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ABSTRACT Activation of caspase-11 by some Gram-negative bacteria triggers
the caspase-1/interleukin 1� (IL-1�) pathway, independent of canonical inflam-
masomes. Acinetobacter baumannii is a Gram-negative, conditionally pathogenic
bacterium that can cause severe pulmonary infection in hospitalized patients. A.
baumannii was revealed to activate canonical and noncanonical inflammasome
pathways in bone marrow-derived macrophages (BMDMs). Pulmonary infection
of caspase-11�/� mice with A. baumannii showed that caspase-11 deficiency im-
paired A. baumannii clearance, exacerbated pulmonary pathological changes, and
enhanced susceptibility to A. baumannii. These data indicate that the caspase-11-
mediated innate immune response plays a crucial role in defending against A.
baumannii.
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Innate immune cells, such as macrophages, recognize invasive pathogens through
pattern recognition receptors (PRRs). NOD-like receptors (NLRs), belonging to the

PRRs, recruit pro-caspase-1 to assemble inflammasomes (1–3). Pro-caspase-1 is auto-
cleaved into active caspase-1, which further cleaves pro-interleukin 1� (IL-1�) and
pro-IL-18 to form mature IL-1� and IL-18. Activation of NLRs/caspase-1 inflammasomes
is usually called the canonical inflammasome pathway. The NLRP3 inflammasome is
one of the most important canonical inflammasomes and can be activated by a variety
of microorganisms, including bacteria, viruses, and fungi (4–6).

In recent years, another member of the inflammatory caspase family, caspase-11,
has been demonstrated to activate caspase-1/IL-1� independently of NLRs, which is
called the noncanonical inflammasome pathway (7–9). Gram-negative bacteria are the
major factors in caspase-11 activation, and lipopolysaccharide (LPS) has been identified
as a cytoplasmic ligand for caspase-11 (7–9). Activation of both caspase-1 and caspase-11
can induce cell pyroptosis.

As a Gram-negative, conditionally pathogenic bacterium, Acinetobacter baumannii
can cause severe skin, pulmonary, or urinary tract infection in hospitalized patients
(10–12). It has been revealed that A. baumannii can activate Toll-like receptor 4 (TLR4),
another cellular membrane PRR, as well as NF-�B (13–15). However, it is unclear
whether A. baumannii can activate the caspase-11 pathway. In the present study,
caspase-11 knockout (caspase-11�/�) mice were infected with A. baumannii to explore
the role of caspase-11 in pulmonary A. baumannii infection.

RESULTS
A. baumannii can activate the canonical and noncanonical inflammasome

pathways in BMDMs. To investigate whether A. baumannii can activate the canonical
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and noncanonical inflammasome pathways, bone marrow-derived macrophages
(BMDMs) from wild-type (caspase-11�/�) and caspase-11�/� mice were treated with A.
baumannii lysate for 12 h. Caspase-1 and NLRP3 expression and IL-1� secretion were
upregulated in both caspase-11�/� BMDMs and caspase-11�/� BMDMs, indicating that
A. baumannii can activate NLRP3 inflammasomes even though caspase-11 is deficient
(Fig. 1A and B). However, induction of caspase-1 expression and IL-1� secretion was
partially abrogated, and induction of IL-1� was completely abrogated, in caspase-11�/�

BMDMs when caspase-11 was knocked out (Fig. 1A to C); furthermore, the cytotoxicity
of A. baumannii for caspase-11�/� BMDMs was significantly lower than that for caspase-
11�/� BMDMs (Fig. 1D), suggesting that A. baumannii can also activate the noncanoni-
cal inflammasome pathway.

Caspase-11 deficiency impairs A. baumannii clearance. Both caspase-11�/� and
caspase-11�/� mice were infected with A. baumannii (2 � 108 bacteria). The number of
CFU in bronchoalveolar lavage fluid (BALF) from caspase-11�/� mice was much higher
than in BALF from caspase-11�/� mice 6, 24, and 72 h after infection (Fig. 2A).
Consistently, the number of CFU in lung tissue of caspase-11�/� mice was also higher
than in that of caspase-11�/� mice 6, 24, and 72 h after infection (Fig. 2B). Moreover,
bacterial burdens in spleens and livers of caspase-11�/� mice were also higher than
those in caspase-11�/� mice at the above-mentioned time points (Fig. 2C and D).

Caspase-11 deficiency aggravates the pulmonary inflammatory response to A.
baumannii infection. There were fewer neutrophils in BALF from caspase-11�/� mice
than in BALF from caspase-11�/� mice 6 and 24 h after infection but notably more than
in BALF from caspase-11�/� mice 72 h after infection (Fig. 3A). Consistently, myeloper-
oxidase (MPO) activity in lung tissue of caspase-11�/� mice was lower than that in
caspase-11�/� mice 6 and 24 h after infection but remarkably higher than that in
caspase-11�/� mice 72 h after infection (Fig. 3B). Levels of IL-1� in BALF from caspase-
11�/� mice were lower at 6 h but higher at 24 and 72 h after infection than in BALF

FIG 1 Activation of the NLRP3 inflammasome pathway and the noncanonical inflammasome pathway by A. baumannii in BMDMs. Lysate from 1 � 108 A.
baumannii bacteria was used to treat 1 � 106 BMDMs. (A) Caspase-1 and NLRP3 expression in BMDMs was detected by Western blotting. (B and C) IL-1�
and IL-1� secretion was measured by ELISA. (D) Cytotoxicity was analyzed with a lactate dehydrogenase kit. *, P � 0.05 versus casp-11�/� lysate�; **,
P � 0.01 versus casp-11�/� lysate�; ***, P � 0.001 versus casp-11�/� lysate�; #, P � 0.05 versus casp-11�/� lysate�; ##, P � 0.01 versus casp-11�/� lysate�;
###, P � 0.001 versus casp-11�/� lysate�; o, P � 0.05 versus casp-11�/� lysate�; ooo, P � 0.001 versus casp-11�/� lysate�. casp-11, caspase-11. The
data are expressed as means � SD, and all the experiments were performed three times.
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from caspase-11�/� mice (Fig. 3C). Moreover, BALF from caspase-11�/� mice contained
more IL-6 and tumor necrosis factor alpha (TNF-�) but less IL-1� than BALF from
caspase-11�/� mice at each time point (Fig. 3D to F).

Caspase-11 deficiency exacerbates pulmonary pathological changes caused
by A. baumannii infection. Pulmonary pathological changes were evaluated by
hematoxylin-eosin (HE) staining. No obvious pathological change was observed in the
lungs of either caspase-11�/� or caspase-11�/� mice without A. baumannii infection
(Fig. 4, Uninf). Six hours after infection, fewer neutrophils had infiltrated into lungs of
caspase-11�/� mice than into those of caspase-11�/� mice (Fig. 4, 6 h). However, 24 h
after infection, lungs from both types of mice exhibited comparable pathological
changes, with infiltration of large quantities of neutrophils and local consolidation (Fig.
4, 24 h). Seventy-two hours after infection, pulmonary pathological changes in caspase-
11�/� were mice significantly exacerbated and were characterized by extensive neu-
trophil infiltration and consolidation (Fig. 4, 72 h).

Caspase-11 deficiency enhances susceptibility to A. baumannii. To investigate
the tolerance of mice for A. baumannii, both caspase-11�/� and caspase-11�/� mice
were infected with 1 � 108 or 5 � 108 A. baumannii bacteria. It was found that both
types of mice survived infection with 1 � 108 A. baumannii bacteria; however, after
infection with 5 � 108 A. baumannii bacteria, the survival rate of caspase-11�/� mice
(7/8; 87.5%) was significantly higher than that of caspase-11�/� mice (2/8; 25%)
(Fig. 5A). HE staining showed that 24 h after infection with 5 � 108 A. baumannii
bacteria, caspase-11�/� mice displayed very serious pathological changes characterized
by diffuse inflammatory cell infiltration and consolidation (Fig. 5B and C).

DISCUSSION

Some Gram-negative bacteria, such as Escherichia coli, Salmonella enterica serovar
Typhimurium, and Citrobacter freundii, have been shown to activate both the NLRP3

FIG 2 Bacterial burdens in caspase-11�/� and caspase-11�/� mice. (A and B) CFU in BALF and lungs of
caspase-11�/� and caspase-11�/� mice infected with 2 � 108 A. baumannii bacteria. (C and D) CFU in
spleens and livers of caspase-11�/� and caspase-11�/� mice infected with 2 � 108 A. baumannii bacteria.
*, P � 0.05 versus casp-11�/�; **, P � 0.01 versus casp-11�/�; ***, P � 0.001 versus casp-11�/�. casp-11,
caspase-11; Uninf, uninfected. The data are expressed as means � SD. Each group contained 5 mice.
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inflammasome and noncanonical inflammasome pathways (8, 16–18). Our in vitro study
showed that A. baumannii upregulated caspase-1 and NLRP3 expression and IL-1�

secretion in both caspase-11�/� and caspase-11�/� BMDMs, indicating that A. bau-
mannii can activate the NLRP3 inflammasome. Consistently, Kang et al. found that A.
baumannii-induced IL-1� secretion was dependent on NLRP3, the adaptor ASC
(apoptosis-associated speck-like protein containing a CARD), and caspase-1, involving
the P2X7 receptor, K� efflux, reactive oxygen species (ROS) production, and cathepsin
release (19).

In addition to the NLRP3 inflammasome, our in vitro study has revealed that A.
baumannii can activate the caspase-11-mediated noncanonical inflammasome, based
on the following observations. (i) Caspase-11 knockout partially abrogated A.
baumannii-induced caspase-1 expression and IL-1� secretion. (ii) Caspase-11 knock-
out completely abrogated A. baumannii-induced IL-1� secretion. (iii) Caspase-11

FIG 3 Pulmonary inflammatory response to A. baumannii in caspase-11�/� and caspase-11�/� mice. (A) Neutrophils
in BALF from caspase-11�/� and caspase-11�/� mice infected with 2 � 108 A. baumannii bacteria. (B) MPO activity
in lung tissue of caspase-11�/� and caspase-11�/� mice infected with 2 � 108 A. baumannii bacteria. (C to F) Levels
of IL-1�, IL-6, TNF-�, and IL-1� in BALF from caspase-11�/� and caspase-11�/� mice infected with 2 � 108 A.
baumannii bacteria. *, P � 0.05 versus casp-11�/�; **, P � 0.01 versus casp-11�/�; ***, P � 0.001 versus casp-11�/�.
casp-11, caspase-11; Uninf, uninfected. The data are expressed as means � SD. Each group contained 5 mice.
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knockout reduced the cytotoxicity of A. baumannii on BMDMs. Therefore, these data
suggest that caspase-11 deficiency may impair the innate immune response to A.
baumannii infection.

Actually, our in vivo study showed that the numbers of CFU in BALF and lung tissue
from caspase-11�/� mice were much higher than those in caspase-11�/� mice 24 h or
72 h after infection with the same quantity of A. baumannii bacteria, indicating that
caspase-11 knockout impaired the ability of macrophages to clear A. baumannii.
Similarly, caspase-11�/� mice exhibited decreased capability to clear Salmonella Typhi-
murium in the intestine compared with caspase-11�/� mice (20). In addition, caspase-
11�/� mice also displayed deficiency in Legionella pneumophila clearance (21).

FIG 4 Pulmonary pathological changes of caspase-11�/� and caspase-11�/� mice. Lung tissues were stained with HE, and lung pathology
was scored blindly in caspase-11�/� and caspase-11�/� mice after infection with 2 � 108 A. baumannii bacteria. *, P � 0.05 versus
casp-11�/�; **, P � 0.01 versus casp-11�/�. casp-11, caspase-11; Uninf, uninfected. The data are expressed as means � SD. Each group
contained 5 mice.

FIG 5 Survival rate of caspase-11�/� and caspase-11�/� mice. (A) Kaplan-Meier analysis of the survival
rate of caspase-11�/� and caspase-11�/� mice after infection with 5 � 108 A. baumannii bacteria. (B)
Pulmonary pathology of caspase-11�/� and caspase-11�/� mice 24 h after infection with 5 � 108 A.
baumannii bacteria. *, P � 0.05 versus casp-11�/�. Each group contained 8 mice.
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As a consequence of deficiency in bacterial clearance, caspase-11�/� mice demon-
strated exacerbated pulmonary pathological changes characterized by extensive neu-
trophil infiltration and consolidation for the duration of infection with A. baumannii.
Consistently, the survival rate of caspase-11�/� mice was much lower than that of
caspase-11�/� mice, indicating that caspase-11 knockout increases susceptibility to A.
baumannii infection. The increased bacterial burden may activate NLRs or TLRs to
increase cytokine release and inflammatory response.

In summary, our studies have shown that A. baumannii can activate the noncanoni-
cal caspase-11 inflammasome and that caspase-11 deficiency impairs pulmonary A.
baumannii clearance, resulting in exaggerated pulmonary inflammation and consoli-
dation. These data indicate that the caspase-11-mediated innate immune response
plays a crucial role in defending against A. baumannii invasion.

MATERIALS AND METHODS
Animals. Six- to 8-week-old female specific-pathogen-free (SPF) caspase-11�/� mice (C57BL/6 back-

ground) and wild-type C57BL/6 (caspase-11�/�) mice were studied in accordance with the Guide to the
Care and Use of Experimental Animals (China). The experimental procedures were approved by the China
Medical University Animal Care and Use Committee. Caspase-11�/� mice were purchased from Jackson
Laboratory, and wild-type C57BL/6 mice were provided by the Animal Division, China Medical University.

Bone marrow-derived macrophage generation. Bone marrow was harvested from mouse femurs
and tibias. BMDMs were generated by plating bone marrow cells in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and 10% macrophage colony-stimulating factor (M-CSF) (L929
cell supernatant).

Bacterial culture, inoculation, and CFU measurement. A. baumannii (ATCC BAA-1605) bacteria
were grown overnight in tryptic soy broth (TSB) at 37°C. A. baumannii bacteria (2 � 108) in 20 �l saline
were administered to anesthetized mice intranasally. Twenty-four or 72 h after infection, mice were
sacrificed for examination. To quantify CFU, suspension fluid from BALF or homogenized lung tissue was
inoculated into sterile tryptic soy agar (TSA) at 37°C for 24 h.

Bacterial lysate preparation. Bacteria were collected by centrifugation at 4°C and 7,000 � g for
10 min and were suspended in 1 ml phosphate-buffered saline (PBS). Subsequently, the bacteria
were sonicated with a JY96-IIN sonifier (Xinzhi, Ningbo, China) on ice. After centrifugation at 4°C and
13,000 � g for 10 min, the supernatant was filtered by using a 0.45-�m membrane (Millipore). Lysate
from 1 � 108 bacteria was used to treat 1 � 106 BMDMs.

Western blotting. Equal amounts of proteins were separated on 10% SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) in a wet electron transfer device.
The membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) containing
0.05% Tween 20 for 1 h at room temperature. The membranes were incubated with rabbit polyclonal
antibody for caspase-1 (1:1,000; Abcam) or rabbit polyclonal antibody for NLRP3 (1:500; Abcam) over-
night at 4°C. After being washed in TBS-Tween 20 three times, the membranes were incubated in
horseradish peroxidase (HRP)-conjugated goat anti-rabbit (1:5,000) for 2 h at room temperature. An
enhanced chemiluminescence (ECL) kit was used to visualize target proteins. The optical densities (ODs)
of the bands were determined with Image-J software.

Bronchoalveolar lavage fluid collection and staining. BALF was collected by injecting into the
lungs and withdrawing 1 ml saline. The BALF was centrifuged at 2,000 rpm for 5 min, and the
supernatant was collected for enzyme-linked immunosorbent assay (ELISA) detection. Lysis buffer was
added to the precipitant to eliminate red blood cells. After another centrifugation at 2,000 rpm for 5 min,
the precipitant was resuspended. The suspension fluid was then smeared, and the neutrophils were
counted after Wright staining.

ELISA. Levels of TNF-�, IL-1�, IL-6, and IL-1� in the supernatants of BMDMs and BALF were measured
using mouse ELISA kits (eBioscience) for the cytokines according to the manufacturer’s instructions. The
sensitivity was 8 pg/ml for TNF-� and IL-1� and 4 pg/ml for IL-6 and IL-1�.

Cytotoxicity assay. The cytotoxicity of A. baumannii for BMDMs was analyzed using a lactate
dehydrogenase (LDH) assay kit (Beyotime Biotechnology, China). After 12 h of infection, cell supernatants
were harvested for analysis of LDH release by dying cells. The absorbance at 490 nm was measured with
a plate reader spectrophotometer, and cytotoxicity values were determined based on the following
equation: (ODsample � ODlow control)/(ODhigh control � ODlow control) � 100, where low control indicates
BMDMs without bacterial infection and high control indicates BMDMs (without bacterial infection)
treated with LDH-releasing agent.

Myeloperoxidase activity assay. MPO activity in lung tissue was measured with an MPO assay kit
(Nanjing Jiancheng Corp., China) according to the manufacturer’s instructions. The absorbance at 460 nm
was measured with a plate reader spectrophotometer. The MPO value (units per gram of lung tissue) was
determined based on the following equation: (ODsample � ODcontrol)/11.3 � amount of sample (in grams).

Hematoxylin-eosin staining. Lung tissue was fixed with 10% formalin and embedded in paraffin;
4-�m-thick sections were stained with HE and observed using a Leica DMRB microscope. The degree of
pathology was judged blindly and scored according to the following criteria (22): 0, no reaction in
alveolar walls; 1, diffuse reaction in alveolar walls, primarily neutrophilic, with no thickening of alveolar
walls; 2, diffuse presence of inflammatory cells in alveolar walls with slight thickening; 3, distinct
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thickening of alveolar walls due to the presence of inflammatory cells; 4, alveolar wall thickening with up
to 25% of the lung consolidated; 5, alveolar wall thickening with more than 50% of the lung consolidated.

Statistical analysis. Data are expressed as means � standard deviations (SD). Differences were
analyzed by Student’s t test or one-way analysis of variance (ANOVA). The survival rate was determined
by the Kaplan-Meier method and compared by log-rank test. Statistical analysis was performed using
SPSS 13.0. Differences were considered significant when the P value was less than 0.05.
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