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Abstract
Activation of the NLRP3 inflammasome by diverse stimuli requires a priming signal from Toll-
like receptors (TLRs) and an activation signal from purinergic receptors or pore-forming toxins.
Here we demonstrate through detailed analysis of NLRP3 activation in macrophages deficient in
key downstream TLR signaling molecules that MyD88 is required for an immediate early phase,
whereas TRIF is required for a subsequent intermediate phase of posttranslational NLRP3
activation. Both IRAK1 and IRAK4 kinases are critical for rapid activation of NLRP3 through the
MyD88 pathway, but only IRAK1 is partially required in the TRIF pathway. IRAK1 and IRAK4
are also required for rapid activation of NLRP3 by Listeria monocytogenes as deletion of IRAK1
or IRAK4 led to defective inflammasome activation. These findings define the pathways that lead
to rapid NLRP3 activation and identify IRAK1 as a critical mediator of a transcription-
independent, inflammasome-dependent early warning response to pathogenic infection.

Introduction
Toll-like receptors (TLRs) sense a broad range of microbial ligands leading to the
expression of genes involved in inflammation and other immune responses (1). All TLRs
associate directly or indirectly with MyD88 except TLR3, which associates with TRIF, to
propagate their downstream signaling (2). Signaling downstream of MyD88 requires the
association of MyD88 with members of the IL-1R-associated kinase (IRAK) family, which
include IRAK1, IRAK2, IRAKM and IRAK4 (3).

NLRP3 assembles an inflammasome complex with ASC and procaspase-1 after receiving a
priming signal (signal 1) from TLRs and a second signal (signal 2) from purinergic receptors
or pore forming toxins (4). We recently demonstrated that acute stimulation of TLR4 with
LPS triggers rapid post-translational priming of NLRP3 independent of NLRP3 upregulation
(5). Here, we show that IRAK1 is essential for this immediate early activation of NLRP3,
but partially required for a subsequent intermediate phase of NLRP3 activation. IRAK1 is
also critical for rapid transcription-independent activation of the NLRP3 inflammasome in
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response to infection with Listeria monocytogenes. Our results provide evidence for a
previously unrecognized role for TLRs and IRAK1 in the non-transcriptional regulation of
the inflammasome and innate immunity against pathogenic bacteria.

Materials and Methods
BMDM Culture and treatments

Bone marrow derived cells from wild-type (C57BL/6) and various knockout mice were
cultured in DMEM with 10% fetal bovine serum and 20% L929 supernatants. BMDMs were
pre-stimulated with the TLR ligands Pam3CSK4 (1 µg/ml), poly I:C (500 ng/ml) or
ultrapure LPS (500 ng/ml) for various periods of times followed by stimulation with ATP (5
mM) for 45 min. Infection with Listeria was performed as described previously (6).
Caspase-1 activation was assayed by immunoblotting as described previously (7). ASC
oligomerization was assayed as described before with minor modifications (8). All results
are representative of at least three-five independent experiments.

Confocal microscopy
Cells were grown on cover slips in 12 well plates. After various treatments, cells were fixed
with 2% formaldehyde, mounted on slides and then examined using a confocal laser
microscope (Nikon C1 plus, Bioimaging Shared Resource of the Kimmel Cancer Center
(NCI 5 P30 CA-56036).

Results and Discussion
MyD88 and TRIF independently prime the NLRP3 inflammasome

To define the TLR signaling pathways involved in the posttranslational priming of NLRP3
(5), we performed detailed analysis of NLRP3 activation in response to priming with
different TLR ligands in macrophages deficient in the key TLR signaling components
MyD88, TRIF, IRAK4, IRAK1 and TBK1 (Fig. 1A–F and Supplemental Fig. 1A–E). In WT
macrophages, priming with Pam3CSK4 which signals through TLR2 and MyD88 caused a
biphasic activation of caspase-1 with maximum activation observed in the early phase at 10
min and a substantially reduced activation in the late phase at 180 min after Pam3CSK4
treatment (Fig. 1A, left panels). In contrast, priming with poly I:C which signals through
TLR3 and TRIF induced a monophasic activation of caspase-1 with maximum activation
observed at 30–60 min (intermediate phase) after poly I:C treatment (Fig. 1A, middle
panels). Priming with LPS which signals through TLR4, MyD88 and TRIF resulted in
robust caspase-1 activation at all time points (Fig. 1A, right panels). These results indicate
that priming through the MyD88 pathway (TLR2, TLR4) induces an immediate early phase
(0–10 min) and a late phase (180 min) of NLRP3 activation, whereas priming through the
TRIF pathway (TLR3, TLR4) induces an intermediate phase (30–60 min) of NLRP3
activation. Consistent with this, priming of MyD88-KO macrophages with Poly I:C or LPS
induced only an intermediate monophasic (30–60 min) activation of caspase-1 (Fig. 1B,
middle and right panels), whereas priming with Pam3CSK4 failed to induce any activation
in these cells (Fig. 1B, left panels). In contrast, priming of TRIF-KO macrophages with
Pam3CSK4 or LPS induced an immediate early phase (0–10 min) of caspase-1 activation
(Fig. 1C, left panels), whereas priming with Poly I:C failed to induce any activation in these
cells (Fig. 1C, middle panels). All three ligands failed to induce caspase-1 activation in the
MyD88/TRIF-double knockout macrophages (Fig. 1F). Together our results indicate that
TLRs use both MyD88 and TRIF pathways to priming and activate the NLRP3
inflammasome.
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IRAK1 and IRAK4 are required for rapid activation of the NLRP3 inflammasome
Similar experiments in macrophages deficient in IRAK1 or IRAK4 which signal
downstream of MyD88, or TBK1, which signals downstream of TRIF (1–3), revealed that
IRAK1 and IRAK4 are essential for the immediate early phase of NLRP3 activation (Fig.
1D, and E, left panels), while IRAK1, but not IRAK4, is partially required for the
subsequent intermediate phase of NLRP3 activation (Fig. 1D, and E, middle panels).
Caspase-1 activation kinetics by all three ligands in the TBK1-KO macrophages was similar
to that of the WT macrophages (Data not shown), indicating that TBK1 is not involved in
NLRP3 priming. Notably, the IRAK1-KO macrophages showed a small amount of
caspase-1 activation after 10 min stimulation with Pam3CSK4 (Fig. 1D), compared to
MyD88-KO and IRAK4-KO macrophages, which completely lost their response to
Pam3CSK4 (Fig. 1B, and E). This suggests that another downstream signaling molecule
might also participate in the immediate early phase of NLRP3 activation. Intriguingly, the
amount of caspase-1 activation at 180 min in response to LPS was increased in IRAK1-KO,
but was diminished in IRAK4-KO (Fig. 1D, and E, right panel, 5th lane) compared to WT
macrophages. This indicates that IRAK4 is required for the late phase of NLRP3 activation,
but IRAK1 is not. It is possible that IRAK4 exerts this late effect on NLRP3 through another
downstream kinase such as IRAK2. Indeed, IRAK2 has been shown to be critical for the
late-phase TLR responses (9). Altogether, these results indicate that IRAK1 is required for
the immediate early phase and partially required for the intermediate phase, whereas IRAK4
is required for the immediate early and late phases of NLRP3 activation. The results also
suggest that IRAK1 deficiency might have very little consequences on NLRP3 activation by
prolonged TLR4 stimulation.

Listeria induces rapid activation of NLRP3 through the MyD88-IRAK4-IRAK1 pathway
During infection with some bacterial pathogens such as Listeria monocytogenes (6, 10–12)
or Staphylococcus aureus (13, 14) it is likely that their PAMPs (signal 1) and pore-forming
toxins (signal 2) stimulate TLRs and NLRP3 simultaneously, to induce rapid activation of
caspase-1 through the MyD88-IRAK4-IRAK1 pathway. Supporting this, infection of
NLRP3-reconstituted N1–8 macrophages which express basal level of NLRP3 (5) with
Listeria, induced rapid caspase-1 activation within 30–45 min after infection without prior
TLR priming (Supplemental Fig. 1F). Infection of the parental NLRP3-KO macrophages
with Listeria did not activate caspase-1 indicating that NLRP3 is required for caspase-1
activation by Listeria. As the expression of NLRP3 in N1–8 macrophages is not regulated
transcriptionally by TLR signaling, this indicates that Listeria infection activates NLRP3 by
a non-transcriptional mechanism. Activation of the NLRP3 inflammasome by Listeria was
blunted in MyD88-KO, IRAK4-KO and IRAK-1-KO macrophages (Supplemental Fig. 1G).
These results indicate that Listeria can simultaneously provide signal 1, likely through
binding of its lipoproteins to TLR2 (12), and signal 2 likely through the release of its pore-
forming toxin listeriolysin O (11), to rapidly activate the NLRP3 inflammasome through the
immediate early phase, which is dependent on the MyD88-IRAK4-IRAK1 signaling
pathway.

Confocal imaging studies in NLRP3-KO macrophages that were stably reconstituted with a
GFP-tagged WT NLRP3 showed that infection of these cells with Listeria for 45 min
induces the oligomerization of NLRP3 into one or two NLRP3 specks per cell
(Supplemental Fig. 1H, lower panels). This was associated with robust activation of
caspase-1 (Supplemental Fig. 1J). In contrast, infection of Walker A/B mutant NLRP3-GFP-
expressing cells with Listeria caused the mutant NLRP3 to form many small non-functional
puncta throughout the cytosol which failed to activate caspase-1 (Supplemental Fig. 1I and
J). These results provided further evidence that NLRP3 is rapidly activated by Listeria
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infection and indicate that Listeria induces clustering of NLRP3 into one or two functional
speckles per cell through activation of its ATPase activity.

Further studies showed that simultaneous stimulation of TLR2 or TLR4, but not TLR3, and
P2×7 receptor (signal 2) was able to induce robust caspase-1 activation and the release of the
alarmin HMGB1 in WT, TRIF-KO and TBK1-KO macrophages, but not in MyD88-KO,
IRAK4-KO or IRAK-1-KO (Supplemental Fig. 2A). These results support the observations
with Listeria infection and indicate that stimulation of the MyD88-IRAK4-IRAK1 pathway
can rapidly prime the NLRP3 inflammasome even in the presence of signal 2, whereas
stimulation of the TRIF pathway in the presence of signal 2 induces little or no activation of
NLRP3.

IRAK1 and IRAK4 are required for NLRP3 and ASC oligomerization
Analysis of ASC oligomerization in WT macrophages showed that co-stimulation with
Pam3CSK4 and ATP or 45 min pre-stimulation with poly I:C followed by ATP induced
strong ASC oligomerization (Fig. 2A). This was evident by the large increase in the amount
of ASC in the NP40-insoluble pellets from these cells and the formation of dimeric and
oligomeric ASC species in their pellets after DSS-crosslinking (Fig. 2A). This was also
associated with robust caspase-1 activation (Fig. 2A, second panel from top). In contrast,
simultaneous stimulation of IRAK1-KO or IRAK4-KO macrophages with Pam3CSK4 and
ATP failed to induce either ASC oligomerization or caspase-1 activation (Fig. 2B and C).
However, 45 min pre-stimulation with poly I:C followed by ATP induced strong ASC
oligomerization and caspase-1 activation in IRAK4-KO macrophages (Fig. 2C), but very
weak ASC oligomerization and caspase-1 activation in IRAK1-KO macrophages (Fig. 2B).

Confocal imaging studies in the WT NLRP3-GFP-reconstituted macrophages showed that
acute stimulation with TLR ligands plus nigericin induces the formation of one or two
NLRP3-GFP specks per cell (Supplemental Fig. 2B). Quantification of these specks
(Supplemental Fig. 2C) revealed similar results as observed with ASC oligomerization in
WT macrophages. Together these results indicate that the TLR priming signals act upstream
or at the level of NLRP3-ASC oligomerization and further confirm that IRAK1 is an
essential signaling molecule required for early NLRP3-ASC oligomerization and activation.

TLR signaling primes NLRP3 by a non-transcriptional ROS-dependent mechanism
To further demonstrate that TLR signaling primes NLRP3 by a non-transcriptional ROS-
dependent mechanism, we primed WT macrophages with TLR ligands in the presence of the
transcription inhibitor actinomycin D or the ROS scavenger NAC. Actinomycin D did not
reduce caspase-1 activation in the early, intermediate or late phases (Fig. 3A and
supplemental Fig. 2D), although it completely inhibited TLR-induced upregulation of
NLRP3 and pro-IL-1β (Supplemental Fig. 2E). In contrast, NAC inhibited caspase-1
activation in response to TLR signaling (Fig. 3B). NAC did not affect modification of
IRAK1 in response to Pam3CSK4 stimulation, as evidenced by the disappearance of the
IRAK1 band (Fig. 3B, lower panel), indicating that NAC inhibits NLRP3 activation
downstream of IRAK1. The apparent disappearance of IRAK1 band could be due to a shift
into higher molecular weight species resulting from phosphorylation and ubiquitination of
IRAK1 in response Pam3CSK4. Together our results indicate that transcriptional induction
of NLRP3 or other proteins is not required, but ROS production is required for
inflammasome activation by TLR signaling.

IRAK1 associates with NLRP3
Considering that IRAK1 is required for the rapid activation of NLRP3 during the immediate
early and intermediate phases, we investigated whether IRAK1 can interact with NLRP3 to
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modulate its activation. Our immunoprecipitation studies revealed that the unmodified 80
kDa and modified (phosphorylated/ubiquitinated) 105–110 kDa forms of IRAK1 were
distinctly present only in immunoprecipitates from a stable NLRP3-expressing 293T cell
line (293T-NLRP3-Flag) but not in the immunoprecipitate from a control 293T cells that do
not express NLRP3 (Fig. 3C). A similar modified IRAK1 band was also seen when NLRP3
was immunoprecipitated from N1–8, but not from NLRP3-KO, macrophages after
Pam3CSK4 stimulation (Fig. 3D). Immunoprecipitation of endogenous IRAK1 also resulted
in co-precipitation of NLRP3, with notable increase of NLRP3 in the immunoprecipitates
after stimulation with Pam3CSK4 (Fig. 3E). However, because of the apparent weak
interaction of IRAK1 with NLRP3, it remains possible that IRAK1 associates indirectly with
NLRP3 through a novel intermediate protein upstream of NLRP3, or through complex
interactions of the myddosome (15), which contains MyD88, IRAK4 and IRAK1/IRAK2,
with NLRP3. The later possibility is more likely since IRAK1 dissociates from the
myddosome after its phosphorylation by IRAK4 to associate with Traf6, which might
explain the rapid decline in NLRP3 inflammasome activity after extended stimulation of
TLR2 with Pam3CSK4. This might also explain the apparent incomplete loss of the
immediate early activation of NLRP3 in IRAK1-KO macrophages, perhaps because IRAK2
might also participate in these interactions. Future characterization of the interaction
between NLRP3 and the myddosome, whether the kinase activity of IRAK1 is required for
NLRP3 activation and whether IRAK2 can also modulate NLRP3 activation should provide
additional insights into the mechanism of activation of NLRP3 by TLR signaling.

In conclusion, this work provides new insights into the regulation of NLRP3 inflammasome
activation by TLR signaling and strengthens the role of TLR signaling in the
posttranslational assembly and regulation of the NLRP3 inflammasome. Although TLR
signaling is thought to regulate the innate immune responses to pathogenic infections by
inducing transcription of genes involved in inflammation and other innate immune
responses, our work provides clear evidence for a previously unrecognized non-
transcriptional role for TLR signaling in inflammasome activation. It also identifies IRAK1
as a critical regulator of a rapid posttranslational activation mechanism of the NLRP3
inflammasome. Based on our observations with Listeria, this mechanism is likely important
for rapid killing of infected cells and as an early warning system for the release of
preexisting alarmins and other early pro-inflammatory mediators.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Post-translational activation of the NLRP3 inflammasome by MyD88 and TRIF
signaling
A–C, immunoblots of caspase-1 in the culture supernatants (Sup) or cell lysates (Lys) of
mouse macrophages derived from wildtype (WT) (A), MyD88-KO (B), TRIF-KO (C)
MyD88/TRIF-dKO (D), IRAK1-KO (E) or IRAK4-KO (F) mice, primed with Pam3CSK4
(Pam), Poly I:C or LPS for the indicated times (min) followed by stimulation with ATP for
45 min. The bottom panels show NLRP3 in the same cell lysates.
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Figure 2. IRAK1 signaling is required for ASC oligomerization
A–C, immunoblots of DSS cross-linked ASC in the NP40-insoluble pellets of WT (A),
IRAK1-KO (B) and IRAK4-KO (C) macrophages after co-stimulation with Pam3CSK4
(Pam) or poly I:C (Poly) and ATP for 45 min, or pre-stimulation for 45 min with these
ligands (Pam45, Poly45) followed by ATP for an additional 45 min as indicated.
Immunoblots of caspase-1 and ASC in the culture supernatants (Sup) or cell lysates (Lys) of
the corresponding samples are shown underneath as indicated.
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Figure 3. Transcription-independent ROS-dependent priming of the NLRP3 inflammasome
A, B, immunoblots of caspase-1 in the culture supernatants (Sup) or cell lysates (Lys) of
mouse WT macrophages primed with Pam3CSK4 (Pam), Poly I:C or LPS for the indicated
times (min) followed by stimulation with ATP for 45 min in the absence (Con) or presence
of actinomycin D (Act D, 0.5 µg/ml) (A), or primed with Pam3CSK4 (Pam for 10 min) or
poly I:C (Poly for 45 min) followed by stimulation with ATP for 45 min in the absence or
presence of N-acetyl cysteine (NAC, 25 µM) (B) as indicated. The bottom panels show
NLRP3 (A) or IRAK1 (B) in the same cell lysates. C, immunoblots showing NLRP3
associates with IRAK1 when NLRP3 was immunoprecipitated (IP) from 293T-NLRP3 cells
(293T-N3) but not 293T cells. 293T and 293T-N3 were transfected with WT IRAK1
plasmid. The bands marked with arrows indicate interacting IRAK1 isoforms. The bottom
panel shows IKKγ as a negative control. D, E, immunoblots showing NLRP3 associates
with endogenous IRAK1 when NLRP3 (D) or IRAK1 (E) were immunoprecipitated (IP)
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from macrophages following stimulation with Pam3CSK4 for the indicated times. N1–8
represents macrophages stably reconstituted with Flag-NLRP3. NLRP3-KO cells were used
as control. Asterisk indicates a non-specific band.
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