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The role of a cytosolic phospholipase A2-� (cPLA2-�) in
neutrophil arachidonic acid release, platelet-activating
factor (PAF) biosynthesis, NADPH oxidase activation,
and bacterial killing in vitro, and the innate immune
response to bacterial infection in vivo was examined.
cPLA2-� activity was blocked with the specific cPLA2-�
inhibitor, Pyrrolidine-1 (human cells), or by cPLA2-�
gene disruption (mice). cPLA2-� inhibition or gene dis-
ruption led to complete suppression of neutrophil
arachidonate release and PAF biosynthesis but had no
effect on neutrophil NADPH oxidase activation, Fc�II/
III or CD11b surface expression, primary or secondary
granule secretion, or phagocytosis of Escherichia coli in
vitro. In contrast, cPLA2-� inhibition or gene disruption
diminished neutrophil-mediated E. coli killing in vitro,
which was partially rescued by exogenous arachidonic
acid or PAF but not leukotriene B4. Following intratra-
cheal inoculation with live E. coli in vivo, pulmonary
PAF biosynthesis, inflammatory cell infiltration, and
clearance of E. coli were attenuated in cPLA2-�(�/�)
mice compared with wild type littermates. These studies

identify a novel role for cPLA2-� in the regulation of
neutrophil-mediated bacterial killing and the innate im-
mune response to bacterial infection.

Bacterial pneumonia is a significant cause of morbidity and
a leading cause of mortality, especially in very young, elderly,
and immunocompromised individuals (1, 2). Bacterial infection
of the lung stimulates an innate immune response that is
characterized by the local generation of pro-inflammatory me-
diators, increased microvascular permeability, and the influx of
leukocytes, which generate oxidants, release cytotoxic en-
zymes, and kill invading bacteria (3). A variety of host and
bacterial mediators are responsible for attracting leukocytes to
sites of bacterial infection, including cytokines, chemokines,
and lipid mediators. The first step in the biosynthesis of pro-
inflammatory lipid mediators such as leukotrienes and throm-
boxanes, which are pivotal to the development of an effective
innate immune response, can be catalyzed by cytosolic phos-
pholipase PLA2-� (cPLA2-�),1 which selectively liberates
arachidonic acid from the sn-2 position of phospholipids (4).
cPLA2-� translocates from the cytosol to nascent phagosomes
during phagocytosis by mouse macrophages (5) and regulates
neutrophil LTB4 biosynthesis (6) and eicosanoid generation by
mouse bone marrow-derived mast cells (7). In addition, arachi-
donic acid generated by cPLA2-� is proposed to play a role in
the assembly and activation of the NAPDH oxidase in profes-
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sional phagocytic cells in vitro (8–10). These observations sup-
port a potential role for cPLA2-� in the innate immune re-
sponse to bacterial infection.

cPLA2-� can also hydrolyze 1-O-alkyl phospholipids, leading
to the formation of lyso-PAF, which can be acetylated to form
PAF. The administration of PAF induces pulmonary edema,
pulmonary neutrophil sequestration, and hypoxemia (11). In
addition, PAF appears to play a central role in the pathophys-
iology of endotoxin, immunocomplex, intestinal ischemia-
reperfusion, and acid aspiration-induced lung injury (12–15).
PAF biosynthesis in response to the calcium ionophore A23187
or to phorbol 12-myristate 13-acetate was markedly attenuated
in peritoneal macrophages from cPLA2-�(�/�) mice compared
with macrophages from wild type mice (16). The role of
cPLA2-� in the regulation of neutrophil PAF biosynthesis in
response to a physiologically relevant agonist, such as opso-
nized zymosan, and the role of cPLA2-� in the regulation of the
innate immune response to bacterial infection in vivo have not
been evaluated.

Deletion of PLA2g4a, the gene that encodes cPLA2-�, atten-
uates the inflammatory response and lung injury associated
with acid aspiration, intravenous infusion of lipopolysaccha-
ride-zymosan, and treatment with bleomycin (17, 18). Based on
these studies, which used the same PLA2g4a(�/�) mouse as
the one employed in the current series of experiments, the
inhibition of cPLA2-� was proposed as a potential therapeutic
strategy for patients with acid aspiration or bleomycin-induced
lung injury or pulmonary sepsis. Because cPLA2-� plays a role
in the biosynthesis of pro-inflammatory mediators and may
participate in the regulation of neutrophil oxidant production
and phagocytosis, we hypothesized that the inhibition of
cPLA2-� activity would attenuate the innate immune response
to live bacterial infection. In this study, we demonstrated that
cPLA2-� catalyzes arachidonic acid release, initiates PAF bio-
synthesis, and partially regulates Escherichia coli killing by
neutrophils in vitro and that exogenous arachidonic acid re-
verses the defect in neutrophil E. coli killing induced by the
inhibition or genetic deletion of cPLA2-�. In addition, we
showed that deletion of a functional cPLA2-� gene impairs PAF
biosynthesis and eradication of Gram-negative bacteria from
the lung in vivo. Our observations identify a new role for
cPLA2-� in the regulation of neutrophil-mediated bacterial kill-
ing and the innate immune response to Gram-negative bacte-
rial infection. Surprisingly, we show that cPLA2-� does not
participate in the regulation of neutrophil oxidant production.

EXPERIMENTAL PROCEDURES

Materials—d8-Arachidonic acid is from BioMol. d3-PAF was synthe-
sized using 1-O-hexadecyl-sn-glycero-3-phosphocholine (Avanti Polar
Lipids Inc., Alabaster, AL) and d6-acetic anhydride (Aldrich) using
standard methods. Pyrrolidine-1 and Me-Indoxam were prepared as
described previously (19, 20). Dihydrorhodamine and goat anti-mouse
Alexa 488 were from Molecular Probes (Eugene, OR). PMA, fMLP,
cytochalasin B, and cytochalasin D were from Sigma. Aggregated hu-
man IgG was from Wisent (Montreal, Quebec, Canada). Ionomycin was
from Calbiochem. Paraformaldehyde was from Canemco (St. Laurent,
Quebec, Canada). The rat monoclonal antibody against mouse CD11b
(clone M1/70) was from BIOSOURCE International (Nivelles, Belgium).
Antisera to �CD63 and �CD66b were from Serotec (Raleigh, NC).
Antiserum to �N-RAS was from Santa Cruz Biotechnology (Santa Cruz,
CA). PLA2g4a(�/�) mice were kindly provided by Dr. T. Shimizu (De-
partment of Geriatric Medicine, University of Tokyo, Tokyo, Japan).

Preparation of Human and Mouse Neutrophils—All of the experi-
mental protocols involving the use of mice were approved by the Animal
Care Committee of the University Health Network. PLA2g4a(�/�)
mice, or their wild type littermates were anesthetized with isofluorane
and euthanized by cervical dislocation. The femur and tibia were dis-
sected, cut proximally and distally, and flushed with ice-cold 1� HBSS
(supplemented with 10 mM HEPES, pH 7.5), and the eluant was cen-
trifuged at 2,600 rpm for 30 min at 4 °C over a three-layer Percoll

gradient (52, 65, and 75%) (21). The neutrophil-rich fraction was col-
lected at the interface of the 65 and 75% layers, resuspended in 1�
HBSS, and centrifuged at 1,500 rpm for 5 min at 4 °C. Pelleted cells
were resuspended in 1� HBSS containing 2.5% heat-inactivated fetal
bovine serum and used immediately. Human peripheral neutrophils
were isolated from EDTA-anticoagulated blood obtained from healthy
donors not taking any medications by dextran sedimentation (T500,
Amersham Biosciences), hypotonic lysis of residual red blood cells, and
centrifugation through Ficoll-Paque (Amersham Biosciences) (23). The
human and murine neutrophil isolation protocols routinely yielded cell
suspensions that were �90% neutrophils with �98% viability as judged
by Wright stain and trypan blue exclusion (22), respectively. All of the
neutrophil studies were carried out at 37 °C.

Analysis of Arachidonic Acid and PAF Mass—Human neutrophils
(107/sample) or mouse neutrophils (106/sample) were stimulated with
various agonists (see figure and table legends). After stimulation, 38
pmol of d3-PAF and 22 pmol of d8-arachidonic acid were added as
internal standards and the entire sample (cells � medium) was ex-
tracted by the method of Bligh and Dyer (24). One-tenth of the Bligh
and Dyer (24) organic phase was processed for arachidonic acid analy-
sis, and the remainder was processed for PAF analysis. For arachidonic
acid analysis, the solvent was removed (SpeedVac, Savant Instru-
ments), 0.5 ml of water was added, the sample was extracted with Dole
solvent, and arachidonic acid was quantified as its pentafluorobenzyl
ester by gas chromatography/mass spectrometry (25). For PAF analy-
sis, the sample was concentrated to 100–200 �l (SpeedVac) and trans-
ferred to a conical insert of a Hewlett Packard HPLC auto-injector vial.
After complete removal of solvent, the residue was dissolved in 50 �l of
88% methanol/water and 40 �l was injected onto the HPLC column
(Zorbax Extend C-18, 2.1 � 100 mm, 3.5 m, 80 Å, Agilent Technologies),
which was developed at 200 ml/min with 88% methanol, 12% water, and
0.5% concentrated NH4OH for 4 min and then with 88% methanol, 12%
hexane, and 0.5% concentrated NH4OH for more than 11 min. The
column eluant was directly infused into a Sciex API III� mass spec-
trometer operating in a negative ion mode. Multiple reaction-monitor-
ing mode was used with the monitoring of 508/59 (d0-PAF), 508/283
(C18-lyso-PC), and 511/62 (d3-PAF). 508 is the d0-PAF minus methyl
negative ion, and 59 is the acetate ion. 508 is also the minus methyl
anion for C18-lyso-PC, and 283 is the stearate anion (26). The collision
energy was 25 volts, the collision gas thickness was 270 � 1013 molecules/
cm2, and the orifice voltage was �95 volts. The resolution setting on the
first quadrupole (RE1) was 103 volts, and the delta mass on the same
quadrupole (DM1) was �0.4 volts. The resolution setting on the second
mass filter (third quadrupole) was RE3 � 110 volts, DM3 � 0.5 volts.

Measurement of Neutrophil NADPH Oxidase Activity—Opsonized
zymosan (OZ) was prepared from human serum depleted of IgG by
ammonium sulfate (28.5%) precipitation (27). Extracellular superoxide
release by human neutrophils was measured with the cytochrome c
assay (23). For some studies, luminol-dependent chemiluminescence
(27) was used to monitor reactive oxygen species production by neutro-
phils. For chemiluminescence studies, reactions were initiated by add-
ing 4 � 103 neutrophils in 25 �l of PBS containing 100 mg/ml bovine
serum albumin and 150 mM luminol to 75 �l of the same buffer (pre-
warmed to 37 °C) � inhibitors and/or agonists as indicated in the legend
for Fig. 4, panels E–H. Chemiluminescence events were measured in a
Berthold Autolumat LB953 luminometer. Data are the mean lumines-
cence events �10�5 integrated over 15 min. Murine neutrophil H2O2

production was assessed with dihydrorhodamine-123 (1 �M), a mem-
brane-permeable probe that is oxidized by H2O2 to yield fluorescent
rhodamine-123. Dihydrorhodamine-123 was incubated at 37 °C for 10
min with murine neutrophils (1 � 106) before treatment with agonists
(23). The mean fluorescence index of �104 cells was determined by flow
cytometric analysis (fluorescence-activated cell sorter, BD Biosciences)
from gated regions on dot plots for each sample (28).

Bacterial Killing Assay—A single colony of E. coli DH5� was cultured
in Luria-Bertani broth overnight at 2,500 rpm and 37 °C in an orbital-
incubated shaker (Lab-Line MaxQ 5000 floor shaker; Barnstead/Lab-
Line), spun at 2,500 rpm for 10 min, and resuspended in HBSS�� at 109

cells/ml. Bacteria were then opsonized for 30 min at 37 °C in heat-
inactivated bovine serum, washed, and resuspended in HBSS�� at 3 �
107 cells/ml.

Human neutrophils were resuspended in HBSS�� at 107 cells/ml and
incubated with vehicle (Me2SO, 0.1%) or Pyrrolidine-1 (10 �M) for 5 min
followed by incubation with vehicle (Me2SO, 0.1%), arachidonic acid (5
�M), or PAF (500 nM) for 5 min at 37 °C as indicated in the figure
legends. Human neutrophils (100 �l) were then co-incubated with
E. coli (100 �l) in a Thermomixer (FinePCR, Finemould Precision Ind
Co.) for 1 h at 37 °C.
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Murine neutrophils from PLA2g4a(�/�) or PLA2g4a(�/�) mice were
resuspended in HBSS�� at 107 cells/ml and incubated with vehicle
(Me2SO, 0.1%), MK886 (1 �M), or U75302 (10 �M) for 5 min at 37 °C and
then incubated with Me2SO (0.1%), arachidonic acid (5 �M), PAF (500
nM), or LTB4 (10 nM) for 5 min at 37 °C as indicated in the figure
legends. Murine neutrophils (100 �l) were then co-incubated with
E. coli (100 �l) in a Thermomixer for 1 h at 37 °C. At the end of the
incubation period, samples were pelleted by centrifugation and lysed by
incubation in 0.2% Triton X-100. Bacterial viability was assessed by
101-105-fold serial dilution culture of samples done in triplicate.

E. coli Pneumonia Model and Collection of Bronchoalveolar Lavage
(BAL) Fluid—Mice were anesthetized with intraperitoneal ketamine (8
mg/kg) and Rompun (1 mg/kg), placed in supine position, and swabbed
with 70% alcohol along the anterior neck, and the trachea was exposed.
50 �l of E�9 E. coli DH5� in PBS was then injected into the trachea
with a 30-gauge needle, and the wound was closed with 5-0 Dermalon
suture. After 3 h, mice were re-anesthetized with intraperitoneal ket-
amine and Rompun. The anterior surface of the abdomen was soaked
with alcohol, the skin was incised, and the mice were euthanized by
transection of the abdominal aorta. The neck wound was then re-
sterilized with alcohol, and the trachea was exposed and cannulated
with a 20-gauge needle followed by infusion of 1.0 ml of PBS at room
temperature. After 10 s, the trachea was aspirated and the BAL was
placed on ice. The collection of BAL fluid was then repeated a total of
five times, and the BAL fluid was pooled. Blood was obtained in a sterile
fashion from cPLA2-�(�/�) and cPLA2-�(�/�) mice immediately before
and 3 h after intratracheal administration of live E. coli. Bacterial
viability in BAL fluid, lung tissue, and blood was assessed by serial
dilution culture (29). All of the samples were analyzed in triplicate.

Measurement of E. coli Phagocytosis by Murine Neutrophils—E. coli
X1-blue bacteria were grown overnight, subcultured, and incubated
with fluorescein isothiocyanate (1 mg/ml) for 10 min with constant
rotation at 25 °C. After two washes with PBS, bacteria were fixed with
glutaraldehyde (1%) for 20 min, washed twice with PBS, and then
opsonized with mouse serum for 30 min. Opsonized bacteria were
washed twice in PBS and resuspended in HBSS at 107/ml.

Murine neutrophils (106 cells/ml) were resuspended in prewarmed
HBSS containing LysoTracker (100 nM) and incubated for 1 h at 37 °C.
Cells were then washed twice (to remove excess dye), added to micro-
tubes, and incubated for 20 min at 37 °C on a Thermomixer. After
mixing equal volumes of neutrophils and opsonized bacteria, cells were
incubated at 37 °C and observed under a �63 immersion objective with
a heating plate at 37 °C. Images were acquired by a Leica fluorescence
microscope and analyzed with Openlab 3.1.5 software. Phagocytosis rates
(percent of neutrophils phagocytosing at least one E. coli bacterium) were
based on counts between 300 and 2000 neutrophils/experiment.

Measurement of Primary and Secondary Neutrophil Granule Secre-
tion—Freshly isolated human neutrophils were incubated with vehicle
(Me2SO 0.1%) or Pyrrolidine-1 (10 �M) for 10 min at 37 °C as indicated
in the figure legends. After washing, cells were incubated with cytocha-
lasin D (10 �M) and aggregated human IgG or with ionomycin (2 �M) for
a further 10 min at 37 °C, fixed with paraformaldehyde, rinsed, and
then incubated with either 1:20 �N-RAS (irrelevant IgG), 1:50 �CD63,
or 1:100 �CD66b primary antibodies for 1 h on ice. After washing,
neutrophils were incubated with 1:1000 goat anti-mouse Alexa 488
secondary antibody for 1 h on ice, washed again, and analyzed by flow
cytometry (FACScan, 10,000 events for each sample). The relative flu-
orescence index for each sample is reported.

Cytometric Bead Array—TNF�, interferon-�, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12p70, and MCP-1 levels in BAL fluid were measured with
cytometric bead array kits according to the manufacturer’s protocols
(BD Biosciences) (30). Specific capture beads for cytokines and chemo-
kines were mixed with 50 �l of BAL fluid or standards, and multiple
phycoerythrin-conjugated detection antibodies were added. Following a
3-h incubation period with recombinant protein standards or test sam-
ples, the acquisition of sample data were performed using a two-color
flow cytometer. Results were generated in graphical and tabular format
using BD Biosciences cytometric bead assay analysis software. The
assessment of neutrophil CD11b (21) and Fc�II/III (31) surface expres-
sion was carried out exactly as described previously.

Statistical Analysis—The effect of treatment with increasing concen-
trations of Pyrrolidine-1 on arachidonic acid release and PAF biosyn-
thesis and the effect of Pyrrolidine-1 or genetic deletion of PLA2g4a on
neutrophil-mediated bacterial killing were assessed by analysis of vari-
ance (ANOVA). A comparison between specific subgroups was made by
paired Student’s t tests (two-tailed) and assumed unequal variance. All
of the data were presented as the mean � S.D. A p value � 0.05 was
considered to be significant.

RESULTS

cPLA2-� Mediates Neutrophil Arachidonate Release—To as-
certain the importance of cPLA2-� in arachidonic acid release,
human neutrophils incubated with the specific cPLA2-� inhib-
itor Pyrrolidine-1, which does not inhibit cPLA2-�, calcium-
independent group VI PLA2 or group IIA, group V- or group
X-secreted PLA2 activity (19), or cPLA2-� in vitro,2 were stim-
ulated with various agonists and the liberation of arachidonic
acid was quantified by gas chromatography/mass spectrome-
try. Exposure of human neutrophils to OZ led to an �10-fold
increase in arachidonic acid release that was fully blocked by
Pyrrolidine-1 with an IC50 of �0.1 �M (Fig. 1A). Pyrrolidine-1
did not block basal arachidonic acid release or cause arachi-
donic acid release in the absence of agonist (Fig. 1A). Among
the set of secreted PLA2 enzymes, human neutrophils express
only groups V and X PLA2 (6). Me-Indoxam (10 �M), a potent
cell-impermeable inhibitor of groups V and X PLA2 in vitro (20,
32), had no effect on OZ-stimulated arachidonic acid release
and did not cause arachidonic acid release in the absence of
agonist (Fig. 1A). As shown in Fig. 1B, Pyrrolidine-1 blocked
OZ-stimulated arachidonic acid release at all of the time points
(1, 5, and 10 min), whereas Me-Indoxam had no effect on
OZ-stimulated arachidonic acid release. Stimulation of human
neutrophils with fMLP in the presence of cytochalasin B (Fig.
1C) or GM-CSF (Fig. 1D) led to a 3–4-fold increase in arachi-
donic acid release, and this was fully blocked by Pyrrolidine-1
with an IC50 of �0.1 �M. Me-Indoxam had no effect on cytocha-
lasin B � fMLP or GM-CSF � fMLP-stimulated arachidonic
acid release by human neutrophils (Fig. 1, C and D).

Arachidonic acid release by quiescent neutrophils from
PLA2g4a(�/�) and PLA2g4a(�/�) mice was similar (Table I).
Exposure of neutrophils from PLA2g4a(�/�) mice to OZ re-
sulted in a 4- and 7-fold increase in arachidonic acid release
above base-line levels from two different preparations of mouse
neutrophils, respectively. In contrast, exposure to OZ had no
effect on arachidonate release by neutrophils from
PLA2g4a(�/�) mice (Table I). Taken together, these studies
provide direct evidence that cPLA2-� catalyzes agonist-induced
arachidonic acid release by neutrophils.

cPLA2-� Activity Is Necessary for Neutrophil PAF Biosynthe-
sis—PAF biosynthesis (cell-associated and extracellular) by
human neutrophils or by neutrophils from the bone marrow of
PLA2g4a(�/�) and PLA2g4a(�/�) mice was measured by
HPLC-tandem mass spectrometry as shown in Fig. 2A and
described under “Experimental Procedures.” Exposure to OZ
induced a 7-fold increase in human neutrophil PAF biosynthe-
sis (Fig. 2B) that progressed linearly with time (Fig. 2B, insert).
Preincubation with Pyrrolidine-1 inhibited PAF production by
human neutrophils in a dose-dependent fashion with an IC50 of
�0.1 �M and near complete inhibition at 10 �M, and it had no
effect on the low level of human neutrophil PAF biosynthesis
detected in the absence of OZ (Fig. 2B). Treatment with Me-
Indoxam (10 �M) had no effect on OZ-dependent neutrophil
PAF biosynthesis (13.8 � 1.8 versus 14.0 � 0.7 pmol/106 neu-
trophils/10 min, OZ alone versus OZ � Me-Indoxam, p � 0.90).

Quiescent neutrophils from PLA2g4a(�/�) and PLA2g4a(�/�)
mice did not generate detectable levels of PAF (Table II). Ex-
posure to OZ increased PAF biosynthesis by neutrophils from
PLA2g4a(�/�) mice but did not increase PAF biosynthesis by
neutrophils from PLA2g4a(�/�) mice. Interestingly, PAF bio-
synthesis by neutrophils derived from mouse bone marrow was
significantly lower than PAF biosynthesis by circulating human
neutrophils after exposure to OZ. Because the detection limit of
PAF in these experiments was �100 fmol, we could not deter-

2 M. H. Gelb and C. C. Leslie, unpublished observations.
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mine whether the lack of cPLA2-� caused a complete versus a
near-complete reduction in the amount of OZ-stimulated neutro-
phil PAF biosynthesis. Collectively, our pharmacological inhibi-
tion and gene inactivation studies provide the first direct evi-
dence that cPLA2-� activity is necessary for PAF biosynthesis by
neutrophils in response to a phagocytic stimulus.

cPLA2-� Gene Inactivation Inhibits Pulmonary PAF Biosyn-
thesis and E. coli Clearance in Vivo—The generation of
cPLA2-� catalyzed bioactive lipids such as arachidonic acid,
LTB4 (6), and PAF is requisite for an effective innate immune
response to microbicidal infection. To begin to evaluate the role
of cPLA2-� in innate immunity, we utilized a murine model of
Gram-negative bacterial pulmonary infection (29). For these
experiments, live E. coli (109 colony-forming units) were in-
jected into the trachea of anesthetized PLA2g4a(�/�) mice or
their wild type littermates and pulmonary bacterial clearance

was assessed by quantitative culture of BAL fluid and lung
homogenates. Three hours after intratracheal inoculation, sig-
nificantly more viable E. coli were recovered in the BAL fluid,
lung parenchyma, and whole lung homogenates (i.e. lungs prior
to lavage) of PLA2g4a(�/�) mice compared with PLA2g4a(�/�)
mice (Fig. 3, A–C). No bacteria were identified in blood samples
obtained before or 3 h after intratracheal administration of live
E. coli in either PLA2g4a(�/�) or PLA2g4a(�/�) mice. There-
fore, in comparison with wild type mice, bacterial clearance in
the lungs of mice lacking cPLA2-� was impaired.

Three hours after intratracheal inoculation of live E. coli,
significantly higher levels of PAF and inflammatory cells and
significantly lower levels of total protein were present in the
BAL fluid obtained from wild type mice compared with
PLA2g4a(�/�) mice (Table III). In contrast, no significant dif-
ferences in BAL levels of a variety of cytokines and chemokines
including TNF�, interferon-�, IL-2, IL-4, IL-5, IL-6, IL-10, IL-
12p70, or MCP-1 were identified following intratracheal inoc-
ulation of live E. coli in PLA2g4a(�/�) and PLA2g4a(�/�) mice
(Table III). Arachidonic acid levels in the BAL fluid obtained
from PLA2g4a(�/�) and PLA2g4a(�/�) mice were below the
level of detection of the gas chromatography/mass spectrome-
try assay used in this study. In concert, these studies provide
the first direct evidence that cPLA2-� regulates PAF biosyn-
thesis and the innate immune response to pulmonary infection
with E. coli in vivo.

TABLE I
Arachidonate release by OZ-stimulated mouse neutrophils

Genotype PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�)

Experiment 1 1 2 2
Vehicle 7a 9 6 5
OZ 31 10 45 7
a fmol of arachidonic acid/106 neutrophils/10 min. Estimated detec-

tion limit for arachidonate is 2 fmol. Results from two independent
experiments are shown. ANOVA, p � 0.01, PLA2g4a(�/�) versus
PLA2g4a(�/�).

FIG. 1. cPLA2-� catalyzes arachidonic acid release from OZ- and fMLP-stimulated human neutrophils. A, neutrophils were preincu-
bated for 5 min with the indicated concentrations of Pyrrolidine-1 or Me-Indoxam and then treated with vehicle or OZ (5 mg/ml) for 10 min as
indicated. B, neutrophils were preincubated for 5 min with Pyrrolidine-1 (10 �M) or Me-Indoxam (10 �M) and then stimulated with OZ for 1, 5, or
10 min as indicated. C, neutrophils were preincubated for 5 min with the indicated concentrations of Pyrrolidine-1 or Me-Indoxam and then treated
with vehicle or cytochalasin B (5 �M) for 2 min followed by fMLP (1 �M) for 10 min. D, neutrophils were preincubated for 5 min with the indicated
concentrations of Pyrrolidine-1 or Me-Indoxam and then treated with vehicle or GM-CSF (1 nM) for 60 min followed by fMLP (1 �M) for 10 min.
In each panel, black and gray bars show results from duplicate experiments that are representative of �5 independent studies. Arachidonic acid
mass release was measured by gas chromatography/electron capture mass spectrometry. cyto b, cytochrome b.
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cPLA2-� Does Not Regulate Neutrophil NADPH Oxidase Ac-
tivity—The generation of cytotoxic oxidants by the membrane-
bound phagocytic NADPH oxidase is required for efficient bac-
terial killing by neutrophils, and cPLA2-� has been implicated
in the assembly of the NADPH oxidase in human and murine
neutrophils and in a granulocyte cell line (8, 9). Therefore, we
tested the hypothesis that the defect in E. coli killing observed
in the murine E. coli pneumonia model was due to impaired
activation of the neutrophil NADPH oxidase in PLA2g4a(�/�)
mice. To evaluate this hypothesis, cPLA2-� activity was inhib-
ited by incubation with Pyrrolidine-1 (human neutrophils) or
by gene inactivation (murine neutrophils) and NADPH oxidase
activity was assessed with three independent assays. The cy-
tochrome c reduction assay measures extracellular superoxide
production, the luminol chemiluminescence assay measures
extracellular and intracellular oxidant production, and the
dihydrorhodamine reduction assay measures cellular H2O2

biosynthesis.
Incubation with Pyrrolidine-1 (10 �M, sufficient to fully block

arachidonic acid release and PAF production) had no effect on
the extent or rate of cytochrome c reduction by human neutro-
phils following exposure to OZ, PMA, or PAF and OZ compared
with vehicle-treated cells (Fig. 4, A–D). Similarly, exposure to
OZ (Fig. 4E) or to PMA or PAF and OZ (Fig. 4F) resulted in
comparable levels of chemiluminescence in vehicle and pyrol-
lidine-1 (10 �M) pretreated human neutrophils. Preincubation
with Me-Indoxam also failed to inhibit neutrophil cytochrome c
reduction (data not shown) or cellular chemiluminescence after
exposure to OZ (Fig. 4G) or to PMA or PAF and OZ (Fig. 4H).
Finally, treatment with OZ (Fig. 4I) or with fMLP or PMA (Fig.
4J) resulted in similar levels of dihydrorhodamine reduction by
neutrophils harvested from the bone marrow of PLA2g4a(�/�)
and PLA2g4a(�/�) mice. Taken together, the results of our
pharmacological and gene inactivation studies rule out a role
for cPLA2-� in the activation of the NADPH oxidase in hu-
man or murine neutrophils. Therefore, the defect in bacterial
killing following intratracheal inoculation of live E. coli in
PLA2g4a(�/�) mice (cf Fig. 3) could not be explained by defi-
cient neutrophil oxidant production.

cPLA2-�-mediated Arachidonic Acid Release Is Necessary for
Efficient E. coli Killing by Neutrophils in Vitro—The killing of
bacteria such as E. coli by neutrophils is a complex process that
involves multiple sequential steps including the expression of
specific surface receptors, secretion of granule contents, bind-
ing of bacteria to neutrophil surface receptors, internalization
(phagocytosis), and intracellular killing (33). Neutrophil extra-
cellular traps may also degrade virulence factors and kill ex-
tracellular bacteria (34). To define the role of cPLA2-� in bac-
terial killing by neutrophils in vitro, neutrophils from
PLA2g4a(�/�) and PLA2g4a(�/�) mice or human neutrophils
treated with Pyrrolidine-1 were studied.

A lack of functional cPLA2-� had no effect on neutrophil
Fc�II/III surface expression or on fMLP-, PMA-, or OZ-stim-
ulated surface expression of CD11b, two key phagocytic re-
ceptors (Table IV). Similarly, preincubation of human neu-
trophils with Pyrrolidine-1 had no effect on the surface
expression of CD63 or CD66b, markers for primary (azuro-
philic) and secondary (specific) granules, respectively, by neu-
trophils treated with ionomycin or cytochalasin D and aggre-
gated IgG, which are potent stimulators of neutrophil granule
secretion (Fig. 5, A and B). Functional cPLA2-� deletion also
had no effect on phagocytosis of E. coli by murine neutrophils
in vitro (Table IV). In contrast, neutrophils harvested from the
bone marrow of PLA2g4a(�/�) mice exhibited a 42% decrease
in killing of live E. coli in vitro compared with neutrophils from
PLA2g4a(�/�) mice (Table IV).

FIG. 2. cPLA2-� regulates PAF synthesis by human neutro-
phils. A, neutrophils were treated with vehicle or Pyrrolidine-1 (10
�M) for 5 min. Cells were then treated with vehicle or OZ (5 mg/ml) for
10 min as indicated in the figure. Following Bligh and Dyer extraction
(24), d0-PAF, C18-lyso-PC, and d3-PAF mass were measured by
HPLC-tandem mass spectrometry. In each case, the peak ion inten-
sity is normalized to 100% and the area under the curve for each
major peak is presented numerically (i.e. PMN � vehicle; d0-PAF �
26). Representative results from � 20 experiments are shown. Note
that C18-lyso-PC and C16-PAF have the same mass and are not fully
resolved during HPLC but that C16-PAF is selectively detected by
tandem mass spectrometry as described under “Experimental Proce-
dures.” PMN, polymorphonuclear leukocyte. B, neutrophils were pre-
incubated with increasing concentrations of Pyrrolidine-1 (5 min) and
then treated with vehicle (open bars) or OZ (5 mg/ml, filled bars) for
10 min. Insert, time course of PAF synthesis after treatment with OZ
(open circles) or Pyrrolidine-1 (10 �M, 5 min) and then OZ (5 mg/ml,
filled circles). Data represent the mean � S.D. of n � 6–8 experi-
ments for each group. ANOVA, p � 0.001; *, p � 0.01, vehicle versus
OZ; #, p � 0.01, OZ versus Pyrrolidine-1 and subsequent treatment
with OZ.
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To study the potential role of cPLA2-�-dependent arachi-
donic acid release and PAF generation on neutrophil-mediated
E. coli killing, human neutrophils treated with Pyrrolidine-1
(10 �M) or neutrophils from the bone marrow of PLA2g4a(�/�)
or PLA2g4a(�/�) mice were treated with exogenous arachi-
donic acid or PAF prior to assessment of neutrophil-mediated
E. coli killing in vitro. The inhibition of cPLA2-� in human
neutrophils with Pyrrolidine-1 was associated with a decrease
in neutrophil-mediated E. coli killing in vitro from 63 � 7 to
45 � 1% (p � 0.0008) (Fig. 6A), an observation consistent with
the results of our cPLA2-� gene inactivation studies with
mouse neutrophils (Table IV). The addition of exogenous PAF
increased E. coli killing by untreated neutrophils and partially
reversed the defect in E. coli killing observed in Pyrrolidine-1-
treated human neutrophils (Fig. 6A). Preincubation with
arachidonic acid had no effect on E. coli killing by untreated
neutrophils but reversed the defect in E. coli killing observed in
Pyrrolidine-1-treated cells (63 � 7 versus 59 � 3%, vehicle
versus Pyrrolidine-1 plus exogenous arachidonate, p � 0.28)
(Fig. 6A).

Incubation of E. coli with neutrophils from PLA2g4a(�/�)
mice resulted in significantly more bacterial killing than when
E. coli were co-incubated with neutrophils from PLA2g4a(�/�)
mice in vitro (61 � 3 versus 42 � 6%, respectively, p � 0.004)
(Fig. 6B). Exogenous addition of either PAF or arachidonic acid
both significantly increased E. coli killing by neutrophils from
PLA2g4a(�/�) mice (Fig. 6B). Preincubation with arachidonic
acid, but not PAF, reversed the defect in E. coli killing observed
in neutrophils from PLA2g4a(�/�) mice (61 � 3 versus 59 �
7%, neutrophils from PLA2g4a(�/�) mice versus neutrophils
from PLA2g4a(�/�) mice plus exogenous arachidonate, p �
0.59) (Fig. 6B). Taken together, our pharmacological inhibition
and gene inactivation studies provide direct evidence that
cPLA2-�-catalyzed arachidonic acid release and, to a lesser
extent, cPLA2-�-dependent PAF biosynthesis are necessary for
efficient neutrophil-mediated E. coli killing in vitro.

In addition to arachidonic acid release (Fig. 1) and PAF
biosynthesis (Fig. 2), cPLA2-� also regulates LTB4 production
by human neutrophils (6). Intratracheal challenge with Kleb-
siella pneumoniae markedly increased lung leukotriene levels
in wild type mice, and mice with targeted disruption of the
5-lipoxygenase (5-LO) gene manifest a greater degree of bacte-
remia and lethality following intratracheal K. pneumoniae in-
jection than wild type littermates (35). In addition, alveolar
macrophages from 5-LO(�/�) mice exhibit impaired bacterial
phagocytosis and killing in vitro in comparison with macro-
phages from 5-LO(�/�) mice, defects that are reversed by
addition of exogenous LTB4 (35, 36). Therefore, in addition to
arachidonic acid and PAF, LTB4 may also participate in the
regulation of neutrophil-mediated E. coli killing in vitro.

To assess the potential role of LTB4 in neutrophil-mediated
E. coli killing, neutrophils from wild type mice were incubated
with the 5-LO inhibitor, MK886, or the LTB4 receptor antago-
nist, U75302, prior to co-incubation with live E. coli. Controls
included cells pretreated with vehicle (Me2SO) or LTB4. As
shown in Fig. 5C, pretreatment with MK886 or U75302 or
exogenous addition of LTB4 had no effect on E. coli killing by
neutrophils from wild type mice in vitro. Furthermore, exoge-
nous administration of LTB4 failed to reverse the killing defect
observed in neutrophils from cPLA2-�(�/�) mice. Taken to-
gether, these results do not support a role for LTB4 in the
pathophysiology of neutrophil-mediated E. coli killing in vitro.

DISCUSSION

Our studies demonstrate the importance of cPLA2-� in neu-
trophil arachidonic acid release, PAF biosynthesis, bacterial
killing, and the innate immune response to bacterial infection
in vivo. Importantly, we provide direct evidence that synthesis
of arachidonic acid by cPLA2-� plays a role in neutrophil-
mediated bacterial killing. These observations document a
novel and physiologically important role for cPLA2-� in host
defense against bacterial infection.

Role of cPLA2-� in Neutrophil PAF Biosynthesis—PAF is a
potent pro-inflammatory mediator with diverse biological func-
tions. Neutrophils are a major source of PAF in vivo, and two
biosynthetic pathways have been proposed for PAF biosynthe-
sis in these cells (37). In the first pathway, a PLA2 catalyzes the

FIG. 3. Inactivation of the gene encoding cPLA2-� inhibits pul-
monary E. coli clearance in vivo. Following induction of anesthesia,
live E. coli (109 colony-forming units) were injected into the lungs of
PLA2g4a(�/�) and PLA2g4a(�/�) mice. After 3 h, E. coli levels in BAL
fluid (A), lung parenchyma (B) and whole lungs (C) were measured by
serial dilution culture. Data represent the mean � S.D. from three
PLA2g4a(�/�) and three PLA2g4a(�/�) mice analyzed on the same day
and are representative of three sets of experiments carried out on
different days. *, p � 0.01, PLA2g4a(�/�) versus PLA2g4a(�/�) mice.

TABLE II
PAF biosynthesis by OZ-stimulated mouse neutrophils

Results of three independent experiments are shown. ANOVA, p 0.005, neutrophils from PLA2g4a(�/�) versus PLA2g4a(�/�) mice.

Genotypea PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�) PLA2g4a(�/�)

Experiment 1 1 2 2 3 3
Vehicle NDb ND ND ND ND ND
OZ 170a ND 410 ND 570 ND

a fmol of PAF/106 neutrophils/10 min.
b ND, not detected. Estimated detection limit for PAF is 100 fmol.
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hydrolysis of 1-O-alkyl-2-acyl-phosphatidylcholine yielding
lyso-PAF, which is acetylated by acetyl-CoA:1-O-alkyl-2-lyso-
phosphatidylcholine acetyltransferase to produce PAF. In the
second pathway, lyso-PAF is formed by a CoA-independent
transacylase, which transfers the sn-2 fatty acyl group from
1-O-alkyl-2-acyl-phosphatidylcholine to a 1-acyl-lyso-phospho-
lipid. PAF may also be generated de novo by acetylation of
1-alkyl-2-lyso-sn-glycerophosphate, the removal of the phos-
phate group and transfer of phosphocholine from CDP-choline
(38). The pathway that mediates PAF biosynthesis in neutro-
phils has not been conclusively identified. In the current study,
using two complementary approaches, the pharmacological in-
hibition with the highly potent and selective cPLA2-� inhibitor
Pyrrolidine-1 (19) in human neutrophils and cPLA2-� gene
deletion in murine neutrophils, we clearly document a role for
cPLA2-� in PAF biosynthesis by neutrophils in response to the
physiologically relevant phagocytic stimulus OZ in vitro and
during the inflammatory response induced by pulmonary inoc-
ulation of live E. coli in vivo. Earlier attempts to explore the
role of cPLA2-� in PAF production by neutrophils and basophils
using the cPLA2-� inhibitors AACOCF3 or methylarachidonyl
fluorophosphonate are complicated by the demonstration that
these compounds also inhibit CoA-independent transacylase
(39) and PAF-acetylhydrolase (40), respectively. Our findings
are consistent with recent studies of the effect of mitogen-
activated protein kinase inhibitors on cPLA2-� activity, which
indirectly suggest that the PLA2 pathway is the major route of
PAF synthesis in fMLP- and calcium ionophore-stimulated
neutrophils (41). Although a role for CoA-independent
transacylase in neutrophil PAF biosynthesis is still postulated
(41), our data suggest that cPLA2-� provides the lyso-phospho-
lipid substrate for the transacylase. Taken together, our stud-
ies are the first to document a central role for cPLA2-� in PAF
biosynthesis by neutrophils in vitro and the innate immune
response to bacterial infection in vivo. In this regard, the pro-
duction of PAF by the first wave of neutrophils infiltrating
infected tissues may serve to recruit additional inflammatory
cells to combat invading microbial pathogens. In support of this
notion, PAF levels and the number of inflammatory cells in
BAL fluid were �10- and 3-fold lower, respectively, in
PLA2g4a(�/�) mice compared with wild type mice following
pulmonary infection with E. coli. The attenuated inflammatory
response to pulmonary infection with E. coli may explain why
decreased clearance of E. coli was observed in PLA2g4a(�/�)
mice compared with PLA2g4a(�/�) mice.

Role of cPLA2-� in Neutrophil Arachidonic Acid Release but
Not NADPH Oxidase Activation—Previous work has suggested
that arachidonic acid, specifically cPLA2-�-generated arachi-
donic acid, is required for activation of the granulocytic
NADPH oxidase (9, 10). Furthermore, the addition of micromo-
lar amounts of arachidonic acid to cells and cell-free suspen-

sions containing NADPH oxidase components leads to oxidase
activation (42). However, the physiological relevance of these
findings is called into question by the observation that a variety
of anionic amphiphiles including SDS can activate NADPH
oxidase in vitro by inducing a structural change in the oxidase
complex (43) and it has been suggested that arachidonic acid
may produce nonspecific effects in neutrophils (44). Other stud-
ies suggesting a PLA2-NADPH oxidase connection are based on
the use of PLA2 inhibitors of low potency and/or imperfect
specificity (45). In contrast, the reduction of cPLA2-� levels
using antisense technology led to the suppression of super-
oxide production in the granulocyte cell line PLB-985 (8), a
finding consistent with a role for cPLA2-� in NADPH oxidase
activation. To resolve the role of cPLA2-� in neutrophil
arachidonic acid release and NADPH oxidase activation, we
studied human neutrophils treated with the highly potent and
specific cPLA2-� inhibitor Pyrrolidine-1 as well as neutrophils
from PLA2g4a(�/�) mice. The results unequivocally show that
cPLA2-� is responsible for all of the detectable arachidonic acid
release in agonist-stimulated human and murine neutrophils.
However, neutrophil NADPH oxidase activation, measured by
three independent assays, is unaffected by inhibition or genetic
deletion of cPLA2-� (cf Fig. 4), thereby ruling out a role for
cPLA2-� in neutrophil oxidant production. Similarly, recent
studies have shown that superoxide production is normal in
zymosan-stimulated peritoneal macrophages isolated from
PLA2g4a(�/�) mice (46). Based on antisense knockdown of
cPLA2-�, it has been suggested that this enzyme is required for
superoxide production in monocytes (10). Further study of su-
peroxide production in monocytes is warranted in light of the
studies with neutrophils (c. f. Fig. 4) and macrophages (46). It
is possible that earlier findings suggesting a role for cPLA2-� in
NADPH oxidase activation using antisense technology may be
due to nonspecific off-target effects, which have recently been
well documented (47).

Role of cPLA2 in Neutrophil-mediated Bacterial Killing and
Innate Immunity—The process of neutrophil-mediated bacte-
rial killing follows a specific sequence of events that includes
recognition and binding of bacteria to surface receptors, trans-
portation of new membrane to the plasma membrane of nas-
cent phagosomes, and internalization (phagocytosis) of bac-
teria. Subsequent maturation of developing phagosomes
proceeds by complex processes that include recruitment and
activation of the NADPH oxidase, fusion of phagosomes with
intracellular lysosomal granules, and acidification of the
phagolysosome (33). A potential role for cPLA2-� in neutrophil-
bacterial killing is suggested by the translocation of cPLA2-�
from the cytosol to phagosomes during the early stages of
phagocytosis (5). Our studies document for the first time that
pharmacological inhibition or genetic deletion of cPLA2-� at-
tenuates neutrophil-mediated bacterial killing in vitro and im-

TABLE III
Composition of BAL fluid 3 h after intratracheal inoculation of live E. coli in PLA2g4a(�/�) and PLA2g4a(�/�) mice in vivo

Bronchoalveolar lavage fluid PLA2g4a(�/�) PLA2g4a(�/�) n p valuea

PAF (fmol) 670 � 170 40 � 80 5 0.002
Cell count (�105) 3.42 � 1.09 1.33 � 0.77 6 0.0003
Total protein (mg/liter) 0.17 � 0.04 0.29 � 0.08 6 0.013
TNF� (units/ml) 1,181 � 1,188 1,459 � 1,401 9 0.66
Interferon-� (units/ml) 1.64 � 0.86 1.43 � 1.19 9 0.67
IL-2 (units/ml) 1.33 � 0.84 0.73 � 0.78 9 0.14
IL-4 (units/ml) 3.83 � 2.36 4.03 � 0.67 9 0.81
IL-5 (units/ml) 2.68 � 0.55 2.26 � 1.41 9 0.42
IL-6 (units/ml) 3.46 � 0.84 11.57 � 13.38 9 0.11
IL-10 (units/ml) 77.60 � 15.28 76.73 � 27.97 9 0.94
IL-12p70 (units/ml) 8.31 � 7.01 8.14 � 4.85 9 0.95
MCP-1 (units/ml) 15.53 � 5.94 13.66 � 7.90 9 0.58

a PLA2g4a(�/�) versus PLA2g4a(�/�) mice, paired Student’s t test (two-tailed and unequal variance).
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TABLE IV
cPLA2 partially regulates E. coli killing in vitro but has no effect on neutrophil-mediated E. coli phagocytosis or neutrophil

Fc�II/III or CD11b surface expression

Fc�II/III surface
expression

CD11b surface expression E. coli phagocytosis
by neutrophils

in vitro

E. coli killing
by neutrophils

in vitroControl fMLP PMA OZ

arbitrary units %

PLA2g4a(�/�) 26 � 2 63 � 34 136 � 81 413 � 196 85 � 34 28 � 16 59 � 9.4
PLA2g4a(�/�) 25 � 2 68 � 29 171 � 141 353 � 141 94 � 38 34 � 6 34 � 15
n 6 5 5 5 5 5 7
p Valuea 0.18 0.94 0.63 0.55 0.63 0.49 0.005

a Neutrophils from PLA2g4a(�/�) versus PLA2g4a(�/�) mice, paired Student’s t tests (two-tailed and unequal variance).

FIG. 4. cPLA2-� does not regulate neutrophil NADPH oxidase activity. Human neutrophils were incubated with vehicle (open bars),
Pyrrolidine-1 (Pyr-1, 10 �M, gray bars), or Me-Indoxam (Me-Ind, 10 �M, filled bars) for 5 min. Cytochrome c reduction was measured after
treatment with vehicle or OZ (1 mg/ml) for 30 min (A) or vehicle, PMA (100 nM), or PAF (12.5 nM) and OZ (1 mg/ml) for 30 min (B). C, time course
of cytochrome c reduction after pretreatment with GM-CSF (1 nM, 60 min) and then fMLP (1 �M, open square); pretreatment with Pyrrolidine-1
(10 �M, 5 min) and GM-CSF (1 nM, 60 min) and then fMLP (1 �M, filled square); pretreatment with cytochalasin B (5 �M, 2 min) and then fMLP
(1 �M, open circle); or pretreatment with Pyrollidine-1 (10 �M, 5 min) and cytochalasin B (5 �M, 2 min) and then fMLP (1 �M, filled circle). D, time
course of cytochrome c reduction after treatment with OZ (1 mg/ml, open square) with or without pretreatment with Pyrollidine-1 (10 �M, 5 min).
Human neutrophils were incubated with vehicle (open bars), 1 �M Pyrrolidine-1 (gray bars), or 10 �M Pyrrolidine (filled bars) for 5 min. Cellular
chemiluminescence was then measured after treatment with vehicle or OZ (1 mg/ml) for 15 min (E) or vehicle, PMA (100 nM), or PAF (12.5 nM)
and OZ (0.3 mg/ml) for 15 min (F). Human neutrophils were incubated with vehicle (open bars), 1 �M Me-Indoxam (gray bars), or 10 �M

Me-Indoxam (filled bars) for 5 min. Cellular chemiluminescence was then measured after treatment with vehicle or OZ (1 mg/ml) for 15 min (G)
or vehicle, PMA (100 nM), or PAF (12.5 nM) and OZ (0.3 mg/ml) for 15 min (H). In panels A–H, representative data from 3–5 separate experiments,
each done in triplicate using neutrophils obtained from different blood donors, are shown. Neutrophils were harvested from the bone marrow of
PLA2g4a(�/�) and PLA2g4a(�/�) mice. Following treatment with vehicle or OZ (1 mg/ml) for 10 min (I) or vehicle, fMLP (1 �M, 2 min), or PMA
(100 nM, 10 min) (J), dihydrorhodamine reduction was measured by flow cytometry. Data in panels I and J represent the mean � S.D. of one
experiment done in triplicate and are representative of five independent experiments.
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pairs pulmonary bacterial clearance in vivo. The critical role of
cPLA2-� activity in bacterial killing was confirmed by demon-
strating that exogenous addition of arachidonic acid partially
reverses the defect in neutrophil-bacterial killing induced by
inhibition or genetic deletion of cPLA2-�. In this regard, it is
noteworthythatcPLA2-�genedisruptiondiminishesneutrophil-
dependent bacterial killing by 42%, a substantial effect that is
comparable to the effect of disruption of the granule enzyme
elastase (48) on neutrophil-mediated E. coli killing in vitro. In
contrast, the deletion of other phagocyte genes, such as the
gp47phox or the gp91phox components of the NADPH oxidase
(49), had a more pronounced effect on pulmonary E. coli clear-
ance in vivo than the deletion of PLA2g4a.

Abolishing cPLA2-� activity had no effect on neutrophil
Fc�II/III or CD11b surface receptor expression, primary or
secondary granule secretion, bacterial phagocytosis by neutro-
phils or activation of the neutrophil NADPH oxidase in vitro, or
the generation of selected pro-inflammatory cytokines or che-
mokines following tracheal inoculation with live E. coli in vivo.

Thus, the defects in these processes cannot explain the defects
in neutrophil-mediated bacterial killing and pulmonary bacte-
rial clearance associated with inhibition or deletion of cPLA2-�.
As arachidonate promotes the fusion of complex liposomes with
each other as well as with specific granules isolated from hu-
man neutrophils (50), it is possible that the defect in bacterial
killing induced by the inhibition of cPLA2-� activity is due to
impaired phagolysosome maturation and failure to deliver an-
timicrobial factors such as proteolytic enzymes, antimicrobial
peptides, and proteins such as defensins and cathelicidins in
high concentration to the compartmentalized pathogen. Alter-
natively, the impaired bacterial killing associated with inhibi-
tion or deletion of cPLA2-� may be due to defective or subopti-
mal activation of signaling pathways modulated by arachidonic
acid, such as 3-phosphoinositide-dependent protein kinase-me-
diated activation of protein kinase C-� (51), whereas protein
kinase C-� is expressed in neutrophils and has been implicated
in phagocytosis (52, 53). However, because bacterial phagocy-
tosis was not impaired in neutrophils derived from cPLA2-�-
deficient mice or in macrophages treated with Pyrrolidine-1 (5),
it is possible that cPLA2-� participates in the regulation of
phagocytosis-independent bacterial killing such as the process
mediated by neutrophil extracellular traps (34). The defect in
bacterial killing observed with neutrophils from cPLA2-�-defi-
cient mice was not reversed by exogenous addition of LTB4. In
addition, the inhibition of 5-lipoxygenase activity or treatment
with a LTB4 receptor antagonist had no effect on E. coli killing
by neutrophils from cPLA2-�(�/�) mice. Therefore, in contrast
to the clear role of LTB4 in macrophage-mediated phagocytosis
and killing of K. pneumoniae (35, 36), LTB4 does not appear to
participate in the regulation of neutrophil-mediated E. coli
killing in vitro.

We noted that protein levels were significantly higher in
the BAL fluid obtained from PLA2g4a(�/�) than from
PLA2g4a(�/�) mice following pulmonary infection with E. coli.
In contrast, higher BAL protein levels were identified in
the BAL fluid obtained from PLA2g4a(�/�) than from
PLA2g4a(�/�) mice following acid aspiration or infusion of
lipopolysaccharide-zymosan (17). These finding are consistent
with differential roles for cPLA2-� in infectious and inflamma-
tory pulmonary diseases. It is possible that the increase in BAL
protein in the PLA2g4a(�/�) mice observed after intratracheal
inoculation of live E. coli is due to higher concentrations of
intrapulmonary E. coli compared with PLA2g4a(�/�) mice and
a proportional increase in E. coli protein synthesis. Alterna-
tively, increased production of E. coli toxins that can alter
pulmonary microvascular permeability and facilitate the trans-
fer of proteins from blood to alveoli could account for the in-
creased protein levels in the BAL fluid from PLA2g4a(�/�)
mice after pulmonary infection with E. coli.

Therapeutic Implications of Inhibiting cPLA2 Activity, Sus-
ceptibility to E. coli Infection—Deletion of a functional cPLA2-�
gene attenuates the development of arthritis (54) and bone
resorption (55) in experimental models. In addition, inactiva-
tion of the gene encoding cPLA2-� decreases the pulmonary
dysfunction induced by acid aspiration or the intravenous in-
fusion of lipopolysaccharide-zymosan and attenuates bleomy-
cin-induced pulmonary fibrosis (17, 18). Based on these studies,
the inhibition of cPLA2-� has been proposed as a potential
therapeutic strategy for the management of arthritis, bone
resorption, and pulmonary inflammation.

Our data demonstrate that cPLA2-� activity is necessary for
efficient neutrophil-mediated E. coli killing and eradication of
pulmonary E. coli in vivo. Similarly, genetic defects in or phar-
macological interference with other aspects of the innate im-
mune system, such as the blockade of TNF� (56), deletion of

FIG. 5. cPLA2-� does not regulate the secretion of primary or
secondary neutrophil granules. Human neutrophils were incubated
with Me2SO (0.1%) or Pyrrolidine-1 (Pyr-1, 10 �M) for 10 min at 37 °C.
Cells were then washed and incubated with ionomycin (2 �M) or cy-
tochalasin D (10 �M) and aggregated human IgG for 10 min at 37 °C as
indicated in the figure legends. The surface expression of �CD63 (A,
filled bars) and �CD66b (B, filled bars) was then measured by fluores-
cence-activated cell sorter analysis. Results are reported as relative
fluorescence index. In panels A and B, the open bars represent fluores-
cence-activated cell sorter analysis of cells incubated with anti �N-RAS
antisera (N-RAS, a small GTPase, was used as a control for studies
evaluating the surface expression of �CD63 and �CD66b on human
neutrophils). Results are the mean � S.D. of three independent exper-
iments done in triplicate.
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FIG. 6. Exogenous arachidonic acid
partially reverses the defect in neu-
trophil-mediated E. coli killing in-
duced by inhibition or genetic dele-
tion of cPLA2-�. A, human neutrophils
were incubated with vehicle (open bars) or
Pyrrolidine-1 (10 �M, 5 min, filled bars).
Cells were then treated with vehicle, PAF
(500 nM, 5 min), or arachidonic acid (5 �M,
5 min) prior to co-culture with live E. coli
at a bacteria to neutrophil ratio of 3:1 for
60 min at 37 °C. Bacterial killing was
measured by serial dilution culture as de-
scribed under “Experimental Proce-
dures.” Data represent the mean � S.D. of
one experiment done at both 100- and
1,000-fold dilutions (each in triplicate)
and are representative of five independ-
ent experiments using neutrophils ob-
tained from different blood donors.
ANOVA, p � 2 � 10�10, all Me2SO (DMSO)
versus all Pyrrolidine-1-treated samples.
*, p � 0.02, vehicle versus Pyrrolidine-1,
PAF versus Pyrrolidine plus PAF, arachi-
donic acid versus Pyrrolidine plus arachi-
donic acid; Œ, p � 0.02, vehicle versus
vehicle plus PAF; #, p � 0.005, Pyrroli-
dine-1 versus Pyrrolidine-1 plus arachi-
donic acid (AA) or PAF. B, neutrophils
from PLA2g4a(�/�) mice or their wild
type littermates were treated with vehi-
cle, PAF (500 nM, 5 min), or arachidonic
acid (5 �M, 5 min) prior to co-culture with
live E. coli at a bacteria to neutrophil
ratio of 3:1 for 60 min at 37 °C. Bacterial
killing was measured by serial dilution
culture. Data represent the mean � S.D.
of one experiment done at both 100- and
1,000-fold dilutions (each in triplicate)
and are representative of four independ-
ent experiments using neutrophils ob-
tained from different mice. ANOVA, p �
3 � 10�6, all PLA2g4a(�/�) versus
PLA2g4a(�/�) samples. *, p � 0.01,
PLA2g4a(�/�) versus PLA2g4a(�/�),
PLA2g4a(�/�) plus PAF versus
PLA2g4a(�/�) plus PAF, PLA2g4a(�/�)
plus arachidonic acid versus
PLA2g4a(�/�) plus arachidonic acid;
Œ, p � 0.01, PLA2g4a(�/�) versus
PLA2g4a(�/�) plus arachidonic acid or
PAF; #, p � 0.02, PLA2g4a(�/�) versus
PLA2g4a(�/�) plus arachidonic acid. C,
neutrophils from PLA2g4a(�/�) mice
(filled bars) or their wild type littermates
(open bars) were treated with vehicle
(DMSO, 0.1%), MK886 (1 �M), or U75302
(10 �M) for 5 min at 37 °C. Cells were then
treated with DMSO or LTB4 (10 nM) for 5
min at 37 °C and subsequently co-cul-
tured with live E. coli at a bacteria to
neutrophil ratio of 3:1 for 60 min at 37 °C.
Bacterial killing was measured by serial
dilution culture. Data represent the
mean � S.D. of three independent exper-
iments done at both 100 and 1,000-fold
dilutions (each in triplicate). ANOVA, p,
0.0002, all PLA2g4a(�/�) versus
PLA2g4a(�/�) samples; *, p � 0.05,
PLA2g4a(�/�) versus PLA2g4a(�/�),
PLA2g4a(�/�) plus LTB4 versus
PLA2g4a(�/�) plus LTB4, PLA2g4a(�/�)
plus MK866 versus PLA2g4a(�/�) plus
MK866, PLA2g4a(�/�) plus U75302 ver-
sus PLA2g4a(�/�) plus U75302.
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C5a receptors (57), or inactivation of elastase, cathepsin G (58),
or phosphatidylinositol-3 kinase (59), have all been shown to
diminish inflammatory tissue damage at the price of compro-
mised host defense against microbial pathogens. Therefore, in
addition to defining a novel role for cPLA2-� in host defense
against bacterial infection, our study suggests that the inhibi-
tion of cPLA2-�, while potentially beneficial to patients with a
diverse array of inflammatory pathologies, may be associated
with a diminished capacity to eradicate Gram-negative pulmo-
nary infections.
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