from extracellular ATP, pore forming toxins or crystalline materials (6, 7).
Although it is thought that signal 1 primes NLRP3 by inducing its expression (6), our recent
studies indicate that signal 1 can prime NLRP3 by a non-transcriptional ROS-dependent
mechanism without upregulation of NLRP3 (7). The results presented here show that
stimulation of mouse macrophages with Sendai virus alone in the absence of signal 2 (e.g.,
nigericin) does not cause detectable caspase-1 activation, whereas stimulation with Sendai
virus followed by signal 2 leads to robust caspase-1 activation. This indicates that MAVS
provides a NLRP3 priming signal (signal 1). This signal could prime NLRP3 by
upregulating NLRP3 expression through induction of NF-κB, and/or by a posttranslational
mechanism through induction of NLRP3 oligomerization. Our confocal imaging studies of
mouse macrophages expressing a GFP-tagged mouse NLRP3 revealed that NLRP3 is
entirely cytosolic in untreated cells. However, upon stimulation of these macrophages with
Sendai virus and nigericin or LPS and nigericin, NLRP3 aggregates into one or two NLRP3
foci or clusters per cell resembling the ASC pyroptosome or speckles (24). These results
suggest that the role of signal 2 is to induce clustering of the primed oligomeric NLRP3 to
allow the recruitment of ASC and procaspase-1 to this cluster. Whether these NLRP3
clusters are formed by coalescing of the primed NLRP3 around mitochondrial MAVS
aggregates or other mitochondrial aggregates requires further investigation.

Interestingly, the interaction of NLRP3 with MAVS appears to negatively impact its type I
interferon signaling. Our results are reminiscent of previous findings, which showed that the
mitochondrial NLR protein NLRX-1 can also suppress MAVS signaling (28). One possible
explanation for the inhibition of MAVS signaling by NLRP3 or NLRX-1 is the formation of
non-functional MAVS oligomers or inhibition of MAVS oligomer formation by NLRP3.
This mechanism might be important to inhibit type I interferon production in order to
prevent their reported inhibitory effect on NLRP3 inflammasome activation (29).

How NLRP3 is targeted to the mitochondria is not fully clear at present. However, while this
work was in progress Subramanian et al reported that residues 2-7 at the N-terminus of
human NLRP3 controls its mitochondrial targeting and interaction with MAVS (30).
Although our results are in general agreement with their findings, we wish to point out that
residues 2-3 at the N-terminus of human NLRP3 which contain a critical basic lysine residue
are missing in mouse NLRP3. A PSORT analysis (31) of the mouse NLRP3 N-terminus
similar to that performed by Subramanian et al assigned the highest certainty score to the
cytoplasm. This assignment is in agreement with their finding that deletion of residues 2-3 at
the N-terminus of human NLRP3 (Δ2-3) reduced its mitochondrial localization and
interaction with MAVS. Nevertheless, since our data and theirs are consistent with a role for
MAVS in regulating NLRP3 activation in mouse cells, it is possible that additional
mechanisms might be involved in targeting mouse NLRP3 on activation to the mitochondria
and controlling its interaction with MAVS. Contrary to the results of Subramanian et al (30),
our data do not support a role for MAVS in the activation of the NLRP3 inflammasomes by
non-viral stimuli such as LPS plus nigericin (Supplemental Fig. 2), or LPS plus ATP (not
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shown). Our data suggest that MAVS regulates NLRP3 activation primarily in response to
stimuli that directly engage MAVS such as infection with Sendai virus.

Collectively, this work provides new insights into the regulation of NLRP3 inflammasome
activation by the mitochondria and strengthens the significance of mitochondria in the
control of inflammation. It identifies MAVS as a critical regulator of the NLRP3-ASC-
caspase-1 inflammasome. The strategic localization of MAVS to the outer mitochondrial
membrane provides it with a molecular platform to sense, coordinate and assemble large
complexes to respond to many danger signals especially those arising from viral infection.
Our results combined with previously published results suggest that MAVS coordinates two
signaling pathways simultaneously in response to viral infection. The first pathway (type-1
interferon pathway) is triggered when activated MAVS engages IKK and TBK1, to insure
the syntheses of antiviral proteins. This pathway also leads to the syntheses of pro-IL-1β,
which is processed by caspase-1 to generate the potent proinflammatory cytokine IL-1β. The
second pathway is triggered when activated MAVS engages NLRP3 to form an
inflammasome complex that recruits and activates procaspase-1. It is thus intriguing that
MAVS not only stimulates the transcriptional induction of pro-IL-1β and other
proinflammatory cytokines, but also is directly involved in the assembly of the NLRP3
inflammasome that processes pro-IL-1β into its active cytokine. The regulation of NLRP3
inflammasome activation by mitochondrial MAVS indicates that mitochondrial proteins
play a central role in inflammasome activation similar to their role in apoptosome activation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

References
1. Tschopp J, Schroder K. NLRP3 inflammasome activation: The convergence of multiple signalling

pathways on ROS production? Nat Rev Immunol. 2010; 10:210–215. [PubMed: 20168318]

2. Franchi L, Munoz-Planillo R, Nunez G. Sensing and reacting to microbes through the
inflammasomes. Nat Immunol. 2012; 13:325–332. [PubMed: 22430785]

3. Wen H, Ting JP, O’Neill LA. A role for the NLRP3 inflammasome in metabolic diseases--did
Warburg miss inflammation? Nat Immunol. 2012; 13:352–357. [PubMed: 22430788]

4. Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and disease. Nature. 2012;
481:278–286. [PubMed: 22258606]

5. Aksentijevich I, DP C, Remmers EF, Mueller JL, Le J, Kolodner RD, Moak Z, Chuang M, Austin F,
Goldbach-Mansky R, Hoffman HM, Kastner DL. The clinical continuum of cryopyrinopathies:
novel CIAS1 mutations in North American patients and a new cryopyrin model. Arthritis Rheum.
2007; 56:1273–1285. [PubMed: 17393462]

6. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, Fernandes-Alnemri T,
Wu J, Monks BG, Fitzgerald KA, Hornung V, Latz E. Cutting edge: NF-kappaB activating pattern
recognition and cytokine receptors license NLRP3 inflammasome activation by regulating NLRP3
expression. J Immunol. 2009; 183:787–791. [PubMed: 19570822]

7. Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES. Non-transcriptional Priming
and Deubiquitination Regulate NLRP3 Inflammasome Activation. The Journal of biological
chemistry. 2012; 287:36617–36622. [PubMed: 22948162]

8. Haneklaus M, O’Neill LA, Coll RC. Modulatory mechanisms controlling the NLRP3 inflammasome
in inflammation: recent developments. Current opinion in immunology. 2013

9. Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 inflammasome
activation. Nature. 2011; 469:221–225. [PubMed: 21124315]

10. Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. Thioredoxin-interacting protein links oxidative
stress to inflammasome activation. Nat Immunol. 2010; 11:136–140. [PubMed: 20023662]

Park et al. Page 10

J Immunol. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



11. Py BF, Kim MS, Vakifahmetoglu-Norberg H, Yuan J. Deubiquitination of NLRP3 by BRCC3
critically regulates inflammasome activity. Molecular cell. 2013; 49:331–338. [PubMed:
23246432]

12. Lopez-Castejon G, Luheshi NM, Compan V, High S, Whitehead RC, Flitsch S, Kirov A,
Prudovsky I, Swanton E, Brough D. Deubiquitinases regulate the activity of caspase-1 and
interleukin-1beta secretion via assembly of the inflammasome. The Journal of biological
chemistry. 2013; 288:2721–2733. [PubMed: 23209292]

13. Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, Ishii KJ, Takeuchi O, Akira S. IPS-1,
an adaptor triggering RIG-I- and Mda5-mediated type I interferon induction. Nat Immunol. 2005;
6:981–988. [PubMed: 16127453]

14. Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager R, Tschopp J. Cardif is
an adaptor protein in the RIG-I antiviral pathway and is targeted by hepatitis C virus. Nature.
2005; 437:1167–1172. [PubMed: 16177806]

15. Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization of MAVS, a mitochondrial
antiviral signaling protein that activates NF-kappaB and IRF 3. Cell. 2005; 122:669–682.
[PubMed: 16125763]

16. Xu LG, Wang YY, Han KJ, Li LY, Zhai Z, Shu HB. VISA is an adapter protein required for virus-
triggered IFN-beta signaling. Molecular cell. 2005; 19:727–740. [PubMed: 16153868]

17. Yoneyama M, Fujita T. RNA recognition and signal transduction by RIG-I-like receptors.
Immunological reviews. 2009; 227:54–65. [PubMed: 19120475]

18. Hou F, Sun L, Zheng H, Skaug B, Jiang QX, Chen ZJ. MAVS forms functional prion-like
aggregates to activate and propagate antiviral innate immune response. Cell. 2011; 146:448–461.
[PubMed: 21782231]

19. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, Ramanujan VK, Wolf AJ,
Vergnes L, Ojcius DM, Rentsendorj A, Vargas M, Guerrero C, Wang Y, Fitzgerald KA, Underhill
DM, Town T, Arditi M. Oxidized mitochondrial DNA activates the NLRP3 inflammasome during
apoptosis. Immunity. 2012; 36:401–414. [PubMed: 22342844]

20. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, Lam HC, Englert JA, Rabinovitch M,
Cernadas M, Kim HP, Fitzgerald KA, Ryter SW, Choi AM. Autophagy proteins regulate innate
immune responses by inhibiting the release of mitochondrial DNA mediated by the NALP3
inflammasome. Nat Immunol. 2011; 12:222–230. [PubMed: 21151103]

21. Fernandes-Alnemri T, Yu J, Juliana C, Solorzano L, Kang K, Wu J, Datta P, McCormick M,
Huang L, McDermott E, Eisenlohr L, Landel C, Alnemri ES. The AIM2 inflammasome is critical
for innate immunity against F.tularensis. Nature Immunol. 2010; 11:385–393. [PubMed:
20351693]

22. Fernandes-Alnemri T, Wu J, Yu JW, Datta P, Miller B, Jankowski W, Rosenberg S, Zhang J,
Alnemri ES. The pyroptosome: a supramolecular assembly of ASC dimers mediating
inflammatory cell death via caspase-1 activation. Cell death and differentiation. 2007; 14:1590–
1604. [PubMed: 17599095]

23. Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. AIM2 activates the inflammasome and
cell death in response to cytoplasmic DNA. Nature. 2009; 458:509–513. [PubMed: 19158676]

24. Yu JW, Fernandes-Alnemri T, Datta P, Wu J, Juliana C, Solorzano L, McCormick M, Zhang Z,
Alnemri ES. Pyrin activates the ASC pyroptosome in response to engagement by
autoinflammatory PSTPIP1 mutants. Molecular cell. 2007; 28:214–227. [PubMed: 17964261]

25. Juliana C, Fernandes-Alnemri T, Wu J, Datta P, Solorzano L, Yu JW, Meng R, Quong AA, Latz E,
Scott CP, Alnemri ES. The anti-inflammatory compounds parthenolide and Bay 11-7082 are direct
inhibitors of the inflammasome. The Journal of biological chemistry. 2010; 285:9792–9802.
[PubMed: 20093358]

26. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, Fitzgerald KA, Latz E.
Silica crystals and aluminum salts activate the NALP3 inflammasome through phagosomal
destabilization. Nat Immunol. 2008; 9:847–856. [PubMed: 18604214]

27. Duncan JA, Bergstralh DT, Wang Y, Willingham SB, Ye Z, Zimmermann AG, Ting JP.
Cryopyrin/NALP3 binds ATP/dATP, is an ATPase, and requires ATP binding to mediate
inflammatory signaling. Proc Natl Acad Sci U S A. 2007; 104:8041–8046. [PubMed: 17483456]

Park et al. Page 11

J Immunol. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



28. Moore CB, Bergstralh DT, Duncan JA, Lei Y, Morrison TE, Zimmermann AG, Accavitti-Loper
MA, Madden VJ, Sun L, Ye Z, Lich JD, Heise MT, Chen Z, Ting JP. NLRX1 is a regulator of
mitochondrial antiviral immunity. Nature. 2008; 451:573–577. [PubMed: 18200010]

29. Guarda G, Braun M, Staehli F, Tardivel A, Mattmann C, Forster I, Farlik M, Decker T, Du
Pasquier RA, Romero P, Tschopp J. Type I interferon inhibits interleukin-1 production and
inflammasome activation. Immunity. 2011; 34:213–223. [PubMed: 21349431]

30. Subramanian N, Natarajan K, Clatworthy MR, Wang Z, Germain RN. The Adaptor MAVS
Promotes NLRP3 Mitochondrial Localization and Inflammasome Activation. Cell. 2013;
153:348–361. [PubMed: 23582325]

31. Nakai K, Horton P. PSORT: a program for detecting sorting signals in proteins and predicting their
subcellular localization. Trends in biochemical sciences. 1999; 24:34–36. [PubMed: 10087920]

Park et al. Page 12

J Immunol. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 1.
Association of MAVS with NLRP3. (A) 293T cells were transfected with empty vector
(Vec) or Myc-MAVS expression plasmid together with Flag-NLRP3, T7-pyrin or T7-AIM2
(0.3 μg) expression plasmid as indicated. Cell lysates were immunoprecipitated using anti-
Myc antibody, and the immunoprecipitates were then immunoblotted with anti-Flag
(NLRP3), anti-AIM2, anti-pyrin or anti-Myc (MAVS) antibody, respectively. (B) 293T cells
were transfected with Flag-NLRP3 and Myc-MAVS or Myc-MAVS-ΔTM plasmids (0.3 μg)
as indicated. Cell lysates were immunoprecipitated with anti-T7 (negative control) or anti-
Myc antibody. The immunoprecipitates were immunoblotted with anti-Flag (upper) or anti-
Myc (lower) antibody. (C) 293T cells were transfected with NLRP3- and MAVS full length
(FL) or ΔTM-expressing constructs (0.1 μg). MAVS or NLRP3 was visualized by
immunofluorescence confocal microscopy as described in “Materials and Methods”. Bar: 10
μm. (D) 293T cells were transfected with Myc-MAVS and Flag-NLRP3 full-length or Flag-
NLRP3-ΔLRR constructs (0.3 μg). Coimmunoprecipitation was performed as described in
(B).
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FIGURE 2.
Activation of NLRP3 inflammasome by MAVS. (A, B) Immunoblots of caspase-1 in cell
lysates of 293T-C1A cells transfected with empty vector (Vec) MAVS, NLRP3, NLRP3
plus MAVS full length, or NLRP3 plus MAVS-ΔTM constructs as indicated. (C)
Immunoblots of caspase-1 in cell lysates of 293T-C1A cells transfected with empty vector
(Vec) or NLRP3 followed by no treatment (Un) or infection with Sendai virus (SV, 9 HA/
ml) for 8 h as indicated. Cell lysates were also immunoblotted with anti-Myc (MAVS) or
anti-Flag (NLRP3) antibody (Lower panels, A and B) or anti-Flag (NLRP3) antibody (lower
panel, C) as indicated.
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FIGURE 3.
Sendai virus-mediated activation of NLRP3 inflammasome in THP-1 cells. (A)
Immunoblots of caspase-1 and IL-1β in culture supernatants (Sup) of PMA-differentiated
THP-1 cells transfected with scrambled siRNA (Con) or human MAVS-specific (MAVS)
siRNA oligonucleotides (50 nM) for 48 h, followed by infection with Sendai virus (10 HA/
ml, 6 h). Cell lysates (Lys) were immunoblotted with anti-caspase-1 or anti-MAVS antibody
as indicated. (B) Immunoblot of ASC in DSS-crosslinked NP-40 insoluble pellets of PMA-
differentiated THP-1 cells transfected with scrambled siRNA (Con) or human MAVS-
specific (MAVS) siRNA oligonucleotides followed by infection with Sendai virus (10 HA/
ml, 6 h) as indicated. The lower panel shows an immunoblot of ASC in the soluble lysates
from the same cells. (C) PMA-differentiated THP-1-ASC-GFP cells were transfected with
siRNA as in (A), followed by treatment with Sendai virus (10 HA/ml, 6 h) or transfection
with poly dA:dT (2 μg, 6 h). ASC pyroptosome-containing cells (ASC specks) were counted
using fluorescence microscopy and represented as percentages of total cells counted.
Asterisk indicates significant difference compared to Si-Con cells (*, p<0.05, n = 5). (D)
PMA-differentiated THP-1 cells were left untreated or infected with Sendai virus (10 HA/
ml) for 4 h. Cell lysates were fractionated and the mitochondria-enriched fractions were
immunoprecipitated with anti-MAVS antibody. Immunoprecipitates and cytosolic lysates
were immunoblotted with anti-NLRP3 or anti-MAVS antibody as indicated.
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FIGURE 4.
Sendai virus-mediated activation of NLRP3 inflammasome in mouse macrophages. (A)
Immunoblots of caspase-1 and IL-1β in culture supernatants (Sup) of wild type mouse
BMDMs treated with Sendai virus (SV, 10 HA/ml, 6 h), nigericin (Nig, 5 μM, 45 min),
Sendai virus (6 h) followed with nigericin (45 min) (SV+Nig), LPS (0.25 μg/ml, 4 h)
followed with nigericin (LPS+Nig), or Sendai virus (6 h) followed with LPS (4 h) and then
nigericin (45 min) (LPS+SV+Nig) as indicated. Cell lysates (Lys) were immunoblotted with
anti-caspase-1 or anti-NLRP3 antibody as indicated. (B) Immunoblot of caspase-1 in culture
supernatants (Sup) and cell lysates (Lys) of NLRP3-deficient (NLRP3-KO) or NLRP3-
restored (N1-8) BMDMs treated with Sendai virus (SV, 10 HA/ml, 6 h) plus nigericin (Nig,
5 μM, 45 min), LPS (0.25 μg/ml, 4 h) plus nigericin (LPS+Nig) or transfected with poly
dA:dT (2 μg, 6 h) as indicated. (C) Confocal images of stable NLRP3-GFP-expressing
BMDMs left untreated (Un) or treated with LPS, Sendai virus (SV), nigericin (Nig), LPS
plus nigericin (LPS+Nig), or Sendai virus plus nigericin (SV+Nig) as described in A and B
above. The green and blue signals represent NLRP3 and nuclear fluorescence, respectively.
Bar: 10 μm. (D) Immunoblot of caspase-1 in culture supernatants (Sup) and cell lysates
(Lys) of stable mouse BMDMs cell lines expressing Scrambled shRNA- (shCon) or mouse
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MAVS-specific shRNA (shMAVS) after treatment with Sendai virus alone (10 HA/ml, 0-4
h, left panels) or Sendai virus (10 HA/ml, 0-4 h) followed by nigericin (45 min, right
panels). Cell lysates were immunoblotted as indicated.
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FIGURE 5.
NLRP3 oligomerization by MAVS. (A, B) 293T cells were transfected with a construct for
NLRP3 (0.3 μg) and increasing amount of MAVS construct (A), or NLRP3 and MAVS or
MAVS-ΔTM constructs (0.3 μg, B) as indicated. Cell lysates were immunoblotted with anti-
Flag (NLRP3) or anti-Myc (MAVS) antibodies. (C) 293T cells were transfected with a
NLRP3 construct together with an empty vector (Vec) or MAVS construct. Cell lysates
were fractionated into cytosolic or mitochondrial fraction, and then immunoblotted with
anti-Flag (NLRP3), anti-Myc (MAVS), anti-IκB (cytosol) or anti-VDAC1 (mitochondria)
antibodies. (D) 293T cells were transfected with NLRP3 (0.3 μg) followed by infection with
Sendai virus (SV, 10 HA/ml) for the indicated times, or transfected with NLRP3 together
with MAVS (0.3 μg) as indicated. Cell lysates were immunoblotted for NLRP3 and MAVS.
(E) Confocal images of NLRP-GFP-expressing BMDMs left untreated (Un) or infected with
Sendai virus (SV, 10 HA/ml, 8 h) as indicated. Bar: 10 μm. (F-G) 293T cells were
transfected with a NLRP3 construct (0.3 μg) together with an empty vector or MAVS
construct (0.3 μg), in the presence or absence of NAC (15 mM, 18 h) (F) or followed by
treatment with rotenone for 6 h as indicated. Cell lysates were immunoblotted for NLRP3 or
MAVS as described above. (H) 293T cells were transfected with a Flag-NLRP3 (0.3 μg)
plasmid alone, or together with a Myc-MAVS (0.3 μg) plasmid in the presence or absence of
NAC (15 mM, 18 h) as indicated. Cell lysates were immunoprecipitated using anti-Myc
antibody, and the immunoprecipitates were then immunoblotted with anti-Flag (NLRP3) or
anti-Myc (MAVS) antibody, respectively.
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FIGURE 6.
Inhibition of MAVS-induced Type I IFN signaling by NLRP3. (A) 293T cells were
transfected with IFN-β promoter-luciferase reporter plasmid (100 ng), pβ-gal (100 ng) and
the indicated expression constructs for MAVS (200 ng) together with empty vector (Vec)
NLRP3, AIM2 or pyrin. Reporter luciferase activity was then determined as in the
“Materials and Methods”. (B) 293T cells were transfected as in A together with an
expression construct for RIG-I with or without NLRP3, pyrin or AIM2 constructs (B) or
with constructs for NLRP3, pyrin or AIM2 (C) as indicated. 24 h after transfection cells
were transfected with poly I:C (10 μg, 20 h, B) or infected with Sendai virus (SV, 10 HA, 8
h, C) as indicated. Reporter luciferase activity was then determined as in A. (D, E) NLRP3-
deficient BMDMs or NLRP3-restored (N1-8) BMDMs were left untreated or infected with
Sendai virus (SV, 5 HA/ml) for 8 h. Cell lysates were immunoblotted for the indicated
proteins (D) and mRNA levels of IFN-β were quantitated by real-time PCR as described in
“Materials and Methods”. p-IRF3, phospho-IRF3.
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