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1 The lipid mediator PAF plays an important role in the phagocytosis of particles, including
bacteria, and consequent production of pro-in¯ammatory cytokines, such as TNF-a and IL-8.

2 Using a PAF receptor antagonist (UK-74,505) and PAF receptor knock-out mice, we have
investigated the relevance of PAF for the in¯ammatory changes and lethality after pulmonary
infection with the gram-negative bacteria Klebsiella pneumoniae in mice.

3 At an inoculum of 36106 bacteria, there was marked pulmonary (bronchoalveolar lavage and
lung) neutrophilia that started early (2.5 h after infection) and peaked at 48 h. All animals were dead
by day 4 of infection. The chemokine KC and the pro-in¯ammatory cytokine TNF-a increased
rapidly and persisted for 48 h in the lungs.

4 Pretreatment with UK-74,505 (30 mg kg71 per day, p.o.) had no signi®cant e�ects on the
number of in®ltrating neutrophils in BAL ¯uid or lung tissue, as assessed by histology and
measuring myeloperoxidase, or on the concentrations of KC. In contrast, concentrations of TNF-a
and the number of bacteria inside neutrophils were signi®cantly diminished.

5 In order to support a role for the PAF during K. pneumoniae infection, experiments were also
carried out in PAFR-de®cient mice. In the latter animals, lethality occurred earlier than in wild-type
controls. This was associated with greater number of bacteria in lung tissue and diminished
percentage of neutrophils containing bacteria in their cytoplasm.

6 Our results suggest that PAF, acting on its receptor, plays a protective role during infection with
K. pneumoniae in mice.
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Introduction

Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-

3-phosphocholine) is a potent autacoid lipid mediator with
various biological activities, including platelet and leukocyte
activation. PAF acts by binding to a G protein-coupled seven

transmembrane receptor, the PAF receptor (PAFR), and
appears to regulate constitutively various physiological
processes (Ishii & Shimizu, 2000). In addition to its role as

a physiological mediator, PAF has been shown to play an
important role in the pathophysiology of various in¯amma-
tory conditions (Ishii & Shimizu, 2000). Studies with PAFR

antagonists or PAFR-de®cient animals have shown an
essential role of PAFR during systemic allergic anaphylaxis-
associated shock in mice (Ishii & Shimizu, 2000; Montrucchio
et al., 2000). Studies with PAFR antagonists or strategies that

decrease PAF activity have also demonstrated an important

role of PAF for lipopolysaccharide (LPS)-induced shock and
lethality (e.g. Fukuda et al., 2000) and for the lung injury
which follows a range of in¯ammatory stimuli (Miotla et al.,

1998; Tavares-de-Lima et al., 1998; De Matos et al., 1999).
More recently, we have suggested an important role of

PAFR for the protective immune response of the murine

host against infection with an intracellular protozoan
parasite, T. cruzi (Aliberti et al., 1999). In the latter system,
PAF induced NO release by T. cruzi-infected macrophages in

vitro and pretreatment of mice with PAFR antagonists
increased blood parasitaemia and enhanced infection-asso-
ciated lethality (Aliberti et al., 1999). These results are in line
with the ability of leukocytes to produce PAF upon

encounter with microorganisms or soluble particles and to
engulf them in a PAF-dependent manner (Makristathis et al.,
1993; Au et al., 2001). Moreover, exposure of leukocytes to

endotoxin or bacteria may trigger PAF release (reviewed by
Montrucchio et al., 2000; Makristathis et al., 1993). Thus, it
is clear that PAF may have a dual role during bacterial
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infections. On one hand, PAF appears to play an important
role in the ability of a host to deal with infections by
facilitating phagocytosis and killing of engulfed microorgan-

isms. On the other hand, PAFR activation may underlie the
tissue injury and shock associated with the infection and
endotoxin released.
In this study, we have investigated the relevance of PAF

receptors in a model of pulmonary infection in mice caused
by gram-negative bacteria. Thus, we have assessed the e�ects
of the treatment with a PAFR antagonist, UK-74,505, on the

lethality bacterial counts and in¯ammatory indices following
pulmonary infection of mice with Klebsiella pneumoniae. UK-
74,505 is a potent, speci®c, orally available and long-acting

PAFR antagonist (Alabaster et al., 1991; Parry et al., 1994;
Jezequel et al., 1996). For comparison, we also assessed the
lethality and infection indices of PAFR7/7 mice after

infection with K. pneumoniae.

Methods

Animals

Balb/C (8 to 12 week-old) female mice obtained from the
Bioscience unit of our Institution were housed in standard
conditions and had free access to commercial chow and

water. PAF receptor-de®cient (PAFR7/7) mice were gener-
ated as previously described and backcrossed or at least 10
generations into a Balb/C background (Ishii et al., 1998). All

procedures described here had prior approval from the
animal ethics committee of Instituto de CieÃ ncias BioloÂ gicas
(Belo Horizonte, Brazil).

Bacteria

The bacterium used was Klebsiella pneumoniae ± ATCC 27

736 that has been kept in the Department of Microbiology,
Universidade Federal de Minas Gerais. Before the experi-
ments described herein, bacteria were made pathogenic by 10

passages in Balb/C mice (i.p. injection and collection in the
spleen 24 h later) and kept frozen in a 7708C freezer at a
concentration of 16109 CFU ml71 in tryptic soy broth
containing 10% glycerol (v v71) until use. Bacteria were

frozen when in the log phase of growth.

Treatment with UK-74,505

The PAF receptor antagonist UK-74,505 (modipafant, a gift
of Dr J. Parry, P®zer, Sandwich, U.K.) was dissolved

initially in 0.1 M HCl and further diluted 10 fold in saline.
Control animals received an oral administration of vehicle
(0.01 M HCl), whereas the test group received an oral

administration of UK-74,505 at dose of 30 mg kg71. The
oral dose chosen was recommended by the supplier and has
been previously shown to give good bioavailability for 24 h
(Alabaster et al., 1991; Parry et al., 1994; Jezequel et al.,

1996). For lethality experiments, the drug was administered
24 and 2 h prior to inoculation of bacteria and daily
thereafter. For the experiments measuring infection and

in¯ammatory indices, the drug was administered 24 and 2 h
prior to inoculation of bacteria and animals sacri®ced 24 h
after inoculation.

K. pneumoniae inoculation

K. pneumoniae was grown in tryptic soy broth (Difco,

Detroit, MI, U.S.A.) for 18 h at 378C prior to inoculation.
The concentration of bacteria in broth was routinely
determined by serial 1 : 10 dilutions. One hundred microlitres
of each dilution were plated on McConkey agar plates and

incubated for 24 h at 378C and then colonies were counted.
Each animal was anaesthetized i.p. with 0.2 ml of a solution
containing xylazin (0.002 mg ml71), ketamin (50 mg ml71)

and saline in a proportion of 1 : 0.5 : 3, respectively. The
trachea was exposed and 30 ml of a suspension containing
36106 K. pneumoniae or saline was administered with a

sterile 26-gauge needle. The skin incision was closed with
surgical staples.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed to obtain
leukocytes in the alveolar spaces. The trachea was exposed

and a 1.7-mm-outside-diameter polyethylene catheter in-
serted. BAL was performed by instilling three 1-ml aliquots
of PBS and approximately 2 ml of ¯uid was retrieved per

mouse. The number of total leukocytes was determined by
counting leukocytes in a modi®ed Neubauer chamber after
staining with Turk's solution. Di�erential counts were

obtained from cytospin preparations by evaluating the
percentage of each leukocyte on a slide stained with May-
Grunwald-Giemsa. In some experiments, the percentage of

BAL neutrophils that had phagocytosed at least one
bacterium was evaluated in at least 200 cells.

Determination of myeloperoxidase activity

The extent of neutrophil accumulation in the lung tissue was
measured by assaying myeloperoxidase activity as previously

described (De Matos et al., 1999). Using the conditions
described below, this methodology is very selective for the
determination of neutrophils over macrophages (data not

shown). Brie¯y, a portion of left lungs of animals was
removed and snap frozen in liquid nitrogen. Upon thawing,
the tissue (0.1 g of tissue per 1.9 ml of bu�er) was
homogenized in pH 4.7 bu�er (0.1 M NaCl, 0.02 M NaPO4,

0.015 M NaEDTA), centrifuged at 30006g for 10 min and
the pellet subjected to hypotonic lyses (1.5 ml of 0.2% NaCl
solution followed 30 s later by addition of an equal volume

of a solution containing NaCl 1.6% and glucose 5%). After
a further centrifugation, the pellet was resuspended in
0.05 M NaPO4 bu�er (pH 5.4) containing 0.5% hexadecyl-

trimethylammonium bromide (HTAB) and re-homogenized.
One millilitre aliquots of the suspension were transferred
into 1.5 ml-Eppendorf tubes followed by three freeze-thaw

cycles using liquid nitrogen. The aliquots were then
centrifuged for 15 min at 30006g, the pellet was resus-
pended to 1 ml and samples of lung were diluted (1 : 20)
prior to assay. Myeloperoxidase (MPO) activity in the

resuspended pellet was assayed by measuring the change in
optical density (O.D.) at 450 nm using tetramethylbenzidine
(1.6 mM) and H2O2 (0.5 mM). Results were expressed as

`myeloperoxidase index' and were calculated by comparing
the O.D. of tissue supernatant with the O.D. of mouse
peritoneal neutrophils processed in the same way. To this
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end, neutrophils were induced in the peritoneum of mouse
by injecting 3 ml of casein 5%. A standard curve of
neutrophil (495% purity) numbers versus O.D. was

obtained by processing puri®ed neutrophils as above and
assaying for MPO activity.

Determination of plasma and lung K. pneumoniae colony
forming units

At time of sacri®ce, plasma was collected from the branchial

plexus, the right ventricle was perfused with 3 ml of sterile
saline and lungs were harvested. Tissues were then homo-
genized with a homogenizer in a vented hood. The

homogenates and plasma were placed on ice, and serial
1 : 10 dilutions were made. One hundred microlitres of each
dilution were plated on McConkey agar plates (Difco) and

incubated for 24 h at 378C and then the number of colony
forming units (CFU) was counted. The detection limit of the
assay was 100 bacteria ml71 or 100 bacteria per 100 mg of
tissue.

Harvesting of lungs and blood for cytokine analysis

At the designated time point, mice were anaesthetized with
xylazin/ketamin/saline as above, blood collected from the
brachial plexus and the animals sacri®ced. Prior to lung

removal, the pulmonary vasculature was perfused with 3 ml
of PBS via the right ventricle. The right lung was then
harvested for assessment of the various cytokine protein

levels.

Measurement of cytokine concentrations in serum, BAL
and lungs

The cytokine concentrations (TNF-a, KC, MCP-1/JE) were
measured in serum, BAL and lung of animals using ELISA

techniques with commercially available antibodies and
according to the instructions supplied by the manufacturer
(R&D Systems). Serum was obtained from coagulated blood

(15 min at 378C, then 30 min at 48C) and stored at 7208C
until further analysis. Serum and BAL samples were analysed
at a 1 : 3 and 1 : 5 dilution in assay dilution bu�er,
respectively. One hundred milligrams of lung of controls

and treated animals were homogenized in 1 ml of PBS (0.4 m
NaCl and 10 mM NaPO4) containing anti-proteases (0.1 mM

PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and 20

KI aprotinin A) and 0.05% Tween 20. The samples were then
centrifuged for 10 min at 30006g and the supernatant
immediately used for ELISA assays at a 1 : 5 dilution in

assay dilution bu�er. The detection limit of the ELISA assays
was 16 pg ml71.

Determination of the levels of circulating leukocytes

The total number of circulating leukocytes and neutrophils
were evaluated in blood samples obtained at the end of the

experiments described in Figure 1. The number of total
circulating leukocytes was determined by counting leukocytes
in a modi®ed Neubauer chamber after staining with Turk's

solution and di�erential counts by evaluating the percentage
of each leukocyte on blood ®lms stained with May-
Grunwald-Giemsa.

Histology

Lungs were in¯ated with 2 ml phosphate-bu�ered 10%
formalin, embedded in para�n and 4 mm-thick sections
obtained. The sections were then stained with haematoxylin

and eosin and examined under a light microscope.

Statistical analysis

Results are shown as means+s.e.mean. Data sets were
compared by using analysis of variance (ANOVA) followed
by Student-Newman-Keuls post hoc analysis. Results were

considered signi®cant when P50.05.

Results

Kinetics of the pulmonary inflammation and infection
after intratracheal (i.t.) inoculation of K. pneumoniae

Initial experiments were carried out to characterize the
kinetics of the pulmonary response after instillation of K.

pneumoniae. Mice were injected with 30 ml of a saline
suspension containing 36106 bacteria, an inoculum shown
to be optimal for inducing lung in¯ammation and survival of

animals for at least 48 h (data not shown). Twenty-four

Figure 1 Kinetics of the in¯ux of neutrophils in the lungs of mice
infected with K. pneumoniae. Animals were inoculated with 36106

bacteria or vehicle (30 ml) and neutrophil in¯ux in (A) in the
bronchoalveolar lavage (BAL) ¯uid or (B) lungs assessed after 2.5, 24
and 48 h. Myeloperoxidase (MPO) activity in lungs was used as an
index of neutrophil in¯ux in that tissue. Results are shown as the
number of neutrophils or leukocyte index and represent the
mean+s.e.mean of six animals in each group. *P50.01 when
compared with uninfected animals.
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hours after inoculation of the bacteria, animals developed
signs of infection ± lethargy, decreased food intake,
piloerection and ru�ed fur. Histological analysis showed a

marked di�use in®ltration of neutrophils in the lungs of
infected animals. Many neutrophils were found in the
alveolar spaces and occasional neutrophil aggregates were
observed. In addition, there was di�use hyperaemia and

scattered areas of haemorrhage (data not shown). Within the
time frame of the experiment (48 h) and when compared to
uninfected mice, there did not seem to be an increase in the

number of mononuclear cells in lung tissues (data not
shown). In order to quantify the in¯ux of neutrophils into
the lungs of infected animals, we assessed the number of

neutrophils (PMN) in BAL ¯uid and tissue MPO activity. In
BAL ¯uid, there was an accumulation of PMN that was
substantial at 24 h and was sustained until 48 h after

infection (Figure 1A). Similarly, there was a marked
in®ltration of neutrophils in the lung parenchyma, as assessed
by tissue MPO activity (Figure 1B). Neutrophils were ®rst
observed at 24 h after infection and greater numbers were

observed after 48 h (Figure 1B). With an exception of a
neutrophilia observed at 2.5 h, there were few modi®cations
in total or di�erential leukocyte counts in blood (data not

shown).
The concentration of bacteria in the lungs of infected mice

rapidly increased after the inoculation of K. pneumoniae

(Figure 2). The total number of bacteria was already greater
than 16108 CFU per lung 2.5 h after infection. These
concentrations increased rapidly and were not countable at

48 h at the dilutions used (Figure 2). In contrast, we failed to
observe any dissemination of the infection, as no K.
pneumoniae colony could be determined in plasma in any of
the time points until 48 h after infection (data not shown).

KC and TNF-a are known to play a role during gram
negative bacterial infection in mice (Tsai et al., 1998;
Greenberger et al., 1995; Laichalk et al., 1996). Experiments

evaluating the kinetics of expression of KC and TNF-a in
lung homogenates after K. pneumoniae are shown in Figure 3.
Markedly elevated concentrations of both cytokines in lungs

were already detectable at 2.5 h after infection. The
concentrations were still elevated at 24 h and levels started
to fall at 48 h (Figure 3). No TNF-a could be detected in
plasma samples in any of the time points measured and KC

was detectable in plasma at 2.5 h and 24 h after infection but
not at 48 h (control, below detection limit; 2.5 h,
759.35+209.95 pg ml71; 24 h, 121.4+92.0 pg ml71; 48 h,

below detection limit; n=6). In all further experiments,
samples were harvested at 24 h after infection, as tissue
in¯ammation was marked at this time point, bacteria levels in

tissues were elevated and all animals were alive but with signs
of infection.

Effects of the treatment with the PAF receptor antagonist
UK-74,505 on the course of K. pneumoniae infection

Treatment with UK-74,505 had no signi®cant e�ect on the

number of neutrophils which were recruited into the airspaces
of infected animals (infected animals, 34.0+17.76105

neutrophils; infected and UK-74,505-treated, 42.8+13.7

6105, n=6). Similarly, the recruitment of neutrophils in the
lung of UK-74,505-treated mice, as assessed by MPO assay
(Infected, 1.2+0.2; Infected+UK-74,505, 0.9+0.26106 neu-

trophils 100 mg71 of tissue, n=6), was not signi®cantly
di�erent from vehicle-treated K. pneumoniae-infected animals.
Histological analysis of lungs of infected animals treated with
vehicle or UK-74,505 showed a marked di�use in®ltration of

neutrophils, hyperaemia and areas of haemorrhage. There did
not appear to be any qualitative di�erences between the two
groups (data not shown).

In agreement with the lack of e�ect of the PAFR
antagonist on neutrophil recruitment into the lung tissue,
the tissue and BAL ¯uid concentrations of the neutrophil-

Figure 2 Kinetics of the number of colony-forming units (CFU) in
the lungs of mice infected with K. pneumoniae. Animals were
inoculated with 36106 bacteria or vehicle (30 ml and the number of
CFU in lung tissue evaluated after 2.5, 24 and 48 h. At 48 h, the
number of CFU was not countable (NC). Results are shown as the
mean+s.e.mean of ®ve animals in each group. *P50.01 when
compared with uninfected animals.

Figure 3 Kinetics of TNF-a and KC protein production in lung
homogenates after infection with K. pneumoniae. Animals were
inoculated with 36106 bacteria or vehicle (30 ml) and the
concentration of KC (A) and TNF-a (B) in lung tissue evaluated
by ELISA after 2.5, 24 and 48 h. Results are shown as the
mean+s.e.mean of six animals in each group. *P50.01 when
compared with uninfected animals.
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active chemokine KC was not di�erent in UK-74,505-treated
and untreated mice (Figure 4A,B). Similarly, pulmonary
tissue concentrations of MCP-1 were not signi®cantly

di�erent in both groups of animals (Infected,
1516.0+194.0 pg per 100 mg of tissue; infected and UK-
74,505-treated, 1129.4+103.4 pg per 100 mg of tissue; n=6).
In contrast, treatment with UK-74,505 signi®cantly decreased

the concentrations of TNF-a detected in the lung and BAL
¯uid of K. pneumoniae-infected mice (Figure 4C,D).
The e�ects of daily treatment of K. pneumoniae-infected

mice with UK-74,505 on bacterial counts is shown in Figure
5. Treatment with UK-74,505 resulted in a signi®cant
increase in the number of CFU in the lungs of K.

pneumoniae-infected mice (Figure 5A). Similarly, infection
of PAFR7/7 mice with K. pneumoniae resulted in a larger
number of CFU in the lungs when compared to wild-type

controls (Figure 5B).
The percentage of BAL neutrophils that had ingested at

least one bacterium was evaluated 24 h after infection. As
seen in Table 1, pre-treatment with UK-74,505 was

accompanied by a 50% inhibition of the ability of BAL
neutrophils to phagocytose K. pneumoniae. Similarly, there
was a marked suppression of K. pneumoniae uptake by BAL

neutrophils from PAFR7/7 mice when compared to their
wild type controls (Table 1).

Survival of mice infected with K. pneumoniae

Subsequent experiments were performed to examine the

contribution of PAF to the survival of mice infected with

K. pneumoniae. As shown in Figure 6, all untreated K.
pneumoniae-infected animals were alive by 72 h of infection
after which time mortality increased substantially, with 100%

lethality noted by day 5 after inoculation. The treatment with
UK-74,505 resulted in earlier lethality with 30 and 85% of
animals dead at 72 and 96 h, respectively (Figure 6).
Similarly, infection of PAFR7/7 mice with K. pneumoniae

resulted in signi®cantly earlier lethality when compared to
wild-type animals (Figure 6). Of note, 40% of animals were
dead at 48 h after infection.

Discussion

The host defence against acute bacterial infection requires the
generation of a vigorous in¯ammatory response that

predominantly involves recruitment and activation of neu-
trophils. Although in the majority of cases this response is
su�cient to control infection, an overt in¯ammatory response
may cause marked tissue injury, haemodynamic shock and

death (Teixeira et al., 2001). PAF is a biologically active
phospholipid mediator known to be important for the ability
of leucocytes to phagocytose foreign particles and kill

microorganisms (Ishii & Shimizu, 2000; Au et al., 2001).
On the other hand, several studies have demonstrated the role
of PAF and its receptor in mediating tissue injury, shock and

lethality following endotoxin challenge and other acute
in¯ammatory stimuli (Miotla et al., 1998; Fukuda et al.,
2000; Ishii and Shimizu, 2000; Montrucchio et al., 2000;

Souza et al., 2000). Thus, during acute bacterial infection,

Figure 4 E�ect of pre-treatment with the PAF receptor antagonist UK 74,505 on the production of KC and TNF-a after infection
with K. pneumoniae. Animals were inoculated with 36106 bacteria or vehicle (30 ml) and the concentration of KC (A,B) and TNF-a
(C,D) in lung tissue (A,C) or BAL ¯uid (B,D) evaluated by ELISA after 24 h. Results are shown as the mean+s.e.mean of six
animals in each group. *P50.01 when compared with animals treated with vehicle.
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activation of PAFR may be important for the ability of the
host to deal with infection but could underlie or contribute to
the systemic in¯ammatory response observed in the most

severe cases. These possible dual e�ects of PAFR activation
led us to investigate the functional role of the receptor in a
model of lung infection with K. pneumoniae.

In our model of lung infection, we chose to use K.
pneumoniae for several reasons. This gram-negative aerobic
organism is an important cause of community-acquired
pneumonia in individuals with impaired pulmonary defences

and is a major pathogen for nosocomial pneumonia (Granton
& Grossman, 1993; Maloney & Jarvi, 1995). Importantly,
preliminary studies showed that after intratracheal (i.t.)

inoculation with K. pneumoniae mice developed pneumonia
with features resembling human disease. Moreover, there is a
reproducible relationship between the size of the inoculum and

lethality of infection (Toews et al., 1979). A dose of 36106

bacteria was chosen for all experiments as this dose allowed for
the development of substantial in¯ammation within 24 to 48 h

without excessive mortality. Untreated animals receiving this
dose of K. pneumoniae were unable to clear the bacteria and all
animals ultimately died. Therefore, this dose allowed for

assessment of the in¯ammatory mediators and bacterial
growth, as well as the e�ects on survival.

In our experiments, the inoculation of K. pneumoniae
induced a time-dependent increase of in®ltration of neutro-

phils and pro-in¯ammatory cytokines in the lungs of infected
mice. The number of neutrophils increased rapidly and was
markedly elevated 24 h after the infection. The increase in

neutrophil numbers in BAL ¯uid and lungs was preceded by
an increase in the concentrations of TNF-a and KC. Of note,
these pro-in¯ammatory mediators have been shown to play

important roles in the control of bacterial infection and lung
in¯ammation following pulmonary infection with K. pneu-
moniae (Laichalk et al., 1996; Tsai et al., 1998; 2000).
Interestingly, at the inoculum used and at time points

observed, the in¯ammatory response seemed to be mostly
compartmentalized in the lungs, as the number of leukocytes,
and the concentration of cytokines (with the exception of

KC) and bacteria were not signi®cantly elevated in the
plasma of infected animals. Only later was the control of the
infection lost and lethality occurred. Overall, our experiments

are in good agreement with observations of other studies
examining pulmonary in¯ammation after K. pneumoniae
infection (e.g.: Laichalk et al., 1996; Tsai et al., 1998; 2000).

Daily treatment with the PAFR antagonist UK-74,505 had
no relevant e�ect on the in¯ux of neutrophils, as assessed by
the number of these cells in BAL ¯uid, MPO activity and
histological analysis of lung tissue. Previous studies have

suggested a role for neutrophil-active (CXC) chemokines and
chemokine receptors for the migration of neutrophils into the
lungs of mice infected with bacteria (Greenberger et al., 1996;

Moore et al., 2000; Tsai et al., 2000; Fillion et al., 2001). In
addition to the lack of e�ect of PAFR blockade on
neutrophil in¯ux, UK-74,505 had little e�ect on the tissue

Figure 5 Number of colony-forming units (CFU) after infection
with K. pneumoniae (A) after the pre-treatment with the PAF
receptor antagonist UK 74,505 or in (B) PAFR7/7 mice. Animals
were inoculated with 36106 bacteria or vehicle (30 ml) and the
number of CFU in lung homogenates evaluated after 24 h.
PAFR7/7 mice were compared to their respective wild-type
controls. Results are shown as the mean+s.e.mean of ®ve animals
in each group. *P50.01 when compared with animals treated with
vehicle-treated wild-type controls.

Table 1 Percentage of neutrophils from bronchoalveolar
lavage of K. pneumoniae infected mice containing at least
one bacterium in the cytoplasm

Groups % neutrophils containing bacteria

Wild type or vehicle treated 62.2+3.3
UK-74,505 treated 31.1+6.3*
PAFR7/7 10.1+5.1*

Animals were inoculated with 36106 bacteria or vehicle
(30 ml) and the percentage of neutrophils containing at least
one bacterium in the cytoplasm was assessed. Results are
shown as the mean+s.e.mean of 3 ± 6 animals in each group.
*P50.01 when compared with animals treated with vehicle-
treated wild-type controls.

Figure 6 Role of the PAF receptor for the survival of animals after
infection with K. pneumoniae. Four groups of animals were evaluated
(eight animals in each group): infected animals (inoculated with
36106 bacteria) which were PAF receptor-de®cient (PAFR7/7),
wild-type (Infected WT) or wild-type treated with the PAF receptor
antagonist UK 74,505 (WT+UK 74,505) and animals which received
only vehicle (30 ml, not infected). The number of dead animals was
evaluated every 12 h and results are shown as per cent survival.
Survival of PAFR7/7 and UK 74,505-treated animals was
signi®cantly di�erent from that of infected WT animals (P50.05).
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concentrations of the CXC chemokine KC. These results
suggest that the early generation of PAF does not play a role
in the generation of the neutrophil-active chemokine KC and

subsequent sequestration of neutrophils into the lungs of
infected mice. Similarly, PAF failed to a�ect the recruitment
of neutrophils to the lungs after i.v. challenge with endotoxin
(Miotla et al., 1998) or after acid-induced lung injury (Nagase

et al., 1999) in mice. Thus, whereas PAFR activation may
play a role in phagocytosis-dependent production of the CXC
chemokine IL-8 after stimulation with a particulate stimulus

(zymosan) (Au et al., 2001), production of KC after bacterial
infection in vivo seemed to be independent of PAFR
activation.

Previous studies (Laichalk et al., 1996) have shown a
critical role of TNF-a as part of the pulmonary host defense
in a murine model of infection with K. pneumoniae. In our

model, there was a marked pulmonary production of TNF-a
that peaked early after infection and was maximal around
24 h. Pretreatment with UK-74,505 signi®cantly reduced the
concentrations of TNF-a both in BAL ¯uid and pulmonary

tissue extracts after K. pneumoniae infection. These e�ects
of PAF on TNF-a production seemed to be of physiopatho-
logical relevance, as demonstrated by the increase in the

number of CFU in the lungs of K. pneumoniae-infected mice.
The increase in bacterial counts in the lungs were re¯ected in
the severity of the disease, as UK-74,505-treated animals died

signi®cantly faster than vehicle-treated controls. Our lethality
results are in contrast with a previously published study
evaluating the e�ect of a distinct, shorter-acting PAFR

antagonist (WEB2170) in a model of K. pneumoniae infection
in NMRI mice (Makristathis et al., 1993). In this latter study,
WEB2170 treatment was accompanied by a small, dose-
independent increase in survival and a marginal, dose-

independent decrease in bacterial counts. Moreover, statis-
tical analysis was not provided in that study (Makristathis et
al., 1993).

The role of PAFR for the ability of the host to mount an
e�ective immune response was even more markedly appre-
ciated when PAFR-de®cient animals were used. In these

animals, signi®cant lethality was already noticeable 48 h after
infection. Thus, our results clearly suggest that the ability of
PAFR to modulate TNF-a production in the lungs of mice
may be relevant for an e�ective innate immune response

against K. pneumoniae pulmonary infection.
An important role for PAFR in the phagocytosis of

particulate stimuli and ensuing pro-in¯ammatory cytokine

production has been demonstrated in several studies (Au et
al., 1994, 2001; Aliberti et al., 1999; Owaki et al., 2000).
Interestingly, the phagocytosis of K. pneumoniae by neutro-

phils is accompanied by the release of PAF from neutrophils
(Makristathis et al., 1993). One possibility that stems from
the latter observations is that, in our model, the blockade of

PAFR may have prevented the ability of phagocytes to
engulf bacteria and produce pro-in¯ammatory cytokines,
such as TNF-a, in response to the phagocytic stimulus. In
this regard, results of the pre-treatment with UK-74,505 or

experiments with PAFR7/7 mice showed that fewer
neutrophils that migrated to the lungs after K. pneumoniae
infection ingested bacteria. Moreover, a role of intracellular

PAF for the production of TNF-a by macrophages has been
previously demonstrated in vitro (Yamada et al., 1999;
Tsuyuki et al., 2002). Overall, the results above argue for

an important role of PAFR activation in mediating the
phagocytosis of bacteria. The latter possibility is being
actively investigated in our laboratory.

The CC chemokine MCP-1 appears to play an important
role in the pulmonary anti-fungal response after Aspergillus
fumigatus and Cryptococcus neoformans infection in mice
(Hu�nagel et al., 1995; Blease et al., 2001). Similarly,

administration of MCP-1 prior to a systemic infection with
Pseudomonas aeruginosa enhanced survival, an e�ect asso-
ciated with enhanced bacterial phagocytosis and killing in

vitro (Nakano et al., 1994). Nevertheless, several studies have
now shown that MCP-1 may shift the balance in favour of
anti-in¯ammatory cytokine production after endotoxin

challenge or during septic peritonitis (Matsukawa et al.,
2000; Zisman et al., 1997; Hogaboam et al., 1998). There was
a marked increase in pulmonary MCP-1 concentrations 24 h

after infection with K. pneumoniae. Pretreatment with UK-
74,505 failed to a�ect MCP-1 concentrations signi®cantly in
our system, excluding a role for PAFR in modulating MCP-1
production.

In conclusion, our results suggest that PAF, by acting on
its receptor, plays little role in the local production of
chemokines and recruitment of leukocytes during K.

pneumoniae infection in mice. However, the PAFR appears
to contribute to the local production of TNF-a and to the
ability of leukocytes to deal with the infecting bacteria. The

latter roles of the PAFR may underlie the increased lethality
observed in animals treated with a PAFR antagonist or in
PAFR7/7 mice. Thus, whereas PAFR antagonism appears to
be an e�ective strategy to control the lung injury associated

with a range of acute in¯ammatory stimuli, this receptor is
also part of an e�ective innate immune response against
bacterial infection in the lungs. The latter e�ects of PAFR

antagonists may be relevant in humans and could limit any
bene®cial e�ects of the drugs in acute in¯ammatory
conditions, such as sepsis.
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