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The roles of CXC chemokine-mediated host responses were examined with an A/J mouse model of Legionella
pneumophila pneumonia. After intratracheal inoculation of 106 CFU of L. pneumophila, the bacterial numbers
in the lungs increased 10-fold by day 2; this increase was accompanied by the massive accumulation of
neutrophils. Reverse transcription-PCR data demonstrated the up-regulation of CXC chemokines, such as
keratinocyte-derived chemokine, macrophage inflammatory protein 2 (MIP-2), and lipopolysaccharide-in-
duced CXC chemokine (LIX). Consistent with these data, increased levels of KC, MIP-2, and LIX proteins were
observed in the lungs and peaked at days 1, 2, and 2, respectively. Although the administration of anti-KC or
anti–MIP-2 antibody resulted in an approximately 20% decrease in neutrophil recruitment on day 2, no
increase in mortality was observed. In contrast, the blockade of CXC chemokine receptor 2 (CXCR2), a
receptor for CXC chemokines, including KC and MIP-2, strikingly enhanced mortality; this effect coincided
with a 67% decrease in neutrophil recruitment. Interestingly, anti-CXCR2 antibody did not affect bacterial
burden by day 2, even in the presence of a lethal challenge of bacteria. Moreover, a significant decrease in
interleukin-12 (IL-12) levels, in contrast to the increases in KC, MIP-2, and LIX levels, was demonstrated for
CXCR2-blocked mice. These data indicated that CXCR2-mediated neutrophil accumulation may play a crucial
role in host defense against L. pneumophila pneumonia in mice. The increase in lethality without a change in
early bacterial clearance suggested that neutrophils may exert their protective effect not through direct killing
but through more immunomodulatory actions in L. pneumophila pneumonia. We speculate that a decrease in
the levels of the protective cytokine IL-12 may explain, at least in part, the high mortality in the setting of
reduced neutrophil recruitment.

Legionella pneumophila is an important pathogen that fre-
quently causes a life-threatening pneumonia, especially in im-
munocompromised individuals (25, 33). This organism is a
gram-negative facultative intracellular bacillus and is quite
ubiquitous in nature, being present in soil and water. Legionella
organisms usually infect humans via inhalation of contami-
nated aerosols from waterborne environmental sources. In the
lungs, bacteria infect cells and multiply predominantly in
monocytes and macrophages (20, 27, 29). Unfortunately, high
mortality rates, reaching 10 to 50%, have been reported, illus-
trating the fact that Legionella pneumonia remains a challeng-
ing infectious disease (13, 30, 39).

Recently, a replicative A/J mouse model of L. pneumophila
pneumonia has been reported; this model is believed to be
based on the fact that macrophages in this strain are specifi-
cally permissive for the growth of Legionella organisms (6).
Inoculation of L. pneumophila into the lungs of A/J mice in-
duced pneumonia characterized by specific pathological find-
ings and cytokine responses, accompanied by multiplication of

bacteria in the lungs. Important roles of T1-type cytokines,
such as tumor necrosis factor alpha (TNF-a) (7), gamma in-
terferon (IFN-g) (14), and interleukin-12 (IL-12) (8), have
been elucidated with the A/J mouse model of L. pneumophila
pneumonia. Since intracellular growth is a critical characteris-
tic of this organism, cellular immunity in concert with cytokine
or chemokine responses is believed to be essential for the
resolution of a primary infection. On the other hand, it is
generally believed that neutrophils play a minor role because
previous reports have demonstrated that Legionella organisms
resist killing by neutrophils, even under conditions of good
opsonization (19, 42). However, the early accumulation of neu-
trophils at infection sites is a consistent observation for Legion-
ella pneumonia in animals and humans (6, 43, 44), suggesting
that these cells may have certain protective roles in Legionella
infection. To our knowledge, there are no reports investigating
how neutrophils contribute to host defense against L. pneumo-
phila in A/J mice.

Chemokines are a family of small chemotactic proteins,
which are divided into four families based on their structural
differences (34). The CXC chemokine family is further distin-
guished by the presence or absence of an amino acid sequence,
glutamic acid-leucine-arginine (the ELR motif), that precedes
the CXC sequence. ELR-positive (ELR1) CXC chemokines
have been shown to induce neutrophil chemotaxis and stimu-
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late neutrophil activation in inflammatory responses (1, 15,
45). Several ELR1 CXC chemokines exist in humans, includ-
ing IL-8 and the growth-related oncogene family (GRO-a,b).
Murine ELR1 CXC chemokines have also been identified,
including macrophage inflammatory protein 2 (MIP-2), kera-
tinocyte-derived chemokine (KC), lipopolysaccharide-induced
CXC chemokine (LIX), and lungkine (36, 37). Macrophages are
reported to be the main sources for MIP-2 and KC, whereas
LIX and lungkine are predominantly produced by fibroblasts
and lung epithelial cells, respectively (21, 36, 38, 46). Two
receptors for ELR1 CXC chemokines, CXC chemokine recep-
tors 1 and 2 (CXCR1 and CXCR2, respectively), have been
identified for humans (24); mice have only CXCR2 which, like
its human counterpart, binds all ELR1 CXC chemokines (5,
17, 23). In CXCR2 knockout mice, neutrophils were not re-
cruited in vivo in response to MIP-2 or KC but did respond to
other chemoattractants, suggesting that the binding of ELR1

CXC chemokines to CXCR2 is essentially for neutrophil re-
cruitment and that CXCR2 is the exclusive receptor for these
ligands (23).

Recently, McColl and Clark-Lewis demonstrated the inhibi-
tion of murine neutrophil recruitment in vivo by the adminis-
tration of CXC chemokine receptor antagonists, such as
GROa(8–73) and PF4(9–70) (26). Previously, we reported a
critical role for CXCR2-mediated neutrophil accumulation in
murine pulmonary infection models, such as Pseudomonas
aeruginosa (41) and Aspergillus fumigatus (28). In these studies,
we observed increased lethality for CXCR2-blocked mice; this
finding was well correlated with a decrease in neutrophil re-
cruitment and increases in bacterial and fungal burdens in the
lungs. The roles of CXC chemokines and CXCR2-mediated
neutrophil accumulation in infection due to the intracellular
organism Legionella, which is resistant to killing effects by
neutrophils, are less clear.

In the present study, we examined the roles and significance
of CXCR2 ligand-mediated neutrophil recrutment in an A/J
mouse model of L. pneumophila pneumonia. Our data clearly
demonstrated critical roles of CXCR2 in neutrophil accumu-
lation and lethality. On the other hand, blocking of each CXC
chemokine, KC or MIP-2, had a minor effect, supporting the
concept of CXC chemokine redundancy. Interestingly, the
augmentation of lethality was not accompanied by an early
increase in the pulmonary bacterial burden in CXCR2-blocked
mice, suggesting that neutrophils may exert their protective
effect not through direct killing but through more immuno-
modulatory actions in L. pneumophila pneumonia.

MATERIALS AND METHODS

Reagents. Murine recombinant KC, MIP-2, and LIX and monoclonal anti-
murine KC antibody were purchased from R & D Systems (Minneapolis, Minn.).
Polyclonal anti-murine KC, MIP-2, and LIX antibodies for enzyme-linked im-
munosorbent assays (ELISAs) were produced by immunization of rabbits at
multiple intradermal sites with these murine recombinant cytokines in complete
Freund’s adjuvant. Purified polyclonal goat antimurine CXCR2 antibody was
produced by intradermal immunization of goats with a 17-amino-acid peptide
segment comprising a portion of the seven-transmembrane receptor that resides
on the cell surface of CXCR2 and that has previously been shown to be the
binding site for ligands (18). This antibody has been shown to detect CXCR2 by
Western blotting and fluorescence-activated cell sorter analysis of neutrophils
(data not shown). We have demonstrated that this antibody is neutralizing both
in vitro and in vivo and that binding of this antibody to CXCR2 on neutrophils
does not alter peripheral blood neutrophil counts (28).

Animals. Female specific-pathogen-free 6- to 8-week-old A/J mice were pur-
chased from Jackson Laboratory (Bar Harbor, Maine). All mice were housed in
specific-pathogen-free conditions within the animal care facility at the University
of Michigan.

L. pneumophila inoculation. We used a clinical isolate of L. pneumophila
serogroup 1 for animal experiments; this isolate was obtained from the sputum
of a patient with L. pneumophila pneumonia. In preliminary experiments, we
observed that intratracheal inoculation of this isolate (105 to 106 CFU per
mouse) consistently induced pneumonia in A/J mice, characterized by increases
in bacterial numbers, cytokine responses, and pathological changes in the lungs
(data not shown). N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES; Sigma)-
buffered yeast extract broth supplemented with L-cysteine (0.4 mg/ml) and ferric
nitrate (0.135 mg/ml) was used as a liquid medium (BYE broth) (9). To prepare
solid medium, activated charcoal (2 mg/ml) and agar (15 mg/ml) were added to
liquid medium (BCYE agar). Bacteria were incubated on BCYE agar for 14 days
at 37°C. A single colony was transferred to 3 ml of BYE broth and then incubated
overnight at 37°C with constant shaking. The bacterial suspension was again
transferred to fresh BYE broth and incubated overnight under the same condi-
tions. After confirmation of bacterial motility by microscopic observation, the
concentration of bacteria in the broth was determined by measuring the absor-
bance at 600 nm. Postexponential-phase bacteria (optical density 600 nm, 1.7 to
1.8; motility, . 30%) were used as challenge organisms because the expression
of virulence in L. pneumophila is dependent on growth phase (9). According to
a standard of absorbancies based on known CFU, the bacterial suspension was
diluted to the desired concentration in saline. Each animal was anesthetized
intraperitoneally (i.p.) with approximately 1.8 to 2 mg of pentobarbital. The
trachea was exposed, and 30 ml of inoculum or saline was administered via a
sterile 26-gauge needle. The skin incision was closed with surgical staples.

Lung harvesting for bacterial number, MPO, and cytokine analyses. At des-
ignated time, the mice were sacrificed by CO2 asphyxia. Prior to lung removal,
the pulmonary vasculature was perfused with 1 ml of phosphate-buffered saline
(PBS) containing 5 mM EDTA via the right ventricle. Whole lungs were then
harvested for assessment of bacterial numbers, myeloperoxidase (MPO) levels,
and cytokine protein expression. After removal, whole lungs were homogenized
in 1.0 ml of PBS with protease inhibitor (Boehringer Mannheim Biochemicals,
Indianapolis, Ind.) using a tissue homogenizer (Biospec Products, Inc.) under a
vented hood. Portions of homogenates (10 ml) were inoculated on BCYE agar
after serial 1:10 dilutions with PBS. Lung MPO activity, as an indirect measure-
ment of total neutrophil number, was quantitated by a method described previ-
ously (16). Briefly, 100 ml of lung homogenate was mixed with 100 ml of homog-
enization buffer (0.5% hexadecyltrimethylammonium bromide–5 mM EDTA)
and vortexed. The mixture was sonicated and centrifuged at 12,000 3 g for 15
min. The supernatant was then mixed 1:15 with assay buffer, and the absorbance
was read at 490 nm. MPO levels were calculated as the change in absorbance
over time. The remaining homogenates were incubated on ice for 30 min and
then centrifuged at 1,100 3 g for 10 min. Supernatants were collected, passed
through a 0.45-mm-pore-size filter (Gelman Sciences, Ann Arbor, Mich.), and
stored at 220°C for assessment of cytokine levels.

Murine cytokine ELISAs. Murine cytokines were quantitated using a modifi-
cation of a double-ligand method as previously described (16). Briefly, wells of
flat-bottom 96-well microtiter plates (Immuno-Plate I 96-F; Nune, Roskilde,
Denmark) were each coated with 50 ml of rabbit anticytokine antibodies (1 mg/ml
in 0.6 M NaCl–0.26 M H3BO4–0.08 N NaOH [pH 9.6]) for 16 h at 4°C; the plates
were then washed with PBS (pH 7.5) containing 0.05% Tween 20 (wash buffer).
Nonspecific binding sites were blocked with 2% bovine serum albumin in PBS,
and the plates were incubated for 90 min at 37°C. Plates were rinsed four times
with wash buffer, and diluted (neat and 1:10) cell-free supernatants (50 ml) in
duplicate were added, followed by incubation for 1 h at 37°C. Plates were washed
four times, followed by the addition (per well) of 50 ml of biotinylated rabbit
anticytokine antibodies (R & D Systems; 3.5 mg/ml in PBS [pH 7.5]–0.05%
Tween 20–2% fetal calf serum); the plates were incubated for 30 min at 37°C.
Plates were washed four times, streptavidin-peroxidase conjugate (Bio-Rad Lab-
oratories, Richmond, Calif.) was added, and the plates were incubated for 30 min
at 37°C. Plates were washed again four times, and chromogen substrate (Bio-
Rad) was added. Plates were incubated at room temperature to the desired
extinction, and the reaction was terminated with 50 ml of 3 M H2SO4 solution/
well. The absorbance was read at 490 nm in an ELISA reader. Standards were
twofold dilutions of murine recombinant cytokine from 1 pg/ml to 100 ng/ml.
This ELISA method consistently detected murine KC and MIP-2 concentrations
above 25 and 50 pg/ml, respectively. The ELISA did not cross-react with other
cytokines, such as IL-1, IL-2, IL-6, or TNF-a. In addition, the ELISA did not
cross-react with other members of the murine chemokine family, including mu-
rine JE/MCP-1, MIP-1a, or RANTES (16). Levels of IL-12 p70 in the lungs were
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determined using a commercially available ELISA kit (DuoSet ELISA develop-
ment system; R & D Systems) according to the manufacturer’s directions. p70
was measured because this heterodimer represents the biologically active form of
IL-12.

Neutralization of KC, MIP-2, or CXCR2. In blockage experiments with en-
dogenous MIP-2 and CXCR2, mice were injected i.p. with 0.5 ml of specific
antiserum 2 h before L. pneumophila infection. For studies extending beyond 1
day postinfection, mice received another 0.2-ml dose of antiserum 36 h after
infection. For neutralization of endogenous KC, 50 mg of purified antibody was
injected i.p. 2 h before infection. Fifteen to 30 mg of anti-murine KC antibody/ml
has been demonstrated to neutralize the bioactivity of 1 mg of murine KC/ml by
measurement of MPO release from human neutrophils as the bioassay (41).
Control mice in which CXCR2 or MIP-2 was blocked received normal goat
serum or normal rabbit serum, respectively. Infected mice receiving control
reagents instead of anti-CXCR2 and anti–MIP-2 antibodies had no detrimental
effects compared with animals that were only infected.

BAL. Bronchoalveolar lavage (BAL) was performed to obtain BAL cells for
enumeration. The trachea was exposed and intubated using a 1.7-mm-outer-
diameter polyethylene catheter. BAL was performed by instilling PBS containing
5 mM EDTA in 1-ml aliquots. Approximately 5 ml of lavage fluid was retrieved
per mouse. Cytospin samples were subsequently prepared from BAL cells and
stained with Diff-Quick (Baxter, McGaw Park, Ill.). Differential cell counts were
determined by direct counting.

Isolation and RT-PCR amplification of whole-lung mRNA. Whole lungs were
harvested, immediately snap-frozen in liquid nitrogen, and stored at 270°C;
reverse transcription (RT)-PCR was performed as previously described (16).
Briefly, total cellular RNA from frozen lungs was isolated, reversed transcribed
into cDNA, and then amplified as previously described using specific primers for
KC, MIP-2, and LIX, with b-actin serving as a control. The primers had the
sequences 59-TGA-GCT-GCG-CTG-TCA-GTG-CCT-39 and 59-AGA-AGC-CA
G-CGT-TCA-CCA-GGA-39 for KC, 59-TGC-CTG-AAG-ACC-CTG-CCA-AG
G-39 and 59-GTT-AGC-CTT-GCC-TTT-GTT-CAG-39 for MIP-2, 59-CTC-AG
T-CAT-AGC-CGC-AAC-CGA-GC-39 and 59-CCG-TTC-TTT-CCA-CTG-CG
A-GTG-C-39 for LIX, and 59-ATG-GAT-GAC-GAT-ATC-GCT-C-39 and 59-G
AT-TCC-ATA-CCC-AGG-AAG-G-39 for b-actin. After amplification, the
samples (20 ml) were separated on a 2% agarose gel containing 0.3 mg of
ethidium bromide per ml (0.003%), and bands were visualized and photographed
using UV transillumination.

Statistical analysis. Statistical significance was determined using the unpaired
two-tailed alternate Welsh t test and the nonparametric Mann-Whitney test.
Calculations were performed using InStat for Macintosh (GraphPad Software,
San Diego, Calif.).

RESULTS

Bacterial numbers, MPO levels, and leukocyte accumula-
tion in the lungs of mice infected with L. pneumophila. After
intratracheal inoculation of 106 CFU of L. pneumophila, bac-
terial numbers in the lungs increased approximately 10-fold by
day 2 and gradually decreased thereafter (Fig. 1a). A sharp

increase in lung MPO levels was observed on days 1 and 2 after
infection, indicative of massive accumulation of neutrophils at
the site of infection (Fig. 1b). Figure 2 shows cell numbers and
differentiation in BAL fluid of mice 2 days after infection.
Total cell numbers increased approximately eight fold after
L. pneumophila administration. Neutrophils, macrophages or
monocytes, and lymphocytes constituted 91.6, 6.4, and 2.0% of
the cells, respectively, in BAL fluid of infected mice. A greater-
than-100-fold increase in BAL neutrophil numbers was noted
in infected animals (P , 0.01), whereas no significant changes
in the numbers of macrophages or monocytes or of lympho-
cytes were observed at this time.

Expression of CXC chemokine mRNAs in the lungs after
infection. We next examined mRNA expression for several
murine CXC chemokines, including KC, MIP-2, and LIX, in
the lungs of mice infected with L. pneumophila. mRNA ex-
pression for these chemokines was examined with mixed sam-
ples from two mice at each time point because similar results
were obtained among the mice. Before infection, no expression
of KC, MIP-2, or LIX mRNA was detected. In contrast, intra-
tracheal inoculation of L. pneumophila induced up-regulation
of these CXC chemokine mRNAs in the lungs (Fig. 3). Induc-
tion of mRNA expression for KC, MIP-2, and LIX peaked at
24, 48, and 24 h after intratracheal challenge, respectively.

FIG. 1. Bacterial numbers and MPO levels in the lungs of five mice infected with L. pneumophila. Bacterial numbers (a) and MPO levels (b)
in lung homogenates were determined 1, 2, 4, and 8 days after inoculation of 106 CFU of L. pneumophila. Data are means and standard deviations.

FIG. 2. Leukocyte numbers and cell differentiation in BAL fluid of
five mice before (open bars) and 2 days after (closed bars) inoculation
of L. pneumophila. An asterisk indicates a P value of ,0.01. Data are
means and standard deviations.
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KC, MIP-2, and LIX production in the lungs after infection.
The production of KC, MIP-2, and LIX proteins in the lungs of
mice 1, 2, 4, and 8 days after infection was examined. As shown
in Fig. 4, all chemokines were induced in the lungs after L.
pneumophila challenge, consistent with the results of RT-PCR
experiments. Peak production of KC, MIP-2, and LIX was
observed on days 1, 2, and 2 after infection, respectively (P ,
0.05), and the levels of these chemokines decreased thereafter.

Effects of blockade of KC, MIP-2, or CXCR2 on survival.
Intratracheal challenge with 106 CFU of L. pneumophila did
not induce death in control and anti–MIP-2 antibody-treated
mice (Fig. 5). For KC-neutralized mice, death was observed
with this challenge dose, but the overall mortality rate was not
significantly different from that for control mice. In addition,
the simultaneous neutralization of KC and MIP-2 did not
result in synergistic effects on lethality, compared to blockade
of each chemokine independently. In contrast, neutralization
of CXCR2, a receptor for CXC chemokines, including KC and
MIP-2, strikingly augmented the mortality of mice. By day 5
after infection, all CXCR2-blocked mice had died; the median
day to death was 4.0 6 0.6 days after challenge. To further

characterize the increased susceptibility of CXCR2-blocked
mice, we examined the lethality of L. pneumophila infection for
control and anti-CXCR2 antibody-treated mice (Table 1). For
control mice, the 50% lethal dose was considered to be be-
tween 1.8 3 107 and 3.6 3 106 CFU. Neutralization of CXCR2
strikingly sensitized mice to the lethal effects of this organism.
A challenge dose of 7.2 3 105 CFU killed all mice, and the
death of CXCR2-blocked mice was still observed at a dose as
low as 1.4 3 105 CFU. These results demonstrated that
CXCR2 blockade resulted in an approximately 100-fold in-
crease in sensitivity to L. pneumophila-induced lethality.

Effects of blockade of KC, MIP-2, or CXCR2 on neutrophil
numbers in BAL fluid. Neutrophil numbers in BAL fluid of
mice were determined 2 days after infection (Fig. 6). In control
mice, more than 6 3 105 neutrophils accumulated in the air
space. Although the neutralization of KC, MIP-2, and KC plus
MIP-2 reduced neutrophil numbers to 81.1, 80.6, and 62.1%
those in control mice, respectively, these values were not sta-
tistically different from those for control animals. In contrast,
blockade of CXCR2 induced a clear reduction in neutrophil
numbers (33.5% those in control mice) by day 2 after infection.
These data were in concert with survival data and demon-
strated that CXCR2-mediated neutrophil accumulation is a
critical event for resistance to L. pneumophila pneumonia.

Bacterial numbers in the lungs of mice treated with anti-
CXCR2 antibody. Interestingly, although the challenge dose of
106 CFU was lethal for CXCR2-blocked mice, this treatment
did not significantly enhance pulmonary bacterial burden on
days 1 and 2 after infection (Fig. 7). However, by day 3, bac-
terial numbers in control mice had decreased to 106 CFU per
lung, while more than 107 CFU of bacteria were recovered
from the lungs of anti-CXCR2 antibody-treated mice. These
data suggested that neutrophils played a minor role in the
direct killing of L. pneumophila during the acute phase but that
the absence of these cells at the site of infection critically
affected the later clearance of bacteria and the subsequent
course of infection.

Chemokines or cytokines in the lungs of mice treated with
anti-CXCR2 antibody. Figure 8 shows the KC, MIP-2, LIX,
and IL-12 p70 levels in the lungs of control and CXCR2-
blocked mice on days 1 and 2. We observed significantly higher

FIG. 4. KC, MIP-2, and LIX production in the lungs after infection. The production of KC (a), MIP-2 (b), and LIX (c) proteins in the lungs
of five mice was examined 1, 2, 4, and 8 days after inoculation of 106 CFU of L. pneumophila. An asterisk indicates a P value of , 0.05 for a
comparison with the control. Data are means and standard deviations.

FIG. 3. Expression of CXC chemokine mRNAs in the lungs after
infection. The expression of CXC chemokine mRNAs, such as KC,
MIP-2, and LIX, was examined 8, 24, 48, and 96 h after inoculation of
L. pneumophila. All cDNAs were amplified by 35 cycles of PCR, with
the exception of b-actin, which required 25 cycles. Each lane repre-
sents the lungs of two animals combined.
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levels of KC (day 2), MIP-2 (day 1), and LIX (day 2) in
CXCR2-blocked mice. Interestingly, we observed a significant
reduction of IL-12 p70 levels in CXCR2-blocked mice on day
1. Importantly, IL-12 p70 is known to be a critical mediator of
host defense against L. pneumophila pneumonia. The attenu-
ation of the IL-12 p70 response therefore may explain, at least
in part, the increase in lethality in the setting of reduced neu-
trophil recruitment.

DISCUSSION

In the clinical setting, early accumulation of neutrophils is a
common feature of Legionella infection (43, 44), and it is
known that neutropenia is an important risk factor for this
disease (10). In the present study, we observed neutrophil-
dominant leukocyte accumulation during the early phases of
infection, suggesting that neutrophils play certain protective
roles in Legionella infection. However, few investigators have
examined the roles of neutrophils in host defense against Le-
gionella organisms. Horwitz and Silverstein have clearly shown
that Legionella organisms are resistant to killing by polymor-
phonuclear leukocytes in vitro, even under conditions of good
opsonization (19). Additional studies have demonstrated that
the virulent L. micdadei, one of the other pathogenic Legion-
ella species, is phagocytized but not killed by human neutro-

phils (42). In contrast, Blanchard and colleagues have reported
augmentation of human neutrophil bactericidal activity against
L. pneumophila when the cells are stimulated with IFN-g and
TNF in vitro (2). In the present study, we have shown that the
early accumulation of neutrophils is a critical event for resis-
tance to L. pneumophila pneumonia in A/J mice. Our data
suggested that neutrophils may play an important role, not as
phagocytic cells in Legionella infection but rather as immuno-
modulatory cells. Furthermore, this study demonstrated the
crucial roles of CXC chemokines and their functional receptor
CXCR2 in L. pneumophila pneumonia.

MIP-2 and KC are the best-studied murine ELR1 CXC
chemokines and are functional homologues of the human CXC

FIG. 5. Effects of blockade of KC, MIP-2, or CXCR2 on survival. Five or six mice were injected i.p. with specific anti–MIP-2 serum,
anti-CXCR2 serum, or control serum (normal rabbit serum or normal goat serum) 2 h before (0.5 ml) and 2 days after (0.2 ml) L. pneumophila
infection. For neutralization of endogenous KC, 50 mg of purified antibody was injected i.p. 2 h before infection. Survival was examined twice a
day for 8 days after infection. No death was observed in mice treated with normal rabbit serum or normal goat serum.

FIG. 6. Effects of blockade of KC, MIP-2, or CXCR2 on neutrophil
numbers in BAL fluid. Five mice were injected i.p. with anti-KC an-
tibody, anti–MIP-2 serum, anti-KC antibody plus anti–MIP-2 serum,
anti-CXCR2 serum, or control serum (normal rabbit serum or normal
goat serum) 2 h before infection. Neutrophil numbers in BAL fluid
were determined 2 days after infection. An asterisk indicates a P value
of , 0.05. Data are means and standard deviations.

TABLE 1. Lethality in control and CXCR2-blocked micea

Challenge dose
(CFU/mouse)

No. of mice surviving in the following group:

Control Anti-CXCR2 antibody treated

9.0 3 107 0 ND
1.8 3 107 0 ND
3.6 3 106 5 0
7.2 3 105 ND 0
1.4 3 105 ND 4

a Mice (n 5 5) were treated i.p. with control or anti-CXCR2 goat serum 2 h
before (0.5 ml) and 2 days after (0.2 ml) infection. The indicated doses of L.
pneumophila were injected intratracheally, and survival was observed twice a day
for 7 days after infection. ND, not determined.

VOL. 69, 2001 ROLES OF CHEMOKINES IN LEGIONELLA PNEUMONIA 2021



chemokines IL-8 and GRO-a/b. The potential of these che-
mokines to contribute to neutrophil influx and activation dur-
ing pulmonary inflammation is suggested by a number of ob-
servations (16, 22). In the Legionella pneumonia model, we
observed induction of MIP-2 and KC in mRNA and protein
levels. These were well correlated with neutrophil influx at the
site of infection, although the peak for KC (day 1) was earlier
than that for MIP-2 (day 2), suggesting different roles of these
chemokines in neutrophil recruitment. In addition, the admin-
istration of anti-KC or anti–MIP-2 antibody caused some re-
duction of neutrophil influx. These data suggested that MIP-2
and KC are involved in neutrophil chemotactic responses elab-
orated by Legionella organisms. However, the contribution of
each chemokine, KC or MIP-2, to neutrophil recruitment in
Legionella infection was modest given that the reduction of
neutrophil influx was small (approximately 20%) in KC- or
MIP-2-blocked mice. Simultaneous blockade of KC and MIP-2
caused a greater reduction in neutrophil numbers, although
this reduction did not achieve statistical significance. In con-

trast, the blockade of CXCR2, a receptor for CXC chemo-
kines, including KC and MIP-2, induced significant suppres-
sion of neutrophil recruitment and markedly sensitized mice to
Legionella infection. Taken together, these results demon-
strated a critical role of CXCR2-mediated neutrophil influx in
Legionella infection.

A variety of neutrophil chemotaxins other than CXC chemo-
kines, such as complement, leukotrienes, and platelet-activating
factor, have the potential to initiate and amplify neutrophil
recruitment in inflammatory, infectious, and immunological
process. The relative contributions of these factors to neutro-
phil influx may be different in each pathological situation and
may depend on various experimental conditions, such as the
stimulus used, the organ examined, and the timing of observa-
tions. Previously we have examined the effects of the blockade
of CXCR2 on murine neutrophil recruitment in several pul-
monary infection models, such as P. aeruginosa (41) and A.
fumigatus (28). More than a 50% decrease in the levels of total
lung neutrophils on day 1 was demonstrated in the P. aerugi-
nosa infection model. In the A. fumigatus infection model a
63% reduction of MPO activity on day 2 was observed for
CXCR2-blocked mice. The present data from the Legionella
model were quite similar to those previous data, and in all
infection models examined, the suppression of neutrophil in-
flux by CXCR2 blockade strikingly enhanced mortality in mice.
These data suggested that CXCR2-mediated neutrophil accu-
mulation is a major part of the host biological response, at least
in pulmonary infection models.

Importantly, we observed a discrepancy between anti-CXCR2
antibody effects and combination blockade of KC and MIP-2.
These facts suggested the involvement of additional CXCR2-
binding chemokines in Legionella-induced neutrophil influx. A
newly described murine chemokine, LIX, is a possible candi-
date and has been shown to share structural homology with the
human chemokines ENA-78 and GCP-2 (37). Although LIX
was reported to be prominently expressed in the heart, we
observed the production of LIX in infected lungs. Another
recently described murine ELR1 CXC chemokine, lungkine,
has also been shown to be chemotactic for neutrophils in vitro,
is constitutively expressed by lung epithelial cells, but is not

FIG. 7. Bacterial numbers in the lungs of mice treated with anti-
CXCR2 antibody. Five mice were injected i.p. with anti-CXCR2 serum
or control goat serum 2 h before infection, and the bacterial numbers
in the lungs were determined on days 1, 2, and 3. An asterisk indicates
a P value of , 0.05. Data are means and standard deviations.

FIG. 8. KC, MIP-2, LIX, and IL-12 p70 levels in the lungs of mice treated with anti-CXCR2 antibody. Five mice were injected i.p. with
anti-CXCR2 serum (closed bars) or control goat serum (open bars) 2 h before infection. KC (a), MIP-2 (b), LIX (c), and IL-12 p70 (d) levels in
the lungs were examined on days 1 and 2 after infection. An asterisk indicates a P value of , 0.05. Data are means and standard deviations.
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expressed in other organs (36). The preferential expression of
chemokines in specific organs and in response to specific stim-
uli is of interest and suggests that various ELR1 CXC chemo-
kines may have distinct biological roles. Since each factor is
involved in neutrophil chemotactic responses not only through
direct action but also through cross-amplifying effects, systemic
analysis including blockade of LIX, lungkine, or both simulta-
neously may be necessary in future investigations. In addition,
how differently each chemokine activates neutrophils or how
CXCR2 blockade affects the neutrophil activation process in
the infection model remains to be investigated.

Neutralization of CXCR2 dramatically sensitized mice to
several respiratory pathogens, including Legionella organisms.
Because the sensitization was associated with marked increases
in the pulmonary microbial burden in the P. aeruginosa (41)
and A. fumigatus (28) models, the effects of CXCR2 blockade
may be attributed to the attenuation of neutrophil-dependent
microbial killing. In contrast, we observed substantially differ-
ent results in the Legionella model. Although augmentation of
the lethality of L. pneumophila was observed for CXCR2-
blocked mice, we could not demonstrate a significant increase
in the bacterial burden in the lungs on days 1 and 2. These data
supported previous reports that neutrophils could not kill Le-
gionella organisms (19, 42). Furthermore, the present data
demonstrated that the reduction of neutrophil influx did not
affect bacterial numbers during the acute phase but dramati-
cally influenced later survival. We speculate that neutrophils
may exert their protective effect not through direct killing but
through more immunomodulatory actions in L. pneumophila
pneumonia.

In this regard, we observed a significant decrease in the
levels of IL-12 p70 in the lungs of CXCR2-blocked mice. IL-12
is a pivotal cytokine for the development of Th1 cells and the
initiation of cell-mediated immune responses to several patho-
gens (40). Recently, IL-12 has been shown to play a critical role
in controlling the pulmonary growth of L. pneumophila in the
A/J mouse model of pneumonia (8). In the past few years,
several investigators have reported immunomodulatory roles
of neutrophils in several infection models, such as Mycobacte-
rium tuberculosis (31), M. avium (32), Candida albicans (35),
and Listeria monocytogenes (12). In particular, accumulating
data suggest that neutrophils may produce several chemokines
and cytokines, including IL-12, under certain conditions (3, 4,
11, 32, 35). Although the cellular sources of IL-12 in the A/J
mouse model of L. pneumophila pneumonia have not yet been
determined, the present data strongly suggest that neutrophils
may be a potential candidate. To this end, we observed a
significant reduction in the levels of IL-12 in the lungs when
mice were kept neutropenic by administration of neutrophil-
depleting antibody (anti-Gr1 antibody). Importantly, in these
experiments, neutrophil depletion was accompanied by a dras-
tic increase in lethality but not by an increase in the bacterial
burden during the acute phase (data not shown). Studies are
ongoing to evaluate the contribution and significance of neu-
trophils as immunomodulatory cells, especially in IL-12 re-
sponses in L. pneumophila pneumonia.
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