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ABSTRACT Pneumonia due to Gram-negative bacteria is associated with high
mortality. Acinetobacter baumannii is a Gram-negative bacterium that is associ-
ated with hospital-acquired and ventilator-associated pneumonia. Bacteria have
been described to release outer membrane vesicles (OMVs) that are capable of
mediating systemic inflammation. The mechanism by which A. baumannii OMVs me-
diate inflammation is not fully defined. We sought to investigate the roles that Toll-
like receptors (TLRs) play in A. baumannii OMV-mediated pulmonary inflammation.
We isolated OMVs from A. baumannii cultures and intranasally introduced the OMVs
into mice. Intranasal introduction of A. baumannii OMVs mediated pulmonary inflam-
mation, which is associated with neutrophil recruitment and weight loss. In addition,
A. baumannii OMVs increased the release of several chemokines and cytokines in the
mouse lungs. The proinflammatory responses were partially inhibited in TLR2- and
TLR4-deficient mice compared to those of wild-type mice. This study highlights the
important roles of TLRs in A. baumannii OMV-induced pulmonary inflammation in
vivo.
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Pneumonia caused by Gram-negative bacteria is a common etiology for admission
to the medical intensive care unit and is associated with life-threatening compli-

cations, such as sepsis and acute respiratory distress syndrome (1, 2). Severe pneumonia
caused by Gram-negative bacteria is also associated with hospital-acquired and
ventilator-associated pneumonia and correlates with increased morbidity and mortality
(1, 3). Acinetobacter baumannii is a Gram-negative bacterium that frequently colonizes
hospitalized patients, has many strains that are multidrug resistant, and is associated
with high mortality, especially in immunocompromised patients (1, 4–6).

Gram-negative bacteria, including A. baumannii, express several virulence factors
and toxins, such as lipopolysaccharide (LPS), that are known as pattern-associated
molecular patterns (PAMPs) (7, 8). PAMPs are recognized by pattern recognition receptors
(PRRs) that are expressed by host cells and function as alert systems for the immune system
(8). Toll-like receptors (TLRs) are well-described PPRs that, upon activation, induce the
expression of proinflammatory cytokines and recruit immune cells to the site of
infection (9, 10). Many TLRs signal through the adaptor protein MyD88 to exert their
effects on cytokine expression (11). TLR4, a canonical TLR, recognizes and binds LPS to
induce inflammatory cytokine expression and subsequent neutrophil recruitment (9,
10). However, TLR2 also plays an important role in inflammation induced by Gram-
negative pathogens. TLR2 can recognize numerous microbial structures, including
porins and lipoproteins expressed by A. baumannii (9). TLR2 has been shown to be
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important in controlling innate responses while TLR4 was important in clearing bacteria
from the lung in the mouse model of A. baumannii infection (12). Both TLR2 and TLR4
were reported to be important in the induction of interleukin-8 (IL-8) from airway
epithelial cells in response to A. baumannii infection (13), while TLR4 was important for
inducing signaling in a human monocytic cell line to A. baumannii-derived LPS (14).

Alveolar macrophages express TLRs and are among the first cells to sense and
respond to foreign materials that enter the lungs, including pathogens (15, 16). Alveolar
macrophages have important roles in regulating the recruitment of neutrophils to the
lungs by recognizing and binding PAMPs (16, 17). The recruitment of neutrophils to the
airways depends on the expression of several TLR-associated cytokines, such as IL-6 and
tumor necrosis factor alpha (TNF-�), and the robust recruitment or activation of
neutrophils can sometimes damage host tissues by activating inflammasomes, repre-
sented as the production of mature forms of IL-1� (18–20).

Bacteria can mediate inflammation both locally and distantly via the release of outer
membrane vesicles (OMVs), as reviewed in reference 21. Bacterial OMVs can mediate
systemic inflammation in mouse models and may contribute to the development of
critical illness in humans during infection (22). A. baumannii releases OMVs, but the
mechanisms by which the OMVs mediate inflammation in the lungs are not known. We
hypothesized that A. baumannii generates OMVs that can mediate robust inflammatory
responses in TLR-dependent manners. We employed a mouse model to investigate the
roles of TLR activation in OMV-mediated inflammation. Here, we sought to characterize
the inflammatory response mediated by A. baumannii OMVs and study the mechanisms
by which A. baumannii OMVs mediate proinflammatory cytokine production by em-
ploying various TLR-deficient and MyD88-deficient mouse models.

RESULTS
A. baumannii releases OMVs. OMVs were isolated from conditioned medium from

A. baumannii by differential centrifugation, ultracentrifugation, and iodixanol density
gradient ultracentrifugation. Using a three-step (10, 40, and 50%) iodixanol density
gradient ultracentrifugation, A. baumannii OMVs were settled at fraction 3 (F3), and
approximately 6.9 �g of A. baumannii OMVs was obtained from 1 liter of culture.
Transmission electron microscopy revealed that the purified OMVs contained lipid
bilayers and were 30 to 100 nm in diameter (Fig. 1A). Dynamic light scattering also
showed the size distribution of the purified OMVs, and the size range was in agreement
with that revealed by transmission electron microscopy (Fig. 1B).

A. baumannii OMVs can be detected in the mouse lungs after intranasal
administration. To determine if A. baumannii OMVs can be detected in the lung
parenchyma after intranasal administration, we measured the concentrations of A.
baumannii OMV components in the lung tissue of mice after administering various
amounts of A. baumannii OMVs. Lung tissues were collected at 6, 12, 24, and 48 h after
intranasal administration, and A. baumannii OMVs were detected using anti-A. bau-
mannii OMV antibody. A. baumannii OMVs were detected in a dose-dependent manner
(Fig. 1C). The amounts of A. baumannii OMV components in the lung tissues at 6, 12,
24, and 48 h after intranasal administration of OMVs (10 �g) were determined (Fig. 1D).
A. baumannii OMV components were maximally detected at 6 h and then subsided but
continued to be detected until 48 h after intranasal administration.

A. baumannii OMVs mediate neutrophilic predominant pulmonary inflamma-
tion. After determining that A. baumannii OMVs can be detected in the lung paren-
chyma after OMV administration, we next sought to determine if A. baumannii OMVs
could mediate pulmonary inflammation. A. baumannii OMVs were intranasally admin-
istered into mice, and the bronchoalveolar lavage (BAL) fluids were obtained to perform
differential cell counts. At all doses of A. baumannii OMVs tested, the numbers of total
cells and neutrophils were significantly increased in the BAL fluid in a dose-dependent
manner (Fig. 2A). Neutrophils were the predominant cell type among the recruited cells
in BAL fluid. When A. baumannii OMVs (10 �g in total protein amounts) were intrana-
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sally administered to mice, A. baumannii OMVs mediated pulmonary consolidation up
to 48 h after OMV administration (Fig. 2B).

We next sought to determine if the induction of pulmonary inflammation by A.
baumannii OMVs was associated with weight loss. The ability of mice to maintain their
body weights after stimulation with microbes or microbial products is a commonly
utilized marker of general health (23, 24). To determine the health of A. baumannii
OMV-administered mice, we measured the body weight of mice at 24 h after stimula-
tion with A. baumannii OMVs (0, 1, 5, and 10 �g in total protein amounts). All mice
stimulated with A. baumannii OMVs developed body weight loss in a dose-dependent
manner (Fig. 2C). However, A. baumannii OMV administration did not cause any
mortality in the mice up to 24 h with any of the tested doses (Fig. 2D).

A. baumannii OMVs mediate the release of proinflammatory chemokines and
cytokines. We next investigated the chemokine and cytokine milieu in the lungs of
mice instilled with A. baumannii extracellular vesicles (EV), which could promote
neutrophilic pulmonary inflammation. Given that the numbers of recruited neutrophils
in BAL fluids were not significantly different between 5 and 10 �g of A. baumannii
OMVs, the concentrations of chemokines CCL2 and CXCL1 as well as cytokines IL-6,
TNF-�, gamma interferon (IFN-�), and IL-1� were measured after intranasal adminis-
tration of 0, 1, and 5 �g of A. baumannii OMVs. At 24 h after intranasal administration
of 1 and 5 �g of the OMVs, the concentrations of chemokines and cytokines were
significantly increased compared with those of the control (Fig. 3A to F). The concen-
trations of CCL2, IL-6, and IL-1� were increased in a dose-dependent manner (Fig. 3A,
C, and F, respectively), whereas a saturation effect was observed at the 1-�g dose for
CXCL1, TNF-�, and IFN-� (Fig. 3B and D and E, respectively).

FIG 1 Characterization of A. baumannii OMVs and OMV component detection in the lungs. (A) Transmission
electron microscopy indicating that the purified OMVs have lipid bilayered structures. (B) Size distribution of the
purified OMVs determined by dynamic light scattering, with the diameter ranging from 30 to 100 nm. (C) Various
amounts of A. baumannii OMVs (0, 1, 5, and 10 �g in total protein amounts) were intranasally introduced into mice,
and the amounts of OMV components were measured at 24 h after intranasal instillation of the OMVs. (D) A.
baumannii OMVs (10 �g) were intranasally introduced to mice, and the amounts of OMV components were
measured at 0, 6, 12, 24, and 48 h after intranasal instillation of the OMVs. *, P � 0.05; **, P � 0.01.
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IL-1�, an inflammasome-associated cytokine, is induced in a two-step process (25,
26). First, pro-IL-1� is expressed after TLR activation. The second signal is the action of
inflammasome complex formation via recognition of damage-associated molecular
patterns. Inflammasome activation induces caspase-dependent processing of pro-IL-1�

to active IL-1�. In our model, IL-1� is expressed in a dose-dependent manner (Fig. 3F).
These data suggest that A. baumannii OMVs mediated neutrophil recruitment via TLR
activation and that A. baumannii OMVs were sufficient to mediate the release of
damage-associated molecular patterns and trigger inflammasome activation.

Effects of A. baumannii OMVs on cytokine release and regulation by TLR2 and
TLR4. Macrophages are among the first cells to recognize foreign materials that enter
the lungs and play important roles in recruiting neutrophils to the lungs (16, 17). We
sought to determine which PRR(s) expressed by macrophages plays an important role
in the release of proinflammatory cytokines in response to A. baumannii OMVs.
RAW264.7 (a mouse macrophage cell line) cells were stimulated with various concen-
trations of A. baumannii OMVs (0, 0.01, 0.1, and 1.0 ng/ml total protein concentrations)

FIG 2 Outer membrane vesicles from A. baumannii induce rapid neutrophil recruitment to the lungs. (A) Dose-dependent effects of A. baumannii OMVs on the
numbers of BAL fluid cells. Various amounts of A. baumannii OMVs (0, 1, 5, and 10 �g in total protein amounts) were intranasally introduced to mice, and at
24 h after intranasal instillation of the OMVs, the numbers of BAL fluid total cells, neutrophils, and macrophages were counted. (B) Time course (0, 6, 12, 24,
and 48 h) of pulmonary inflammation mediated by A. baumannii OMVs. Hematoxylin and eosin staining of the lung sections of mice was conducted at different
time points after intranasal instillation of A. baumannii OMVs (10 �g). Scale bars, 1 mm (low magnification) and 100 �m (high magnification). (C and D)
Dose-dependent effects of A. baumannii OMVs on body weight loss and survival. (C) Various amounts of A. baumannii OMVs (0, 1, 5, and 10 �g in total protein
amounts) were intranasally introduced to mice, and at 24 h after intranasal instillation of the OMVs, the body weight of mice was measured and body weight
difference was calculated by comparison to mice which were not instilled with OMVs. (D) Survival of mice was monitored every 3 h for 1 day. *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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for 12 h. A. baumannii OMVs mediated the release of IL-6 and TNF-� in a dose-
dependent manner (Fig. 4A and B).

To investigate the roles of TLRs in A. baumannii OMV-mediated cytokine release, we
employed peritoneal macrophages derived from wild-type mice and mice deficient in
TLR2, TLR4, or TLR adaptor protein MyD88. Stimulation of wild-type peritoneal macro-
phages with A. baumannii OMVs again mediated the release of IL-6 in a dose-
dependent manner (Fig. 4C). A. baumannii OMV-mediated release of IL-6 was signifi-
cantly decreased in peritoneal macrophages derived from mice deficient in TLR2, TLR4,
or MyD88 compared to that from wild-type mice. However, unlike peritoneal macro-
phages from TLR4- or MyD88-deficient mice, the cytokine responses from TLR2-
deficient mice were not completely abrogated in the release of IL-6 in response to
stimulation with A. baumannii OMVs.

Roles of TLR2 and TLR4 in A. baumannii OMV-mediated pulmonary inflamma-
tion in vivo. We next sought to determine the roles of TLR2 and TLR4 in A. baumannii
OMV-mediated pulmonary inflammation in vivo. A. baumannii OMVs (5 �g in total
protein amounts) were intranasally administered into wild-type as well as TLR2- and
TLR4-deficient mice. Host and inflammatory responses were measured by body weight
loss, BAL fluid cell count, lung histology, and cytokine release. Stimulation of mice with
A. baumannii OMVs mediated body weight loss throughout the time course of stimu-
lation (Fig. 5A). Stimulation of either wild-type or TLR2-deficient mice with A. baumannii
OMVs mediated similar levels of body weight loss, but there was more significant body
weight loss in TLR4-deficient mice.

The numbers of total cells, neutrophils, macrophages, and lymphocytes in the BAL
fluids were counted at 6 and 24 h after intranasal administration of A. baumannii OMVs
(Fig. 5B to D). Higher numbers of total leukocytes, neutrophils, and macrophages were
recruited at 24 h after intranasal administration than at 6 h after administration. Higher

FIG 3 Dose-dependent effects of A. baumannii OMVs on the BAL concentrations of chemokines and cytokines. Mice were intranasally introduced
to A. baumannii OMVs (0, 1, and 5 �g in total protein amounts), and at 24 h after intranasal instillation of the OMVs, the BAL concentrations of
chemokines and cytokines were determined. The BAL concentrations of chemokines CCL2 (A) and CXCL1 (B) as well as cytokines IL-6 (C), TNF-�
(D), IFN-� (E), and IL-1� (F) were measured. *, P � 0.05; **, P � 0.01.
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numbers of total leukocytes and neutrophils were recruited in TLR2-deficient mice than
in wild-type mice at 6 h after administration, whereas there were no significant differ-
ences between wild-type and TLR4-deficient mice at that time point. However, there
were significantly reduced numbers of total leukocytes and neutrophils recruited in
TLR4-deficient mice at 24 h after administration, whereas there were no significant
differences between wild-type and TLR2-deficient mice at that time point (Fig. 5B and
C). Regarding the number of recruited macrophages, there were no significant differ-
ences between wild-type and TLR2- as well as TLR4-deficient mice at 6 h after admin-
istration. However, at 24 h after administration, fewer numbers of macrophages were
recruited in TLR4-deficient mice than in wild-type and TLR2-deficient mice (Fig. 5D).
Lung histology of wild-type and TLR2- as well as TLR4-deficient mice stimulated with A.
baumannii OMVs revealed that there was more severe pulmonary consolidation in
wild-type mice than in both TLR2- and TLR4-deficient mice, with TLR4-deficient mice
exhibiting much less pulmonary inflammation and consolidation (Fig. 5E and F). However,
we saw an increase in weight loss in TLR2 and TLR4 knockout mice (Fig. 5G).

TLR2 and TLR4 mediate proinflammatory cytokine production induced by A.
baumannii OMVs. The concentrations of cytokines IL-6, TNF-�, and IL-1� in BAL fluids
were measured at 6 and 24 h after intranasal administration of A. baumannii OMVs (Fig.
6A to F). Compared to that of wild-type mice, the release of IL-6 was increased in
TLR2-deficient mice at 6 h after administration, whereas there were no significant

FIG 4 Effects of A. baumannii OMVs on cytokine release by macrophages and regulation by TLR2 and TLR4. (A and B) Various
concentrations of A. baumannii OMVs (0, 0.01, 0.1, and 1 ng/ml in total protein concentrations) were added to RAW264.7 cells (mouse
macrophage cell line) in vitro, and at 12 h after stimulation with the OMVs, the concentrations of IL-6 (A) and TNF-� (B) in conditioned
media were measured. (C) Peritoneal macrophages from wild-type, MyD88 knockout (KO), TLR2 KO, and TLR4 KO mice were stimulated
with various concentrations of A. baumannii OMVs (0, 0.01, 0.1, and 1 ng/ml in total protein concentrations). At 12 h after stimulation with
the OMVs, the concentrations of IL-6 in conditioned media were measured. *, P � 0.05; ***, P � 0.001.
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differences between wild-type and TLR4-deficient mice at that time point. However, the
release of IL-6 was decreased in both TLR2- and TLR4-deficient mice at 24 h after
administration (Fig. 6A). The release of TNF-� was decreased in TLR4-deficient mice at
both 6 and 24 h after administration compared to that of wild-type mice, whereas there
were no significant differences between wild-type and TLR2-deficient mice at those
time points (Fig. 6B). The release of IL-1� was increased at 24 h after administration in
wild-type and TLR2-deficient mice compared to that 6 h after administration. However,
stimulation of TLR4-deficient mice similarly induced the release of IL-1� at 6 and 24 h
after administration. Compared to that of wild-type mice, the release of IL-1� was
decreased in both TLR2- and TLR4-deficient mice at 24 h after administration (Fig. 6C).

A. baumannii OMVs induce MAPK in the lung. OMV-treated mouse lungs exhib-
ited increased mitogen-activated protein kinase (MAPK)-related phosphorylated P42/44
(or Erk1/2) compared to that of phosphate-buffered saline (PBS)-treated lungs (Fig. 7A
to C), showing increased phosphorylated P42/44 in proportion to total P42/44 or
�-actin as a control. Proinflammatory cytokines such as IL-1�, IL-6, and TNF-� were
increased in OMV-treated lungs compared to levels in PBS-treated controls, as mea-
sured by semiquantitative reverse transcription-PCR (Fig. 7D to F). We were also
interested in determining if type I interferons such as IFN-� and IFN-� were modulated
with OMV treatment. We found that there were no significant differences between

FIG 5 Roles of TLR2 and TLR4 in A. baumannii OMV-mediated pulmonary inflammation in vivo. A. baumannii OMVs (5 �g in total protein amounts) were
intranasally introduced to wild-type as well as TLR2- and TLR4-deficient mice. (A to D) At 6 h and 24 h after intranasal instillation of the OMVs, the numbers
of BAL fluid total cells (A), macrophages (B), neutrophils (C), and lymphocytes (D) were counted. (E) Hematoxylin and eosin staining of the lung sections of mice
was conducted at 6 h and 24 h after intranasal instillation of the OMVs. Scale bars, 100 �m. (F) Pathology score of WT, TLR2 knockout (KO), and TLR4 KO mice
treated with OMV at 24 h. (G) Time course (0, 6, 12, and 24 h) of body weight loss of mice. *, P � 0.05.
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PBS-treated and OMV-treated lungs in the induction of IFN-�4 or IFN-�, suggesting that
the OMV mediated its effect through a MyD88 pathway and not a TRIF or TRAM
pathway. The OMVs induced increased IFN-� in the lungs compared to that of the PBS
control (Fig. 8).

To determine if the proinflammatory effects of A. baumannii OMVs were due to LPS,
a TLR4 agonist, peritoneal macrophages derived from wild-type mice were treated with
PBS, LPS, or A. baumannii OMVs with or without polymyxin B (PMB), an inhibitor of LPS
stimulation. The release of TNF-� was significantly increased by LPS and A. baumannii
OMVs compared to that of the control group. PMB almost completely reduced the
release of TNF-� from macrophages stimulated with LPS, but it only partially decreased
the release of TNF-� from macrophages stimulated with OMVs (see Fig. S1 in the
supplemental material), suggesting LPS plays a role in OMV-mediated TNF-� release.

DISCUSSION

Pneumonia caused by A. baumannii results in respiratory failure, sepsis, acute
respiratory distress syndrome, and high mortality in patients admitted to medical
intensive care units (1, 2). Poor clinical outcomes can result from overexuberant
inflammatory responses to infectious pathogens, which result in damage to the lungs
during pneumonia (27). Understanding the pathogen-host interactions that result in
inflammation-mediated damage to host tissues is needed to prevent and treat severe

FIG 6 Roles of TLR2 and TLR4 in A. baumannii OMV-mediated cytokine release in vivo. A. baumannii OMVs
(5 �g in total protein amounts) were intranasally introduced to wild-type as well as TLR2- and TLR4-
deficient mice. At 6 h and 24 h after intranasal instillation of the OMVs, the BAL concentrations of
cytokines IL-6 (A and D), TNF-� (B and E), and IL-1� (C and F) were measured. *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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complications of pneumonia. Here, we sought to investigate the mechanisms by which
A. baumannii OMVs, independent of bacterial growth, mediate pulmonary inflamma-
tion. Currently, OMVs are thought to play important roles in intercellular communica-
tion during acute infections (21, 28, 29). Understanding the role that OMVs play in
systemic inflammation can provide insight as to the mechanisms by which acute
bacterial infections can induce severe systemic inflammation and death despite ade-
quate antimicrobial administration. We hypothesized that A. baumannii OMVs would
mediate pulmonary inflammation in TLR-dependent manners because TLRs play roles
as first-line detectors of pathogens. To investigate this question, we employed mice
with genetic deficiencies in TLRs and the downstream adaptor MyD88 and measured
inflammatory responses in vivo and in vitro. We demonstrated that stimulation with A.
baumannii OMVs mediated robust recruitment of neutrophils to the lungs in a dose-
and time-dependent manner. Neutrophil recruitment into the lungs increased over
time and was associated with increased consolidation of the lungs. We discovered that
A. baumannii OMVs mediated significant weight loss, an important clinical indicator of
severity of illness, in a dose-dependent manner.

Neutrophils play central roles in the clearance of infectious organisms during acute
infection by A. baumannii (30). The active recruitment of neutrophils to the lungs
depends on the early identification of infectious pathogens by resident cells of the
lung, including alveolar macrophages, and is orchestrated by the expression of multiple
proinflammatory cytokines through TLR activation (15–17). Independent of bacterial
growth, bacterial OMVs can result in inflammatory responses that may lead to immune
dysregulation and death due to sepsis. We sought to define the roles TLR2 and TLR4
play in regulating A. baumannii OMV-mediated neutrophil recruitment and release of
proinflammatory cytokines.

Both TLR2 and TLR4 are expressed on the cell surface of macrophages and signal via
the common adaptor protein MyD88 (11, 20). IL-6 is a proinflammatory cytokine
secreted by macrophages that leads to the recruitment of neutrophils to the sites of
infection (18, 20). A. baumannii OMV-mediated release of IL-6 was significantly de-
creased in peritoneal macrophages derived from mice deficient in TLR2, TLR4, or MyD88

FIG 7 OMVs activate MAPK and NF-�B pathways in the mouse lung. C57BL/6 mice were intranasally administered A. baumannii OMVs
(5 �g in total protein amounts) or PBS as a control. Mice were sacrificed at 6 h postintranasal administration of OMVs to harvest lung
samples. MAPK activation was measured by Western blot analysis of lung samples. (A) A representative Western blot image. (B and C)
Densitometry analysis of band intensity was performed. The levels of phospho-MAPK were normalized to total MAPK (B) or �-actin (C).
The NF-�B activation was measured by activation of downstream genes in the NF-�B pathway. (D to F) The expression levels of IL-1� (D),
IL-6 (E), and TNF-� (F) were measured by qPCR. P � 0.01 (**) and P � 0.005 (***) compared to the control group. n � 6 mice in each group.
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compared to those from wild-type mice. However, unlike peritoneal macrophages from
TLR4- or MyD88-deficient mice, those from TLR2-deficient mice were not completely
abrogated in the release of IL-6 in response to stimulation with A. baumannii OMVs. The
recruitment of leukocytes, especially neutrophils, is decreased in TLR4-deficient mice
compared to that in wild-type mice, whereas the numbers were not decreased in
TLR2-deficient mice. The release of proinflammatory cytokines was decreased but not
completely abrogated in both TLR2- and TLR4-deficient mice compared to those in
wild-type mice. These findings suggest that both TLR2 and TLR4 have roles in recog-
nizing A. baumannii OMVs, but TLR4 has a larger role than TLR2 does. Neutrophil
recruitment in response to Pseudomonas aeruginosa OMVs is at least partially depen-
dent on TLR2 (9). This suggests that A. baumannii OMVs express specific bacterial
proteins that signal more through TLR4, which is not expressed on P. aeruginosa OMVs
(22). A. baumannii OMVs express numerous bacterial proteins, but the specific ligand
responsible for TLR4-mediated neutrophil recruitment and release of proinflammatory
cytokines is currently not known (5, 31, 32). A. baumannii OMVs being preferentially
more reliant on TLR4 for inducing inflammatory cytokines is consistent with experi-
ments showing TLR4 was important for inducing signaling in a human monocytic cell
line to A. baumannii-derived LPS (14).

The mechanisms that regulate the balance of immune response-mediated tissue
damage and repair after bacterial infection are beginning to be understood (33).
Weight loss during infection is associated with mortality in both human and mouse
models of pneumonia (23, 34). Interestingly, despite A. baumannii OMV stimulation of
TLR4-deficient mice being protected from inflammation, these mice experience more
weight loss throughout the infection time course than wild-type mice stimulated with
A. baumannii OMVs. However, weight was maintained in TLR2-deficient mice stimulated
with A. baumannii OMVs early after stimulation. This suggests that the weight loss

FIG 8 A. baumannii OMVs activate interferon gamma in the lung. To understand if OMV contributes to
the activation of the interferon pathway, we measured expression of interferon genes in the samples
mentioned in Fig. 7 using qPCR. The levels of interferon alpha mRNA (A) and interferon beta mRNA (B)
were not different in OMV-treated mice from those in the controls. In contrast, expression of interferon
gamma was significantly elevated in the lungs of mice that were intranasally administered with OMVs (C),
suggesting specificity of interferon activation by OMVs. ns, not significant; ***, P � 0.005. n � 6 mice in
each group.
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observed in TLR4-deficient mice was independent of the TLR4-mediated inflammatory
responses, and another TLR(s) may play more important roles in metabolism during
inflammation. In our models, we did not see significant changes in the recruitment of
neutrophils to the lungs between TLR2-deficient and TLR4-deficient mice that were
stimulated with A. baumannii OMVs. Infection of mice deficient in the expression of
TLR2 has delayed wound healing and may be mediated by fibroblasts (35, 36). It is
possible that A. baumannii OMV-mediated TLR2 activation in cell populations other
than macrophages induces tissue repair mechanisms. The mechanisms by which TLRs
regulate metabolism are beyond the scope of our investigation and remain an inter-
esting area in which further research should be explored.

Our work described here highlights the effects of bacterium-derived OMVs in
mediating inflammatory and tissue pathological responses. Certain strains of A. bau-
mannii can disseminate and result in organ infections, sepsis, and death (37–39). It will
be interesting to determine if the OMVs contribute to bacterial dissemination and
subsequent systemic pathology. The OMVs’ trigger of lung inflammation could result in
the disruption of lung barrier and thereby contribute to promoting bacterial dissemi-
nation.

It has been shown that clinical score and mortality as a result of A. baumannii
infection correlate with proinflammatory mediators in the lung and histological score
more so than bacterial counts (39). It is clear from the findings presented here that
bacterium-derived OMVs alone, independent of bacterial growth, can trigger a robust
inflammatory response in the lung that is associated with significant tissue pathology.
Recent work has shown that the OMVs themselves also have virulence potential due to
their phospholipase, hemolytic, and leukotoxic activities (40). Moreover, antibiotic
treatments can result in OMV secretion and modulate OMV protein components.
Additional research is needed to determine the implications of these OMVs in clinical
infection (41).

One possible limitation of our study is that it is not clear how many OMVs are
present during the in vivo A. baumannii infection. The net amount of OMVs in vivo
depends not only on the OMV generation by the bacteria but also on the uptake of the
bacterial OMVs by the host cells, which makes it difficult to estimate the in vivo
generation of OMVs by bacteria.

In summary, our investigation has added to the scientific understanding of the
mechanisms by which A. baumannii OMVs mediate pulmonary inflammation in vivo.
The pulmonary inflammation was related to neutrophil recruitment and release of
several proinflammatory chemokines and cytokines. The inflammation is partly depen-
dent on TLR2 and TLR4, more so on TLR4, suggesting that other PRRs have roles in A.
baumannii OMV-mediated pulmonary inflammation. The relative importance of OMVs
for proinflammatory responses in patients infected with A. baumannii remains to be
revealed in the future.

MATERIALS AND METHODS
Mice. The Pohang University of Science and Technology and Yale University Animal Care and Use

Committee approved all animal experiments that were conducted at the respective institutions.
Isolation of A. baumannii OMVs. OMVs were purified from the culture of A. baumannii strain KCCM

35453 (ATCC 15150), originally purchased from the Korean Culture Center of Microorganisms (Seoul,
South Korea), which was used in other work as previously reported (7, 42, 43), with some modifications.
Briefly, A. baumannii was cultured in lysogeny broth medium up to an A600 of 1.0 at 37°C with gentle
shaking (200 rpm). The supernatants were recovered at 6,000 � g for 20 min at 4°C and subsequently
clarified by a 0.45-�m-pore-sized vacuum filter. The filtrate was concentrated with a QuixStand benchtop
system (GE Healthcare Life Sciences, Little Chalfont, UK) equipped with a 100-kDa hollow-fiber mem-
brane (GE Healthcare Life Sciences). Following additional filtration with a 0.22-�m-pore-sized vacuum
filter, the concentrate was subjected to ultracentrifugation at 150,000 � g for 3 h at 4°C. The pellet was
resuspended in 4.8 ml of 50% iodixanol (Sigma-Aldrich, St. Louis, MO, USA)–HEPES-buffered saline (HBS;
20 mM HEPES, 150 mM NaCl, 250 mM sucrose, pH 7.4) to perform three-step density gradient ultracen-
trifugation at 200,000 � g for 2 h at 4°C; the pellet suspension was placed at the bottom of discontinuous
density medium, comprised of 3.0 ml of 40% iodixanol–HBS overlaid with 2.5 ml of 10% iodixanol–HBS.
Ten fractions with equivalent volumes were retrieved from the top, and the protein concentration for
each fraction was measured by Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). OMVs in the
protein-rich fraction were further purified by ultracentrifugation at 150,000 � g for 3 h at 4°C.
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Characterization of A. baumannii OMVs. The size distributions of the purified OMVs were deter-
mined by a Zetasizer Nano ZS (Malvern Instrument Ltd., Malvern, UK), equipped with a 633-nm laser line,
and analyzed with Zetasizer software (version 6.3.4; Malvern Instruments Ltd.). The results were repre-
sentative of three independent measurements.

For transmission electron microscopy, the purified OMVs (100 �g/ml in total protein concentration)
were absorbed onto glow-discharged carbon-coated copper grids (Electron Microscopy Sciences, Hat-
field, PA, USA) for 5 min. Following washing with deionized water, the grids were subjected to negative
staining with 2% uranyl acetate (Ted Pella, Redding, CA). Transmission electron micrographs were
obtained using a JEM 1011 microscope (JEOL, Tokyo, Japan) at an acceleration voltage of 100 kV. The
amount of LPS in A. baumannii OMVs was determined using a Limulus amebocyte lysate chromogenic
endotoxin quantitation kit (Pierce Biotechnology, Rockford, IL). We determined the amount of LPS in A.
baumannii OMVs, and 1 �g of the OMVs (in total protein amounts) contained 1,269.89 � 31.54 endotoxin
units.

Production of polyclonal anti-A. baumannii OMV antibody. Six-week-old female rabbits
(Hyochang Science, Daegu, Republic of Korea) were immunized with A. baumannii OMVs (20 �g in total
protein amounts) that were emulsified in incomplete Freund’s adjuvant (Sigma-Aldrich) for the initial
immunization (at day 1) and boosting (at day 14 and day 28). Rabbit sera were retrieved from the rabbit
blood on day 31 and were dialyzed against 20 mM sodium phosphate (pH 7.0). The dialyzed sera were
adsorbed on a HiTrap protein G column (GE Healthcare Life Sciences) in 20 mM sodium phosphate (pH
7.0), and the bound antibodies were eluted with 100 mM glycine-HCl (pH 2.7). The eluted antibodies
were immediately neutralized with 1 M Tris-HCl (pH 9.0), and the neutralized antibodies were dialyzed
against PBS overnight at 4°C. Some of the purified antibodies were biotinylated using EZ-Link sulfo-
NHS-LC-biotin (Thermo Fisher Scientific, Waltham, MA, USA), the biotinylation was terminated with 1 M
ethanolamine (pH 8.0) (Sigma-Aldrich), and free biotin and ethanolamine were removed by dialysis
against PBS.

In vivo model. Age- and sex-matched mice were employed for in vivo experiments. Wild-type
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA), and TLR2- and TLR4-
deficient mice were the kind gift of Richard Flavell (Yale University). Mice were lightly anesthetized with
ketamine-xylazine. Once adequate sedation was achieved, A. baumannii OMVs (at 0, 1, 5, or 10 �g in total
protein amounts) were instilled via intranasal administration. At 6, 12, 24, or 48 h after introduction of A.
baumannii OMVs, the mice were euthanized. Bronchoalveolar lavage (BAL) fluid was obtained via
intratracheal lung irrigation with two 0.8-ml aliquots of sterile PBS. Cell counting was performed using
an AcT 10 automated hematology analyzer (Beckman Coulter, Brea, CA, USA). Differential cell counting
of the BAL fluid was performed using a Hemacolor rapid staining kit (Merck Millipore, Billerica, MA) with
counting of at least a hundred cells.

A. baumannii OMV component detection. At 6, 12, 24, and 48 h after intranasal administration of
A. baumannii OMVs, mouse lungs were collected. The lung tissues were homogenized in radioimmuno-
precipitation assay (RIPA) buffer (25 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 0.5% NP-40 [pH 7.5]) with
protease inhibitor cocktails (Sigma-Aldrich). The total protein concentration of the lung lysates was
measured with a DC assay (Bio-Rad Laboratories). Unconjugated and biotinylated polyclonal anti-A.
baumannii OMV antibodies were used to detect A. baumannii OMV components from the lung lysates by
sandwich enzyme-linked immunosorbent assay (ELISA), whereby unconjugated antibodies were used as
capture antibodies and biotinylated antibodies as detection antibodies.

Histological analysis. Anesthetized mice were subjected to whole-body perfusion. The lungs were
fixed in 4% paraformaldehyde and then excised for storage overnight at 4°C. Paraffin-embedded lungs
were sectioned at 4-�m thickness, deparaffinized with xylene, and rehydrated with an alcohol series.
Lung sections were stained with hematoxylin and eosin, and a light microscope was used to acquire
images (Olympus, Tokyo, Japan, or Nikon, Tokyo, Japan).

Peritoneal macrophage isolation. The abdomens of wild-type mice and mice deficient in the
expression of TLR2, TLR4, or MyD88 were cleaned with 70% ethanol, and then 2 ml of sterile thioglycolate
was injected into the peritoneal cavity. Five days after the injection the abdomens were again cleaned
with 70% ethanol and the peritoneal cavity was injected with three aliquots of 5 ml ice-cold PBS. The
abdomens were gently massaged with the instilled PBS, and then a 22-gauge, half-inch needle with a
10-ml syringe was inserted into the peritoneal cavity. The maximum amount of fluid was removed
between each aliquot of ice-cold PBS. The aliquots were collected and the cells were spun at 300 � g at
4°C for 5 min. The cells were resuspended in RPMI 1640 with L-glutamine. The cells were counted using
an AcT 10 automated hematology analyzer (Beckman Coulter).

In vitro stimulation. RAW264.7 (a mouse macrophage cell line) cells or peritoneal macrophages were
cultured on a 24-well plate (1.0 � 105 cells/well) and treated with various concentrations of A. baumannii
OMVs (0.01, 0.1, and 1.0 ng/ml in total protein concentrations) in the medium containing 0.5% fetal
bovine serum for 12 h. The cell-free conditioned media were collected and stored at �80°C until the
cytokine concentrations were determined.

Chemokine and cytokine analysis. The concentrations of chemokines CCL2 and CXCL1 as well as
cytokines IL-6, TNF-�, IFN-�, and IL-1� were measured in cell-free BAL fluid or conditioned medium by
a DuoSet ELISA development kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

Western blot analysis. The lung samples were lysed in RIPA buffer and lysed using a mechanical
homogenizer. After incubation on ice for 30 min, the samples were centrifuged to remove the tissue
debris. The total protein contents in the supernatants were measured using a bicinchoninic acid (BCA)
assay kit (Thermo Scientific). Approximately 40 �g of protein was loaded onto a 4 to 20% gradient gel
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(Bio-Rad) after denaturation in Laemmli buffer and run at 120 V for approximately 1 h. Proteins were then
transferred to polyvinylidene difluoride membrane using the Trans-Blot system (Bio-Rad). The blots were
blocked in 5% nonfat dry milk and then probed with antibodies to p-MAPK, total MAPK (Cell Signaling),
and horseradish peroxidase (HRP)-labeled �-actin (Santa Cruz Biotechnologies). For p-MAPK and total
MAPK, blots were then incubated with HRP-labeled anti-rabbit secondary antibody (Cell Signaling). The
blots were visualized using a Bio-Rad imager after addition of HRP substrate.

qPCR. To perform quantitative PCR (qPCR), a small piece of lung tissue was homogenized in TRIzol
reagent and RNA was purified using an RNA isolation kit according to the manufacturer’s instructions
(Qiagen). Approximately 1 �g of RNA was then reverse transcribed using an iScript cDNA synthesis kit
(Bio-Rad). The qPCR was performed using SYBR green (Bio-Rad) with primers for TNF-�, IL-6, IL-1�, IFN-�4,
IFN-�, and IFN-�. The primer sequences are the following: TNF-� forward (F), TAGCCCACGTCGTAGCA
AAC; TNF-� reverse (R), ACAAGGTACAACCCATCGGC; IL-6 F, CCGGAGAGGAGACTTCACAG; IL-6 R, TTGCC
ATTGCACAACTCTTTT; IL-1� F, CTGAACTCAACTGTGAAATGCCA; IL-1� R, AAAGGTTTGGAAGCAGCCCT;
IFN-�4 F, CTTTCCTCATGATCCTGGTAATGAT; IFN-� 4 R, AATCCAAAATCCTTCCTGTCCTTC; IFN-� F, TGTCT
GCGAGCCTAGAGACTA; IFN-� R, AGCCGGGAATTTCGTATTGTTAT; IFN-� F, CCTGTCAGAGGTGTCCCTCG;
and IFN-� R, GGGAGACCTTAGGACAGCTC.

Statistical analysis. Statistical analysis was performed using GraphPad Prism software. The signifi-
cance of data that followed a normal distribution was determined using a two-tailed Student’s t test, and
the significance of data that did not follow a normal distribution was determined using a nonparametric
Mann-Whitney test. For experiments involving more than one comparison, we used one-way analysis of
variance followed by a Bonferroni multiple-comparison test. Values were expressed as means � standard
errors of the means, and statistical significance was defined at a P value of �0.05.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI

.00243-19.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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