
of August 9, 2022.
This information is current as

Activates the Inflammasome via Aim2
Cutting Edge: Cytosolic Bacterial DNA

Alan Aderem
Hamilton, Dat P. Mao, Irina A. Leaf, Edward A. Miao and 
Sarah E. Warren, Abraham Armstrong, M. Kristina

http://www.jimmunol.org/content/185/2/818
doi: 10.4049/jimmunol.1000724
2010;

2010; 185:818-821; Prepublished online 18 JuneJ Immunol 

Material
Supplementary

4.DC1
http://www.jimmunol.org/content/suppl/2010/06/18/jimmunol.100072

References
http://www.jimmunol.org/content/185/2/818.full#ref-list-1

, 4 of which you can access for free at: cites 20 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2010 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56314&adclick=true&url=https%3A%2F%2Fwww.bdbiosciences.com%2Freal%3Futm_source%3Djim%26utm_medium%3Ddigital%26utm_campaign%3Dgl-ry586launch%26utm_content%3Dpdfbanner
http://www.jimmunol.org/content/185/2/818
http://www.jimmunol.org/content/suppl/2010/06/18/jimmunol.1000724.DC1
http://www.jimmunol.org/content/suppl/2010/06/18/jimmunol.1000724.DC1
http://www.jimmunol.org/content/185/2/818.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


Cutting Edge: Cytosolic Bacterial DNA Activates the
Inflammasome via Aim2
Sarah E. Warren,*,† Abraham Armstrong,* M. Kristina Hamilton,* Dat P. Mao,*
Irina A. Leaf,* Edward A. Miao,*,1 and Alan Aderem*,†,1

Pathogens are detected by pattern recognition recep-
tors that, upon activation, orchestrate an appropriate
immune response. The TLRs and the nucleotide-
binding oligomerization domain-like receptors (NLRs)
are prototypic pattern recognition receptors that detect
extracellular and cytosolic pathogens, respectively. Listeria
monocytogenes has both extracellular and cytosolic phases
and is detected in the cytosol by members of the NLR
family. These include two NLR members, NLRC4
and NLRP3, that, upon detection of cytosolic L. monocy-
togenes, induce the assembly of the inflammasome. Inflam-
masomes serve as platforms for the activation of the pro-
tease caspase 1, which mediates the processing and
secretion of pro–IL-1b andpro–IL-18.Wepreviously pro-
vided evidence that L. monocytogenes is also detected by a
third inflammasome.Wenowuse biochemical and genetic
approaches to demonstrate that the third detector senses
bacterial DNA and identify it as Aim2, a receptor that has
previously been shown to detect viral DNA. The Journal
of Immunology, 2010, 185: 818–821.

M
acrophages have multiple classes of pattern recog-
nition receptors that mediate a variety of immune
responses. Activation of TLRs on the cell surface

results in the induction and release ofmany cytokines, including
TNF, IL-6, and IL-12 (1). TLRs also induce the production
but not secretion of pro–IL-1b and pro–IL-18. Secretion of
these molecules only occurs after proteolytic processing by cas-
pase 1, a component of the nucleotide-binding oligomerization
domain-like receptor (NLR)-induced inflammasome (2, 3).
NLRs are cytosolic pattern recognition receptors that contain
a protein interaction domain (either a caspase recruitment
domain [CARD] or Pyrin domain), a nucleotide binding site,
and leucine-rich repeats. Upon activation, NLRs oligomerize
and recruit procaspase 1 via the CARD domain, either directly
through CARD–CARD interactions or indirectly through

pyrin–pyrin interactions with the adaptor protein apoptotic
speck protein containing a CARD (ASC), whose CARD
domain then recruits procaspase 1. The assembled inflamma-
some forms a platform that mediates caspase 1 activation.
Listeria monocytogenes is a Gram-positive bacterium acquired

through ingestion of contaminated food. It infects and replicates
within a variety of cells types, including macrophages. After
postphagocytosis, L. monocytogenes uses listeriolysin O (LLO)
to degrade the vacuolar membrane and escape into cytosol (4).
Infection propagates as L. monocytogenes uses actin-based motil-
ity to facilitate its entry into a neighboring cell (5). Cytosolic
L. monocytogenes activates caspase-1 via NLRP3 and NLRC4
(6, 7). NLRP3 is a pyrin-containing NLR that requires the
adaptor ASC. Although the specific agonist has not been
defined, NLRP3 is known to be activated when L. monocytogenes
escapes the vacuole (8). In contrast to NLRP3, NLRC4 is a
CARD-containing protein that can interact with caspase-1 in
an ASC-independent manner (9, 10). NLRC4 is activated by
flagellin, a component of the bacterial flagellum (10).
We previously presented data that suggested the presence of a

third cytosolic receptor for L. monocytogenes (6). This sensor
was ASC-dependent, suggesting that it contains a pyrin do-
main (6). We demonstrate in this study that Aim2, a recently
identified cytosolic DNA receptor (11–14), is the third sensor.
Aim2 binds DNA (or its synthetic analog, polyA:T) directly
through its HIN200 domain and ASC via its pyrin domain.
This results in the formation of an atypical inflammasome
because Aim2 lacks an oligomerization and a leucine-rich
repeat domain and thus is not an NLR. We further demon-
strate that Aim2 detects cytosolic L. monocytogenes DNA.

Materials and Methods
Bacterial and mammalian cell culture

Bone marrow-derived macrophages were cultured in 50% DMEM with 30%
FBS, 20% L929 cell supernatant, penicillin, and streptomycin for 6 d before
infection. Wild-type (WT) L. monocytogenes 10403s and LLO-deficient
(DLLO) strain were gifts from Dan Portnoy (University of California, Oak-
land, CA).
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Macrophage infection

Macrophages were stimulated with 50 ng/ml ultrapure LPS (List Biological
Laboratories, Campbell, CA) for 3 h at 37˚C to induce pro–IL-1b expression.
L. monocytogenes were grown to midlog at ambient temperature. At time of
infection, cells were spun at 1000 rpm (2503 g) for 5 min to increase contact
between macrophages and L. monocytogenes. Macrophages were then incu-
bated for 1 h before the addition of LPS and gentamicin to kill extracellular
bacteria. Cells were then incubated for 3 h before supernatants were harvested.

Bacterial lysate preparation

WT L. monocytogenes was grown to stationary phase at 37˚C with shaking.
Bacteria were pelleted, washed once in PBS, and resuspended in 50 ml PBS.
Bacteria were then passed twice through a French press at 1000 psi to lyse the
bacteria. Lysates were centrifuged at 17,000 rpm to remove insoluble fraction.

Microscopy

Immortalized NLRP3/NLRC4DKO macrophages expressing ASC-V5 were
treated with LPS. Log-phase L. monocytogenes was stained with Hoechst or
DAPI stain at 50 mg/ml for 15 min at 37˚C then washed five times in PBS.
Macrophages were then infected with L. monocytogenes. After 4 h of infection,
ASC was visualized with anti-V5. Listeria surface Ags were stained with anti-
Listeria Ab (Virostat 4201, Virostat, Portland, ME).

Retroviral transduction of short hairpin RNA

Short hairpin RNA (shRNA) from Open Biosystems (Huntsville, AL; Aim2A:
RMM1766-6343887;Aim2B:RM1776-9344596;Aim2C:RMM1766-9353444;
control TLR5: RMM1766-96882065) was cloned into the LMP retroviral vector
and transduced into immortalized WT or NLRP3/NLRC4DKO macrophages.
Transduced cells were selected with puromycin.

Results and Discussion
Cytosolic L. monocytogenes activates IL-1b secretion independent of
NLRP3 and NLRC4

We previously demonstrated that cytosolic L. monocytogenes
induces inflammasome activation via three signaling pathways,
including NLRP3, NLRC4, and a third unknown sensor path-
way, with a combination of bacterial mutants and gene deletion
macrophages (6). By using the aflagellate DflaA mutant L. mon-
ocytogenes (to eliminateNLRC4detection),we demonstrated that
NLRP32/2macrophages responded toL.monocytogenes, whereas
ASC2/2 macrophages did not. This indicated that the third
sensor acts through ASC. To assess the relative contribution of
each detector, we generated NLRP3/NLRC4DKO mice to spe-
cifically remove the two established sensors without altering the
ASC adaptor protein or the infecting L. monocytogenes. In
agreement with our previous data, NLRP3 mediated detection
was predominant at 1 h postinfection (Fig. 1A), and the con-
tribution of NLRC4 increased over time (Fig. 1B, 1C). By using
NLRP3/NLRC4DKO cells, we determined that the third sensor
induced IL-1b processing and secretion late, similar to NLRC4
(Fig. 1B–D). Further, we verified that this third sensor acts
through ASC, as there was no processing or secretion of IL-1b
inNLRC4/ASCDKO cells (Fig. 1). These results demonstrate that
cytosolicL.monocytogenes is detected by a third sensor that signals
through ASC and activates caspase 1.

The third sensor detects L. monocytogenes DNA in the cytosol. To
identify the agonist that activates this third sensor, we trans-
fected extracts from lysed L. monocytogenes into macrophages
and examined the IL-1b response (Fig. 2). Macrophages se-
creted IL-1b in response to crude soluble extracts from L.
monocytogenes after transfection into the cytosol. To further
investigate the class of compound that was detected, we treated
the extracts with either DNase or trypsin. Although protein
digestion did not alter the IL-1b secretion observed, DNA di-
gestion completely abrogated the response (Fig. 2A). We

confirmed that DNA was the active component of the L. mono-
cytogenes lysate by demonstrating that transfected genomic DNA
purified from L. monocytogenes induced IL-1b secretion by WT
and NLRP3/NLRC4DKOmacrophages (Fig. 2B). The secretion
of IL-1b occurred in a dose-dependent manner. In agree-
ment with our infection data, this detection pathway requires
ASC signaling as ASC/NLRC4DKO macrophages showed no
IL-1b secretion (Fig. 2B). These data indicate that NLRP3/

FIGURE 1. A third sensor activates IL-1b secretion following L. monocytogenes

infection. LPS-primed macrophages were infected with L. monocytogenes at a

multiplicity of infection 5 for 1 h (A), 4 h (B), or 8 h (C), and IL-1b secretion

was determined by ELISA.D, IL-1b processing was determined byWestern blot

4 h postinfection.

FIGURE 2. L.monocytogenesDNA induces IL-1b secretion.A,L.monocytogenes

lysate was mock treated or digested with trypsin or DNase before delivery to LPS-

primed NLRP3/NLRC4DKO macrophages by lipid transfection. IL-1b secretion

was measured after 2 h. Indicated microliters of lysate were transfected into LPS

primed macrophages. B, Genomic DNA from L. monocytogenes was purified and

delivered to LPS-primed macrophages by lipid transfection. IL-1b secretion was

determined after 4 h. *p, 0.05; **p, 0.01.

The Journal of Immunology 819

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


NLRC4DKOmacrophages can respond toL.monocytogenesDNA
that accesses the cytosolic compartment of macrophages.

L. monocytogenes DNA colocalizes with ASC specks

Upon NLR activation, components of the inflammasome, in-
cluding ASC, are recruited into large complexes within cells
termed specks (15). The vastmajority of the soluble ASCwithin
a macrophage is recruited into the speck, and this complex is
the site of caspase 1 and IL-1b processing (15). Cytosolic polyA:
T induces ASC speck formation (12), and we therefore ex-
amined whether L. monocytogenes DNA colocalizes with the
ASC speck during infection of macrophages with the bacteria.
NLRC4/NLRP3DKO macrophages expressing ASC-V5 were
infected with DNA dye (DAPI or Hoescht) labeled L. mono-
cytogenes.Weobserved that 48%of ASC specks colocalizedwith
detectable L. monocytogenes DNA (Fig. 3A, 3C). In contrast,
∆LLO mutants did not induce speck formation (Fig. 3A). As
a control, specks induced by unstained L. monocytogenes were
not fluorescent in the blue channel (Fig. 3B). To confirm that
the DNA observed in the speck was released from bacteria, we
visualized the L. monocytogenes cell wall in macrophages with
ASC specks (Fig. 3C). DNA within intact bacteria was

contained within the bacterial cell wall and did not colocalize
with ASC (Fig. 3C, open arrow). DNA associated with lysed
bacteria was proximal to but not contained by the bacterial cell
wall and colocalized with ASC specks (Fig. 3C, closed arrow).
As controls, we confirmed that DAPI staining does not alter
bacterial fitness and that the ASC-V5 construct does not com-
promise inflammasome activation (Supplemental Fig. 1).
These data suggest that a subset of L. monocytogenes lyses within
the macrophage and that the ensuing release of DNA induces
inflammasome activation.

Aim2 is the third sensor of cytosolic L. monocytogenes

Based upon recent reports that Aim2 is the sensor for viral DNA
in the cytosol and that it signals through ASC (11–14), we
hypothesized that Aim2 might also be detecting L. mono-
cytogenes DNA during infection of macrophages. We func-
tionally knocked down Aim2 signaling by stable expression of
shRNA (Supplemental Fig. 2A, 2B). Aim2 shRNA, but not an
irrelevant shRNA, abrogated IL-1b secretion in NLRP3/
NLRC4DKO macrophages infected with L. monocytogenes (Fig.
4A). In WT macrophages, the Aim2 deficiency was compen-
sated by intact NLRP3 and NLRC4 signaling (Fig. 4B), con-
sistent with our previous results (Fig. 1). As a control, Aim2
knockdown did not alter IL-1b secretion following infection
with Salmonella typhimurium, which is detected by NLRC4
(Supplemental Fig. 2C). Thus, the Aim2 inflammasome de-
tectsL.monocytogenes during bacterial infection ofmacrophages.

Multiple detection pathways that result in caspase-1 acti-
vation following L. monocytogenes infection indicate that the
detection of pathogens in the cytosolic compartment is a
critical component of immunosurveillance. NLRP3 is tempo-
rally activated first, likely detecting vacuolar rupture, followed

FIGURE 3. L. monocytogenes DNA colocalizes with ASC specks. NLRP3/

NLRC4DKO macrophages expressing ASC-V5 were infected with L. monocyto-

genes. A, Hoechst-stained WT or DLLO L. monocytogenes DNA (blue) and ASC

(green). B, DAPI-stained or unstained L. monocytogenes DNA (blue) and ASC

(green). C, DAPI-stained L. monocytogenes DNA (blue), L. monocytogenes cell

wall (red), and ASC (green). Enlarged merged images of L. monocytogenes DNA

with cell wall from (1) an intact bacterium and (2) a lysed bacterium are shown

without ASC green overlay. Corresponding phase images are shown. Scale bars,

15 mm. Original magnification360.

FIGURE 4. Aim2 responds to cytosolic bacteria. Control or Aim2 shRNA

expressingNLRP3/NLRC4DKO (A) orWTmacrophages (B) were generated by

retroviral transduction and infected with L. monocytogenes at a multiplicity of

infection of 10, and IL-1b secretion was determined after 4 h. C, Control or

Aim2 shRNA expressingNLRP3/NLRC4DKOmacrophages were infected with

Francisella novicida for 8 h, and IL-1b secretion was determined. *p , 0.05.

820 CUTTING EDGE: Aim2 INFLAMMASOME DETECTS CYTOSOLIC BACTERIA
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by NLRC4 and Aim2 activation as flagellin monomers and
bacterial DNA are released into the cytosol. For Aim2 detec-
tion, our data suggest that a small percentage of cytosolic bac-
teria lose cell wall integrity and release their DNA into the
macrophage cytosol. Damage to the bacterial cell wall may be
a result of vacuolar acidification and lysosomal fusion before
vacuolar escape or may be due to as yet undefined antimicrobial
mechanisms within the macrophage cytosol. Detection of cyto-
solic bacteria by Aim2 is likely a common mechanism to detect
cytosolic bacteria; we demonstrate that Francisella novicida, a
bacterial pathogen that also escapes the vacuole, is also detected
via the Aim2 pathway (Fig. 4C). While this manuscript was
under review, other groups also reported that Aim2 detects
Listeria and Francisella (16–20). Previously, the scope of infec-
tions known to be detected by Aim2 was limited to viruses, and
these results implicate Aim2 in the response to cytosolic bacte-
rial pathogens.
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