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The bacterial pathogen Pseudomonas aeruginosa causes acute infections associated with significant morbidity and mortality. P.
aeruginosa elicits strong innate immune responses in immunocompetent hosts, and the resulting recruitment of neutrophils to
the site of infection is necessary for bacterial clearance. P. aeruginosa lipopolysaccharide and flagellin are recognized by extracel-
lular Toll-like receptors, but the most rapid responses to infection occur when cytosolic receptors sense flagellin or type 3 secre-
tion system (T3SS) structural proteins. The subsequent activation of the NLRC4 inflammasome and caspase-1 generates an in-
terleukin-1� (IL-1�) signal that is required for the rapid neutrophilic response. A T3SS effector, exotoxin U (ExoU), can inhibit
activation of the NLRC4 inflammasome and caspase-1. Thus, our observation that IL-1 receptor (IL-1R)-mediated signals were
still required to initiate a response to ExoU-producing bacteria was unexpected. As both IL-1� and IL-1� signal via the IL-1R, we
examined immune responses in mice lacking either of these cytokines. IL-1�-deficient mice responded to ExoU-producing P.
aeruginosa bacteria similarly to wild-type animals; however, IL-1�-deficient mice had an attenuated immune response. The situ-
ation was reversed following infections by ExoU-negative bacteria: here, IL-1� was dispensable for neutrophil recruitment,
while IL-1� was required. IL-1� secretion by macrophages infected with ExoU-producing P. aeruginosa isolates was indepen-
dent of both caspase-1 and caspase-11. This study documents distinct roles for IL-1� and IL-1� in the response to P. aeruginosa
infection as a function of the T3SS effectors produced by the infecting strain. The redundancy of these two cytokines nonetheless
allows the infected host to mount a response to ExoU-positive and -negative bacterial isolates.

Pseudomonas aeruginosa is an opportunistic human pathogen
capable of causing acute infections, such as ventilator-associ-

ated pneumonia, as well as chronic colonization of the respiratory
tract in patients with cystic fibrosis or bronchiectasis (1). Infec-
tions with P. aeruginosa can progress rapidly both in human pa-
tients and in mouse models; thus, it is not surprising that innate
immune responses are important for control of this pathogen (2).
Neutrophils are the primary cell type implicated in P. aeruginosa
clearance, and in their absence, very small bacterial inocula (�100
CFU) are capable of causing murine death (3). Multiple innate
immune receptors can respond to P. aeruginosa infection, but the
quickest responses triggered by low bacterial inocula appear to
involve interleukin-1 (IL-1) receptor (IL-1R)-mediated signals
(4). Two forms of IL-1, designated IL-1� and IL-1�, bind to this
receptor and elicit similar biological responses (5). These two cy-
tokines are encoded by distinct genes and exhibit only ca. 25%
sequence identity.

Il1b gene expression is positively regulated by NF-�B-medi-
ated signaling, but the protein is produced as an inactive precur-
sor. Processing and secretion of pro-IL-1� by macrophages re-
quire inflammasome activation, which can be triggered by
NLRC4-mediated recognition of P. aeruginosa type 3 secretion
system (T3SS) structural proteins or by the intracellular delivery
of P. aeruginosa flagellin (6–8). Assembly of the inflammasome is
followed by proteolytic activation of caspase-1 and subsequent
cleavage and secretion of biologically active IL-1�. Secreted neu-
trophil proteases can also generate bioactive IL-1� by cleaving
pro-IL-1� at a site different from the caspase-1 cleavage site.

IL-1� is more widely and constitutively expressed than IL-1�
and has intracellular functions, but it also acts locally in a mem-
brane-bound form by activating IL-1R1 (5, 9). Additionally, the
passive release of IL-1� upon cell death can trigger a sterile inflam-
matory response to dying cells (10). Although IL-1� can be

cleaved, cleavage is not mediated by caspase-1 and is not required
for binding to IL-1R1 (11–13).

Recent studies have shown that myeloid cells secrete IL-1� in
response to many classical inflammasome activators (9, 14). These
responses are dependent on canonical inflammasome compo-
nents and result in the cosecretion of IL-1� and cleaved IL-1�;
however, particulate NLRP3 activators also induced inflam-
masome-independent IL-1� secretion in one study (14). Even in
the absence of IL-1� secretion, however, bioactive, surface-bound
IL-1� is produced by monocytes solely in response to NF-�B-
activating signals and does not require inflammasome compo-
nents, caspase-1, or IL-1� (9).

Several papers have observed a role for caspase-11 in flagellin-
independent IL-1� release from murine macrophages infected
with T3SS- or T4SS-expressing pathogens, such as Yersinia pseu-
dotuberculosis or Legionella pneumophila �flaA (15, 16). IL-1�
plays an important role in initiating innate immune responses to
L. pneumophila, as genetic ablation or antibody blockade of IL-1�
inhibits neutrophil recruitment to infected airways (15, 17).

Given the importance of IL-1-dependent signals for neutrophil
recruitment following bacterial infection, it is not surprising that
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many pathogens possess mechanisms that attenuate or interfere
with IL-1 signaling. As an example, two of the four known P.
aeruginosa T3SS effectors, exotoxin U (ExoU) and ExoS, have in-
hibitory effects on inflammasome activation and IL-1� produc-
tion through mechanisms that have not yet been delineated (7,
18). Although it is very rare for P. aeruginosa strains to express and
translocate both ExoU and ExoS, almost all type 3 secretion sys-
tem-positive strains express one or the other effector. We had
previously reported that caspase-1-dependent immune responses
to P. aeruginosa were robustly triggered by nonflagellated strains
lacking all of the known T3SS effectors but still expressing a com-
plete, translocation-competent T3SS apparatus (4), consistent
with the ability of inflammasome adaptors, such as Naip1 and
Naip2, to recognize components of the T3SS apparatus (19–21).
However, we also observed that IL-1R-dependent signaling events
were still important in innate immune responses to bacteria ex-
pressing the caspase-1 inhibitor ExoU in a murine acute pneumo-
nia model (22). The basis for these seemingly contradictory obser-
vations was explored using transgenic mouse models deficient in
defined aspects of IL-1 signaling.

MATERIALS AND METHODS
Mice. All animal work was conducted according to relevant national and
international guidelines. Protocols for all animal studies were approved
by the Yale Institutional Animal Care and Use Committee. Interleukin-
1�-deficient (Il1b�/�) and interleukin-1�-deficient (Il1a�/�) mice with a
C57BL/6 background (23) were generously provided by Yoichiro Iwakura
(Tokyo University of Science). casp1�/� (16) and casp1 casp11�/� (24)
mice backcrossed to C57BL/6 (N10) mice were generously provided by
Richard Flavell (Yale University). Interleukin-1R1-deficient (Il1r�/�)
mice with a C57BL/6 background were purchased from the Jackson Lab-
oratory. Wild-type C57BL/6 mice were purchased from NCI (NIH). All
mice were housed in a specific-pathogen-free facility in microisolator
cages. Age-matched (8 to 10 weeks) and sex-matched littermates were
used for all experiments. In some experiments, Il1r�/� mice were injected
intraperitoneally with etanercept (Enbrel; anti-tumor necrosis factor re-
ceptor [anti-TNFR]; 250 �g) twice at 24-h intervals and then infected
intranasally with bacterial strains.

Bacterial strains and growth conditions. All bacterial strains were
maintained as frozen stocks at �80°C and freshly streaked to Vogel-Bon-
ner minimal medium (VBM) or Luria-Bertani (LB) agar prior to each
experiment. P. aeruginosa strain PA103 is a nonflagellated clinical isolate
that produces two T3SS effectors, ExoU and ExoT (25). PA103 �exoU
carries an unmarked deletion of the exoU gene (26).

Mouse infections. Bacteria grown overnight in LB medium in a 37°C
shaker were diluted 1:50 and grown for 2 to 4 h in LB at 37°C (250 rpm).
The log-phase culture was again diluted to an optical density at 600 nm
(OD600) of 0.06 and grown for an additional 1 to 2 h (37°C, 250 rpm).
Bacteria were washed, resuspended, and diluted in phosphate-buffered
saline (PBS) to achieve an inoculum of ca. 5 	 104 CFU in 40 �l. Animals
were lightly anesthetized with 30% (vol/vol) isoflurane in propylene gly-
col and infected intranasally. The actual inoculum for each experiment

FIG 1 Neutrophil recruitment following PA103 infection requires IL-1R- and
MyD88-dependent signaling but is independent of caspase-1 or caspase-11.
Mice of the indicated genotypes were intranasally infected with ca. 5 	 104

CFU of PA103 and then euthanized at 4 hpi. (A) Ratio of the number of CFU
recovered from lung/number of CFU in the inoculum; (B) total cell count in
BAL fluid; (C) number of neutrophils (polymorphonuclear leukocytes
[PMN]) in BAL fluid. Each symbol represents one mouse; bars indicate the
geometric mean (A) or median (B, C) for each group. Statistical significance
was tested by analysis of variance (Kruskal-Wallis test), followed by Dunn’s
multiple-comparison test. *, P � 0.5; **, P � 0.01; ***, P � 0.001.
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was determined by plating serial dilutions of the inoculum to VBM agar.
Mice were euthanized at 4 h postinfection. Bronchoalveolar lavage (BAL)
was performed 3 times with 1 ml PBS prior to dissection of lungs. Single-
cell lung suspensions were prepared as described previously and plated to
VBM agar to determine the bacterial load in tissue (22). The data shown
represent those from 2 to 4 independent experiments each involving 3 to
8 mice per group.

Cell counts and differentials. Cells from BAL fluid were collected by
centrifugation. Red blood cells (RBCs) were lysed (RBC lysing buffer;
Sigma-Aldrich) before total cell counts were determined using a hemacy-
tometer. Cytospin samples were prepared using a Shandon cytocentrifuge
(Shadon EZ Single Cytofunnel; Thermo Scientific) and dried prior to
staining with a Diff-Quik stain kit (IMEB, Inc., San Marcos, CA). At least
200 cells were counted to determine macrophage and neutrophil percent-
ages in BAL fluid.

Bone marrow-derived macrophages (BMDMs). Bone marrow was
harvested from mouse femurs, and cells were differentiated into macro-
phages by culture in RPMI supplemented with 30% L929 cell supernatant
and 10% fetal bovine serum (FBS) in a humidified incubator at 37°C.
Macrophages were replated 1 day prior to infection in RPMI plus 10% FBS
in 24-well plates at 2 	 105 cells/well. Cells were primed with lipopolysac-
charide (LPS; 0.5 �g/ml) for 2.5 h prior to infection with P. aeruginosa
strains (multiplicity of infection [MOI], 20) grown as described above for
animal infections. Mock-infected samples were inoculated with PBS.

Cytotoxicity assay. Lactate dehydrogenase (LDH) release was mea-
sured using an LDH cytotoxicity assay kit (Clontech) according to the
manufacturer’s instructions. Total LDH release was determined by lysing

uninfected cells with Triton X-100 (0.1%) and measuring the amount of
LDH released.

Cytokine measurements. Supernatants prepared from the first milli-
liter of BAL fluid and from BMDMs were stored at �20°C and assayed for
cytokine levels by enzyme-linked immunosorbent assay (ELISA; DuoSet;
R&D Systems) according to the manufacturer’s protocol. The IL-1� Duo-
Set ELISA can recognize both processed and unprocessed IL-1� (data not
shown).

Statistical analysis. Statistical analysis was carried out using Prism
(version 5) software (GraphPad).

RESULTS
IL-1R-dependent and -independent pathways contribute to P.
aeruginosa recognition in vivo. P. aeruginosa PA103 is an ExoU/
ExoT-producing T3SS-positive strain originally isolated from a
patient with acute pneumonia (25). This aflagellate strain has been
extensively characterized in vitro and in mouse models of acute
pneumonia. ExoU, a phospholipase A2, causes rapid necrotic cell
death (27, 28); interestingly, mouse BMDMs infected with ExoU-
positive P. aeruginosa strains fail to activate caspase-1, though
other signaling events that accompany bacterial infection, such as
activation of mitogen-activated protein kinase and NF-�B path-
ways, are observed (7). Mice infected with PA103 rapidly recruited
neutrophils to the airways; this host response was not significantly
altered by the absence of caspase-1 or caspase-1/11 signaling path-

FIG 2 IL-1� signaling plays a significant role in the host response to P. aeruginosa lacking ExoU. Mice of the indicated genotypes were infected with 5 	 104

PA103 or isogenic �exoU bacteria and then sacrificed at 4 hpi. (A) Lung bacteria, expressed as the ratio of the number of CFU recovered/number of CFU in the
inoculum; lines indicate the geometric mean for each group. (B) Total number of cells in BAL fluid; lines indicate the median. (C) Number of neutrophils in BAL
fluid; lines indicate the median. Each symbol represents an individual animal. (D) Proportion of macrophages and neutrophils in BAL fluid; bars indicate
means 
 SEMs (n � 9 to 12). diff, differential cell count. The statistical significance of pairwise comparisons was determined using analysis of variance
(Kruskal-Wallis test), followed by Dunn’s multiple-comparison test. n. s., not significant; *, P � 0.5; **, P � 0.01; ***, P � 0.001.

Al Moussawi and Kazmierczak

4206 iai.asm.org Infection and Immunity

http://iai.asm.org


ways (Fig. 1). Surprisingly, mice lacking IL-1R signaling showed
attenuated neutrophil recruitment following PA103 infection,
suggesting that a cytokine sensed by IL-1R but produced in a
caspase-1- and caspase-11-independent manner was important
for this response. Myeloid differentiation factor 88 (MyD88) is an
adaptor for IL-1 family receptors and Toll-like receptors (TLRs),
with the exception of TLR-3 (29). Myd88�/� mice showed an even
greater attenuation of neutrophil recruitment, indicating the
presence of IL-1R-independent signaling following bacterial in-
fection, most likely due to activation of TLR4 by these aflagellate
extracellular bacteria. Slight increases in bacterial burden were
noted in Il1r�/� and Myd88�/� animals at this early postinfection
time point (4 h), likely reflecting decreased numbers of phagocytic
cells in the airways.

IL-1� signaling is not required for early recognition of
ExoU-positive P. aeruginosa bacteria. The preserved responses
of Casp1�/� and Casp1 Casp11�/� mice to PA103 infection, as
reflected by neutrophil recruitment, suggested that cytokines gen-
erated by caspase-1 activity, such as IL-1�, were unlikely to play an
important signaling role during early phases of infection. How-
ever, active IL-1� can be produced by the activity of other pro-
teases on pro-IL-1� (30–32). We measured the IL-1� levels in
BAL fluid collected from PA103-infected Casp1�/� Casp11�/�

mice at 4 h postinfection (hpi) and found significantly elevated
IL-1� levels in these samples, suggesting that caspase-1-indepen-
dent production of this cytokine was occurring, as has been re-
ported in other models of P. aeruginosa infection (33) (see Fig. S1
in the supplemental material). We therefore tested whether this
cytokine was itself required for innate immune responses after
infection by using knockout mice carrying a disrupted Il1b gene.
Il1b�/� mice infected with PA103 responded with a rapid recruit-
ment of neutrophils indistinguishable from that observed in in-
fected wild-type (C57BL/6) mice (Fig. 2).

We had previously reported an important role for caspase-1-
dependent innate immune responses to P. aeruginosa bacteria that
did not express ExoU. These experiments were carried out using
mice that were subsequently determined to be deficient in both
caspase-1 and caspase-11 activity (34). We therefore repeated
these infections using singly deficient Casp1�/� mice (16) and
confirmed that strains lacking exoU required caspase-1 signaling
to initiate the characteristic neutrophil recruitment seen in wild-
type mice after infection (see Fig. S2 in the supplemental mate-
rial). In order to test whether this requirement for caspase-1 re-
flected a requirement for IL-1� signaling, we carried out
infections in Il1b�/� mice using the isogenic ExoU-deficient
strain PA103 �exoU. IL-1� signaling did contribute to the recog-
nition of PA103 �exoU bacteria in the lung, as knockout animals
showed a significant attenuation in neutrophil recruitment fol-
lowing infection (Fig. 2). Induction of the neutrophil chemokine
keratinocyte chemoattractant (KC) was dependent on IL-1� sig-
naling in PA103 �exoU-infected mice but was apparently inde-
pendent of IL-1� in PA103-infected animals (Fig. 3A). Thus, the
relative importance of IL-1� during infection was a function of
the effectors secreted by the infecting bacteria.

IL-1� is required for early recognition of ExoU-positive P.
aeruginosa bacteria. Many cells produce pro-IL-1� in response to
proinflammatory stimuli. Pro-IL-1� is bioactive in its unpro-
cessed form and can be released by damaged or dying cells (10).
We hypothesized that IL-1� might be released from cells under-
going ExoU-mediated necrosis and could provide the IL-1R-de-

pendent signal that we had observed. This was tested by infecting
Il1a�/� mice with PA103 and then analyzing immune cell recruit-
ment to the airways at 4 h postinfection. As seen in Fig. 4, neutro-
phil recruitment was significantly attenuated in Il1a�/� mice in-
fected with the ExoU-positive P. aeruginosa strain, and KC levels
were significantly lower in BAL fluid collected from knockout
mice (Fig. 3A). Wild-type and Il1a�/� mice were also infected

FIG 3 Dependence of cytokine production in vivo on IL-1� and IL-1�. KC
(A), IL-1� (B), and IL-1� (C) levels in mouse BAL fluid were measured at 4 h
postinfection with either PA103 or PA103 �exoU bacteria. Each bar shows the
mean 
 SEM for 5 (PBS controls) or 8 to 15 (infected) animals. Analysis of
variance followed by Dunn’s multiple-comparison posttest was used to deter-
mine whether cytokine levels differed significantly in pairwise comparisons
between C57BL/6 and each knockout mouse infected with the same bacterial
strain. nd, not detected; n. s., not significant; *, P � 0.05; **, P � 0.01; ***, P �
0.001.
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with the isogenic PA103 �exoU mutant. Neutrophil recruit-
ment was indistinguishable between these two groups of mice,
demonstrating that IL-1� signals were either not generated or
irrelevant during infection by a P. aeruginosa strain lacking
ExoU.

We also measured IL-1� and IL-1� levels in mouse BAL fluid
at the 4-hpi time point (Fig. 3B and C). IL-1� was induced follow-
ing PA103 infection, as we had observed previously (22), but the
absolute amount of measured cytokine was low and similar to that
seen in �exoU mutant-infected animals. In contrast, IL-1� secre-
tion was strongly induced in �exoU mutant-infected mice. Ge-
netic ablation of IL-1� was associated with the absence of IL-1� in
PA103-infected mice and significantly decreased IL-1� levels in
�exoU mutant-infected animals. This suggests that IL-1� signal-
ing is required for IL-1� secretion in the setting of PA103 infec-
tion, while IL-1� is generated by both IL-1�-dependent and -in-
dependent signals during �exoU mutant infection.

Rapid IL-1� release from BMDMs following infection with
ExoU-positive P. aeruginosa bacteria is independent of
caspase-1 and caspase-11. Our data suggest that IL-1� signals
make a significant contribution to the innate immune recognition
of PA103, but the levels of this cytokine in BAL fluid are unim-
pressive. We reasoned, however, that a requirement for the early
generation of this cytokine upon infection of resident airway cells,
such as macrophages or epithelial cells, could account for our
findings. Bacteria expressing type 3 or type 4 secretion systems can

activate a caspase-11-dependent, caspase-1-independent pathway
in murine BMDMs that leads to the release of IL-1� (15). We
tested whether P. aeruginosa also stimulated IL-1� release from
BMDMs and if cytokine secretion was affected by ExoU expres-
sion. LPS-primed BMDMs infected with PA103 (MOI, 20) re-
leased small amounts of IL-1� at early time points postinfection,
and the amounts were much less than those observed for PA103
�exoU-infected BMDMs (Fig. 5). PA103-infected BMDMs also
secreted IL-1� in amounts equal to or larger than the amount
secreted by PA103 �exoU-infected cells. Secretion of both IL-1�
and IL-1� was abrogated in BMDMs derived from Casp1�/�

Casp11�/� mice infected with PA103 �exoU, but macrophages
from these same mice showed no change in IL-1� release follow-
ing PA103 infection. Thus, ExoU-expressing bacteria elicit IL-1�
release independently of the caspase-11 pathway described for
other T3SS- or T4SS-positive pathogens, most likely as the result
of ExoU-mediated necrosis.

TNF receptor signaling contributes to the host response to
ExoU-positive P. aeruginosa bacteria. IL-1R signaling contrib-
utes to the recognition of both ExoU-positive and ExoU-negative
P. aeruginosa bacteria in the lung, but IL-1� and IL-1� play dis-
tinct and nonredundant roles during these infections, respec-
tively. We also noted that Il1r�/� mice mount an attenuated re-
sponse to PA103 infection that was absent in Myd88�/� mice (Fig.
1). We hypothesized that this other signal might involve tumor
necrosis factor alpha (TNF-�), a cytokine that is produced follow-

FIG 4 IL-1� signaling is specifically required for innate immune recognition of ExoU-positive P. aeruginosa bacteria. Mice of the indicated genotypes were
infected with 5 	 104 PA103 or isogenic �exoU bacteria and then sacrificed at 4 hpi. (A) Lung bacteria, expressed as the ratio of the number of CFU
recovered/number of CFU in the inoculum; lines indicate the geometric mean for each group. (B) Total number of cells in BAL fluid; lines indicate the median.
(C) Number of neutrophils in BAL fluid; lines indicate the median. Each symbol represents an individual animal. (D) Proportion of macrophages and
neutrophils in BAL fluid; bars indicate means 
 SEMs (n � 9 to 12). The statistical significance of pairwise comparisons was determined using analysis of variance
(Kruskal-Wallis test), followed by Dunn’s multiple-comparison test. n.s., not significant; ***, P � 0.001.
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ing PA103 infection in a MyD88-dependent fashion (22). To test
this hypothesis, we used etanercept, an agent that selectively binds
and inhibits soluble TNF-�. We first confirmed that systemic ad-
ministration of etanercept to mice could inhibit neutrophil re-
cruitment following intranasal administration of TNF-�, pro-
vided that it was administered at doses comparable to those
measured in BAL fluid after PA103 infection (see Fig. S3 in the
supplemental material). We then treated Il1r�/� mice with etan-
ercept or vehicle (PBS) prior to infection with PA103 bacteria.
TNF-� blockade significantly attenuated neutrophil recruitment
following infection, confirming a role for this cytokine in bacterial
recognition (Fig. 6). A similar attenuation of the response was not

observed in etanercept-treated Il1r�/� mice infected with PA103
�exoU (Fig. 6), suggesting that the relative importance of this
cytokine is also dependent on the specific complement of T3SS
effectors expressed by P. aeruginosa.

FIG 5 PA103-infected macrophages secrete IL-1� independently of caspase-
1/11 activity. BMDMs harvested from C57BL/6 (solid bars) or casp1�/�

casp11�/� (stippled bars) mice were primed with LPS (0.5 �g/ml) for 2.5 h and
then infected with PA103 (red) or PA103 �exoU (blue) (MOI, 20) or inocu-
lated with PBS (uninfected [UI]; gray), as indicated. Supernatants were as-
sayed for LDH (as a measure of cell necrosis/pyroptosis), IL-1�, and IL-1�.
Bars indicate the means 
 SEMs for 4 to 6 samples assayed in two independent
experiments.

FIG 6 TNF-� signals specifically contribute to recognition of ExoU-produc-
ing P. aeruginosa bacteria. Il1r�/� mice were treated with etanercept or PBS
vehicle (intraperitoneally) prior to intranasal infection with ca. 5 	 104 PA103
or isogenic �exoU bacteria and then sacrificed at 4 hpi. (A) Lung bacteria,
expressed as the ratio of the number of CFU recovered/number of CFU in the
inoculum; lines indicate the geometric mean for each group. (B) Total number
of cells in BAL fluid; lines indicate the median. (C) Number of neutrophils in
BAL fluid; lines indicate the median. Each symbol represents an individual
animal. The statistical significance of pairwise comparisons was determined
using analysis of variance (Kruskal-Wallis test), followed by Dunn’s multiple-
comparison test. n.s., not significant; *, P � 0.05; **, P � 0.01.
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DISCUSSION

Host responses to bacterial infection are multitiered and complex.
Distinct bacterial features trigger the activation of different patho-
gen recognition receptors in a context-dependent manner, lead-
ing to an immune response that is proportional to the threat posed
by a pathogen. Pathways that respond to cytosolic bacterial deter-
minants, like those leading to inflammasome activation, result in
the processing and release of highly proinflammatory IL-1�, a
rapid response appropriate to pathogens that can breach cellular
membranes via virulence factors such as the T3SS or pore-forming
toxins. In this study, we examined the basis for IL-1R-dependent
signaling following murine infection with a P. aeruginosa strain
that translocates a T3SS effector, ExoU, that inhibits inflam-
masome activation in BMDMs. We found that IL-1� signaling
was largely dispensable for immune recognition of ExoU-produc-
ing PA103 bacteria, but the absence of IL-1� significantly attenu-
ated the immune response following infection. Conversely, a role
for IL-1� could not be demonstrated in infections with a �exoU
mutant, and innate responses in this setting required IL-1� and
caspase-1.

Though IL-1� and IL-1� both signal by binding the same
IL-1R receptor, the production of these cytokines differs in
important ways. Bioactive IL-1� is generated by proteolytic
cleavage of an inactive precursor; both inflammasome-associ-
ated caspase-1 and serine proteases can generate mature IL-1�
(30–32). Though tissue-resident macrophages are the cells most
likely to encounter and initially respond to pathogens via inflam-
masome activation, with time recruited neutrophils make up the
majority of cells present at sites of inflammation. Thus, they may
make a substantial contribution to IL-1� production via either
caspase-1-independent (33, 35) or caspase-1-dependent pathways
(36, 37), even if they secrete relatively small amounts of cytokine
per cell (37).

In contrast, IL-1� is biologically active in its pro-IL-1� form,
and the release of pro-IL-1� by dying/necrotic cells can trigger a
sterile inflammatory response (10). ExoU translocation causes
rapid necrotic cell death, and it is likely that this drives IL-1�
release from cells infected by ExoU-producing P. aeruginosa bac-
teria. In contrast, infection with �exoU bacteria leads to IL-1�
release from BMDMs via a caspase-1/caspase-11-dependent path-
way, suggesting that P. aeruginosa can engage the same pathway as
flagellin-deficient, T3SS- or T4SS-expressing pathogens like Yer-
sinia enterocolitica or L. pneumophila (15, 16). We note, however,
that the amount of IL-1� produced by �exoU mutant-infected
BMDMs is far less than the amount of IL-1� simultaneously se-
creted by these cells; this strong IL-1� response may account for
our observation that Il1a�/� animals show little change from
wild-type controls in their response to PA103 �exoU infection.

Many pathogens trigger IL-1R-mediated host responses dur-
ing infection. These include extracellular pathogens, such as Strep-
tococcus pneumoniae, Staphylococcus aureus, and Klebsiella pneu-
moniae (38–40), as well as intracellular bacteria, e.g., Listeria
monocytogenes and Mycobacterium tuberculosis (41–43). Many pa-
pers describe the interaction of these pathogens with inflam-
masomes and the subsequent generation of IL-1� signals; these
are summarized in recent reviews (44, 45). In some infection
models, IL-1� has been shown to make a nonredundant contri-
bution to host defense in vivo, as reported for the control of M.
tuberculosis (46, 47) and L. pneumophila (15, 17) following murine

pulmonary infection and as shown by us here for ExoU-produc-
ing P. aeruginosa bacteria. Although the complex biology sur-
rounding IL-1� production, secretion, and signaling makes it un-
likely that a single mechanism will account for its induction by
different pathogens during infection, we predict that it will be
implicated in IL-1R-mediated responses to many bacterial and
fungal pathogens, given the importance of IL-1R in initiating neu-
trophil recruitment and other immune responses in the infected
host.
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