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ABSTRACT When microbes contaminate the macrophage cytoplasm, leukocytes undergo a proinflammatory death that is initi-
ated by nucleotide-binding-domain-, leucine-rich-repeat-containing proteins (NLR proteins) that bind and activate caspase-1.
We report that these inflammasome components also regulate autophagy, a vesicular pathway to eliminate cytosolic debris. In
response to infection with flagellate Legionella pneumophila, C57BL/6J mouse macrophages equipped with caspase-1 and the
NLR proteins NAIP5 and NLRC4 stimulated autophagosome turnover. A second trigger of inflammasome assembly, K� efflux,
also rapidly activated autophagy in macrophages that produced caspase-1. Autophagy protects infected macrophages from py-
roptosis, since caspase-1-dependent cell death occurred more frequently when autophagy was dampened pharmacologically by
either 3-methyladenine or an inhibitor of the Atg4 protease. Accordingly, in addition to coordinating pyroptosis, both (pro-)
caspase-1 protein and NLR components of inflammasomes equip macrophages to recruit autophagy, a disposal pathway that
raises the threshold of contaminants necessary to trigger proinflammatory leukocyte death.

IMPORTANCE An exciting development in the innate-immunity field is the recognition that macrophages enlist autophagy to
protect their cytoplasm from infection. Nutrient deprivation has long been known to induce autophagy; how infection triggers
this disposal pathway is an active area of research. Autophagy is encountered by many of the intracellular pathogens that are
known to trigger pyroptosis, an inflammatory cell death initiated when nucleotide-binding-domain-, leucine-rich-repeat-
containing proteins (NLR proteins) activate caspase-1 within inflammasome complexes. Therefore, we tested the hypothesis that
NLR proteins and caspase-1 also coordinate autophagy as a barrier to cytosolic infection. By exploiting classical bacterial and
mouse genetics and kinetic assays of autophagy, we demonstrate for the first time that, when confronted with cytosolic contami-
nation, primary mouse macrophages rely not only on the NLR proteins NAIP5 and NLRC4 but also on (pro-)caspase-1 protein to
mount a rapid autophagic response that wards off proinflammatory cell death.
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In settings as diverse as HIV-infected T lymphocytes, infected
plant leaves, fruit fly ovaries, and embryonic mouse lungs, au-

tophagy is coupled to programmed cell death, as either a partner
or an antagonist (1–4). Several intracellular bacterial pathogens
that trigger the proinflammatory cell death known as pyroptosis
(5) also stimulate autophagy, a mechanism to capture and elimi-
nate cytoplasmic debris. To investigate how these two mecha-
nisms of innate immunity are coordinated, we exploit Legionella
pneumophila, a Gram-negative pathogen of water and soil amoe-
bae that can also replicate within alveolar macrophages to cause
the pneumonia Legionnaires’ disease.

Unlike humans, mice and their macrophages are equipped to
restrict L. pneumophila infection by processes coordinated by the
nucleotide-binding-domain-, leucine-rich-repeat-containing
proteins (NLRs) NAIP5 and NLRC4 (IPAF) and the cysteine pro-
tease caspase-1 (6–8). In particular, bacterial flagellin that con-
taminates the macrophage cytosol during type IV secretion is de-

tected by NAIP5 (9–11), which then binds to NLRC4 (6). As a
consequence, NLRC4 and pro-caspase-1 interact through their
respective CARD domains to assemble an inflammasome com-
plex, wherein the protease is activated. Caspase-1 cleaves pro-
interleukin 1� (pro-IL-1�) and -IL-18 and also generates pores in
the macrophage plasma membrane, thereby triggering osmotic
lysis and release of mature proinflammatory cytokines (5, 12, 13).
Thus, pyroptosis promotes inflammation while denying the
pathogen its intracellular niche. In addition to coordinating py-
roptosis, NAIP5, NLRC4, and caspase-1 limit the capacity of flag-
ellate L. pneumophila to establish replication vacuoles by a mech-
anism that had not been elucidated (8, 14–18).

One barrier to infection that has been associated with inflam-
masome function is autophagy. This broadly conserved mem-
brane traffic pathway can capture and degrade cytoplasmic mate-
rial, such as damaged or redundant organelles (19). Autophagy
can also function as an alternative mechanism for egress of a va-
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riety of substrates, including the yeast protein Acb1, poliovirus,
Escherichia coli, Brucella abortus, and proinflammatory cytokines
(20–25). Both autophagy and inflammation are regulated by one
class of NLR proteins that function independently of caspase-1.
Molecular genetic studies of Crohn’s inflammatory bowel disease
revealed that NOD1 and NOD2, sensors of cytosolic peptidogly-
can, not only induce autophagy by interacting directly with
Atg16L1 but also regulate cytokine production via the NF-�B
pathway (26, 27).

Also linked to autophagy is a second class of NLR proteins—
those that collaborate with caspase-1 to initiate pyroptosis. Rem-
nants of phagosomes ruptured by Shigella flexneri in host epithe-
lial cells are decorated by components of both the autophagy and
inflammasome machineries (28). Excess autophagosomes accu-
mulate when caspase-1�/� mutant macrophages are infected by
S. flexneri (29), indicating that caspase-1 may affect either au-
tophagosome formation or maturation. Autophagosome matura-
tion is sluggish in macrophages of A/J mice, whose partial loss-of-
function NLR Naip5 allele confers susceptibility to L. pneumophila
(30). Moreover, in resting cells, NLRP4 and NLRC4 are com-
plexed with Beclin-1/Atg6 (31), an early component of the au-
tophagy pathway. Accordingly, an intriguing possibility is that
microbe-associated microbial patterns (MAMPs) that stimulate
inflammasome assembly simultaneously relieve NLR inhibition
of Beclin-1 to induce autophagy. Moreover, recent molecular ge-
netic studies demonstrated that stimulation of the AIM2 or
NLRP3 inflammasome pathways also increases autophagy, which
in turn targets the NLR proteins for disposal (32). Therefore, to
investigate the ability of macrophage inflammasome components
to modulate autophagy and pyroptosis as barriers to infection, we
exploited an intracellular infection model that is amenable to ge-
netic, kinetic, and dosage analysis.

RESULTS
Inflammasome components equip macrophages to alter
L. pneumophila trafficking. We first verified that C57BL/6 mouse
macrophages restrict replication by L. pneumophila by relying on
NAIP5, NLRC4, and caspase-1 to recognize cytosolic flagellin and

induce pyroptosis (7, 8). Compared to infected wild-type (WT)
cells, macrophages that lacked each inflammasome component
had a higher yield of viable bacteria (Fig. 1A) and lower frequency
of pyroptotic nuclei (Fig. 1B).

In addition to caspase-1-dependent cell death, mouse macro-
phages limit replication vacuole formation by flagellate L. pneu-
mophila by another mechanism that has not been defined (8, 14,
16–18). To verify this observation in our experimental system,
WT and mutant C57BL/6J macrophages were first infected for
1.5 h with a bacterial dose too low to induce pyroptosis, and then
delivery of virulent bacteria to LAMP-1� compartments was
quantified. Indeed, resistant macrophages more frequently con-
tained bacteria in LAMP-1� vacuoles than did cells from
Naip5�/�, Nlrc4�/�, or caspase-1�/� mutant mice (Fig. 1C). The
trafficking defect of each inflammasome-component mutant cell
was specific to virulent L. pneumophila, since both resistant and
permissive macrophages efficiently delivered avirulent dotA type
IV secretion mutant bacteria to nonpermissive LAMP� vacuoles
(Fig. 1C).

In resistant macrophages, a subset of L. pneumophila organ-
isms do form replication vacuoles, but these compartments are
later disrupted (8). To determine whether flagellin recognition by
NAIP5 and NLRC4 contributes to lysis of pathogen replication
vacuoles, we recorded whether progeny bacteria were vacuolar or
dispersed in wild-type (WT) and mutant macrophages. After in-
fection for 18 h, replication vacuoles were disrupted more fre-
quently when the pathogens expressed flagellin and the macro-
phages produced NAIP5 and NLRC4 (Fig. 2A and B). By 40 h, flaA
mutant L. pneumophila organisms had lysed the primary host cell
and established secondary infections (8) (data not shown). In con-
trast, WT L. pneumophila organisms were degraded and scattered
throughout the cell (Fig. 2A), consistent with the decline in the
yield of CFU in resistant macrophages observed in this period (8,
15, 17). The multiple scattered and degraded bacteria likely rep-
resent the progeny of a single infectious bacterium, since at 2 h
after infection, only ~10% of macrophages were infected, virtually
all of these contained a single bacterium, and secondary infections
are not typically observed until �18 h of infection. Therefore, in

FIG 1 Inflammasome components in mouse macrophages restrict growth of L. pneumophila, coordinate pyroptosis, and alter bacterial trafficking. (A) NAIP5,
NLRC4, and caspase-l equip mouse bone marrow-derived macrophages to restrict replication of flagellate L. pneumophila. Shown is the mean (� SD) fold
increase in CFU from 2 to 72 h calculated from two experiments performed in duplicate after infection of cells of the genotypes indicated at an MOI of �1. **,
P � 0.01; *, P � 0.05 compared to the C57BL/6J yield. (B) NAIP5, NLRC4 and caspase-1 equip macrophages to commit pyroptosis in response to flagellate
L. pneumophila. The mean (� standard error [SE]) percentage of macrophages whose nucleus was round and phase dense, a morphological hallmark of
pyroptosis, was calculated by scoring at least 100 macrophages 7 h after infection at an MOI of �1 with either WT or flaA mutant L. pneumophila in each of two
(flaA) or more (WT) experiments. *, P � 0.05 compared to C57BL/6J cells infected with WT bacteria. (C) NAIP5, NLRC4 and caspase-1 promote delivery of
L. pneumophila to the macrophage endosomal pathway. The mean (� SE) percentage of bacteria that colocalized with the late endosomal and lysosomal protein
LAMP-1 was calculated by scoring at least 50 WT (top) or dotA mutant (bottom) intracellular bacteria 1.5 h after infection of macrophages of the genotype
indicated at an MOI of �1 in two (caspase-1) or three (C57BL/6J, Naip5�/�, and Nlrc4�/�) independent experiments. **, P � 0.01; *, P � 0.05, compared to
C57BL/6J cells.
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FIG 2 Inflammasome components equip macrophages to disrupt L. pneumophila replication vacuoles, which correlates with autophagy. (A) After infection of
C57BL/6J macrophages with WT or flaA mutant L. pneumophila at an MOI of �1 for 18 or 40 h, bacteria (red) were vacuolar (flaA-18h), dispersed rods
(WT-18h) or degraded (WT-40 h). (B) The mean (� SE) percentage of macrophages containing dispersed WT or flaA mutant bacteria 18 h after infection was

(Continued)
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addition to contributing to pyroptosis, the NLR proteins NAIP5
and NLRC4 equip mouse macrophages to perturb not only the
immediate trafficking of L. pneumophila but also the stability of
mature replication vacuoles.

Since intracellular pathogens that perforate their vacuoles in-
duce autophagy (33–35), we investigated whether resistant mac-
rophages activated this degradation pathway. Macrophages were
infected at a multiplicity of infection (MOI) of �1 for 13 h, a time
point after bacterial replication has begun but before either sec-
ondary infections or detachment of pyroptotic cells. To analyze
these asynchronous infections, autophagy was quantified by
counting puncta of GFP-LC3 and p62, and the macrophage re-
sponse to infection was categorized according to the morpholo-
gies of the cell, bacterial vacuole, and nucleus. Macrophages that
were still well spread and that contained bacteria within replica-
tion vacuoles rarely had LC3 puncta (Fig. 2C, category I). Con-
versely, GFP-LC3 frequently colocalized with dispersed L. pneu-
mophila in macrophages that had already committed pyroptosis,
identified as rounded cells with condensed nuclei category IV.
Dispersal of the bacteria also correlated with the appearance of
puncta of p62 (Fig. 2D), a protein that links LC3 to ubiquitinated
substrates (36, 37). Autophagy may precede pyroptosis, since
GFP-LC3 puncta were also evident in some healthy macrophages
that contained dispersed bacteria (Fig. 2C, category II). However,
these trends did not reach statistical significance, perhaps because
the 13-h infection was asynchronous and membrane-bound LC3
is short-lived due to efficient degradation within autophagolyso-
somes (37, 38).

To gauge the contribution of flagellin to the macrophage au-
tophagy and pyroptosis response to dispersed bacteria, we quan-
tified the autophagy markers LC3 and p62 in resistant macro-
phages infected with WT or flaA mutant L. pneumophila.
Compared to cells infected with WT pathogens, LC3 and p62
puncta were present less frequently in macrophages that con-
tained scattered flaA mutant bacteria (Fig. 2C and D). Thus,
flagellin is one of multiple stimulatory factors released by L. pneu-
mophila. A similar scenario was reported to occur when replicat-
ing L. pneumophila sdhA mutants are released from their unstable
vacuoles in permissive A/J Naip5 mutant macrophages (35). In-
dependently of flagellin recognition, LC3 colocalizes with some
scattered bacteria, many are degraded, and pyroptosis is induced
(35). A residual flagellin-independent response to replicating
L. pneumophila is expected, since flagellin expression is not de-
tected in replicating L. pneumophila (39), microbe-associated mi-
crobial patterns (MAMP) of L. pneumophila other than flagellin
activate inflammasomes (35, 40), and flaA mutant L. pneumophila
are eventually cleared from the lungs of C57BL/6J mice (8).

This series of morphological and genetic studies indicated that,
in addition to pyroptosis (Fig. 1B and 2C), the bacterial MAMP
flagellin and the mouse NLR proteins NAIP5 and NLRC4 poten-
tiate two other responses by resistant macrophages: disruption of

the L. pneumophila replication vacuole (Fig. 2A and B) and au-
tophagy (Fig. 2C and D). Therefore, we next applied a more rig-
orous genetic test of whether inflammasome components impact
the autophagy response.

Inflammasome components stimulate autophagosome
turnover. To investigate whether NAIP5, NLRC4, and caspase-1
equip macrophages to stimulate the autophagy pathway in re-
sponse to cytosolic flagellin, we applied a pulse-chase method de-
veloped previously (38). Because LC3� autophagosomes have a
half-life of �30 min in primary C57BL/6J mouse macrophages
(38), we increased the sensitivity of our cell biological assays by
examining the impact of short, synchronous infections on a large
population of preformed autophagosomes.

When transferred to amino acid-free buffer for 20 min,
C57BL/6J mouse macrophages rapidly accumulate multiple vac-
uoles decorated by LC3 (Fig. 3A and B) and lipidated LC3 protein
(38) (data not shown), a second indicator of autophagy (37).
When C57BL/6J macrophages that contained numerous pre-
formed autophagosomes were then exposed to virulent L. pneu-
mophila, the number of LC3� vacuoles diminished to baseline
within 10 min (Fig. 3A and B). In contrast, in uninfected C57BL/6J
macrophages, autophagosome maturation typically requires
30 min, as determined by analyzing the size of the LC3� vacuole
population and the amount of lipidated LC3 protein after the
macrophage amino acid supply has been restored (38). When fu-
sion of autophagosomes with lysosomes was inhibited by pretreat-
ing macrophages with bafilomycin A (37), the size of the LC3�

vacuole population increased in uninfected macrophages but still
declined rapidly in response to L. pneumophila (Fig. 3C). There-
fore, rather than stimulating autophagosome maturation, flagel-
lin recognition by inflammasome components may stimulate au-
tophagosome egress (20–25).

Rapid turnover of autophagosomes was coordinated by the
inflammasome components that respond to cytosolic flagellin.
First, the number of LC3� vacuoles was stable in resistant macro-
phages infected with flaA flagellin or dotA secretion mutants
(Fig. 3A and B). Second, the size of the LC3� vesicle population
remained stable when Nlrc4�/� or caspase-1�/� mutant macro-
phages were infected with either WT, flaA, or dotA L. pneumophila
(Fig. 3B). Third, NAIP5 also contributed, since macrophages that
lacked this NLR did not exhibit a rapid decline in autophagosome
number in response to flagellate, type IV secretion-competent
L. pneumophila (Fig. 3B). The modest decline in vacuoles ob-
served in Naip5�/� macrophages was neither dependent on flagel-
lin nor statistically significant. A fourth striking observation was
that, compared to C57BL/6J, Naip5�/�, and Nlrc4-/-cells, macro-
phages obtained from caspase-1�/� mutant mice harbored signif-
icantly fewer autophagosomes 20 to 30 min after transfer to amino
acid-free buffer (Fig. 3B and D). Together, these results indicate
that inflammasome components, including (pro-)caspase-1 pro-
tein, equip macrophages to stimulate rapid autophagosome turn-

Figure Legend Continued

calculated for �100 infected macrophages of the genotypes indicated in three (WT) or two (flaA) experiments. *, P � 0.05 compared to C57BL/6J cells infected
with WT bacteria. (C) After infection of macrophages from transgenic LC3-GFP C57BL/6J mice for 13 h with WT or flaA mutant Legionella (red) at an MOI of
�1, the mean % (� SE) of macrophages of each of four morphological classes (blue nuclei) that contained at least 3 LC3-GFP� puncta (green) was calculated
by scoring �200 macrophages in each of four experiments. **, P � 0.01 and *, P � 0.05, compared to macrophages with normal nuclei and vacuolar bacteria.
Arrows indicate LC3 colocalization with bacteria. (D) After infecting C57BL/6J macrophages for 13 h with WT or flaA mutant L. pneumophila at an MOI of �1,
the mean (� SE) % uninfected (RPMI) or infected macrophages (red) containing two or more p62 puncta (green) was calculated by scoring at least 100
macrophages in three (RPMI) or four (WT, flaA) independent experiments. **, P � 0.01 and *, P � 0.05 compared to uninfected macrophages.
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FIG 3 Inflammasome components promote rapid autophagosome flux in response to flagellate, type IV secretion-competent L. pneumophila. (A) Transgenic
GFP-LC3 C57BL/6J macrophages were maintained in RPMI or treated for 20 min with Hanks buffer before identifying autophagosomes using GFP-specific
antibody (LC3). Alternatively, after a population of autophagosomes had been generated, macrophages were infected for 10 min with WT, flaA, or dotA mutant
L. pneumophila at an MOI of 3 (WT, dotA) or �10 (flaA) before immunolabeling of bacteria (Lp) and autophagosomes (LC3). Arrowheads indicate infected
macrophages. (B) Macrophages of the indicated genotypes were treated as described above to calculate the mean (� SE) percentage of 100 macrophages
containing �3 autophagosomes labeled with LC3-specific antibody in each of three experiments. **, P � 0.01; *, P � 0.05, compared to Hanks buffer-treated
cells; #, P � 0.04 compared to C57BL/6J macrophages treated with Hanks buffer. (C) C57BL/6 transgenic GFP-LC3 macrophages were incubated for 30 min with
or without 25 nM bafilomycin A, an inhibitor of autophagosome-lysosome fusion, treated for 20 min with Hanks buffer with or without bafilomycin A, and then

(Continued)
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over as a response to cytosolic stress, such as exposure to the
MAMP flagellin.

Caspase-1 promotes autophagy in response to K� efflux. As
an independent test of the contribution of caspase-1 protein to
autophagy, we exploited the observation that efflux of cytosolic
K� mediated by ionophores induces inflammasome assembly
(41). Treatment of microglial cells or macrophages with ATP, a
ligand of the P2X7 receptor that induces K� efflux, is known to
stimulate autophagosome accumulation and egress (23, 42), but
whether caspase-1 contributed was not investigated. THP-1
monocytic cells and primary mouse macrophages do accumulate
activated LC3 in the presence or absence of caspase-1 protein
when the NLRP3 or AIM2 inflammasome pathway is stimulated
by prolonged treatment with the K� ionophore nigericin or trans-
fected double-stranded DNA (32).

Exposure of macrophages for 1 h to the K� ionophore valino-
mycin at either 50 or 100 �M was not sufficient to induce appre-
ciable caspase-1 activation (Fig. 4A) or pyroptosis (data not
shown). In contrast, treatment with as little as 10 to 50 �M vali-
nomycin stimulated accumulation of LC3� vacuoles (Fig. 4B and
C). Autophagy accounted for these puncta, since lipidated LC3
protein also accumulated in macrophages within 30 min of expo-
sure to 100 �M valinomycin (Fig. 4D). Efflux of cytosolic K� was
required for the autophagy response to valinomycin, since supple-
mentation of the culture medium with 150 mM KCl abrogated the
accumulation of both LC3� vacuoles and lipidated LC3 in treated
cells (Fig. 4B to D).

To investigate whether activity of the caspase-1 protease con-
tributes to the autophagy response, macrophages were treated
with the caspase-1 peptide inhibitor ac-YVAD-cmk (100 �M;
Alexis Biochemicals) for 1 h before exposure to valinomycin. Un-
der these conditions, the autophagy response to K� efflux was not
significantly different from that of cells with full caspase-1 activity
(Fig. 4C and D). In contrast, the same ac-YVAD-cmk pretreat-
ment protected macrophages from pyroptosis stimulated by flag-
ellate L. pneumophila, as judged by quantifying condensed nuclei
and lactate dehydrogenase (LDH) release (Fig. 4E). Therefore, in
response to K� efflux, pyroptosis requires caspase-1 activity, yet
macrophages require little or no caspase-1 protease activity to
induce autophagy.

To test whether macrophages require (pro-)caspase-1 protein
to stimulate autophagy in response to efflux of cytosolic K�, the
rate of LC3 lipidation by WT and mutant cells was analyzed. Com-
pared to C57BL/6J macrophages, cells that lacked pro-caspase-1
protein consistently accumulated significantly less activated LC3
protein 20 and 40 min after treatment with the K� ionophore
(Fig. 4F). Likewise, after a 1-h treatment with valinomycin, the
number of caspase-1 mutant macrophages that contained �3
LC3� puncta was �50% lower than the number of WT cells
(�100 cells in each of three experiments). Thus, amino acid with-
drawal (Fig. 3B and D), flagellate and type IV secretion-competent
L. pneumophila (Fig. 3B), and K� efflux (Fig. 4C, D, and F) each
stimulated a rapid autophagy response by a mechanism that re-

quired relatively little or no caspase-1 enzyme activity but that was
augmented by (pro-)caspase-1 protein, the scaffold for NLR as-
sembly of inflammasome complexes.

Autophagy protects macrophages from pyroptosis induced
by L. pneumophila. A cohort of inflammasome components
equipped macrophages to induce both autophagy and pyroptosis
in response either to flagellate L. pneumophila (Fig. 1 to 3) or K�

efflux (Fig. 4). In each case, the stimulus and the caspase-1 pro-
tease activity sufficient to activate autophagy were lower than
those required to induce pyroptosis (Fig. 2C and D and 4A to D),
suggesting that inflammasome components can induce au-
tophagy at early signs of danger. Therefore, we tested whether this
vesicular disposal pathway increases the contamination threshold
at which macrophages commit pyroptosis.

For this purpose, we applied a pharmacological inhibitor of the
Atg4 cysteine protease. Compound NSC 377071 (50 �M) reduced
the amount of both LC3� vacuoles (Fig. 5A) and activated LC3-II
(Fig. 5B) that accumulated in Hanks buffer-treated macrophages,
although not as completely as 3-methyladenine (3-MA), a non-
specific inhibitor of a class III phosphatidylinositol 3-kinases re-
quired for autophagy (37). Likewise, the Atg4 inhibitor reduced
by ~60% the fraction of macrophages that contained �3 LC3�

vacuoles 13 h after infection with WT L. pneumophila (Fig. 5C).
When autophagy was inhibited, macrophages underwent py-

roptosis at twice the rate of untreated cells, as judged by scoring
the fraction of infected cells whose nuclei were condensed
(Fig. 5D). Likewise, infected macrophages also underwent pyrop-
tosis more than twice as often when autophagy was inhibited with
3-MA (data not shown). We verified that macrophages with a
condensed nucleus had a second hallmark of pyroptosis—a
plasma membrane that was permeable to the DNA stain pro-
pidium iodide (PI) (5, 13). After macrophages had been infected
for 2 h at three MOIs, every cell with a condensed nucleus was also
PI� (n � 200 in each of two experiments). In contrast, PI was not
retained by �95% of uninfected macrophages (n � 200) or mac-
rophages that were infected but whose nucleus was not condensed
(n � 200).

The increased sensitivity to flagellate L. pneumophila of mac-
rophages treated with the Atg4 protease inhibitor was attributable
to pyroptosis, since even heavily infected macrophages were com-
pletely protected from death by pretreatment with inhibitors of
both Atg4 and caspase-1 (YVAD, 100 �M) (Fig. 5D). The more
frequent death of cells treated with the Atg4 inhibitor was also a
specific response to flagellin, since macrophages infected with �3
flaA mutant bacteria and uninfected cells each retained normal
nuclear morphology in the presence or absence of the Atg4 inhib-
itor (�2% condensed nuclei in �200 macrophages scored for
each of the four treatment groups in three independent experi-
ments). Thus, in addition to coordinating pyroptosis, inflam-
masome components are poised to stimulate autophagy, a dis-
posal pathway that raises the threshold of contaminants necessary
to trigger proinflammatory cell death of macrophages.

Figure Legend Continued

incubated for an additional 15 min without or with L. pneumophila at an MOI of ~1. More than 100 macrophages were scored for the presence of �3 LC3 vacuoles
localized using GFP-specific antibody. Means (� SE) were calculated from four experiments. **, P � 0.05 compared with corresponding Hanks buffer-treated
macrophages; #, P � 0.01 compared with macrophages treated with Hanks buffer but not bafilomycin A. (D) Macrophages of the genotypes shown were treated
with Hanks buffer for 30 min, and then autophagosomes were visualized using LC3-specific antibody.
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FIG 4 Caspase-1 promotes autophagy in response to K� efflux. (A) Caspase-1 cleavage by macrophages treated for 1 h with valinomycin or 2 h with 20 �M
nigericin. Results are representative of two experiments. (B) GFP-LC3� autophagosomes of transgenic C57BL/6J macrophages maintained in RPMI or exposed
1 h to valinomycin with or without 150 mM KCl. (C) Mean (� SE) percentage of macrophages containing �3 GFP-LC3� vacuoles after 1 h with 50 �M
valinomycin with or without 150 mM KCl and with or without 1 h pretreatment with 100 �M YVAD, a caspase-1 inhibitor, was calculated for �100 cells in each
of �3 experiments. **, P � 0.01 compared to valinomycin-treated macrophages. (D) Lipidated GFP-LC3II in transgenic macrophages in RPMI or treated for 0.5
to 2 h with 100 �M valinomycin with or without KCl and with or without 1 h YVAD pretreatment. Similar results were obtained in three other experiments. (E)
Pyroptosis by macrophages cultured for 1 h with or without 100 �M YVAD and incubated for 1 h without (RPMI) or with WT L. pneumophila at an MOI ~50
was measured as the mean percentage (� SD) of �100 macrophages whose nucleus was round and phase dense or as the percentage of LDH released from
macrophages with or without YVAD pretreatment and 1 h incubation with WT or flaA mutant L. pneumophila at an MOI of ~25. The mean (� SD) percenage
of LDH released in the absence of flagellin or presence of YVAD was calculated relative to LDH released after infection with WT bacteria calculated in two
experiments. **, P � 0.01 compared infection with WT. (F) Lipidated LC3II and actin in macrophages of the genotypes shown treated for 0 to 60 min with 50 �M
valinomycin. Similar results were obtained in three experiments.
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DISCUSSION

Our genetic and cell biological studies indicate that inflam-
masome components equip macrophages to calibrate their re-
sponse to danger by recruiting either autophagy to dispose of cy-
tosolic contaminants or pyroptosis to direct additional leukocytes
to the task. Our working model (Fig. 6) considers mouse macro-
phage resistance to L. pneumophila infection in the context of
recent molecular genetic studies of NLR proteins. In resting mac-
rophages, NLRC4 binds the autophagy component Beclin-1/Atg6,
inhibiting the autophagy pathway (31). When flagellin contami-
nates the cytoplasm during type IV secretion (6–8), NAIP5 binds
both this MAMP (9–11) and NLRC4 (6, 43). The CARD domain
of NLRC4 then promotes assembly of the flagellin-NAIP5-
NLRC4 complex with pro-caspase-1, which we propose relieves
NLRC4 repression of Beclin-1/Atg6 and induces autophagy. The
autophagy disposal pathway then sequesters and disposes of con-
taminants, either by merging with lysosomes (19) or by delivering

the cargo to the plasma membrane (21–
25). We postulate that when the contam-
inants exceed the capacity of the au-
tophagy disposal pathway, an increase in
the number and/or stability of assembled
inflammasomes activates sufficient
caspase-1 to coordinate pyroptosis. Thus,
as a consequence of more serious threats,
infected cells undergo a programmed cell
death that denies the pathogen its pro-
tected niche while stimulating an inflam-
matory response.

Caspase-1 appears to modulate au-
tophagy by multiple direct or indirect
mechanisms, some independent of its
NLRC4 interaction or protease activity.
Macrophages require the (pro-)caspase-1
protein to induce a rapid autophagy re-
sponse not only to cytosolic flagellin
(Fig. 3B) but also to nutrient withdrawal
(Fig. 3B and D) or subphysiological levels
of cytosolic K� (Fig. 4F). Drosophila
melanogaster also requires a caspase pro-
tein, Dcp-1, to accumulate autophago-
somes in response to amino acid starva-
tion (44). Its capacity to interact with
multiple NLR proteins (41) may equip
pro-caspase-1 to modulate autophagy in
response to a variety of stresses.

Rather than being absolutely required
for macrophage autophagy, (pro-
)caspase-1 confers a kinetic advantage.
After starvation treatments of �0.5 h,
caspase-1�/� macrophages contained
fewer autophagosomes than did WT cells
(Fig. 3B and D), whereas a 2-h incubation
with amino acid-free buffer generated
similar numbers of autophagosomes in
WT and mutant macrophages (29). Like-
wise, caspase-1�/� macrophages appear
to contain less activated LC3-II protein
1 h, but not 2 h, after induction of au-
tophagy with sirolimus (rapamycin) (29).

Unlike the differences observed at 40 min (Fig. 4F), after a 4-h
treatment to induce K� efflux, the amount of lipidated LC3 was
similar in macrophages that contain and those that lack caspase-1
protein (32).

Compared to pyroptosis, macrophage autophagy required lit-
tle or no caspase-1 enzyme activity to respond to K� efflux
(Fig. 4). Accordingly, autophagy may account for two previously
described bacterial clearance processes that operate indepen-
dently of caspase-1 enzyme activity. Mouse macrophages restrict
L. pneumophila replication even when mature caspase-1 is not
detectable by Western analysis (18). Also, caspase-1 protein pro-
motes clearance of Salmonella enterica serovar Typhimurium
from mice independently of its cleavage of IL-1� and IL-18 (45).
Thus, by mechanisms that remain to be defined biochemically,
(pro-)caspase-1 protein enables macrophages not only to activate
proinflammatory cytokines and coordinate pyroptosis but also to
induce a robust autophagy response.

FIG 5 Autophagy protects macrophages from pyroptosis induced by L. pneumophila. (A) C57BL/6J
macrophages cultured 1 h with or without 50 �M Atg4 inhibitor or 10 mM 3-MA were then incubated
35 min in rich medium (RPMI) or amino acid-free Hanks buffer with or without inhibitors before
immunolocalization of autophagosomes. The mean fraction (� SE) of macrophages that contained �3
LC3 puncta was calculated by scoring �100 macrophages in each of two or three samples in two
independent experiments. Similar results were obtained when the Atg4 inhibitor was analyzed in two
other independent experiments that analyzed either endogenous LC3 or GFP-LC3. **, P � 0.01 com-
pared to macrophages exposed only to Hanks buffer. (B) C57BL/6J macrophages cultured for 1 h with
or without 50 �M Atg4 inhibitor or 10 mM 3-MA were then incubated 30 min in RPMI or Hanks buffer
with or without inhibitors before analysis of endogenous LC3 protein. Similar patterns were observed
in three other independent experiments. (C) After infecting macrophages from transgenic LC3-GFP
C57BL/6J mice for 2 h with WT Legionella, cells were cultured for an additional 11 h with or without
50 �M Atg4 inhibitor before the mean percentage (� SE) of macrophages that contained at least 3
LC3-GFP� puncta was calculated. In each of two experiments (Exp 1 and Exp 2), �100 total macro-
phages on 2 to 4 coverslips were scored. #, P � 0.08; **, P � 0.01, compared to infected but untreated
cultures. (D) C57BL/6J macrophages cultured 1 h with or without inhibitors of Atg4 (50 �M) or
caspase-1 (100 �M YVAD) were then infected with L. pneumophila with or without inhibitors for 2 h
before cells were fixed and analyzed. The mean fraction (� SE) of macrophages containing the indicated
number of bacteria whose nucleus was condensed was calculated by scoring �50 infected macrophages
in each of 5 to 6 samples in one experiment. Similar results were obtained in three other independent
experiments. **, P � 0.01 compared to macrophages that were untreated (RPMI) or treated with each
or both inhibitors.

Byrne et al.

8 ® mbio.asm.org January/February 2013 Volume 4 Issue 1 e00620-12

mbio.asm.org


In response to cytosolic flagellin, macrophages that encode
caspase-1 and the NLR proteins NLRC4 and NAIP5 stimulated
autophagosome turnover (Fig. 3). The fate of preformed LC3�

vacuoles in infected cells remains to be determined, but several
observations are consistent with the hypothesis that cytosolic
MAMPs stimulate autophagosome egress. First, flagellate L. pneu-
mophila still stimulated rapid LC3� turnover when autophago-
some fusion with lysosomes was inhibited by bafilomycin A, a
treatment sufficient to increase the size of the autophagosome
population in control cells (Fig. 3C). Second, the autophagosomal
pathway delivers a variety of microbes and proteins to the cell
surface (21–25). Third, ATP, another trigger of K� efflux, induces
egress of autophagosomal components from microglial cells (46)
and rapid turnover of LC3� vacuoles in C57BL/6J macrophages
(data not shown). Fusion of exosomes and lysosomes with the
plasma membrane can also be stimulated by intracellular patho-
gens and inflammasome components (46–50). Finally, in unin-
fected primary mouse macrophages, measurable traffic of endog-
enous LC3 to the cell surface is evident within 20 min of
withdrawal of amino acids, as judged by immunofluorescence mi-
croscopic analysis of cells that were fixed but not permeabilized
(data not shown). Accordingly, a model that warrants testing is
one in which macrophages exploit the autophagy pathway to cap-
ture and secrete not only proinflammatory cytokines (25) but also
cytoplasmic microbial antigens, two mechanisms for stimulating
neighboring leukocytes.

Autophagy protects macrophages infected with L. pneumo-
phila against pyroptosis (Fig. 5), reinforcing the idea that this dis-
posal pathway counteracts inflammation (19, 32, 51). By seques-
tering damaged mitochondria and limiting their production of
reactive oxygen species, autophagy inhibits activation of NLRP3
inflammasomes, a cytosolic surveillance system that coordinates

expression, maturation, or secretion of proinflammatory cyto-
kines (52, 53). Furthermore, autophagy can capture and degrade
pro-IL-1� and IL-18, limiting their secretion by macrophages and
inflammatory responses in mice (54, 55). Indeed, in macrophages
infected with Shigella flexneri or Mycobacterium tuberculosis or
exposed to MAMPs, autophagy dampens production of IL-1�
(29, 32, 56). Macrophages may also enlist autophagy to down-
regulate inflammasome signaling, since some NLR proteins are
ubiquitinated and associated with p62 and Beclin-1 (32). Thus, by
coupling autophagy with inflammasome function, macrophages
can dictate whether to capture and eliminate cytosolic contami-
nants or instead to mount an inflammatory response.

The rapid mouse macrophage response to flagellate and type
IV secretion competent L. pneumophila (Fig. 3) reinforces the par-
adigm that autophagy is a component of innate immunity (19).
For example, compared to WT Dictyostelium discoideum, Atg9
mutant amoebae are more permissive for L. pneumophila infec-
tion (57). Likewise, the yield of L. pneumophila in A/J Naip5 mu-
tant mouse macrophages increases when expression of Atg5 is
reduced by small interfering RNA (siRNA) (58). Conversely,
when autophagy by A/J macrophages is induced with 2-deoxy-D-
glucose, L. pneumophila replication is inhibited (58). L. pneumo-
phila also retards maturation of its autophagosomal replication
vacuole in permissive Naip5 mutant A/J macrophages (30). A
number of L. pneumophila Dot/Icm type IV secretion effectors
manipulate the activity of multiple host GTPases that are known
to contribute to autophagosome biogenesis (reviewed in reference
59), and the RavZ effector catalyzes deconjugation of LC3 from
lipids and reduces the number of autophagosomes in infected cells
(60). Thus, pathogens that persist within host cells can acquire
mechanisms to subvert the autophagy pathway (61) and are ex-
cellent experimental tools to investigate how autophagy contrib-
utes to infection and immunity.

MATERIALS AND METHODS
Mice. Six- to eight-week-old female C57BL/6J mice were purchased from
the Jackson Laboratory. A breeding pair of C57BL/6N mice expressing
transgenic GFP-LC3 provided by Noboru Mizushima (37) (Tokyo Med-
ical and Dental University, Tokyo, Japan) were housed in the University
Laboratory Animal Medicine Facility at the University of Michigan under
specific-pathogen-free conditions. The University Committee on Use and
Care of Animals approved all experiments conducted in this study.
Naip5�/�, Nlrc4�/�, and caspase-1�/� C57BL/6 mice were described pre-
viously (9). Although C57BL/6 caspase-1�/� mice are also caspase-11�/�,
caspase-11 is expressed poorly in the absence of MAMPs (62) and is not
required to activate NLRP3 inflammasomes (63, 64). Therefore, only the
relevant caspase-1�/� genotype is notated throughout the text and figures.

Mouse bone marrow-derived macrophages. All of the experiments
analyzed primary macrophages derived from the bone marrow of mice as
described previously (38). On day 6 of culture, unless stated otherwise,
macrophages were replated onto coverslips or wells of 24-well plates at a
density of 2.5 � 105/well in RPMI 1640 containing 10% fetal bovine se-
rum (RPMI�FBS) and used for experiments within 24 to 48 h.

Bacteria. L. pneumophila strain Lp02 (thyA hsdR rpsL) is a thymine
auxotroph derived from L. pneumophila Philadelphia strain 1. Also ana-
lyzed were isogenic dotA mutants, which are defective for type IV secre-
tion but retain motility, and flaA mutants, which lack flagellin but are
competent for type IV secretion (8). To induce motility, bacteria were
cultured to post-exponential phase (optical density at 600 nm [OD600] of
3.5 to 4.0) on a rotating wheel at 37°C in N-(2-acetamido)-2-
aminoethanesulfonic acid (ACES; Sigma)-buffered yeast extract broth
supplemented with 100 mg/ml thymidine. Because motility enhances bac-

FIG 6 Model proposing how inflammasome components coordinate au-
tophagy and pyroptosis as macrophage responses to infection. The following
working model interprets cellular microbiology data presented here in the
context of the current NLR literature cited in Discussion. (A) In resting mac-
rophages, NLRC4 is complexed with autophagy component Beclin-1/Atg6,
inhibiting autophagy. (B) In response to low levels of contamination, flagellin-
bound NAIP5 recruits NLRC4 to a complex with pro-caspase-1 protein, dere-
pressing autophagy, a cytoprotective disposal pathway. (C) When the capacity
of autophagy to eliminate cytosolic contaminants is exceeded, an increase in
the number and/or stability of inflammasome complexes activates sufficient
caspase-1 to orchestrate pyroptosis, a programmed cell death that eliminates
the pathogen’s protected niche while initiating an inflammatory response.
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terial entry into macrophages, similar infection levels were achieved by
culturing macrophages with three times as many flaA mutants as WT
L. pneumophila organisms.

Intracellular growth. Macrophages were infected with L. pneumo-
phila at an MOI of �1 for 2 h; then extracellular bacteria were removed by
washing the monolayer three times with RPMI�FBS. At 2 and 72 h, mac-
rophages in duplicate wells were lysed in 1% saponin, and serial dilutions
of the lysate were plated in duplicate onto ACES-buffered charcoal-yeast
extract agar containing 100 mg/ml thymidine. The fold increase in CFU
was calculated as (CFU at 72 h)/(CFU at 2 h).

Microscopy. To quantify delivery of L. pneumophila to late endosomes
and lysosomes, LAMP-1 was localized by immunofluorescence micros-
copy. Macrophages infected with WT or dotA mutant L. pneumophila at
an MOI of �1 for 1.5 h were fixed with periodate-lysine-
paraformaldehyde fixative containing 5% sucrose (PLP-sucrose) (38) and
permeabilized with ice-cold methanol, and then nonspecific binding was
blocked by incubation for 5 min with phosphate-buffered saline (PBS)
containing 2% heat-inactivated goat serum and 5% sucrose. Cells were
then stained using rat anti-LAMP-1 antibody (1:800; Santa Cruz Biotech-
nologies) and rabbit anti-Legionella antibody (1:1,000; kind gift from
Ralph Isberg, Tufts University School of Medicine, Boston, MA), followed
by Oregon green-conjugated anti-rat and Texas red-conjugated anti-
rabbit secondary antibodies (1:1,000; Invitrogen), each incubated for 1 h
at 37°C. More than 50 macrophages from triplicate samples were scored
for colocalization of LAMP-1 and L. pneumophila.

Dispersal of bacteria from the replication vacuole was quantified by
microscopy. After incubating macrophages for 1 h with WT or flaA mu-
tant L. pneumophila at an MOI of �1, extracellular bacteria were washed
from the monolayer, and then infected cells were incubated for an addi-
tional 17 h. Cultures were fixed, permeabilized, and stained with anti-
Legionella antibody as described above. At least 100 infected macrophages
were analyzed from triplicate samples and recorded as being dispersed if
the majority of bacteria were distributed throughout the cell, rather than
in one large cluster, as documented previously (8, 35).

Pyroptosis. To quantify pyroptosis, macrophages were infected syn-
chronously with WT or the flaA mutant at an MOI of �1 by a 5-min
centrifugation at 250 � g. After 1 h, extracellular bacteria were removed
by washing the monolayers three times with RPMI�FBS. After 7 h, cells
were fixed with PLP-sucrose for 30 min at RT. Macrophage nuclei were
stained with DAPI before the coverslips were mounted with Pro-long
Antifade (Invitrogen). More than 100 macrophages from duplicate sam-
ples were examined for the presence of a round, phase-dense nucleus, a
hallmark of pyroptosis described previously (5, 8). We verified that mac-
rophages with condensed nuclei had membranes permeabilized by a
caspase-1-dependent process, a hallmark of pyroptosis (5). After culture
for 1 h in the presence or absence of inhibitors of caspase-1 and/or Atg4,
macrophages were infected for 1 h with WT, flaA, or dotA bacteria. After
incubation with propidium iodide (20 �g/ml RPMI) for 20 min at 37°C,
cells were rinsed twice with RPMI at 37°C, fixed, and then analyzed by
fluorescence microscopy.

The capacity of 100 �M ac-YVAD-cmk to inhibit caspase-1 activity
was verified using two assays of pyroptosis (5, 8). C57BL/6J macrophages
incubated for 1 h in the presence or absence of the caspase inhibitor were
infected with L. pneumophila at an MOI of ~50 for 1 h, and then cells were
fixed and nuclear morphology analyzed by phase microscopy as described
above. Alternatively, macrophages were pretreated with the caspase-1 in-
hibitor for 1 h and then infected with WT or flaA mutant L. pneumophila
at an MOI of 25 for 1 h. Next, cell-free supernatants were collected from
triplicate samples, and the amount of the cytosolic enzyme LDH quanti-
fied by the Cytotox96 nonradioactive cytotoxicity assay (Promega). The
amount of LDH released after infection with flaA mutant or in the pres-
ence of YVAD was calculated relative to that released from macrophages
infected with WT L. pneumophila, which was set to 100%.

Autophagy. Assays that quantify LC3� puncta in WT and mutant
macrophages infected with L. pneumophila have a poor signal-to-noise

ratio, due to several biological limitations. First, in primary C57BL/6J
mouse macrophages derived from bone marrow, autophagosomes ma-
ture within ~25 min of formation, as judged by kinetic studies of LC3�

vacuoles (38). A second factor limiting the signal is the low MOI that must
be used to avoid pyroptosis. A source of noise is the fact that infections are
naturally asynchronous. Therefore, the impact of short, synchronous in-
fection on the autophagy pathway was evaluated using a more sensitive
pulse-chase protocol (38). First, a large population of autophagosomes
was generated by incubating C57BL/6, Naip5�/�, Nlrc4�/�, and caspase-
1�/� macrophages for 10 to 20 min in Hanks buffer, which lacks amino
acids. As a specificity control, macrophages were cultured in RPMI�FBS.
Next cells were infected with WT, dotA, or flaA mutant L. pneumophila at
an MOI of �3 in Hanks buffer for 15 min. Macrophages were then fixed
with PLP-sucrose and permeabilized with methanol, and endogenous
LC3 was stained using mouse anti-LC3 antibody (1:100; MBL) and Ore-
gon green-conjugated anti-mouse IgG antibodies (1:150, Invitrogen) as
described previously (38). At least 100 macrophages were scored from
triplicate samples for the presence of �3 LC3 vacuoles.

To assess the contribution of inflammasome components to the au-
tophagy pathway, C57BL/6, Naip5�/�, Nlrc4�/�, and caspase-1�/� mac-
rophages were incubated with Hanks buffer for 10 min, and then endog-
enous LC3 was localized by immunofluorescence microcopy as described
above.

To assess the autophagy response to K� efflux, macrophages obtained
from C57BL/6 mice that carry the GFP-LC3 transgene were incubated
with 10 to 50 �M valinomycin (Sigma) in RPMI for 1 h. After fixation
with PLP-sucrose and permeabilization with methanol, cells were stained
with antibody specific for GFP. As a specificity control, macrophages were
instead treated with valinomycin in RPMI supplemented with 150 mM
KCl. To inhibit caspase-1 activity, macrophages were pretreated with
100 �M ac-YVAD-cmk (Alexis Biochemicals) for 1 h. At least 100 mac-
rophages per coverslip from triplicate samples were scored for the pres-
ence of �3 LC3 vacuoles.

Lipidation to generate LC3II protein was evaluated by Western anal-
ysis. C57BL/6 or caspase-1�/� macrophages cultured at a density of 106

cells/well in a 6-well plate were incubated with 50 to 100 �M valinomycin
for 0.5 to 2 h; as a positive control for caspase-1 activation, cells were
treated for 2 h with 20 �M nigericin, a more potent K� ionophore (Fig. 4).
Alternatively, macrophages were treated for 1 h with autophagy inhibitors
before culturing for 30 min with either RPMI or Hanks buffer with or
without inhibitors (Fig. 5). Next, macrophages were collected in PBS us-
ing a cell scraper and then immediately analyzed for the presence of LC3II
as described previously (38). Briefly, cells were boiled in Laemmli buffer
for 5 min, and then the cell extract was separated using either a 15% or a
15-to-20% gradient SDS-polyacrylamide gel run at 70 V. After proteins
were transferred to polyvinylidene difluoride (PVDF) membranes, en-
dogenous LC3II was detected using antibody specific for LC3 (1:500;
Novus Biologicals). When macrophages from GFP-LC3 transgenic mice
were analyzed, LC3I and LC3II were detected using GFP-specific antibody
(1:500; Roche). Bound primary antibodies were visualized using horse-
radish peroxidase (HRP)-conjugated secondary antibodies (1:4,000;
Santa Cruz) and a West Pico chemiluminescence kit (Pierce). To deter-
mine if each sample contained similar quantities of protein, membranes
were stripped and probed with �-actin-specific antibody (1:4,000;
Sigma).

Autophagy was inhibited pharmacologically by two methods. Macro-
phages were treated with NSC 185058, a synthetic inhibitor of the Atg4
cysteine protease characterized by William Dunn and colleagues (W.
Dunn, Jr., D. E. Akin, A. Progulske-Fox, D. A. Ostrov, U.S. patent appli-
cation US2009/030102) and obtained from the National Cancer Insti-
tute’s Developmental Therapeutics Program Synthetic Products Reposi-
tory. The compound was stored as a stock solution (100 mM in dimethyl
sulfoxide [DMSO]) at �20°C and diluted 1:2,000 in RPMI�FBS to the
concentration desired for experiments. The viability of macrophages
treated for 2.5 h with 50 �M of the compound was verified by quantifying

Byrne et al.

10 ® mbio.asm.org January/February 2013 Volume 4 Issue 1 e00620-12

mbio.asm.org


LDH release and propidium iodide staining. Alternatively, macrophages
were treated with 10 mM 3-methyladenine (Sigma), a nonspecific inhib-
itor of class III phosphatidylinositol 3-kinases, including enzymes re-
quired for autophagy (37).

Statistical analysis. One-way analysis of variance (ANOVA) followed
by Tukey’s posttest was used to determine whether means calculated from
particular samples were significantly different. A P value of �0.05 was
considered statistically significant.
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