
INFECTION AND IMMUNITY, Aug. 2011, p. 3317–3327 Vol. 79, No. 8
0019-9567/11/$12.00 doi:10.1128/IAI.00069-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Innate Immune Responses to Systemic Acinetobacter baumannii
Infection in Mice: Neutrophils, but Not Interleukin-17,

Mediate Host Resistance�

Jessica M. Breslow,1,2† Joseph J. Meissler, Jr.,1,2 Rebecca R. Hartzell,1,2 Phillip B. Spence,1,2

Allan Truant,2,3 John Gaughan,4 and Toby K. Eisenstein1,2*
Center for Substance Abuse Research,1 Department of Microbiology and Immunology,2 Department of

Pathology and Laboratory Medicine,3 and Biostatistics Consulting Center,4 Temple University School of
Medicine, Philadelphia, Pennsylvania

Received 19 January 2011/Returned for modification 6 March 2011/Accepted 10 May 2011

Acinetobacter baumannii is a nosocomial pathogen with a high prevalence of multiple-drug-resistant strains,
causing pneumonia and sepsis. The current studies further develop a systemic mouse model of this infection
and characterize selected innate immune responses to the organism. Five clinical isolates, with various degrees
of antibiotic resistance, were assessed for virulence in two mouse strains, and between male and female mice,
using intraperitoneal infection. A nearly 1,000-fold difference in virulence was found between bacterial strains,
but no significant differences between sexes or mouse strains were observed. It was found that microbes
disseminated rapidly from the peritoneal cavity to the lung and spleen, where they replicated. A persistent
septic state was observed. The infection progressed rapidly, with mortality between 36 and 48 h. Depletion of
neutrophils with antibody to Ly-6G decreased mean time to death and increased mortality. Interleukin-17
(IL-17) promotes the response of neutrophils by inducing production of the chemokine keratinocyte-derived
chemoattractant (KC/CXCL1), the mouse homolog of human IL-8. Acinetobacter infection resulted in biphasic
increases in both IL-17 and KC/CXCL1. Depletion of neither IL-17 nor KC/CXCL1, using specific antibodies,
resulted in a difference in bacterial burdens in organs of infected mice at 10 h postinfection. Comparison of
bacterial burdens between IL-17a�/� and wild-type mice confirmed that the absence of this cytokine did not
sensitize mice to Acinetobacter infection. These studies definitely demonstrate the importance of neutrophils in
resistance to systemic Acinetobacter infection. However, neither IL-17 nor KC/CXCL1 alone is required for
effective host defense to systemic infection with this organism.

Acinetobacter baumannii is a Gram-negative bacterium as-
sociated primarily with nosocomial infections. While this or-
ganism can be found in soil, there is evidence that most of the
recent infections in military personnel are caused by strains
that populate the hospital environment (29, 46, 52). Evidence
suggests that the number of multiple-drug-resistant A. bau-
mannii infections in intensive care unit (ICU) patients is on the
rise, not only in North America but also in Europe and South
America (35). Acinetobacter infections have also been a signif-
icant cause of morbidity and mortality in soldiers in intensive
care units in Vietnam, Iraq, and Afghanistan. The growing
drug resistance of A. baumannii confounds treatment of in-
fected patients, most of whom are often the most critically ill.
Deeper understanding of the pathogenesis of A. baumannii
and the host immune response may present alternative ap-
proaches to therapy.

A. baumannii infections have been shown to manifest as
bacteremia, pneumonia, urinary tract infections (UTI), and
soft tissue infections. A large study examining U.S. nosocomial
outbreaks from 1995 to 2002 showed that A. baumannii was the

10th most common etiologic agent in single-microbe blood-
stream infections. A. baumannii bloodstream infection ac-
counted for 1.3% of all ICU bacteremias, with an associated
mortality rate between 34 and 43.4% (57). More-recent data
collected by the Centers for Disease Control and Prevention
reported an increase in A. baumannii ICU infections, with 7%
of all ICU pneumonias being associated with A. baumannii in
2004, up from 4% in 1986, with associated increases in UTI
and soft tissue infections (11). An increase in multiple-drug-
resistant A. baumannii bloodstream infections was also re-
corded between 2002 and 2004 for military personnel returning
from combat in Iraq and Afghanistan (5). While some studies
have suggested that A. baumannii could be acquired from the
soil, meticulous studies within the military population have
genotypically linked clinical strains with those isolated from
the hospital environment, including the hands of medical per-
sonnel (46). The evolving antibiotic resistance of these strains,
along with the recent changes in their epidemiology, highlights
the importance of a better understanding of host-pathogen
interactions in regard to this organism.

Several rodent models of A. baumannii infection have been
reported. These include pneumonia models using intranasal or
intratracheal routes of infection (16, 18, 19, 36–38, 42, 43, 54),
a rat soft tissue model (25, 34, 41), and a rabbit endocarditis
model (39). Studies of systemic infection with A. baumannii
have been hampered by the low virulence of bacterial strains in
rodent models, leading some investigators to use a variety of
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techniques to sensitize animals to these organisms. Obana et
al. (32) were the first to report infection of mice via the intra-
peritoneal (i.p.) route of administration, with i.p. 50% lethal
dose (LD50) values of �106 cells for most strains tested, lead-
ing these investigators to use an artificial model in which A.
baumannii was coated with hog gastric mucin to decrease
phagocytosis of the strains and hence increase their virulence
for the host. To study the use of new antibiotics against A.
baumannii strains, Joly-Guillou et al. (17) rendered animals
neutropenic by administering cyclophosphamide to increase
the virulence of these strains in mice. While several investiga-
tors have approached the problem of low virulence by modi-
fying strains or inducing immunosuppression, there are no
reports in the literature comparing the virulence of strains
in a systemic infection model in the absence of immuno-
modulation.

Despite a rising incidence of A. baumannii infections, the
immune mechanisms that regulate infection are largely under-
studied. In addition to the study by Joly-Guillou et al. noted
above using i.p. infection, an important role for neutrophils has
been observed during both intranasal and intratracheal pneu-
monias (17, 36, 54). Knapp et al. (19) demonstrated that the
absence of TLR4 and CD14 sensitized mice to A. baumannii
pneumonia but noted increases in MIP-2 and MCP-1 in
TLR2�/� mice, which correlated with a greater cell influx to
the lungs. In contrast, Erridge et al. showed that UV-killed A.
baumannii stimulated proinflammatory cytokine signaling via
both TLR4 and TLR2 (9), leaving the immune dependency on
TLR2 up for question. Other investigators have found that
NADPH phagocyte oxidase (phox) is important for the control
of bacterial burdens, while inducible nitric oxide synthase
(iNOS) is dispensable for host defense (37).

In these limited studies on the immune response mounted
against A. baumannii, there has been little investigation into
the role of cytokines. Interleukin-17 (IL-17) has recently re-
ceived considerable attention for its role as a proinflammatory
cytokine known to induce granulopoiesis and to induce pro-
duction of other proinflammatory cytokines and chemokines
that enhance the accumulation of neutrophils. Within the in-
nate arm of the immune system, IL-17 production is induced
by the macrophage cytokine IL-23. A protective role for the
innate induction of IL-17 has been observed in other infectious
models. Neutralization of IL-17 by depleting antibodies caused
an increase in the burdens of Escherichia coli following an i.p.
injection (47) and increased fungal burdens in mouse models
of Pneumocystis carinii (40) and Candida albicans (15) infec-
tions. It was also found that IL-17R�/� mice had greater Kleb-
siella pneumoniae burdens following intranasal infection than
wild-type (WT) controls (61). These studies provided the ra-
tionale to explore the role of neutrophils and IL-17 during
systemic Acinetobacter infection.

The present study characterized an intraperitoneal, systemic
A. baumannii infection model in two strains of mice, C57BL/6
and C3HeB/FeJ, using several clinical isolates of A. baumannii.
In this model, it was found that bacteria rapidly disseminated
via the blood to peripheral organs, including the lung and
spleen, where they replicated. Neutrophil depletion studies
demonstrated an important role for these cells during systemic
infection. Rapid and robust IL-17 and KC/CXCL1 responses
were induced in the peritoneal cavity following infection, but

they were not found to be important in protection, as assessed
using antibody neutralization and IL-17A-deficient animals.

MATERIALS AND METHODS

Mice. Specific-pathogen-free, female or male, 6- to 8-week-old C57BL/6J and
C3HeB/FeJ mice were purchased from Jackson Laboratories (Bar Harbor, ME).
Mice with a genetic disruption of the IL-17A gene, IL-17a�/� knockout (KO)
mice, were obtained from Jay Kolls (LSU School of Medicine), with the permis-
sion of Yoishiro Iwakura (Institute of Medical Science, the University of Tokyo,
Japan), who originally developed these animals (30). All IL-17a�/� and age-
matched WT littermates were bred and maintained in the Central Animal Fa-
cility of Temple University. All mice were allowed to acclimate for at least 1 week
before use. Rodent chow (Purina, St. Louis, MO) and fresh water were available
ad libitum. All experiments were carried out with the approval of the Institutional
Animal Care and Use Committee at Temple University. Animals were housed in
a barrier facility of the Central Animal Facility.

Reagents. Rat anti-mouse Ly-6G (clone RB6-8C5) was purchased from
BioXCell (West Lebanon, NH). Rat anti-mouse IL-17 (clone 50104), rat anti-
mouse KC/CXCL1 (clone 124014), and recombinant mouse IL-23 were pur-
chased from R&D Systems (Minneapolis, MN). Bacterial lipopolysaccharide
(LPS) extracted from Salmonella enterica serovar Typhimurium was purchased
from Sigma (St. Louis, MO).

Acinetobacter baumannii. Clinical A. baumannii strains 576, 4502, 5798, 6143,
and 7215 were provided by David Craft (Walter Reed Army Institute of Re-
search, Silver Spring, MD). Organisms were stored by freezing at �80°C in
dimethyl sulfoxide (DMSO). To grow organisms for in vitro or in vivo experi-
mentation, a sterile loop was touched to the frozen stock and used to streak out
two blood agar (BA) plates. Plates were incubated at 37°C overnight. Ten
isolated colonies were picked and inoculated into a 50-ml conical tube (Becton-
Dickinson, Franklin Lakes, NJ), containing 10 ml of brain heart infusion (BHI)
medium. The tube was incubated at 37°C with rotary agitation (250 rpm) for
3.5 h. The top 5 ml was drawn off and used to inoculate a 200-ml Erlenmeyer
flask containing 45 ml of BHI. This flask was incubated at 37°C with agitation
(200 rpm) on a G24 environmental incubator shaker (New Brunswick Scientific
Co., New Brunswick, NJ) for 2.5 h to produce late-log-phase organisms. After
2.5 h, the flask was placed on ice to retard further growth of the bacteria. To
estimate the number of organisms/ml for inoculation into mice, an appropriate
dilution of the desired culture was made in 10% paraformaldehyde and counted
in a Petroff-Hausser counter. The culture was diluted with 0.9% sterile, pyrogen-
free saline (Hospira, Lake Forest, IL) in an endotoxin-free, sterile vial to obtain
the desired concentration of organisms/ml. Viable counts on BA were used to
determine the actual number of CFU per ml and to calculate the precise inoc-
ulum injected. For in vivo inoculation, mice were injected i.p. with the desired
dose using a 26-gauge needle in a 200-�l volume.

Antibiotic resistance screening was performed on isolated pure colonies of
each strain that had been plated on tryptic soy agar. Antibiotic resistance of
strains was analyzed using a BD Phoenix automated microbiology system instru-
ment (BD NMIC 127) in the Clinical Microbiology Laboratory of Temple Uni-
versity Hospital. BD expert rules were used in the evaluation of susceptibilities
according to the Clinical Laboratory and Standards Institute (CLSI) recommen-
dations under the supervision of Allan Truant, Director of the Clinical Micro-
biology, Immunology, and Virology Laboratories.

Survival studies. Susceptibility to infection was assessed by mortality. The
initial LD50 values (Table 1) were determined by injecting 3 groups of 3 mice
each, with each group receiving a different concentration of organisms. More-
precise values for several of the strains were obtained using 5 dosage groups of
5 mice each (Table 2). Mortality was scored for 7 days, and the LD50 was
calculated by probit analysis. In some cases, mean survival times were compared
between mice in different treatment groups by use of the method of survival
distribution based on the log rank test.

Necropsy. Mice were anesthetized with 100 �l of a 50-mg/ml solution of
sodium pentobarbital injected intramuscularly (i.m.). Blood samples were col-
lected via cardiac puncture, using a 22-gauge needle, into heparinized 3-ml
syringes. A 0.1-ml volume of blood or an appropriate dilution was plated on
Levine eosin methylene blue (EMB) agar plates and incubated at 37°C overnight.
The bacteria were counted and expressed as numbers of CFU/0.1 ml blood. For
plasma collection, heparinized blood was centrifuged at 12,000 � g for 10 min at
4°C and the plasma layer removed to 1.5-ml Eppendorf tubes and frozen at
�80°C until further use to determine levels of cytokines and chemokines. Mice
were euthanized via cervical dislocation, and if desired, peritoneal exudate fluid
(PEF) was collected by lavage with Hank’s balanced salt solution (HBSS; Invit-
rogen, Carlsbad, CA) and frozen at �80°C until further use to determine levels
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of cytokines and chemokines. Organs were removed aseptically from individual
animals and homogenized in 3 ml of ice-cold phosphate-buffered saline (PBS) in
14-ml round-bottom tubes (BD, Franklin Lakes, NJ), using a Tekmar Tissuem-
izer (Tekmar, Cincinnati, OH). Homogenates were serially diluted in sterile
water, spread onto EMB agar plates, and incubated at 37°C overnight. The
number of CFU was counted, and the results were expressed as numbers of
CFU/0.1 g tissue or numbers of CFU/0.1 ml blood. The limit of detection in
undiluted samples was 30 CFU/0.1 g organ or 1 CFU/0.1 ml blood.

Peritoneal lavage. Mice were euthanized by cervical dislocation, and the skin
was pulled away to expose the peritoneum. A 1-ml volume of ice-cold Mg2�

Ca2�-free HBSS was injected intraperitoneally. PEF was collected using a 22-
gauge needle into a 1.5-ml Eppendorf tube. PEF was centrifuged at 12,000 � g
for 10 min at 4°C. Supernatants were collected and frozen at �80°C until further
use. When infected mice were used, cells were harvested at 18 h postinfection
(p.i.). Cultures containing naïve or infected cells were adjusted to the same cell
number, 6 � 105 per well.

ELISA. Levels of IL-17 and KC/CXCL1 in PEF or cell culture supernatants
were assessed by a sandwich enzyme-linked immunosorbent assay (ELISA).
IL-17 and KC/CXCL1 antibodies and reagents were purchased from R&D Sys-
tems (Minneapolis, MN) as IL-17 or KC/CXCL1 Duoset ELISA development
kits. The assay was carried out according to the manufacturer’s instructions.
Briefly, a 96-well Costar (Corning, NY) plate was coated with the desired con-
centration of capture antibody and incubated overnight at room temperature.
The solution was aspirated and washed with 300 �l wash buffer three times.
Reagent diluent (1% bovine serum albumin in PBS; 300 �l) was added and
incubated for 1 h when the plate was washed three times. A 100-�l volume of
diluted sample or standards was added to appropriate wells, and the plate was
covered and allowed to incubate for 2 h at room temperature. The plate was
washed three times, and 100 �l detection antibody was added to each well. The
plate was covered and allowed to incubate for 2 h at room temperature, followed
by three washes. A 100-�l volume of a working concentration of streptavidin-
horseradish peroxidase (HRP) solution was added to each well, and the plate was
covered and incubated for 20 min in the dark at room temperature. Three more
washes were performed, 100 �l of color reagent solution containing a 1:1 mixture
of H2O2 and tetramethylbenzidine was added to each well, and the plate was
incubated for 20 min in the dark at room temperature. Finally, 50 �l of stop
solution containing 2N H2SO4 was added to all wells, and the absorbance was
read at 450 nm using an Omega ELISA reader (BMG Labtech, Inc., Cary, NC).
Levels of cytokines or chemokines in PEF were quantified using standard curves
generated within each experiment of the assay. Samples were run in duplicate.

Statistical analyses. Data were analyzed by John P. Gaughan at the Biosta-
tistics Consulting Center at Temple University using SAS version 9.1 (Cary, NC).
The dependent variables, cell counts, marker levels, etc., were treated as con-
tinuous variables for all analyses. Means, standard deviations, and numbers of

observations were presented for each variable. The experimental unit was each
individual animal or culture sample. The experiments used a factorial design,
with each animal evaluated at individual time points. The null hypothesis was
that there would be no difference between or within treatment groups over time.
Prior to analysis, data were tested for normality using the Shapiro-Wilk test. If
the data were significantly nonnormal, a “normalized-rank” transformation was
applied to the data. The rank-transformed data were analyzed using a mixed-
model analysis of variance (ANOVA) with or without repeated measures fol-
lowed by multiple comparisons to detect significant differences between means
(treatment groups and times). Multiple pairwise comparisons (treatment groups
and times) were not adjusted for type 1 error. Two-group experiments were
analyzed using t tests and the Wilcoxon rank sum test for nonnormal distributed
dependent variables. Survival studies were carried out using Kaplan-Meier prod-
uct limit estimation. Between-group differences were tested using the log rank
test. LD50 estimation with 95% fiducial limits was based on probit analysis. A P
value of 0.05 was used for statistical significance in all studies.

RESULTS

Characterization of systemic A. baumannii infection. Five
clinical isolates of A. baumannii, obtained from the Walter
Reed Army Institute of Research were tested for their relative
virulence in C3HeB/FeJ female mice (Table 1). Strains were
injected i.p. at three 10-fold dilutions to make a preliminary
estimate of their relative virulence (Table 1). Strain 576 was
found to be the least virulent (LD50 � 1.9 � 108), while strain
4502 was the most virulent (LD50 � 4.3 � 106). Based on these
preliminary LD50 values, strains were classified as being of low,
intermediate, or high virulence. Strains ranged over a 102.5-
fold difference in virulence, with a median LD50 of approxi-
mately 7 � 106, indicating that while strains of this opportu-
nistic organism are capable of causing mortality in mice, they
are only of intermediate virulence. A rough correlation be-
tween virulence and degree of antibiotic resistance was ob-
served. The two strains that were susceptible to all antibiotics
tested, strains 576 and 7215, were of the lowest virulence, while
the other 3 strains exhibiting higher virulence were resistant to
all but one, two, or three antibiotics. Strains 5798 and 4502
were chosen for further study, as they were of intermediate and
maximal virulence, respectively, and displayed high levels of
antibiotic resistance.

The LD50 dose of strain 5798, one of intermediate virulence,
was determined more precisely in both C57BL/6 and C3HeB/
FeJ male and female mice (Table 2). No statistically significant
difference was found in the LD50 doses between males and
females of either C57BL/6 or C3HeB/FeJ animals with the use
of strain 5798. In addition, no statistically significant difference
was found between the two mouse strains within the same
gender for strain 5798. Similar studies were also carried out
using the most virulent strain of A. baumannii, 4502. Within
both strains of mice, there was no statistically significant dif-

TABLE 1. Determination of bacterial strain virulence and antibiotic resistance in C3HeB/FeJ mice

WRAIR
strain LD50

a Virulence
level Antibiotic susceptibility

576 1.92 � 108 Low Susceptible to all antibiotics tested
7215 �4.13 � 106; �4.13 � 107 Low Susceptible to all antibiotics tested
5798 7.5 � 106 Intermediate Resistant to all antibiotics tested except imipenem, amikacin, and tobramycin
6143 �5.75 � 105; �5.75 � 106 High Resistant to all antibiotics tested except imipenem
4502 4.3 � 106 High Resistant to all antibiotics tested except imipenem and amikacin

a Bacteria were injected i.p.

TABLE 2. Virulence of Acinetobacter baumannii strains 5798 and
4502 in two mouse strains

Mouse strain A. baumannii
strain

LD50

Male Female

C3HeB/FeJ 5798 1.3 � 107a,b 4.6 � 107a,b

C57BL/6J 5798 4.7 � 106a,b 7.8 � 106a,b

C3HeB/FeJ 4502 1.0 � 106 4.3 � 106b

C57BL/6J 4502 6.4 � 105a 2.0 � 105a,b

a Not statistically significant between males and females in each mouse strain.
b Not statistically significant between mouse strains by gender.
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ference found in the virulence of strain 4502 between male and
female mice. Due to the finding that there was no difference in
virulence between males and females with the use of either A.
baumannii strain, female mice were used in all subsequent
studies to avoid male dominance-related injuries that might
impact immunological readouts.

Necropsy studies were carried out to follow the course of the
infection after intraperitoneal inoculation. The LD50 studies
had shown that mice succumbed to i.p. infection within 48 h or
they survived. Therefore, kinetics of in vivo growth of this
strain in C3HeB/FeJ and in C57BL/6 mice were established by
infecting i.p. and performing necropsies on blood samples,

liver, lungs, and spleen at various time points over the first 16
to 24 h after inoculation. Data in Fig. 1 and 2 show that in both
strains of mice, both strains of Acinetobacter disseminated from
the peritoneum by 4 h postinfection to the blood, lungs, spleen,
and liver. In both strains of mice, with the use of either strain
4502 or 5798, Acinetobacter multiplied by 1.5 to 3.0 log10 over
the first 12 h in the organs. The data suggest that the lungs are
a site of steady replication of Acinetobacter. Organisms were
detected in the blood samples at all time points in both exper-
iments, indicating a persisting septic state. For strain 4502 (Fig.
1), bacteria replicated more quickly in C57BL/6 mice, likely
due to the higher-level inoculum. For this strain, the bacterial

FIG. 1. Bacterial kinetics in organs of mice infected i.p. with A. baumannii strain 4502. (A) C57BL/6 mice challenged with a 6-LD50 dose;
(B) C3HeB/FeJ mice challenged with a 0.5-LD50 dose. Inoculating doses are indicated by arrows on the y axis. Animals were euthanized at 4, 8,
12, 16, and 24 h postinfection, and livers, lungs, spleens, and blood samples were harvested and plated to determine the number of CFU per gram
of tissue or per 0.1 ml of blood. Points represent individual animals. Lines represent median values for bacterial burdens.
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burden rose over 100-fold between 4 and 12 h p.i. For A.
baumannii strain 5798 (Fig. 2), bacterial burdens reached max-
imal levels matching that of the initial inoculums by 12 h p.i.,
followed by the beginning of clearance of bacteria over the
following 4 h, as indicated by the median numbers of bacteria
in organs and blood samples. Differences in the rates of mul-
tiplication and bacterial burdens at later time points are likely
a function of differences in the inoculating doses between ex-
periments.

Importance of neutrophils during Acinetobacter infection.
Due to the rapidity of the Acinetobacter systemic infection, it
was hypothesized that neutrophils would play an important

role in the host innate immune response to this organism when
inoculated systemically. To determine the role of neutrophils,
mice were rendered neutropenic by i.p. injection of anti-Ly6G
antibody 24 h before, at the time of, and 24 h after infection.
Depletion of neutrophils was followed by challenge with one of
two doses of A. baumannii strain 4502. As shown in Fig. 3,
depletion of neutrophils resulted in sensitization to a sublethal
infection of A. baumannii, 4502. When challenged with a 0.05-
LD50 dose, 90% of anti-Ly6G-treated mice succumbed to in-
fection, while all control animals survived. When neutropenic
mice were challenged with a 10-fold-higher dose (0.5 LD50),
most of the animals in both groups succumbed to the infection.

FIG. 2. Bacterial kinetics in organs of mice infected i.p. with A. baumannii strain 5798. (A) C57BL/6 mice challenged with a 1-LD50 dose;
(B) C3HeB/FeJ mice challenged with a 0.2-LD50 dose. Inoculating doses are indicated by arrows on the y axis. Animals were euthanized at 4, 8,
12, and 16 h postinfection, and livers, lungs, spleens, and blood samples were harvested and plated to determine the number of CFU per gram of
tissue or per 0.1 ml of blood. Points represent individual animals. Lines represent median values for bacterial burdens. #, counts � 104 CFU/ml.
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However, the mean survival time was reduced from 35 � 9.7 h
in control animals to 23.7 � 7 h (P � 0.05) in the group lacking
neutrophils, a significant difference. These data support an
important protective role for neutrophils in response to sys-
temic Acinetobacter infection.

Production and importance of factors altering neutrophil
numbers in Acinetobacter infection. Studies were carried out to
examine the induction of factors that are chemotactic for neu-
trophils, following Acinetobacter inoculation. A major chemotac-
tic factor for neutrophils is KC/CXCL1, which is upregulated
by IL-23 or LPS-induced IL-17 production in the innate arm of
the immune response (58). Peritoneal exudate cells (PECs)
from Acinetobacter-infected or uninfected (saline-injected)
mice were tested for their ability to produce IL-17 in vitro (Fig.
4). Cells were left untreated or stimulated with various con-
centrations of recombinant mouse IL-23 (rIL-23) or LPS.
Stimulation of PECs from infected mice with rIL-23 resulted in
markedly increased (2-fold) IL-17 production, compared to
stimulation of naïve PECs. In contrast, LPS induced greater
IL-17 production from naïve PECs than from PECs from in-
fected animals, even at the highest dose of LPS tested (10
�g/ml). Further, LPS at 10 �g/ml did not induce as robust a
response as IL-23 at 20 ng/ml.

The capacity of A. baumannii to induce IL-17 and the
chemokine KC/CXCL1 in vivo was examined. IL-17 and KC/
CXCL1 were measured in peritoneal exudate fluid (PEF) at
various time points following i.p. infection. As shown in Fig.
5A, IL-17 was induced as early as 4 h postinfection. IL-17
protein concentrations in the peritoneal fluid showed a bipha-
sic rise, with a plateau at 8 to 12 h and a second escalation in
concentration between 12 and 18 h. Levels of KC/CXCL1 were
similar, but not identical (Fig. 5B). For KC/CXCL1, a signifi-
cant rise in protein was observed at 2 h postinfection. The
kinetics of induction over the next 16 h showed a biphasic rise,
similar to that seen with IL-17.

To determine the importance of these molecules for the
innate immune response against Acinetobacter, antibody-medi-
ated depletion studies were conducted. IL-17 was depleted by
i.p. injection of 70 �g of anti-IL-17 monoclonal antibody 1 h
before challenge with A. baumannii strain 4502, in accordance
with a published protocol (21). Similarly, KC/CXCL1 was de-

pleted by administration of 50 �g of anti-KC/CXCL1 (10, 21).
Control groups were treated with equivalent doses of nonspe-
cific IgG2a monoclonal antibody. At 10 h postinfection, mice
were euthanized and spleens, lungs, and blood samples were
necropsied to determine bacterial burdens. Depletion of either
IL-17 or KC/CXCL1 individually failed to sensitize mice to
A. baumannii, as assessed by the number of bacteria recovered
from the organs or blood samples of mice infected with a
1-LD50 dose (Fig. 6A) or a 2-LD50 dose (Fig. 6B), in compar-
ison to the level for control antibody-treated animals. A sur-
vival experiment was also carried out using 10 mice receiving
the control antibody and 10 receiving the anti-IL-17 monoclo-
nal antibody. The challenge dose was 0.2 LD50 of strain 4502.
All animals survived in both groups, demonstrating a lack of
sensitization by the anti-IL-17 antibody.

To more definitively assess whether IL-17 is important for
host defense during A. baumannii infection, studies were car-
ried out with animals lacking the capacity to produce IL-17.
Both WT and IL-17 knockout (IL-17a�/�) mice were infected
with A. baumannii strain 4502, and organs and blood samples
were collected at 8 to 10 h postinfection. The lack of IL-17
caused no difference in the bacterial burdens in any organ
examined or in the blood samples following a high-dose (Fig.
7A) or low-dose (Fig. 7B) challenge. The IL-17a�/� animals
included animals of both sexes, and there was no influence
of gender on the outcome. These experiments provide
strong evidence that IL-17 alone is not essential for a pro-

FIG. 3. Neutrophils are important for host innate immune re-
sponse to systemic A. baumannii infection. C3HeB/FeJ mice were
injected i.p. with 25 �g of either anti-Ly6G (neutrophil-specific) or
control IgG2b antibody 24 h prior to, at the time of, and 24 h after i.p.
injection with a given dose of A. baumannii strain 4502. Survival was
monitored for 7 days. Numbers in parentheses represent number dead/
total. *, P � 0.0001 for survival; **, P � 0.05 for survival distribution
based on the log rank test.

FIG. 4. In vitro induction of IL-17 from peritoneal exudate cells by
recombinant IL-23 and LPS. PECs were collected from naive C3HeB/
FeJ mice or from mice infected with a 1.2-LD50 dose of A. baumannii
strain 4502. Cells plated at the given concentrations were treated with
recombinant IL-23 (A) or LPS (B). Culture supernatants were har-
vested 24 h or 48 h after stimulation and analyzed for IL-17 production
by ELISA.
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tective innate immune response against systemic infection
with A. baumannii.

DISCUSSION

These studies have established an intraperitoneal, systemic
infection model of A. baumannii in mice that rapidly results in
disseminated disease, thus mimicking several of the clinical
syndromes observed during the course of this infection in hu-
mans, including pneumonia and sepsis.

Five clinical strains of A. baumannii, obtained from the Wal-
ter Reed Army Institute of Research, were found to have a
spectrum of virulence that spread over a 2.5-log10 difference in
LD50 values. Classification of this organism as an opportunistic
pathogen is supported by LD50 values in the range of 7 � 106

in two strains of mice, demonstrating an overall intermediate
level of virulence. These results are consonant with results
obtained by Obana (31), who tested clinical Acinetobacter iso-
lates and found LD50 values in a similar range. Information on
the clinical condition of the patients from which the five Walter
Reed strains were isolated was unavailable. However, anti-
biograms performed on these strains showed a rough correla-
tion between virulence and degree of antibiotic resistance, a
relationship that has not previously been investigated. The
tendency for A. baumannii strains to exhibit a high level of
antibiotic resistance is well established in the literature (1, 2, 6,
7, 18, 20, 22, 27, 28, 33, 39, 49, 59). Resistance is due both to
chromosomally encoded resistance genes and to ones found on

plasmids and transposons (12). In the current study, some
strains remained susceptible to all antibiotics tested, while
three strains were multiple antibiotic resistant, with the excep-
tion of one or more of the following antibiotics: tobramycin,
amikacin, and imipenem. According to the antibiotic screens,
imipenem is the one drug that was effective against all A.
baumannii strains tested. To our knowledge, these studies are
the first to directly compare the antibiotic resistance patterns
with the lethality of A. baumannii strains in a systemic infection
model, and a correlation was observed. This correlation raises
concern that clinical A. baumannii strains with the greatest
resistance to antibiotics may also have additional virulence
factors.

Strains 5798 and 4502, which were found to be of the highest
or intermediate virulence, were chosen to compare pathogenic
potentials of A. baumannii in male and female mice of two
different mouse strains, C3HeB/FeJ and C57BL/6J. No differ-
ence was found in the LD50 values for either isolate between
males and females of the same strain. For both strains of

FIG. 5. Kinetics of IL-17, KC/CXCL1, and MCP-1 induction fol-
lowing Acinetobacter infection. C3HeB/FeJ mice were infected i.p. with
A. baumannii strain 4502 in 4 experiments, with doses ranging between
1.1 and 2.3 LD50s, or injected i.p. with saline. Peritoneal exudate fluid
was harvested at the indicated time points and analyzed for IL-17
(pg/ml) (A) or KC/CXCL1 (ng/ml) (B) by ELISA. Points represent
duplicate samples, 5 to 15 samples per time point. *, P � 0.05 for
infected versus saline; **, P � 0.0001 for infected versus saline. FIG. 6. Depletion of IL-17 or KC/CXCL1 by antibody neutraliza-

tion does not sensitize C3HeB/FeJ mice to Acinetobacter infection.
C3HeB/FeJ mice were injected i.p. with either anti-IL-17 MAb (A),
anti-KC/CXCL1 MAb (B), or control Ig2a MAb 1 h before i.p. infec-
tion with a 1-LD50 dose (A) or a 2-LD50 dose (B) of A. baumannii
4502. Inoculating doses are indicated by arrows on the y axis. Mice
were euthanized for necropsy at 10 h postinfection. Points represent
individual animals. Lines represent median values for bacterial bur-
dens. Levels of organisms in mice treated with anti-17 or anti-KC/
CXCL1 are not statistically significantly different from levels in mice
given control antibody in any organ at either challenge dose.
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bacteria in both strains of mice, there was rapid dissemination
from the peritoneal cavity, the site of injection, to blood and
the other organs by 4 h postinfection, showing that i.p inocu-
lation can be considered a model of Acinetobacter sepsis, with
resultant seeding of other organs, including the lungs. It is
noteworthy that organisms actively multiplied in the lung with
the use of this model.

Due to the rapidity of the infection, studies focused on the
contribution of innate immune responses to host resistance to
infection with this organism. Initial studies examined suscep-
tibility to infection following selective depletion of neutrophils
by treatment with an antibody to Ly6G, a neutrophil-specific
marker. Depletion of neutrophils clearly sensitized mice to
intraperitoneal Acinetobacter infection. The important contri-
bution of neutrophils to Acinetobacter infection has been re-
ported previously, with the use of other methods or routes of
inoculation. In early studies to establish a mouse model of
Acinetobacter, animals were treated with cyclophosphamide, a
less selective method of depleting neutrophils (17). Interest-
ingly, the virulence of the WRAIR strains used in the present
studies, when the strains were given i.p. to normal, untreated
mice, was comparable to or lower than the virulence observed

by this group, with their isolates following cyclophosphamide
treatment and intratracheal inoculation. Other investiga-
tors, using an intranasal challenge to establish an Acineto-
bacter pneumonia model, found that depletion of neutro-
phils with the anti-Ly6G antibody resulted in sensitization to
infection (54).

The effect of Acinetobacter infection on chemokines and
chemokine-inducing pathways for neutrophils was also tested
in the present experiments. Initial studies examined IL-17, a
proinflammatory cytokine known to induce granulopoiesis and
to induce production of other proinflammatory cytokines and
chemokines that enhance the accumulation of neutrophils,
particularly KC/CXCL1 (the homologue of human IL-8). The
in vitro induction of IL-17 by rIL-23 or by LPS from mouse
cells has been reported by several investigators (13, 21, 47, 60).
Experiments confirmed this circuit but added an interesting
result. It was observed that rIL-23-induced IL-17 production
was markedly more robust when peritoneal cells were har-
vested from Acinetobacter-infected mice than from naïve mice.
As peritoneal cultures from naïve and infected animals each
contained 6 � 105 cells, either a new population of IL-23-
responsive cells was recruited to the peritoneal cavity following

FIG. 7. IL-17A knockout mice are not sensitized to A. baumannii. IL-17a�/� and wild-type C57BL/6 mice were infected i.p. with a 17-LD50 dose
(A) or a 0.6-LD50 dose of A. baumannii strain 4502. Inoculating doses are indicated by arrows on the y axis. Mice were euthanized for necropsy
at 8 h (A) or 10 h (B) postinfection. Points represent individual animals. In panel B, filled symbols represent male mice, and open symbols represent
female mice. Lines represent median values for bacterial burdens. Levels of organisms in any organ or blood sample of IL-17a�/� mice are not
statistically significantly different from the level for WT mice.
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infection or more cells of a type that were already resident in
the peritoneum of naïve animals were activated by the infec-
tion and stimulated by the IL-23. In contrast, LPS was able to
induce IL-17 from peritoneal cells harvested from naïve mice,
but the levels of IL-17 production never reached those elicited
by rIL-23 stimulation of cells taken from Acinetobacter-in-
fected animals. The lack of increased production of IL-17
observed when cells from infected animals were stimulated in
vitro with Salmonella LPS may be due to the fact that the cells
were already maximally stimulated in vivo by the Acinetobacter
LPS, which is known to trigger TLR4 (14, 47). Another way of
looking at this is that the cells from infected animals may be
tolerant to additional stimulation with LPS.

It was found that Acinetobacter induced high levels of IL-17
in vivo, which increased at time points after infection, reaching
a plateau between 8 and 12 h, and then continued to rise
through 18 h. The early induction of IL-17 in the systemic
Acinetobacter model is comparable to what has been observed
using other infectious agents, including E. coli (47), Streptococ-
cus pneumoniae (26), Klebsiella pneumoniae (13, 14, 61, 62),
and Candida albicans (15). The present studies are the first
documentation of the rapid induction of IL-17 during A. bau-
mannii infection. IL-17 is known to be responsible for induc-
tion of downstream chemokines, such as KC/CXCL1, which
are chemotactic for neutrophils (58). The induction of KC/
CXCL1 following infection has been documented for a wide
variety of pathogens, including bacterial infections such as
Pseudomonas aeruginosa (45, 51, 56), Chlamydia muridarum
(63), Citrobacter rodentium (50, 55), Listeria monocytogenes
(53), Streptococcus pneumoniae (48, 54), Leptospira interrogans
(8), and Borrelia burgdorferi (3). In the present studies, KC/
CXCL1 induction was evaluated following systemic A. bau-
mannii infection in C3HeB/FeJ mice. It was found that KC/
CXCL1 appeared in PEF in a biphasic manner, similar to IL-17.
The biphasic induction of these molecules may be a consequence
of the inability to eliminate the bacteria in the early stages of
infection, necessitating a secondary wave of cytokine/chemokine
induction at time points later than 12 h postinfection.

In spite of robust induction of both IL-17 and KC/CXCL1,
experiments presented in this study did not support a crucial
role for these molecules in host defense to Acinetobacter. It was
shown that depletion of either IL-17 or KC using monoclonal
antibodies specific for each molecule failed to cause a signifi-
cant difference in the bacterial burdens of spleens, lungs, and
blood in comparison to control antibody-treated mice and did
not increase mortality in a survival experiment. The protocols
for choice and dose of monoclonal antibodies were based on
published results which had been shown to alter resistance to
other infections or to reduce neutrophil recruitment. The de-
pletion protocol for IL-17 was found by other investigators to
be sufficient to increase vaccinia virus titers (21), reduce Schis-
tosoma mansoni granuloma formation (44), and reduce the
severity of experimental allergic encephalitis (23). The proto-
col used to deplete KC levels has been reported to reduce
neutrophil infiltration in the lungs and livers following induc-
tion of trauma and hemorrhage and to prevent edema forma-
tion and hepatocyte damage (10). In another model, using a
concentration of anti-KC/CXCL1 antibody less than the one
used in our study (50 �g versus 20 �g), IL-6 levels and lung
tissue damage were reduced following induction of hemor-

rhage and sepsis (24). Another KC/CXCL1 depletion study
demonstrated that KC neutralization with the monoclonal an-
tibody used in the present study reduced detrimental neutro-
phil infiltration in a model of heterologous nephrotoxic nephri-
tis (4). The possibility cannot be eliminated that the failure of
the IL-17 depletion to sensitize mice to Acinetobacter was due
to a dose that was insufficient to completely eliminate the
amount of IL-17 that was induced following infection with this
particular pathogen. The use of IL-17-deficient mice provided
a second method to probe the function of IL-17 during A. bau-
mannii infection. When these mice were injected with either a
high or a low infecting dose of A. baumannii, no difference in
bacterial burdens between IL-17a�/� and wild-type animals
was observed. As male and female mice were used in these
experiments, gender was not an important variable. This ob-
servation is in agreement with data from the IL-17 antibody
neutralization studies, showing no difference in bacterial bur-
dens when IL-17 was blocked.

The studies presented here are the first to demonstrate that
IL-17 and KC/CXCL1 are both rapidly induced following A.
baumannii infection. However, in contrast to other reports in
the literature, where the absence of either one of these mole-
cules sensitized mice to a variety of infections or pathological
conditions, depletion of either molecule by itself, or inhibition
of IL-17 signaling via absence of this cytokine, had no effect on
Acinetobacter systemic infection. There is always the possibility
that use of higher doses of antibody or necropsy analysis at
later time points would yield different results from those ob-
tained with the conditions tested. In addition, while the current
experiments seem to rule out a role for the IL-17/CXCL1
circuit in host defense to Acinetobacter, it is possible that other
chemokines that attract neutrophils, including MCP-1 and
MIP-2, may provide a bypass pathway for recruiting neutro-
phils. It may be necessary to block all pathways to neutrophil
recruitment to sensitize mice to Acinetobacter.

In summary, it has been shown that systemic infection with
Acinetobacter results in sepsis and pneumonia, that Acinetobac-
ter strains differ markedly in virulence that correlates loosely
with degree of antibiotic resistance, that neutrophils are im-
portant for host defense to systemic Acinetobacter infection,
and that neither IL-17 nor KC/CXCL1 is crucial for resistance
to Acinetobacter. Future studies should address the importance
of other pathways of neutrophil recruitment in host defense to
this organism.

ACKNOWLEDGMENTS

These studies were supported by USAMRMC grant W81XWH-06-
1-0147, NIDA grant DA13429, and NIDA training grant T32DA07237.

We thank David Craft for providing the Acinetobacter strains. We
are grateful to Yoishiro Iwakura for giving us permission to obtain the
IL-17a�/� mice and to Jay Kolls for supplying us with the breeding
stock of the IL-17a�/� mice.

REFERENCES

1. Beceiro, A., et al. 2009. In vitro activity and in vivo efficacy of clavulanic acid
against Acinetobacter baumannii. Antimicrob. Agents Chemother. 53:4298–
4304.

2. Bernabeu-Wittel, M., et al. 2005. Pharmacokinetic/pharmacodynamic assess-
ment of the in-vivo efficacy of imipenem alone or in combination with
amikacin for the treatment of experimental multiresistant Acinetobacter
baumannii pneumonia. Clin. Microbiol. Infect. 11:319–325.

3. Brown, C. R., V. A. Blaho, and C. M. Loiacono. 2003. Susceptibility to
experimental Lyme arthritis correlates with KC and monocyte chemoattrac-

VOL. 79, 2011 IL-17 AND HOST DEFENSE TO ACINETOBACTER BAUMANNII 3325



tant protein-1 production in joints and requires neutrophil recruitment via
CXCR2. J. Immunol. 171:893–901.

4. Brown, H. J., et al. 2007. Toll-like receptor 4 ligation on intrinsic renal cells
contributes to the induction of antibody-mediated glomerulonephritis via
CXCL1 and CXCL2. J. Am. Soc. Nephrol. 18:1732–1739.

5. Centers for Disease Control and Prevention. 2004. Acinetobacter baumannii
infections among patients at military medical facilities treating injured U.S.
service members, 2002–2004. MMWR Morb. Mortal. Wkly. Rep. 53:1063–
1066.

6. Chiang, S. R., et al. 2009. Intratracheal colistin sulfate for BALB/c mice with
early pneumonia caused by carbapenem-resistant Acinetobacter baumannii.
Crit. Care Med. 37:2590–2595.

7. Crandon, J. L., A. Kim, and D. P. Nicolau. 2009. Comparison of tigecycline
penetration into the epithelial lining fluid of infected and uninfected murine
lungs. J. Antimicrob. Chemother. 64:837–839.

8. da Silva, J. B., et al. 2009. Chemokines expression during Leptospira inter-
rogans serovar Copenhageni infection in resistant BALB/c and susceptible
C3H/HeJ mice. Microb. Pathog. 47:87–93.

9. Erridge, C., O. L. Moncayo-Nieto, R. Morgan, M. Young, and I. R. Poxton.
2007. Acinetobacter baumannii lipopolysaccharides are potent stimulators of
human monocyte activation via Toll-like receptor 4 signalling. J. Med. Mi-
crobiol. 56:165–171.

10. Frink, M., et al. 2007. Keratinocyte-derived chemokine plays a critical role in
the induction of systemic inflammation and tissue damage after trauma-
hemorrhage. Shock 28:576–581.

11. Gaynes, R., and J. R. Edwards. 2005. Overview of nosocomial infections
caused by gram-negative bacilli. Clin. Infect. Dis. 41:848–854.

12. Gordon, N. C., and D. W. Wareham. 2010. Multidrug-resistant Acinetobacter
baumannii: mechanisms of virulence and resistance. Int. J. Antimicrob.
Agents 35:219–226.

13. Happel, K. I., et al. 2005. Divergent roles of IL-23 and IL-12 in host defense
against Klebsiella pneumoniae. J. Exp. Med. 202:761–769.

14. Happel, K. I., et al. 2003. Cutting edge: roles of Toll-like receptor 4 and
IL-23 in IL-17 expression in response to Klebsiella pneumoniae infection.
J. Immunol. 170:4432–4436.

15. Huang, W., P. L. Fidel, and P. Schwarzenberger. 2004. Requirement of
interleukin-17A for systemic anti-Candida albicans host defense in mice. J.
Infect. Dis. 190:624–631.

16. Jacobs, A. C., et al. 2010. Inactivation of phospholipase D diminishes Acin-
etobacter baumannii pathogenesis. Infect. Immun. 78:1952–1962.

17. Joly-Guillou, M.-L., M. Wolff, J.-J. Pocidalo, F. Walker, and C. Carbon.
1997. Use of a new mouse model of Acinetobacter baumannii pneumonia to
evaluate the postantibioic effect of imipenem. Antimicrob. Agents Che-
mother. 41:345–351.

18. Joly-Guillou, M. L., M. Wolff, R. Farinotti, A. Bryskier, and C. Carbon. 2000.
In vivo activity of levofloxacin alone or in combination with imipenem or
amikacin in a mouse model of Acinetobacter baumannii pneumonia. J.
Antimicrob. Chemother. 46:827–830.

19. Knapp, S., et al. 2006. Differential roles of CD14 and Toll-like receptors 4
and 2 in murine Acinetobacter pneumonia. Am. J. Respir. Crit. Care Med.
173:122–129.

20. Ko, W. C., et al. 2004. In vitro and in vivo activity of meropenem and
sulbactam against a multidrug-resistant Acinetobacter baumannii strain. J.
Antimicrob. Chemother. 53:393–395.

21. Kohyama, S., et al. 2007. IL-23 enhances host defense against vaccinia virus
infection via a mechanism party involving IL-17. J. Immunol. 179:3917–3925.

22. Koomanachai, P., A. Kim, and D. P. Nicolau. 2009. Pharmacodynamic eval-
uation of tigecycline against Acinetobacter baumannii in a murine pneumo-
nia model. J. Antimicrob. Chemother. 63:982–987.

23. Langrish, C. L., et al. 2005. IL-23 drives a pathogenic T cell population that
induces autoimmune inflammation. J. Exp. Med. 201:233–240.

24. Lomas-Neira, J., et al. 2005. Divergent roles of murine neutrophil chemo-
kines in hemorrhage induced priming for acute lung injury. Cytokine 31:
169–179.

25. Luke, N. R., et al. 2010. Identification and characterization of a glycosyl-
transferase involved in Acinetobacter baumannii lipopolysaccharide core bio-
synthesis. Infect. Immun. 78:2017–2023.

26. Ma, J., et al. 2010. Morphine disrupts interleukin-23 (IL-23)/IL-17-mediated
pulmonary mucosal host defense against Streptococcus pneumoniae infec-
tion. Infect. Immun. 78:830–837.

27. Montero, A., et al. 2004. Antibiotic combinations for serious infections
caused by carbapenem-resistant Acinetobacter baumannii in a mouse pneu-
monia model. J. Antimicrob. Chemother. 54:1085–1091.

28. Montero, A., et al. 2002. Efficacy of colistin versus 	-lactams, aminoglyco-
sides, and rifampin as monotherapy in a mouse model of pneumonia caused
by multiresistant Acinetobacter baumannii. Antimicrob. Agents Chemother.
46:1946–1952.

29. Murray, C. K., et al. 2006. Bacteriology of war wounds at the time of injury.
Mil. Med. 171:826–831.

30. Nakae, S., et al. 2002. Antigen-specific T cell sensitization is impaired in
IL-17-deficient mice, causing suppression of allergic cellular and humoral
responses. Immunity 17:375–387.

31. Obana, Y. 1986. Pathogenic significance of Acinetobacter calcoaceticus:
analysis of experimental infection in mice. Microbiol. Immunol. 30:645–657.

32. Obana, Y., T. Nishino, and T. Tanino. 1985. In-vitro and in-vivo activities of
antimicrobial agents against Acinetobacter calcoaceticus. J. Antimicrob.
Chemother. 15:580–587.

33. Pachon-Ibanez, M. E., et al. 2010. Efficacy of rifampin and its combinations
with imipenem, sulbactam, and colistin in experimental models caused by
imipenem-resistant Acinetobacter baumannii. Antimicrob. Agents Che-
mother. 54:1165–1172.

34. Pantopoulou, A., et al. 2007. Colistin offers prolonged survival in experimental
infection by multidrug-resistant Acinetobacter baumannii: the significance of
co-administration of rifampicin. Int. J. Antimicrob. Agents 29:51–55.

35. Peleg, A. Y., H. Seifer, and D. L. Paterson. 2008. Acinetobacter baumannii:
emergence of a successful pathogen. Clin. Microbiol. Rev. 21:538–582.

36. Qiu, H., R. KuoLee, G. Harris, and W. Chen. 2009. High susceptibility to
respiratory Acinetobacter baumannii infection in A/J. mice is associated with
a delay in early pulmonary recruitment of neutrophils. Microbes Infect.
11:946–955.

37. Qiu, H., R. KuoLee, G. Harris, and W. Chen. 2009. Role of NADPH phago-
cyte oxidase in host defense against acute respiratory Acintobacter bauman-
nii infection in mice. Infect. Immun. 77:1015–1023.

38. Renckens, R., et al. 2006. The acute-phase response and serum amyloid A
inhibit the inflammatory response to Acinetobacter baumannii pneumonia. J.
Infect. Dis. 193:187–195.

39. Rodriguez-Hernandez, M. J., et al. 2000. Imipenem, doxycycline and ami-
kacin in monotherapy and in combination in Acinetobacter baumannii ex-
perimental pneumonia. J. Antimicrob. Chemother. 45:493–501.

40. Rudner, X. L., K. I. Happel, E. A. Young, and J. E. Shellito. 2007. Interleu-
kin-23 (IL-23)-IL-17 cytokine axis in murine Pneumoncystis carinii infection.
Infect. Immun. 75:3055–3061.

41. Russo, T. A., et al. 2010. The K1 capsular polysaccharide of Acinetobacter
baumannii strain 307-0294 is a major virulence factor. Infect. Immun. 78:
3993–4000.

42. Russo, T. A., et al. 2009. Penicillin-binding protein 7/8 contributes to the
survival of Acinetobacter baumannii in vitro and in vivo. J. Infect. Dis. 199:
513–521.

43. Russo, T. A., et al. 2008. Rat pneumonia and soft-tissue infection models for
the study of Acinetobacter baumannii biology. Infect. Immun. 76:3577–3586.

44. Rutitzky, L. I., J. R. Lopes da Rosa, and M. J. Stadecker. 2005. Severe CD4
T cell-mediated immunopathology in murine schistosomiasis is dependent
on IL-12p40 and correlates with high levels of IL-17. J. Immunol. 175:3920–
3926.

45. Schultz, M. J., et al. 2002. Role of interleukin-1 in the pulmonary immune
response during Pseudomonas aeruginosa pneumonia. Am. J. Physiol. Lung
Cell. Mol. Physiol. 282:L285–L290.

46. Scott, P., et al. 2007. An outbreak of multidrug-resistant Acinetobacter bau-
mannii-calcoaceticus complex infection in the US military health care system
associated with military operations in Iraq. Clin. Infect. Dis. 44:1577–1584.

47. Shibata, K., H. Yamada, H. Hara, K. Kishihara, and Y. Yoshikai. 2007.
Resident Vdelta1� gammadelta T cells control early infiltration of neutro-
phils after Escherichia coli infection via IL-17 production. J. Immunol. 178:
4466–4472.

48. Smith, M. W., J. E. Schmidt, J. E. Rehg, C. J. Orihuela, and J. A. McCullers.
2007. Induction of pro- and anti-inflammatory molecules in a mouse model
of Pneumococcal pneumonia after influenza. Comp. Med. 57:82–89.

49. Song, J. Y., H. J. Cheong, J. Lee, A. K. Sung, and W. J. Kim. 2009. Efficacy
of monotherapy and combined antibiotic therapy for carbapenem-resistant
Acinetobacter baumannii pneumonia in an immunosuppressed mouse
model. Int. J. Antimicrob. Agents 33:33–39.

50. Spehlmann, M. E., et al. 2009. CXCR2-dependent mucosal neutrophil influx
protects against colitis-associated diarrhea caused by an attaching/effacing
lesion-forming bacterial pathogen. J. Immunol. 183:3332–3343.

51. Tiesset, H., et al. 2009. Dietary (n-3) polyunsaturated fatty acids affect the
kinetics of pro- and antiinflammatory responses in mice with Pseudomonas
aeruginosa lung infection. J. Nutr. 139:82–89.

52. Towner, K. J. 2009. Acinetobacter: an old friend but a new enemy. J. Hosp.
Infect. 73:355–363.

53. van der Zee, M., et al. 2010. Synthetic human chorionic gonadotropin-related
oligopeptides impair early innate immune responses to Listeria monocyto-
genes in mice. J. Infect. Dis. 201:1072–1080.

54. van Faassen, H., et al. 2007. Neutrophils play an important role in host
resistance to respiratory infection with Acinetobacter baumannii in mice.
Infect. Immun. 75:5597–5608.

55. Wang, Y., et al. 2010. Lymphotoxin beta receptor signaling in intestinal
epithelial cells orchestrates innate immune responses against mucosal bac-
terial infection. Immunity 32:403–413.

56. Wilkinson, T. S., et al. 2009. Trappin-2 promotes early clearance of Pseu-
domonas aeruginosa through CD14-dependent macrophage activation and
neutrophil recruitment. Am. J. Pathol. 174:1338–1346.

57. Wisplinghoff, H., et al. 2004. Nosocomial bloodstream infections in US
hospitals: analysis of 24,179 cases from a prospective nationwide surveillance
study. Clin. Infect. Dis. 39:309–317.

3326 BRESLOW ET AL. INFECT. IMMUN.



58. Witowski, J., K. Ksiazek, and A. Jörres. 2004. Interleukin-17: a mediator of
inflammatory responses. Cell. Mol. Life Sci. 61:567–579.

59. Wolff, M., M.-L. Joly-Guillou, R. Farinotti, and C. Carbon. 1999. In vivo
efficacies of combinations of 	-lactams, 	-lactamase inhibitors, and rifampin
against Acinetobacter baumannii in a mouse pneumonia model. Antimicrob.
Agents Chemother. 43:1406–1411.

60. Wu, Q., et al. 2007. IL-23-dependent IL-17 production is essential in neu-
trophil recruitment and activity in mouse lung defense against respiratory
Mycoplasma pneumoniae infection. Microbes Infect. 9:78–86.

61. Ye, P., et al. 2001. Interleukin-17 and lung host defense against Klebsiella
pneumoniae infection. Am. J. Respir. Cell Mol. Biol. 25:335–340.

62. Ye, P., et al. 2001. Requirement of Interleukin 17 receptor signaling for
lung CXC chemokine and granulocyte colony-stimulating factor expres-
sion, neutrophil recruitment, and host defense. J. Exp. Med. 194:519–
527.

63. Zhou, X., et al. 2009. Critical role of interleukin-17/interleukin-17 receptor
axis in regulating host susceptibility to respiratory infection with Chlamydia
species. Infect. Immun. 77:5059–5070.

Editor: A. J. Bäumler
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