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Activation of autophagy by inflammatory signals
limits IL-1b production by targeting ubiquitinated
inflammasomes for destruction
© 2012 Nature America, Inc. All rights reserved.
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Autophagosomes delivers cytoplasmic constituents to lysosomes for degradation, whereas inflammasomes are molecular
platforms activated by infection or stress that regulate the activity of caspase-1 and the maturation of interleukin 1b (IL-1b)
and IL-18. Here we show that the induction of AIM2 or NLRP3 inflammasomes in macrophages triggered activation of the
G protein RalB and autophagosome formation. The induction of autophagy did not depend on the adaptor ASC or capase-1 but
was dependent on the presence of the inflammasome sensor. Blocking autophagy potentiated inflammasome activity, whereas
stimulating autophagy limited it. Assembled inflammasomes underwent ubiquitination and recruited the autophagic adaptor p62,
which assisted their delivery to autophagosomes. Our data indicate that autophagy accompanies inflammasome activation to
temper inflammation by eliminating active inflammasomes.
Autophagy is a cellular response to starvation as well as a qualitycontrol system that can deliver damaged organelles and long-lived
proteins from the cytoplasm to lysosomes for clearance1. Autophagy
helps clear intracellular protozoa, bacteria and viruses and functions
in antigen presentation2–5. Defects in autophagy are linked to many
human diseases and to the function of cells of the immune response.
Conserved protein kinases, lipid kinases and ubiquitin-like proteinconjugation networks control autophagosome formation and cargo
recruitment1. Activation of the Ras-like small G protein RalB is sufficient to promote autophagosome formation6. By directly binding
to the exocyst complex subunit Exo84, RalB induces the assembly
of complexes of catalytically active kinase ULK1, beclin-1 and
phosphatidylinositol-3-OH kinase (PI(3)K) on the exocyst, a requirement for the formation and maturation of isolation membranes into
autophagosomes6. In macrophages, autophagy can be triggered by
the engagement of Toll-like receptors7–9. These recognize specific
molecular patterns present in microbial components and trigger intracellular signals through homotypic interactions with proximal adaptors such as MyD88 (refs. 10,11). In turn, MyD88 can interact with
beclin-1, a key component of the class III PI(3)K complex that initiates
autophagosome formation8. One mechanism by which intracellular
targets are delivered to autophagosomes is via autophagic adaptors.
One such adaptor, p62, recognizes polyubiquitinated targets, including
bacteria such as Mycobacterium tuberculosis. Using separate domains,

p62 can bind ubiquitin and the ubiquitin-like protein LC3. After being
processed, LC3 localizes to autophagosome membranes12–14.
Inflammasomes are multiprotein complexes that contain one or more
Nod-like receptors (NLRs) that are activated after cellular infection or
stress and trigger capase-1 activation and the maturation of interleukin
1β (IL-1β) and IL-18 to engage innate immune defenses15. A strong association between dysregulated inflammasome activity and certain human
inflammatory diseases underscores the importance of this pathway in
innate immune responses. Various inflammasome complexes are triggered
by distinct stimuli. The NLRP1 inflammasome is activated by anthrax
lethal toxin; the NLRP3 inflammasome is activated by a broad range of
toxic stimuli; the IPAF inflammasome is triggered by bacterial flagellin;
and the AIM2 inflammasome is essential for host defense against
certain intracellular bacteria and DNA viruses15. The AIM2 inflammasome
has been well characterized and is composed of AIM2, the adaptor ASC
(which contains a caspase-activation-and-recruitment domain (CARD))
and caspase-1. AIM2 binds double-stranded DNA of either endogenous
or microbial origin through its HIN200 domain and, after activation, it
oligomerizes and recruits ASC through homophilic interactions of the
pyrin domain. ASC associates with pro-caspase-1 via CARD-CARD inter
actions, a step needed to induce caspase-1 activation16–19. Activation of
caspase-1 results in cleavage of the IL-1β precursor to its mature form20.
The lack of this pathway has pathophysiological consequences, as
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AIM2-deficient (Aim2−/−) mice are extremely susceptible to infection
with Francisella tularensis, the causative agent of tularemia21,22.
Blocking autophagy by genetic deletion of the autophagy regulator
Atg16L1 makes normally poorly responsive macrophages sensitive
to inflammasome activation induced by Toll-like receptor 4 (ref. 23).
Atg16L1-deficient mice suffer severe dextran sulfate sodium–induced
colitis, probably a consequence of enhanced inflammasome activity,
that can be alleviated by neutralization of IL-18 and IL-1β23. Those
observations and others24 prompted us to investigate the relationship between autophagy and inflammasome activity. We found that
various inflammasome stimuli triggered autophagy in macrophages
by activating nucleotide exchange (the replacement of GDP by GTP)
on RalB. Assembled inflammasomes underwent ubiquitination and
recruited p62, which assisted their delivery to autophagosomes. The
manipulation of autophagy affected the production of IL-1β by macro
phages stimulated to trigger inflammasome activation.
RESULTS
Induction of AIM2 and NLRP3 inflammasomes triggers autophagy
To determine whether autophagy accompanied activation of the
AIM2 inflammasome, we used a THP-1 human monocyte cell line
stably expressing the autophagy marker green fluorescent protein–
tagged LC3 (GFP-LC3). When autophagosomes form, GFP-LC3 is
processed and recruited to the autophagosomal membrane, which
results in the accumulation of green fluorescent dots in the cytoplasm; these can be imaged by confocal microscopy25. We induced
AIM2 inflammasomes in macrophages differentiated from these
THP-1 cells by transfecting double-stranded DNA in the form of
poly(dA:dT). We observed autophagosome formation 6 h after transfection (Fig. 1a). Autophagosome induction did not occur when
we omitted double-stranded DNA from the transfection mixture.


e

Exposure to poly(dA:dT) resulted in more cells with autophagosomes
as well more autophagosomes per cell (Supplementary Fig. 1). The
addition of the lysosome inhibitors E64d and pepstatin A resulted in
more cells with GFP-LC3+ dots triggered by exposure to poly(dA:dT)
(Supplementary Fig. 1). Because IL-1β can trigger autophagy in
mouse macrophages26, we determined whether autophagosome formation in this system depended on IL-1β production. Neutralization
of IL-1β had no effect on autophagosome formation over the
time frame of this analysis (Fig. 1a). Addition of the PI(3)K inhibitor 3-methyladenine (3-MA), which is known to block autophagosome formation27, inhibited the poly(dA:dT)-induced autophagic
response (Fig. 1a).
To determine the involvement of beclin-1 and AIM2 in the
poly(dA:dT)-induced formation of autophagosomes, we lowered the
expression of beclin-1 and AIM2 protein through the use of small
interfering RNA (siRNA). The transfection efficiency achieved in
the target cells was approximately 40–50%, which resulted in 50%
lower expression of AIM2 and beclin-1 in the cell lysates (Fig. 1b).
Transfection of poly(dA:dT) together with siRNA targeting beclin-1
or AIM2 impaired autophagosome formation (Fig. 1c). To confirm those results, we prepared bone marrow–derived macrophages
(BMDMs) from wild-type or Aim2−/− mice and stimulated the cells
with poly(dA:dT), then assessed LC3 in the cell lysates by immunoblot analysis. Two forms of LC3, LC3-I and LC3-II, are produced
post-translationally. LC3-I is cytosolic, whereas LC3-II is membrane
bound and shows enrichment on the autophasomal vacuole. LC3
processing (indicated by an increase in the ratio of LC3-II to LC3-I)
was enhanced in the lysates of wild-type BMDMs but not in those of
Aim2−/− BMDMs. As we noted considerable variation in in the basal
ratio of LC3-I to LC3 in wild-type BMDMs, we normalized the results
to the basal ratio of LC3-I to LC-II for each cell preparation (Fig. 1d).
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Figure 2 Inflammasome activation leads to
partial colocalization of autophagosomes and
inflammasomes. (a) Confocal microscopy of
differentiated GFP-LC3+ THP-1 cells transfected for
3 h with Cy3-labeled poly(dA:dT) (1.5 µg/ml). Yellow
dots (Merge) indicate colocalization of green (LC-3)
and red (Cy3) signals. Scale bars, 10 µm. (b) Confocal
microscopy of differentiated GFP-LC3+ THP-1 cells
transfected to express Cy3-poly(dA:dT), imaged every
15 min starting 1 h after transfection (numbers in
bottom left corners indicate time in min (m)).
Arrow indicates coalescence of the Cy3 and GFP
signals (also in bottom right image). (c) Confocal
microscopy of differentiated GFP-LC3+ THP-1 cells
sham-transfected with no poly(dA:dT) (Control)
or transfected with poly(dA:dT), then fixed and
immunostained for ASC (red). Insets (bottom
right), 5× enlargement of areas indicated
by arrowheads at left. Scale bars, 10 µm (top)
or 20 µm (bottom). (d) Confocal microscopy of
differentiated THP-1 cells transfected with poly(dA:
dT) and immunostained for LAMP-1 and ASC;
below, z-axis projections. Scale bars, 10 µm.
(e) Confocal microscopy of differentiated GFP-LC3+
THP-1 cells treated for 2 h with LPS (500 ng/ml)
and ATP (3 mM), then immunostained for ASC (red):
left image in each pair, three-dimensional volume
renderings reconstructed from z-stack images;
right image in each pair, surface-segmentation
models (2× enlargement). Scale bars, 10 µm.
(f) Electron microscopy of differentiated THP-1 cells
stimulated with LPS and ATP (left) or transfected
with poly(dA:dT) (right) for 2 h and immunostained
for ASC, visualized with 15-nm gold-conjugated
protein A. Red arrows indicate ASC immunostaining.
Right image in each pair, 4.5× enlargement of
outlined area at left. Scale bars, 500 nm. Data are
representative of three experiments (a,c) or two
experiments (b,d–f).
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As expected we did not detect any IL-1β protein in the supernatants
of poly(dA:dT)-stimulated Aim2−/− BMDMs (Fig. 1d).
To address whether autophagosome formation occurred as a consequence of activation of the NLRP3 inflammasome, we stimulated
differentiated THP-1 cells with uric acid crystals or nigericin28–30.
Exposure to these stimuli also triggered autophagy that was sensitive
to inhibition by 3-MA but was insensitive to neutralization of IL-1β
(Supplementary Fig. 2). To assess the involvement of ASC or caspase-1
in the induction of autophagy after inflammasome activation, we used
BMDMs from ASC-deficient mice or caspase-1-deficient mice31,32.
Exposure to poly(dA:dT) or nigericin triggered a similar degree of
LC3 processing in wild-type, ASC-deficient and caspase-1-deficient
BMDMs (Fig. 1e). These results indicated that the initial induction of
autophagy in response to stimuli that trigger AIM2 inflammasome activation was dependent on the inflammasome sensor but did not require
complete assembly of the inflammasomes or IL-1β production.
Inflammasomes colocalize with autophagosomes
To visualize any potential interaction between AIM2 inflammasomes
and autophagosomes, we used immunofluorescence confocal micro
scopy. Because AIM2 binds and localizes together with cytosolic DNA,
we initially used fluorescence-labeled DNA as surrogate marker for the
AIM2 inflammasomes. After transfection into differentiated THP-1
cells stably expressing GFP-LC3, the cytosolic poly(dA:dT) labeled
with indocarbocyanine (Cy3) coalesced into fluorescent red dots.
The labeled poly(dA:dT) cytosolic dots partially localized together
nature immunology
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with the GFP-LC3+ autophagosomes (Fig. 2a). Time-lapse imaging
detected the merging of GFP-LC3–delineated autophagosomes with
the Cy3-tagged DNA dots (Fig. 2b). We also stimulated differentiated
GFP-LC3–expressing THP-1 cells with unlabeled poly(dA:dT) and then
immunostained ASC to visualize inflammasomes. We detected partial
overlapping of ASC structures and GFP-LC3–labeled autophagosomes
(Fig. 2c). Mature autophagosomes merge with lysosomes, which results
in degradation of the contents of the autophagosome1. We detected
ASC-labeled structures surrounded by vesicles expressing the lysosome
marker LAMP-1 (Fig. 2d), which suggested that autophagosomes with
inflammasome components merged with lysosomes.
To determine whether NLRP3 inflammasomes also localized
together with autophagosomes, we treated differentiated THP-1 cells
stably expressing GFP-LC3 with lipopolysaccharide (LPS) and ATP.
Although LPS is by itself a poor activator of inflammasomes, it potentiates activation of the NLPR3 inflammasome by the danger signal
ATP28. Because NLPR3 inflammasomes also use ASC, we examined the
localization of ASC-containing cytosolic dots relative to that of GFPLC3–labeled autophagosomes in cells stimulated with LPS and ATP.
The use of surface-rendering software to process the z-section stack
of images allowed us to detect ASC structures completely enclosed in
structures resembling autophagosomes (Fig. 2e and Supplementary
Video 1). Next we visualized by electron microscopy THP-1 cells in
which the NLRP3 and AIM2 inflammasomes had been activated. We
immunostained ultrathin slices for ASC. Exposure to poly(dA:dT)
or to LPS and ATP led to readily identifiable autophagosomes in
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cell lysates (Fig. 4a). Blocking autophagy
together with autophagosomes after inflammasome
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activation. (a) Confocal microscopy of differentiated
inflammasome fraction and less AIM2 in the
+
GFP-LC3 THP-1 cells left untransfected (Control) or
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transfected for 2 h with poly(dA:dT) (1.5 µg/ml), then
(Fig. 4a). This suggested that the autophagoimmunostained for endogenous AIM2. (b) Confocal
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microscopy of differentiated THP-1 cells transfected
some fraction was not contaminated with
for 3 h with poly(dA:dT), then immunostained for LAMP-1 and AIM2. (c) Confocal microscopy of differentiated
inflammasomes and that after blockade of
THP-1 cells left untreated or treated for 2 h with LPS (500 ng/ml) and ATP (3 mM), then immunostained for
autophagy, more AIM2 was associated with
endogenous LC3 and NLRP3. Scale bars, 10 µm. Data are representative of at least three experiments.
inflammasomes. Starving the cells of amino
acids and treating the cells with rapamycin
the cytosol. In many cases, ASC immunostaining was located in the resulted in less AIM2 in the cell lysates without altering the amount in
autophagosome (Fig. 2f). We also detected some ASC immunoreactiv- the two fractions. However, these autophagy stimuli resulted in more
ity along the plasma membrane (Fig. 2f), which correlated with results LC3-II and ASC in the autophagosome fractions (Fig. 4a).
obtained by confocal microscopy (data not shown).
Next we measured mature IL-1β and activated caspase-1 in the
We also verified that the intracellular sensors AIM2 and NLRP3 lysates and culture supernatants of differentiated THP-1 cells transpartially localized with the autophagosomes. For this, we showed fected with poly(dA:dT) and treated with 3-MA or rapamycin or subthat intracellular structures delineated by GFP-LC3 or antibody jected to amino acid starvation. After activation of the inflammasome
to LAMP-1 localized together with AIM2 after transfection of pathway, pro-caspase-1 is processed into two cleaved products, p10
poly(dA:dT) (Fig. 3a,b) and that immunostained endogenous NLRP3 and p20. Transfection of poly(dA:dT) resulted in more IL-1β precurand LC3 overlapped in THP-1 cells after exposure to LPS and ATP sor and activated caspase-1 (p20) in the lysates and more activated
(Fig. 3c). Together these results indicated that both AIM2 and NLPR3 caspase-1 and mature IL-1β (p17) in the supernatants (Fig. 4b).
inflammasomes can be engulfed by autophagosomes and can probably Consistent with the AIM2-fractionation data, blocking autophagy
be destroyed by merging with LAMP-1+ lysosomes.
by 3-MA resulted in more inflammasome activity, as reflected by
more IL-1β and activated caspase-1 in these lysates and supernaManipulation of autophagy regulates inflammasome activation tants than in those of cells transfected with poly(dA:dT) but not
Next we examined AIM2 inflammasome activity in conditions in subjected to further treatment (Fig. 4b). Augmenting autophagy by
which we blocked autophagy with the PI(3)K inhibitor 3-MA or either starvation of amino acids or treatment with rapamycin resulted
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representative of at least two experiments.
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in less  inflammasome activity, as reflected by less IL-1β and activated caspase-1 in these lysates and supernatants than in those of
cells transfected with poly(dA:dT) but not treated further (Fig. 4b).
These results indicated that pharmacological augmentation or inhibition of autophagy can regulate AIM2 inflammasome activity. In
addition, pharmacological manipulation of autophagy affected the
amount of IL-1β in the supernatants of differentiated THP-1 cells
stimulated with the NLRP3 inflammasome–inducers uric acid crystals or nigericin, although this effect was more evident after treatment
with nigericin (Supplementary Fig. 3).
To determine whether autophagy affected inflammasome activation during the infection of normal macrophages with bacteria, we
examined the effect of autophagy blockade on IL-1β production in
mouse macrophages infected with M. tuberculosis. There is probably
complex interaction between autophagy and inflammasome activation
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Connecting the inflammasome and autophagy pathways
The autophagic adaptor p62 links ubiquitinated substrates to the
autophagy pathway13,14. To determine if components of the inflammasome undergo ubiquitination, we assessed whether p62 associated with ASC. In differentiated THP-1 cells, some p62 and beclin-1
immunoprecipitated together with ASC even in the absence of
induced inflammasome activity. This suggested that small amounts
of autophagy may keep inadvertent inflammasome activity in check.

64-

64Poly(dA:dT) –

+

 uring M. tuberculosis infection. Autophagy inhibits the survival of
d
M. tuberculosis in infected macrophages, and inflammasome activation contributes to the clearance of bacteria by promoting phago
lysosomal maturation34. However, M. tuberculosis actively suppresses
inflammasome activation by virtue of its zinc-dependent metalloprotease Zmp1 (ref. 35). Infection of mouse BMDMs with M. tuberculosis
induced autophagy, as indicated by cleavage of LC3 (Fig. 4c). We used
alum, a known inducer of autophagy, as a positive control. Inhibiting
autophagosome formation by treating M. tuberculosis–infected cells
with 3-MA led to more IL-1β in the supernatants (Fig. 4c). These
results suggested that a variety of stimuli that induce inflammasomes,
including exposure to M. tuberculosis, also triggered autophagy, which
limited early IL-1β production.
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Figure 6 Induction of the AIM2 inflammasome triggers polyubiquitination of
ASC. (a) Immunoblot analysis of ASC immunoprecipitates of differentiated
THP-1 cells transfected for 2h with poly(dA:dT) (1.5 µg/ml), probed
for ubiquitin (Ub), then stripped and reprobed for K63-linked ubiquitin
(Ub-K63), then stripped and reprobed for ASC. (b) Immunoassay of
differentiated THP-1 cells treated as in a with protein-dissociation buffer,
followed by immunoprecipitation of ASC (24 kilodaltons (kDa)) and
immunoblot analysis. (c) Confocal microscopy of differentiated THP-1
cells transfected for 2 h with poly(dA:dT), immunostained for ASC (red)
and polyubiquitin (green). PolyUb, polyubiquitination. Scale bars, 10 µm.
Brackets (right margins in a,b) indicate smear of ubiquitinated proteins.
Data are representative of three (a,c) or two (b) experiments.
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The induction of inflammasomes by the transfection of THP-1 cells
with poly(dA:dT) resulted in more immunoprecipitation of p62
together with ASC (Fig. 5a). Immunostaining for ASC and p62 in
differentiated THP-1 cells left untransfected (control) or transfected
with poly(dA:dT) showed that in the absence of inflammasome
activation, p62 resided mainly in the cytosol with occasional small
p62 dots, whereas ASC showed a granular cytoplasmic expression
pattern with some enrichment near the cell cortex (data not shown).
Transfection of poly(dA:dT) induced small and large cytoplasmic
ASC aggregates, which occasionally localized together with p62
(Fig. 5b). Similarly, p62 and AIM2 partially localized together in
stimulated cells, and AIM2 immunoprecipitates contained p62, ASC
and beclin-1 (Supplementary Fig. 4). Inducing NLRP3 inflammasomes by stimulating differentiated THP-1 cells with LPS and ATP
elicited an intimate association between p62 and ASC, as threedimensional reconstruction with surface rendering showed that
many of the ASC aggregates were studded with p62 (Fig. 5c and
Supplementary Video 2).
To further assess the involvement of p62 in the regulation of AIM2
inflammasomes, we diminished the expression of beclin-1 or p62 in
differentiated THP-1 cells through the use of siRNA and examined
the partitioning of AIM2 protein expression between the inflammasome and autophagasome fractions. The use of siRNA resulted
in expression of beclin-1 or p62 that was approximately 50% lower,
consistent with the transfection efficiency of 40–50% (Fig. 5d). As
expected, the autophagosome fraction contained LC3-II but scant
LC3-I (Fig. 5e, band above the prominent LC-II band). Lowering the
expression of either beclin-1 or p62 protein resulted in more AIM2 in
the inflammasome fraction and less AIM2 in the autophagosome fraction after stimulation with poly(dA:dT) (Fig. 5e). Finally, diminishing
the expression of beclin-1 or p62 enhanced the amount of mature
IL-1β and active caspase-1 in the supernatant after activation of AIM2
inflammasomes in THP-1 cells (Fig. 5f). These experiments indicated
that inflammasomes recruited p62, which helped deliver inflamma
somes to autophagosomes.
Inflammasomes undergo Lys63-linked polyubiquitination
The coimmunoprecipation of p62 with ASC as well as their colocalization suggested that either ASC or an ASC-associated protein
was ubiquitinated after AIM2 inflammasomes were induced. To
confirm that those modifications provided targets for the ubiquitinbinding domain of p62, we did immunoblot analysis of ubiquitin in
ASC immunoprecipitated from lysates of differentiated THP-1 cells
left untransfected or transfected with poly(dA:dT). In the absence of
stimulation with poly(dA:dT), very small amounts of ubiquinated
proteins immunoprecipitated together with ASC; however, after
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Figure 7 Inflammasome activity in primary human monocytes and
macrophages can be modulated by autophagy. (a) Immunoblot analysis of
lysates of human monocytes-macrophages primed with LPS (10 ng) and
then transfected with poly(dA:dT) (1.5 µg/ml) or treated with nigericin (4 µM)
for 6 h (numbers below lanes as in Fig. 1d). (b) Immunoblot analysis of
processed caspase-1 and IL-1β (top) and enzyme-linked immunosorbent
assay of IL-1β (middle) in supernatants of monocytes-macrophages treated
for 6 h with various combinations (bottom) of poly(dA:dT) (b) or nigericin (c),
plus 3-MA and amino-acid starvation. *P < 0.01 (unpaired t test). (d)
Confocal microscopy of LPS-primed human monocytes-macrophages
transfected for 3 h with poly(dA:dT) (top), treated for 3 h with nigericin
(middle) or left unstimulated (bottom), immunostained for p62 (green)
and ASC (red); arrows indicate colocalized proteins. Second row, threedimensional volume rendering reconstructed from confocal z-stack images.
Scale bars, 10 µm. Data are representative of at least two experiments.
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transfection of poly(dA:dT), we detected a prominent smear of ubiquinated proteins (Fig. 6a). The ubiquitin-binding domain of p62 has
a ‘preference’ for Lys63 (K63)-linked polyubiquitin chains12. Stripping
the immunoblots containing ASC immunoprecipitates and reprobing
for K63-linked ubiquitin showed a prominent smear of ubiquitinated
proteins, whereas repeating this procedure with antibody to ASC indicated that ASC itself probably underwent K63-linked ubiquitination
(Fig. 6a). Repeating this experiment by dissociating the proteins in
the lysates before the immunoprecipitation further confirmed the
proposal of ASC ubiquitination (Fig. 6b). Finally, we transfected differentiated THP-1 cells with poly(dA:dT) and immunostained the
cells for polyubiquitin chains and ASC and found large ASC aggregates localized together with polyubiquitin (Fig. 6c). These results
indicated that ASC aggregates were polyubiquitinated and suggested
that these inflammasome aggregates could be targeted by p62 into
the autophagy pathway.
Autophagy affects inflammasome activity in primary human cells
Next we determined whether autophagy regulates inflammasome
activity in primary human monocyte or macrophages. In elutriated
human monocytes stimulated with nigericin or transfected with
poly(dA:dT) to activate the inflammasome, autophagy was enhanced
by starving the cells of amino acids and was inhibited by treatment
with 3-MA. We monitored inflammasome activity by measuring
IL-1β (p17) and the p20 cleavage product of caspase-1 in cell supernatants. We verified the induction of autophagy by immunoblot analysis of LC3. Although the efficiency of transfection of poly(dA:dT)
into primary monocytes or macrophages was low, we noted a slightly
lower ratio of LC3-I to LC3-II, whereas nigericin potently induced
LC3 processing (Fig. 7a). Exposure to either poly(dA:dT) or nigericin
triggered more IL-1β production in human monocytes or macrophages that was modulated by either starving the cells of amino acids
or adding 3-MA (Fig. 7b,c). In addition, as with THP-1 cells, treatment of the human cells with poly(dA:dT) or nigericin resulted in partial colocalization of ASC and p62 (Fig. 7d). These results indicated
that similar to results obtained with mouse macrophages and differentiated THP-1 cells, inflammasome activation in human monocytes
or macrophages was modulated by the amount of autophagy.
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Figure 8 Involvement of RalB in inflammasometriggered autophagy. (a) Immunoblot analysis of
lysates of LPS (20 ng/ml)–primed mouse BMDMs
exposed to LPS (500 ng/ml) and ATP (3 µM),
poly(dA:dT) (1.5 µg/ml) or uric acid crystals
(50 µg/ml), detecting GTP-bound RalB (collected
by RaBP1-agarose affinity purification) and RalB
in total lysates. (b) Immunoblot analysis of lysates
and supernatants of mouse BMDMs transfected
with control or RalB-specific siRNA on 2 sequential
days, then primed with LPS and exposed for
6 h to poly(dA:dT) (1.5 µg/ml), probed for RalB,
LC3 and IL-1β; supernatants were collected after
overnight culture in serum-free medium (numbers
below lanes as in Fig. 1d). Nonsp, nonspecific
band. (c) Immunoblot analysis of lysates of wildtype and Aim2−/− mouse BMDMs transfected with
control or AIM2-specific siRNA on 2 sequential
days, primed for 2 h with LPS and then exposed
for 1 h to poly(dA:dT) (numbers below lanes
as in Fig. 1d). (d) Immunoblot analysis of ASC
immunoprecipitates from LPS-primed mouse
BMDMs left untreated or transfected for 1 h with
poly(dA:dT) and treated for 30 min with LPS and
ATP. Mock, immunoprecipitation with control
antibody. (e) Confocal microscopy of LPS-primed
mouse BMDMs left untransfected or transfected
for 30 min with poly(dA:dT), immunostained for
RalB and AIM2 (left three columns); RalB and ASC
(middle columns); and beclin-1 and AIM2 (right two
columns). Bottom row, 3× electronic enlargement of
areas outlined above. Scale bars, 10 µm. Data are
representative of at least two experiments.
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Inflammasome activation induces nucleotide exchange on RalB
Nutritional deprivation triggers the exchange of nucleotides on RalB,
leading to the binding of GTP-RalB to Exo84, which serves as a platform to assemble protein complexes required for the formation and
maturation of isolation membranes6. To determine whether signals
that trigger inflammasome activation affected nucleotide exchange
on RalB, we used a Ral-binding protein 1 (RalBP1) precipitation
assay in which recombinant RalBP1 is added to cell lysates to precipitate GTP-bound RalB, which is detected by immunoblot analysis
for RalB. We assessed lysates of mouse BMDMs treated with LPS
and ATP or with uric acid crystals or transfected with poly(dA:dT).
We found that each of the three signals rapidly induced RalB activation and increased GTP-bound RalB (Fig. 8a). Diminishing RalB
expression in BMDMs through the use of RalB-specific siRNA
impaired the induction of autophagy by poly(dA:dT) and resulted
in more IL-1β in the cell supernatant (Fig. 8b). Diminishing AIM2
expression with siRNA in BMDMs treated with poly(dA:dT) resulted
in less RalB activation and inhibited the induction of autophagy.
Furthermore, poly(dA:dT) did not induce RalB activation in
BMDMs from Aim2−/− mice (Fig. 8c). Immunoprecipitation of ASC
showed low constitutive interaction between ASC and beclin-1 and
between ASC and RalB. Stimulation with LPS and ATP or transfection of poly(dA:dT) resulted in more RalB and beclin-1 in the ASC
immunoprecipitates (Fig. 8d).
Using confocal microscopy to examine the localization of RalB and
AIM2 in BMDMs, we found that before exposure to poly(dA:dT), RalB
and AIM2 showed diffuse speckled patterns in the cytosol that poorly
colocalized. At 30 min after exposure to poly(dA:dT), both proteins
accumulated in the cytosol with considerable overlap in their distribution (Fig. 8e). Transfection of mouse BMDMs with poly(dA:dT)
also enhanced the colocalization of RalB with ASC, of AIM2 with
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beclin-1 and of Exo84 with AIM2 (Fig. 8e and Supplementary
Fig. 5). Treatment of mouse BMDMs with uric acid crystals resulted
in overlap of ASC and beclin-1 in the neighborhood of the crystals as
well as the partial colocalization of ASC with Exo84 (Supplementary
Fig. 5). Finally, in differentiated THP-1 cells, transfection of
poly(dA:dT) or treatment with LPS and ATP caused a redistribution of RalB and ASC that resulted in considerable overlap in their
expression in the stimulated cells (Supplementary Fig. 6). These
experiments indicated that both starvation-induced autophagy and
inflammasome-induced autophagy triggered nucleotide exchange on
RalB and that within cells, inflammasome components partially localized together with beclin-1, Exo84 and RalB.
DISCUSSION
Our study has shown that the activation of inflammasomes led to
the induction of autophagy, which acted to limit inflammasome
activity by physical engulfment. Stimulation of inflammasomes led
to autophagosome formation, which was initially independent of
ASC, caspase-1 or IL-1β production. Pharmacological manipulation of autophagy modulated the production of IL-1β. Autophagy
was able to capture and degrade inflammasomes via inflammasome ubiquitination, which led to the recruitment of p62 and
LC3. Autophagosome formation in the context of inflammasome
induction was functionally important, as either diminishing p62
expression or autophagy blockade enhanced IL-1β production.
Signals that induced inflammasome activation rapidly led to nucleo
tide exchange on RalB, a known direct trigger of autophagosome
formation. Furthermore, diminishing RalB expression resulted in
less inflammasome-triggered autophagy and more IL-1β production.
These data suggested an intimate relationship between inflammasome activation and autophagosome nucleation.
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Although we have established a role for autophagy in downregulating inflammasome activity, the relationship between inflammasomes
and autophagy may be complex and dependent on the specific set of
signals that trigger the two pathways and the particular cell type 15.
For example, infection of macrophages with Shigella flexneri provides
a complicated set of stimuli that trigger autophagy and inflammasome activation36. Shigella enters epithelial cells by phagocytosis and
penetrates the cytosol by breaking the vacuolar membrane. These
membrane remnants recruit LC3 and p62 and undergo polyubiquitination and clearance by autophagy37. Inflammasome components
are located on these membranes, and their removal correlates with
a dampened inflammatory response. The removal of the vacuolar
membranes by autophagy is reminiscent of the removal of inflammasomes observed in our study. Autophagosomes can also suppress
inflammasome activity by diminishing the generation of reactive
oxygen species. Autophagy blockade leads to the accumulation
of damaged mitochondria that generate reactive oxygen species,
which activate NLRP3 inflammasomes38. Conversely, suppressing
mitochondrial activity results in less generation of reactive oxygen
species and inhibits activation of the NLRP3 inflammasome 39.
Although in most of our experiment we used model ligands, which
represent much less complicated stimuli than intracellular bacteria
or virus, our results suggested that the exposure of macrophages to
stimuli that activate inflammasomes rapidly induced autophagy.
In a more physiologically relevant model, we exposed BMDMs to
M. tuberculosis. Despite the known ability of M. tuberculosis to
suppress IL-1β production35, the blockade of autophagy markedly
enhanced IL-1β production after infection.
Our study raises several questions. How do signals that trigger
inflammasome activation upregulate autophagy, and what is the connection between the biochemical mechanisms that drive inflammasome assembly and trigger autophagosome nucleation? We found that
autophagy induction was dependent on the inflammasome sensor but
not on ASC or caspase-1. Furthermore, stimuli that trigger inflamma
somes caused nucleotide exchange on RalB. GTP-RalB is known to trigger the assembly of Exo84–beclin-1 and Exo84-Vps34 complexes, which
leads to autophagy induction6. We observed that RalB also partially
localized together with AIM2 and ASC after inflammasomes were triggered. It remains unclear how nutrient starvation and inflammasome
activation led to nucleotide exchange on RalB, but it was presumably
mediated by one of the five known RalB guanine nucleotide–exchange
factors6. We speculate that the exocyst, a hetero-octameric complex that
has been linked to signaling during pathogen infection and assembly of
the autophagosome machinery, may also have some direct involvement
in the assembly and targeting of inflammasomes.
The induction of nucleotide exchange on RalB provides a mechanism by which stimulation of inflammasomes can trigger autophagosome assembly, but it does not explain why inflammasomes are
autophagosome targets. Our finding that the activation of inflammasomes led to the ubiquitination of ASC and perhaps other inflammasome components provides a potential answer. The ubiquitinated
inflammasome can recruit p62, which by virtue of its LC3-binding
domain can deliver the inflammasome to the autophagy pathway.
Although inflammasome-mediated production of IL-1β was not necessary for the induction of autophagy over the time frame analyzed
here, it may contribute to this over a longer time frame.
Another question is which ubiquitin E3 ligase ubiquitinates ASC.
The ligase TRAF6 is a candidate. TRAF6 directly associates with p62,
which triggers the K63-linked ubiquitination of TRAF6, increasing
its E3 ligase activity40,41. Beclin-1 serves as a TRAF6 substrate, and
its ubiquitination by TRAF6 facilitates the induction of autophagy 26.


TRAF6 is also known to be recruited to remnants of the vacuolar
membrane during the infection of epithelial cells with Shigella36.
Although remnants of the vacuolar membrane undergo mainly Lys48
(K48)-linked ubiquitination, for which p62 may have less affinity,
K48-linked ubiquitin may serve as a localizing factor, as overexpression of ubiquitin with substitution of arginine for lysine at position 48
blocks the distribution of p62 and polyubiquitinated proteins together
on membrane remnants36. Similarly, as both AIM2 and ASC lack a
consensus TRAF6-binding site42, perhaps a component of the inflammasome initially undergoes K48-linked ubiquitination, which recruits
the p62-TRAF6 complex. Alternatively, another E3 ligase may ubiq
uitinate ASC.
Finally, why does autophagy fail as a negative-feedback loop in
diseases characterized by excessive production of IL-1β? The simultaneous activation of inflammasomes and assembly of autophagosomes
acts to limit inflammasome activity and, in the setting of a limited
insult, it allows the cells to return to a basal state by the eventual
elimination of inflammasomes. However, in the setting of persistent
inflammatory stimuli, autophagy presumably only tempers inflammasome activity. We predict that autophagosome blockade in the setting
of chronic inflammation would severely worsen the inflammatory
response. Some inflammatory signals or infections can trigger pyroptosis, a highly inflammatory form of cell death in which cells lose
their membrane integrity and secrete large amounts of inflammatory
cytokines36. Some evidence exists showing that autophagy may negatively regulate pyroptosis43. By eliminating the ASC ‘pyroptosome’
(a macromolecular aggregate of ASC), autophagy could serve as cellsurvival mechanism when the infection is not overwhelming.
We conclude that the induction of inflammasomes is accompanied
by autophagosome formation. Autophagy can limit inflammasome
activity and potentially help rid cells of ASC pyroptosomes. The
ubiquitination of these structures and the recruitment of p62 and
LC3 serve to link inflamasomes and pyroptosomes to the autophagy
pathway. The failure to appropriately clear inflammasomes and ASC
pyroptosomes would probably lead to excessive inflammation and cell
death. The pharmacological manipulation of autophagy may provide
a potent means with which to modify inflammatory responses.
Methods
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
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ONLINE METHODS

Mouse cells, cell culture, plasmids and reagents. Wild-type C57BL/6 mice
were obtained from Jackson Laboratory or Taconic Farms. ASC-deficient
mice were originally generated at Millennium Pharmaceuticals as described30.
Caspase-1-deficient mice were originally generated by R. Flavell as described44
and were subsequently backcrossed ten times onto the C57BL/6 background.
Aim2−/− mice have been described21. All mice were 6–12 weeks of age at use.
Mice were housed under specific pathogen–free conditions. All animal experiments and protocols were approved by the Animal Care and Use Committee of
the National Institute of Allergy and Infectious Diseases (US National Institutes
of Health). For the preparation of BMDMs, bone marrow was flushed from
femurs and tibia of mice and was plated in RPMI medium plus 10% (vol/vol)
FCS supplemented with conditioned medium from L929 cells (30% (vol/vol)).
Fresh medium was added on day 4 and macrophages were used after 6–8 d of
culture. THP-1 cells from American Type Culture Collection were maintained
in RPMI-1640 medium containing 10% (vol/vol) FBS and 0.05 mM
2-mercaptoethanol. THP-1 cells were differentiated into macrophages by treatment for 3 h with 50 nM PMA (phorbol 12-myristate 13-acetate; Sigma-Aldrich).
Human peripheral blood monocytes were obtained from healthy volunteers
by leukapheresis and prepared by countercurrent centrifugal elutriation. The
cDNA encoding LC3 was a gift from N. Mizushima. GFP-LC3 was used to
generate THP-1 cells stably expressing this marker. Poly(dA:dT) from SigmaAldrich was prepared with HD Transfection Reagent according to the manufacturer’s recommendation (Roche) and was used to treat differentiated THP-1
cells (1–2 µg/ml) and primary macrophages. For confocal imaging, poly(dA:dT)
was labeled with Label IT Tracker Cy3 according to the manufacturer’s protocol (Mirus). Rapamycin (Sigma-Aldrich) was used at a concentration of
25 nM; Z-VAD-fmk (benzyloxycarbonyl–Val-Ala-Asp–fluoromethylketone;
Sigma-Aldrich), 10 µM; and 3-methyladenine (3-MA, Sigma-Aldrich), 5 mM.
Neutralizing antibody to IL-1β (2805; R&D Systems) was used at a final concentration of 1 µg/ml. LPS (Alexis) and ATP (Sigma-Aldrich) were used at a
concentration of 500 ng/ml and 2 mM, respectively, to stimulate differentiated
THP-1 cells. Nigericin (Sigma-Aldrich) was used at a concentration of 4 µM,
and uric acid crystals (Alexis) was used at a concentration of 50 µg/ml.
RNA-mediated interference. The siRNA pools targeting human or mouse
AIM2, human beclin-1, human p62 or mouse RalB, or control siRNA with
scrambled sequence (Santa Cruz Biotechnology) were prepared with 2 µl HD
Transfection Reagent and were used at concentration of 40 nM to treat differentiated THP-1 cells or mouse BMDMs overnight. Then 1 d later, the same
siRNAs were mixed with poly(dA:dT). Cells were analyzed from 1 h to 8 h
after inflammasome activation.
GFP-LC3 assay. These assays were done as described8. A minimum of
50–100 GFP+ cells per sample were counted, and cells with GFP-LC3+ dots
were counted. Cells were considered positive if they had more than three
large GFP-LC3+ dots. Data are presented as a percentage of the total number
of GFP+ cells visualized.
Immunoblot analysis and immunoprecipitation. Antibody to ubiquitin
(anti-ubiquitin; P4D1; Santa Cruz Biotechnology), mouse anti-p62 (3; BD
Transduction Laboratories), mouse anti-beclin-1 (612113; BD Transduction
Laboratories), antibody to K63-linked polyubiquitin chains (HWA4C; eBiosciences), mouse anti-AIM2 (SAB1406827; Sigma-Aldrich), mouse anti-RalB
(25; Millipore), rabbit anti-ASC (AL177; Alexis Biochemicals), goat anti-IL-1β
(AB-401-NA; R&D Systems), rabbit anti-capase-1 (EPR4321; Epitomics), mouse
anti-LC3 (4E12; MBL International) and anti-actin (A2066; Sigma-Aldrich)
were used for immunoblot analysis as described8,26. For stripping, membranes were submerged for 60 min at 55–60 °C in a buffer containing 100 mM
2-mercaptoethanol, 2% (vol/vol) SDS and 62.5 mM Tris-HCl, pH 6.7, with
agitation, and then were washed six times. Blots were scanned and imported
into Photoshop as unmodified tagged image file format (TIFF) files. Polyclonal
rabbit anti-ASC (AL177; Alexis) and Protein PLUS–Agarose (Santa Cruz
Biotechnology) were used for immunoprecipitation of poly(dA:dT)-activated
inflammasomes. Cells were lysed in a buffer of 20 mM HEPES, pH 7.4, 50 mM
β-glycerophosphate, 1 mM Na3VO4, 0.5% (vol/vol) Triton X-100, 0.5%
(vol/vol) CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane
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sulfonate hydrate) and 10% (vol/vol) glycerol with a protease inhibitor ‘cocktail’
tablet. Lysates were incubated for 2 h at 4 °C with the appropriate antibodies,
at which point Protein G PLUS-Agarose was added, followed by incubation for
1 h at 4 °C. Immunoprecipitates were collected and washed eight times with lysis
buffer, then separated by SDS-PAGE and analyzed by immunoblot. A standard protocol was followed for analysis of ubiquitination after denaturation of
lysates45. Published methods were used for preparation of inflammasome- and
autophagosome-enriched fractions46,47.
Measurement of activated caspase-1 and mature IL-1b. Cells cultured in
12-well plates were washed twice with OPTI-MEM, and 0.5 ml OPTI-MEM
was added to each well along with reagents, followed by culture for 6 h. For
starvation of amino acids and serum, cells were washed with PBS twice and
cultured for 6 h at 37 °C in Earle’s balanced-salts solution. Medium from each
well was mixed with 0.5 ml methanol and 0.125 ml chloroform, vortexed, and
centrifuged for 5 min at 13,000 r.p.m. in a microcentrifuge (Eppendorf 5417R).
The upper phase of each sample was removed and 0.5 ml methanol was added.
Samples were centrifuged again for 5 min at 13,000 r.p.m. as described above,
then supernatants were removed and pellets were dried for 5 min at 50 °C.
Then, 60 µl loading buffer was added to each sample, followed by boiling
for 10 min before SDS-PAGE and immunoblot analysis with antibodies for
the detection of activated caspase-1 (D5782; Cell Signaling) or mature IL-1β
(Asp116; Cell Signaling). Adherent cells in each well were lysed with the lysis
buffer described above, followed by immunoblot analysis to determine the
cellular content of various proteins.
Immunofluorescence. For confocal imaging of fixed cells, mouse BMDMs,
differentiated human monocytes or differentiated THP-1 cells were used. After
the appropriate treatment, cells were washed twice with PBS, fixed overnight at
–20 °C with cold methanol and washed again with PBS. Nonspecific receptors
on cells were blocked for 1 h with 5% BSA (Sigma-Aldrich). Rabbit anti-ASC
(sc-22514-R; Santa Cruz Biotechnology), mouse anti-p62 (3; BD Transduction
Laboratories), antibody to multiubiquitin chains (FK1; MBL International),
rabbit anti-AIM2 (sc-137967; Santa Cruz Biotechnology), mouse anti-RalB (25;
Millipore), rabbit anti-LC3 (L8918; Sigma), mouse monoclonal antibody to
NLRP3 (Cryo-2; Enzo Life Sciences), goat anti-Exo84 (sc-160319; Santa Cruz
Biotechnology), mouse anti-beclin-1 (612113; BD Transduction Laboratories)
and anti-LAMP-1 (sc-2001; Santa Cruz Biotechnology) were used for immuno
staining. Goat anti-mouse (A-11001 and A-11019), goat anti-rabbit (A-11006
and A-11036) and rabbit-anti-goat (A-11078 and A-11079) conjugated to
either Alexa Fluor 488 or Alexa Fluor 568 were used as secondary antibodies
(all from Invitrogen). Two systems were used for cell imaging. A PerkinElmer
Ultraview spinning-wheel confocal system mounted on Zeiss Axiovert 200
equipped with an argon-krypton laser was used; images were collected with a
100× Plan-Aprochromax oil-immersion objective (numerical aperture, 1.4).
A TCS-SP5 X Supercontinuum confocal microscope equipped with an argonwhite laser (Leica Microsystems) and 63× oil-immersion objective (numerical aperture, 1.4) was also used. For live-cell studies, CO2 was maintained
at 5% and the temperature was 37 °C. Images of dynamic cell interactions
were recorded as vertical z-stacks (three-dimensional images) or as vertical
z-stacks over time (four-dimensional images). Imaris 7.1.1 (Bitplane),
Ultraview 5.5 (PerkinElmer) and Adobe Photoshop 7 (Adobe Systems) were
used for image processing.
Electron microscopy. Cell were pelleted in 1.5% (wt/vol) low-melting-point
agarose, then pellets were washed three times with PBS, dehydrated in ethanol
series and embedded in LR White (SPI). Ultrathin sections were mounted on
150-mesh uncoated nickel grids. Grids were floated for 20 min on blocking
solution (0.1% (vol/vol) Tween 20 and 0.5% (wt/vol) cold-water fish gelatin
(Ted Pella) in PBS), incubated for 1 h with anti-ASC (sc-22514-R; Santa
Cruz Biotechnology), rinsed three times, incubated for 1 h with 15-nm goldconjugated protein A (Ted Pella), rinsed in PBS and then water, then air-dried.
Sections were stained with aqueous uranyl acetate and viewed with a Phillips
CM10 electron microscope.
Infection of mouse BMDMs with M. tuberculosis. Mouse BMDMs were
plated at a density of 1.5 × 106 cells per well in 12-well plates, primed for
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3 h with LPS (20 ng/ml) and then stimulated for 5–6 h with heat-killed
M. tuberculosis strain H37Ra (500 µg/ml), live M. tuberculosis H37Ra (multi
plicity of infection, 1) or alum (400 ug/ml). Cells were lysed with the lysis buffer
described above with 0.3% (vol/vol) SDS and protease inhibitors. Lysates were
analyzed by immunoblot for LC3. For analysis of IL-1β in supernatants, cells
were stimulated overnight as described above in the presence or absence of
2 mM 3-MA. Cells were induced with LPS and ATP (5 mM) as a positive control.
Supernatants were precipitated with methanol-chloroform as described above,
followed by immunoblot analysis with goat anti–mouse IL-1β (AB-401-NA;
R&D Systems).
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RalB-activation assay. An RalB Activation Assay kit (Millipore) was used for
the detection of GTP-bound RalB, with the following slight modifications of
the manufacturer’s protocol. First, 0.3% (vol/vol) SDS was added to the lysis

buffer supplied by the manufacturer. Stimulated cells were lysed for 1 min
and then the lysates were immediately centrifuged for 1 min at 14,000 r.p.m.
in a microcentrifuge (Eppendorf 5417R). Supernatants were collected and
diluted fourfold with lysis buffer in the absence of SDS, then agarose-bound
RalBP1 was added.
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