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Acinetobacter baumannii is an emerging bacterial pathogen that rapidly develops multiple-drug resistance
and is responsible for many nosocomial pulmonary infections. This study investigated the role of the NADPH
phagocyte oxidase (phox) and inducible nitric oxide synthase (NOS2) in the host defense against respiratory
infection with A. baumannii in mouse models of intranasal A. baumannii infection. gp91phox�/� mice showed
higher susceptibility to A. baumannii infection than wild-type (WT) C57BL/6 mice, with significantly greater
bacterial counts in their lungs (1,000-fold) (P < 0.005) and spleens (10-fold) (P < 0.05). Moreover, all of the
gp91phox�/� mice succumbed to infection within 48 h. In contrast, only a moderate increase in bacterial
burdens was detected in the lungs of NOS2�/� mice, and all NOS2�/� mice survived infection. Compared to
WT mice, the pulmonary influx of inflammatory cells and serum and local inflammatory cytokine/chemokine
responses were not obviously impaired at 4 h and were significantly higher at 24 h (P < 0.05) in gp91phox�/�

mice, but NADPH-deficient neutrophils were unable to control bacterial replication and extrapulmonary
dissemination. Thus, NADPH phagocyte oxidase appears to play a crucial role in the neutrophil-mediated host
defense against A. baumannii.

Acinetobacter baumannii infection has recently emerged as a
major cause of both community-associated and nosocomial
infections worldwide (6, 7). The overall 30-day mortality of
Acinetobacter infection can be as high as 49%, with the respi-
ratory tract being an important portal of entry (12). Moreover,
A. baumannii infections are becoming increasingly difficult to
treat because of its rapid development of resistance to multiple
antibiotics (4). Despite its clinical importance, little is known
regarding the host defense mechanisms against respiratory A.
baumannii infection.

We and others have recently shown that C57BL/6 mice can
effectively control and eliminate a sublethal A. baumannii in-
fection within 72 h following intranasal inoculation, which re-
quires an influx of neutrophils into the lung but does not
require gamma interferon (IFN-�) and tumor necrosis factor
alpha (TNF-�) (8, 10, 19, 22). The depletion of neutrophils
with monoclonal antibody (22) or cyclophosphamide (8) sig-
nificantly enhanced bacterial multiplication and converted an
otherwise self-limiting infection into a fatal infection, suggest-
ing that neutrophils are crucial in the control of local bacterial
multiplication and subsequent extrapulmonary dissemination.
However, the mechanisms by which neutrophils inhibit or kill
A. baumannii remain unknown.

Neutrophils can contribute to host innate defense mecha-
nisms through the production of reactive oxygen species
(ROS) (11, 16, 17). Activated neutrophils produce ROS pri-
marily through NADPH phagocyte oxidase catalyzation, which
leads to the production of superoxide, which is the precursor to
more toxic ROS including H2O2 and �OH (14, 23). Also, stim-

ulated neutrophils and macrophages release myeloperoxidase
from cytoplasmic granules to interact with H2O2 to form hy-
pohalous acids, which are very potent oxidants that can disrupt
bacterial membrane integrity, normal metabolism, and repli-
cation (15). Neutrophils can also contribute to host innate
defense mechanisms through the production of reactive nitro-
gen species (RNS) (11, 16, 17). Inducible nitric oxide synthase,
also called NOS2, is an oxidant synthase found in the immune
system that catalyzes the formation of NO� and the subsequent
auto-oxidation of a variety of RNS such as NO2

� and N2O3,
which have substantially more antimicrobial activity (14, 23). In
addition, NOS2 and NADPH oxidase can act synergistically to
form highly potent radicals, including ONOO�, which can
damage lipids, proteins, and DNA (18).

In this study, we examined the roles of NADPH phagocyte
oxidase and NOS2 in limiting bacterial replication during re-
spiratory A. baumannii infection by using gp91phox�/� and
NOS2�/� mice. We found that NADPH-dependent antimicro-
bial action is essential for an effective host defense against
acute respiratory A. baumannii infection.

MATERIALS AND METHODS

Mice. Eight- to twelve-week-old specific-pathogen-free female C57BL/6 mice
were purchased from Charles River Laboratories. B6.129S-Cybbtm1 Din/J
(NADPH oxidase-deficient [gp91phox�/�]) and B6.129P2-Nos2tm1 Lau/J (induc-
ible nitric oxide synthase-deficient [NOS2�/�]) mice were purchased from Jack-
son Laboratories. The animals were maintained and used in accordance with the
recommendations of the Canadian Council on Animal Care Guide to the Care
and Use of Experimental Animals (http://www.ccac.ca), and experimental pro-
cedures were approved by the institutional animal care committee.

A. baumannii and experimental protocols. Fresh inocula were prepared for
each experiment from a frozen stock of A. baumannii (ATCC 17961; American
Type Culture Collection, Manassas, VA) as previously described (22). Anesthe-
tized mice were inoculated intranasally (i.n.) with �107 A. baumannii cells in 50
�l saline. This dosage induces a self-limiting bronchopneumonia without mor-
tality in C57BL/6 mice (22). Actual inoculum concentrations in each experiment
were determined by plating 10-fold serial dilutions onto brain heart infusion agar
supplemented with 50 �g/ml streptomycin. Mouse clinical signs and survival were
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monitored and scored as described previously (22). Groups of five gp91phox�/�,
NOS2�/�, or C57BL/6 mice were sacrificed 0, 4, 24, or 72 h postinoculation (p.i.).
The lungs and spleens were aseptically removed and used for quantitative bac-
teriology or histopathology. In some experiments, blood samples were collected
for serum separation, and lungs were lavaged.

Quantitative bacteriology and histopathology. The lungs and spleen were
homogenized in sterile saline using aerosol-proof homogenizers. Aliquots (100
�l) of 10-fold serial dilutions of the homogenates were cultured on plates of
brain heart infusion agar supplemented with 50 �g/ml streptomycin to quantify
the number of viable A. baumannii cells in the respective organs (22). For
histopathology, lungs and spleens were fixed immediately in 10% neutral buff-
ered formalin and processed by standard methods for paraffin embedding (22).
Sections were cut 4 �m thick, stained with hematoxylin-eosin, and examined by
light microscopy.

BAL. The lungs were lavaged five times with 1.0 ml phosphate-buffered saline
supplemented with 3 mM EDTA as previously described (3). The total number
of bronchoalveolar lavage (BAL) cells was determined with a hemacytometer,
and differential cell counts were determined by examining 200 cells on cytospin
slides (Cytospin 3; Shandon, Pittsburgh, PA) stained with Hema-3 (Fisher Sci-
entific, Kalamazoo, MI). The lavage fluid was centrifuged at 2,450 � g for 7 min,
and the supernatant was collected, filter sterilized, and stored at �80°C.

Serum and BAL cytokine and chemokine assays. Levels of cytokines and
chemokines in the sera and BAL fluid were determined using the mouse panel
of Fluorokine MAP Multiplex kits (R&D Systems, Inc., Minneapolis, MN) on a
Luminex (Austin, TX) 100IS system as specified by the manufacturer. The
analysis was done in duplicate, and cytokine and/or chemokine concentrations
were calculated against standards using Beadview software (version 1.03; Up-
state) (22).

Statistical analysis. Data are presented as means � standard deviations (SD)
for each group unless otherwise specified. Differences in quantitative measure-
ments were assessed by a Student’s t test or two-way analysis of variance followed
by Bonferroni’s post hoc multiple-comparison tests, when appropriate. Differ-
ences were considered to be significant when the P value was 	0.05.

RESULTS

gp91phox�/� mice, but not NOS2�/� mice, are highly sus-
ceptible to intranasal A. baumannii inoculation. As the first
step to examine the relative importance of NADPH phagocyte
oxidase and inducible nitric oxide synthase in the host defense
against respiratory infection with A. baumannii, gp91phox�/�,
NOS2�/�, and C57BL/6 mice were inoculated i.n. with �107

CFU of A. baumannii. Their clinical signs, survival rates, and
tissue bacterial burdens were determined. As expected (22), no
overt clinical signs were observed in wild-type (WT) C57BL/6
mice at this modest challenge dose (Fig. 1), whereas
gp91phox�/� mice showed moderate clinical signs at 24 h, and
all mice died of infection by 48 h. In contrast, the clinical sign
scores of NOS2�/� mice were similar to those of WT mice, and
all NOS2�/� mice survived the infection (Fig. 1).

Quantitative bacteriology was performed for the lungs and
spleens of NOS2�/�, gp91phox�/�, and WT mice. There were
no statistically significant differences in bacterial burdens in
either the lungs or spleens of NOS2�/� and WT mice at either
24 or 72 h (Fig. 2). In contrast, gp91phox�/� mice had signifi-
cantly higher bacterial burdens in both the lungs (�1,000-fold;
P 	 0.005) and spleens (�10-fold; P 	 0.05) than WT mice at
24 h (P 	 0.001), and the differences in lung bacterial burdens
were significant even at 4 h (P 	 0.005) (Fig. 2, inset). These
data suggest that NADPH phagocyte oxidase-dependent anti-
microbial mechanisms play a crucial role in the host defense
against respiratory A. baumannii infection in mice.

Given that gp91phox�/� mice succumbed to respiratory in-
fection with a relatively modest challenge dose, we decided to
quantify the magnitude of the difference in survival rates be-
tween gp91phox�/� and WT mice by administering higher doses

FIG. 1. Clinical scores (top) and rates of survival (bottom) of
gp91phox�/�, NOS2�/�, and C57BL/6 mice after i.n. inoculation with A.
baumannii. Groups of 5 to 10 gp91phox�/� (open circles), NOS2�/�

(open squares), or C57BL/6 (closed circles) mice were i.n. inoculated
with �107 CFU of A. baumannii on day 0, and their clinical scores and
rates of survival were monitored for 4 days. Clinical signs of the mice
were scored as follows: 0, no abnormal clinical signs; �1, ruffled fur but
lively; �2, ruffled fur, activity level slowing, sick; �3, ruffled fur, eyes
squeezed shut, hunched, hardly moving, very sick; �4, moribund; �5,
dead. The data are compiled from data for two to three independent
experiments with similar results.

FIG. 2. Bacterial burdens in the lung and spleen of gp91phox�/�,
NOS2�/�, and WT mice following i.n. inoculation with A. baumannii
cells. NOS2�/� (open bars) and WT C57BL/6 (solid bars) mice (left)
or gp91phox�/� (open bars) and C57BL/6 control (solid bars) mice
(right) were infected intranasally with �107 CFU of A. baumannii at
0 h. Bacterial burdens in the lung and spleen were determined by
quantitative bacteriology at 4 h (inset), 24 h, and 72 h after inoculation.
All A. baumannii-infected gp91phox�/� mice were dead by 72 h. The
data are presented as means � SD (n 
 5 to 10) and represent one of
at least two experiments with similar results. The detection limit (dot-
ted lines) for bacterial burdens was 1.3 log10 CFU/organ.22, all mice
were dead by this time point. *, P 	 0.05 versus C57BL/6 mice; ***,
P 	 0.005 versus C57BL/6 mice.
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of A. baumannii to WT mice. While gp91phox�/� mice all
succumbed to infection after i.n. inoculation with �107 CFU of
A. baumannii (Fig. 1), all WT mice survived i.n. inoculation
with �108 CFU, and 8 of 10 WT mice survived i.n. inoculation
with �5 � 108 CFU (Fig. 3). Once the dose reached �109

CFU, only 2 of 10 WT mice survived the infection (Fig. 3).
Thus, gp91phox�/� mice are at least 100 times more susceptible
to respiratory A. baumannii infection than WT mice. These
results underline the critical role of NADPH oxidase in the
host defense against respiratory A. baumannii infection in
mice.

Inflammatory cell responses to i.n. A. baumannii inoculation
in the lungs of gp91phox�/� and WT mice. To further elucidate
the role of NADPH phagocyte oxidase in the host defense
against i.n. A. baumannii infection, we next determined the
kinetics of the pulmonary recruitment of inflammatory cells in
response to infection. The total numbers of BAL cells in
gp91phox�/� and C57BL/6 mice were comparable at 0 h, with
99% being alveolar macrophages (Fig. 4, top). Compared to
WT mice, the number of total and differential BAL cells was
not otherwise significantly affected in gp91phox�/� mice at 4 h
p.i., although the percentage of BAL neutrophils in
gp91phox�/� mice was slightly, but not significantly, lower than
that in WT mice (21.8% � 6.4% in gp91phox�/� mice versus
49.2% � 13.6% in WT mice) (Fig. 4, top). In addition, many
BAL macrophages in gp91phox�/� mice were unusually large,
with a dense, basophilic cytoplasm at this time point (Fig. 4B).
At 24 h, gp91phox�/� mice had significantly more total BAL
cells and neutrophils (both P 	 0.05) than WT mice (Fig. 4,
top). Moreover, the neutrophils in gp91phox�/� mice (Fig. 4D)
were usually aggregated, with a large, foamy cytoplasm in
which large numbers of bacterial rods were apparent (Fig. 4D,
inset).

Histopathology of i.n. A. baumannii infection in gp91phox�/�

and WT mice. Histopathological examination of the lungs and
spleens collected from gp91phox�/� or WT mice at various time
points after i.n. challenge showed no remarkable changes in
the lung or spleen at 0 h (data not shown). At 4 h, both WT and
gp91phox�/� mice showed mild bronchopneumonia consisting
of few neutrophil infiltrates in the alveolar spaces and the
perivascular and peribronchial areas (Fig. 5A and B) and di-
latation of perivascular and peribronchial spaces. However,

pneumonia was slightly more severe and widespread in
gp91phox�/� mice than in WT mice. By 24 h, gp91phox�/� mice
(Fig. 5D) showed much more severe and extended lung lesions
than WT mice (Fig. 5C), with moderately severe infiltration of
mixed neutrophils and mononuclear cells in the airway and
alveolar lumens. Many neutrophils in the alveoli contained
extended foamy cytoplasm under high magnification (Fig. 5D,
inset). In addition, at 24 h of infection, the spleens from
gp91phox�/� mice showed the presence of moderate numbers
of clusters of degenerating cells and cellular debris with a
“starry” appearance in the lymphoid follicles (Fig. 6) and the
infiltration of small numbers of neutrophils in the red pulps
and interfollicular areas of the spleen. However, there was no
obvious lymphocyte destruction.

Systemic and pulmonary cytokine and chemokine levels in
A. baumannii-infected gp91phox�/� and WT mice. Serum and
BAL levels of a panel of six proinflammatory cytokines and
chemokines that were previously implicated in the pathogen-
esis of respiratory A. baumannii infection were determined at
0, 4, and 24 h after inoculation (10, 19, 22). There was no
significant difference in the serum levels of any cytokines
and/or chemokines between gp91phox�/� and WT mice at 4 h
except for macrophage inflammatory protein 2 (MIP-2), the
level of which was significantly higher in gp91phox�/� mice (P 	
0.005) (Fig. 7A). However, the levels all the cytokines and/or
chemokines examined (interleukin-1� [IL-1�], IL-6, monocyte
chemoattractant protein 1 [MCP-1], keratinocyte-derived che-
mokine [KC], MIP-2, and TNF-�) were significantly higher in
gp91phox�/� mice than in WT mice at 24 h (P 	 0.005) (Fig.
7A), which corresponded to the extrapulmonary bacterial dis-
semination. In contrast, the BAL cytokine and/or chemokine
levels in both gp91phox�/� and WT mice increased moderately
(IL-1� and MCP-1) to substantially (IL-6, KC, MIP-2, and
TNF-�) following i.n. A. baumannii challenge, with no statis-
tically significant differences between gp91phox�/� and WT
mice at 4 h (P � 0.05) (Fig. 7B), with the exception of MIP-2,
the level of which was significantly higher in gp91phox�/� mice
(P 	 0.05). At 24 h, the levels of all cytokines and/or chemo-
kines assayed in the BAL fluid of gp91phox�/� mice were sig-
nificantly higher than those in WT mice (P 	 0.005) (Fig. 7B).

DISCUSSION

Interactions between A. baumannii and the host innate im-
mune system likely govern the extent of bacterial replication
and local inflammatory responses following i.n. challenge with
the pathogen. We and others have recently demonstrated that
neutrophils are normally recruited rapidly to the lungs after i.n.
A. baumannii challenge in C57BL/6 mice (8, 10, 19, 22) and
that C57BL/6 mice were capable of clearing A. baumannii cells
within 72 h after i.n. inoculation with a sublethal dose (107

CFU) of the pathogen, whereas the same dosage was lethal to
neutropenic mice, which failed to control bacterial replication
at the primary site of implantation and the subsequent, al-
though mild, extrapulmonary dissemination of the pathogen to
the spleen (8, 10, 19, 22). This suggests that neutrophils play a
crucial role in the effective control of A. baumannii infection
and the prevention of the development of severe disease. Neu-
trophils contribute to host innate defense mechanisms through
both oxidative (the production of superoxide, primarily by

FIG. 3. Survival of C57BL/6 mice after i.n. inoculation with A.
baumannii cells. Groups of 10 C57BL/6 mice were i.n. inoculated with
�108 CFU (closed squares), 5 � 108 CFU (open circles), or 109 CFU
(closed circles) of A. baumannii on day 0, and their rate of survival was
monitored for 7 days.
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the multisubunit enzyme NADPH oxidase) and nonoxidative
mechanisms (11, 16, 17). In this study, we examined the rela-
tive contribution of ROS and RNS in murine resistance to a
sublethal A. baumannii infection. Our results show that
gp91phox�/�, but not NOS2�/�, mice are highly susceptible to
intranasal A. baumannii infection in that enhanced bacterial
growth was observed in gp91phox�/� mice as early as 4 h after
challenge, and all mice died of infection within 48 h. In con-
trast, NOS2�/� mice controlled bacterial growth in the tissues
well, with only a slight increase in lung bacterial burdens but
with no extrapulmonary dissemination or death. Effective con-
trol of A. baumannii replication and dissemination is important
for the clinical outcome of Acinetobacter-associated pneumo-
nia. Our study indicates that the early killing of A. baumannii
by resident phagocytes and acute inflammatory cells appears to

be heavily dependent on the presence of an intact NADPH
phagocyte oxidase, suggesting a crucial role for the oxidative
burst in the rapid killing of ingested A. baumannii by phago-
cytes.

It is probably not entirely surprising that NOS2 does not play
a crucial role in the host defense against acute respiratory
infection with A. baumannii. In this regard, the role of macro-
phages in host defense in this model remains unknown, but
circumstantial evidence suggests that macrophages play only a
minor, if any, role, as there is very little change in the macro-
phage numbers in the lungs following bacterial inoculation
(Fig. 4) (10, 19, 22), and A. baumannii cells are rarely seen
within macrophages compared to neutrophils (our unpub-
lished observations). Moreover, it is well established that
IFN-� and TNF-� upregulate NOS2 production and enhance

FIG. 4. (Top) Cellular composition in BAL fluid from gp91phox�/� and C57BL/6 mice following i.n. inoculation with A. baumannii cells. Groups
of five gp91phox�/� (open bars) or WT C57BL/6 (solid bars) mice were i.n. inoculated with �107 CFU of A. baumannii. At the indicated times,
mice were exsanguinated, their lungs were lavaged, and total and differential cell counts were determined. *, P 	 0.05 versus WT mice. (Bottom)
Photomicrographs of BAL cells from WT (top) and gp91phox�/� (bottom) mice killed at the indicated times following i.n. inoculation with �107

CFU A. baumannii (Hema-3 staining). (A) BAL cells from a WT mouse killed at 4 h p.i. showing the presence of alveolar macrophages admixed
with moderate numbers of neutrophils. (B) Composition of BAL cells from a gp91phox�/� mouse killed at 4 h illustrating largely alveolar
macrophages with small numbers of neutrophils. Note that some macrophages are very large with a dense and basophilic cytoplasm. (C) BAL cells
from a WT mouse killed at 24 h showing predominantly neutrophils of normal appearance with very few alveolar macrophages. (D) BAL cells from
a gp91phox�/� mouse killed at 24 h showing the presence of large numbers of aggregated neutrophils with foamy cytoplasm and many bacterium-like
materials (see inset). Bar, 100 �m (20 �m for the inset).
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host defense against microbes via NO-dependent mechanisms.
However, we previously showed that mice treated with anti-
IFN-� or anti-TNF-� neutralizing antibodies are no more sus-
ceptible to A. baumannii infection than control immunoglob-
ulin G-treated mice (22). Furthermore, RNS can exercise
synergistic antimicrobial interactions with ROS (11, 16, 17).
Although we have not directly examined this possibility in this
study, such interactions are unlikely to be crucial for the early
killing of A. baumannii because gp91phox�/� mice succumb
very rapidly to infection (within 48 h), and NOS2 plays a

limited role in the control of A. baumannii replication (Fig. 1
and 2).

It is interesting that the susceptibility and bacterial bur-
dens in gp91phox�/� mice were substantially higher than
those in neutropenic mice (22). This differential susceptibil-
ity may reflect that (i) NADPH from other cell sources (such
as macrophages) plays a partial or compensatory role in the
control of infection in neutropenic mice; (ii) neutrophils
may not be completely depleted by monoclonal antibodies,
and the remaining neutrophils, although few, are able to kill
A. baumannii via NADPH mechanisms; and (iii) NADPH

FIG. 5. Histopathological findings for lungs from WT and
gp91phox�/� mice killed at 4 h (A and B) and 24 h (C and D) after i.n.
inoculation with 107 CFU of A. baumannii. (A and B) The lung from
a WT mouse killed at 4 h showed mild neutrophil infiltration in the
alveolar spaces (arrows) (A), whereas the pneumonic lesions in a
gp91phox�/� mouse killed at the same time were slightly more severe
and involved larger areas (arrows) (B). (C) Lung from a WT mouse
killed at 24 h showing moderate bronchopneumonia with the presence
of large numbers of neutrophils in some alveolar spaces. (D) Lung
from a gp91phox�/� mouse killed at 24 h showing severe bronchopneu-
monia with the presence of large numbers of neutrophils in the alve-
olar spaces and bronchial lumina (arrows). (Inset) Higher magnifica-
tion showing the presence of large numbers of neutrophils with a
foamy cytoplasm. Shown is staining with hematoxylin and eosin. Bar,
100 �m (20 �m for the inset).

FIG. 6. Histopathological findings for spleens from WT and
gp91phox�/� mice killed at 24 h after i.n. inoculation with �107 CFU A.
baumannii. (A) Spleen from a WT mouse showing mild infiltration of
small numbers of neutrophils in the red pulp and interfollicular areas
(arrows) and very occasionally in the lymphoid follicles (arrows).
(B) Spleen from a gp91phox�/� mouse showing the presence of mod-
erate numbers of clusters of degenerating cells and cellular debris with
a “starry” appearance in the lymphoid follicles (arrows). Shown is
staining with hematoxylin and eosin. Bar, 100 �m.

FIG. 7. Cytokine and chemokine levels in serum (A) and BAL fluid
(B) of gp91phox�/� and C57BL/6 mice following i.n. inoculation of A.
baumannii cells. Groups of gp91phox�/� or C57BL/6 mice were i.n.
inoculated with �107 CFU of A. baumannii. Serum and BAL samples
were collected at 0, 4, and 24 h, and cytokine and chemokine levels
were determined using the mouse panel of Fluorokine MAP Multiplex
kits (R&D Systems, Inc. Minneapolis, MN) on a Luminex 100 IS
instrument. Data are expressed as means � SD of data from five mice
at each time point. The detection limits of the assays were 2.5 to 15
pg/ml. *, P 	 0.05 versus C57BL/6 mice; ***, P 	 0.005 versus
C57BL/6 mice.
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oxidase has been shown to exhibit immune regulatory func-
tions and accentuate the inflammatory response (1, 16, 20),
which might also contribute to its role in resistance against
A. baumannii in vivo.

Similar to a number of other bacterial and viral infections
(1, 2, 5, 14, 20, 21), the local inflammatory response to A.
baumannii, as assessed by the pulmonary recruitment of
inflammatory cells and BAL cytokine and/or chemokine lev-
els, was not significantly impaired in gp91phox�/� mice at an
early stage of infection (4 h) and was even enhanced at 24 h
(Fig. 4 and 7). The enhanced inflammatory response ob-
served in gp91phox�/� mice at 24 h is probably due to in-
creased bacterial burdens, which were previously suggested
to be a critical factor in activating the release of chemokines
and thereby augmenting neutrophil and macrophage re-
cruitment into the lung tissues (5, 14). Indeed, BAL levels of
several cytokines and chemokines, including the neutrophil-
inducing chemokines MIP-2 and KC and the macrophage-
inducing and -activating chemokine MCP-1, were signifi-
cantly increased in gp91phox�/� mice at 24 h p.i. compared
to levels in infected WT mice (Fig. 7B). Furthermore, the
elevation of serum levels of selected cytokines and/or che-
mokines following i.n. A. baumannii infection was closely
associated with extrapulmonary bacterial dissemination,
which occurred mainly in gp91phox�/� mice (Fig. 2). Thus, it
appears that the gp91phox�/� deficiency does not directly
impair circulating or local levels of these cytokine and che-
mokine responses during A. baumannii infection.

The innate immune system can completely control an
infection by mobilizing phagocytes (neutrophils and macro-
phages) to sites of infection, where they ingest and destroy
the pathogens. Neutrophils and other phagocytes such as
monocytes and macrophages are considered to be the first
line of host defense against pathogens since these cells
phagocytose and kill invading bacteria via the elaboration of
toxic ROS and RNS products. Indeed, a substantial portion
of the bactericidal activity of neutrophils is mediated by
NADPH oxidase (17). However, despite the increased infil-
tration of neutrophils and the important bactericidal activity
of neutrophils, gp91phox�/� mice failed to control bacterial
growth and rapidly succumbed to the infection in this study.
This suggests that NADPH-deficient neutrophils were inca-
pable of killing A. baumannii cells. Indeed, cytological ex-
amination of BAL cytospins showed the presence of a sub-
stantial proportion of large alveolar macrophages with a
dense, basophilic cytoplasm at 4 h p.i. and the presence of
numerous bacterial rods in the cytoplasm of infiltrating neu-
trophils in both BAL cytospins and lung sections at 24 h p.i.,
indicating that neutrophils from gp91phox�/� mice were ca-
pable of phagocytizing A. baumannii cells but were incapa-
ble of suppressing and killing the bacteria.

In conclusion, our study has convincingly demonstrated
the crucial role of NADPH phagocyte oxidase in the host
defense against acute respiratory A. baumannii infection
and the products of the NADPH phagocyte oxidase as the
potential effector molecules for the neutrophil-mediated
killing of A. baumannii. If the results from this study can be
extrapolated to human situations, special attention should
be exercised in the clinical management of A. baumannii-
associated pneumonia in patients with chronic granuloma-

tous disease, who are deficient in NADPH phagocyte oxi-
dase and are susceptible to recurrent microbial infections
including some gram-negative bacterial pneumonias (13).
Currently, it is unknown if patients with chronic granuloma-
tous disease are more susceptible to A. baumannii infection,
but it was previously reported that Acinetobacter is fre-
quently isolated from neutropenic, febrile patients in noso-
comial settings (9). In addition, future studies to examine
the role of NADPH phagocyte oxidase in the host defense
against different clinical isolates of A. baumannii may gen-
erate further insights into the immunopathogenesis of clin-
ical A. baumannii infections.
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