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Prostaglandin E2 (PGE2) is a potent lipid mediator that effects
changes in cell functions through ligation of four distinct G protein–
coupled E prostanoid (EP) receptors (EP1–EP4). PGE2 inhibits bacte-
rial killing and reactive oxygen intermediate (ROI) production by
alveolar macrophages (AMs), although little is known about the
operative molecular mechanisms. The aims of this study were to
evaluate the molecular mechanisms and the specific EP receptors
through which PGE2 inhibits killing of Klebsiella pneumoniae by AMs.
The treatment of AMs with PGE2 suppressed the killing of K. pneumo-
niae, and this effect was blocked by an adenylyl cyclase inhibitor and
mimicked by agonists for the stimulatory G protein (Gs)-coupled EP2
and EP4 receptors. Conversely, microbicidal activity was augmented
by pretreatment with the cyclooxygenase inhibitor, indomethacin,
and antagonists of EP2 and EP4. Similar results were found when ROI
production was examined. PGE2 inhibition of killing and ROI gener-
ation was associated with its activation of the cAMP effectors,
protein kinase A and exchange protein directly activated by cAMP-1,
as well as attenuation of the phosphorylation and translocation of
the reduced nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase component, p47phox, to the phagosomal membrane. We
conclude that PGE2 suppresses the microbicidal activity of AMs
through the Gs-coupled EP2/EP4 receptors, with increased cAMP
inhibiting the assembly and activation of p47phox.
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Lower respiratory tract infections are the leading cause of death
from infection in the United States, underscoring the necessity
of increasing our understanding of lung innate immunity. The
major resident cell responsible for the defense of the lung
against infection is the alveolar macrophage (AM). AMs carry
out this function by phagocytosing and killing microbes, and by
releasing activating cytokines, chemokines, and lipid mediators
(1).

Prostaglandin E2 (PGE2) is a lipid mediator derived from the
cyclooxygenase (COX) metabolism of the cell membrane fatty
acid, arachidonic acid. This prostanoid is produced in abun-
dance at sites of inflammation, and suppresses many aspects of
leukocyte activation (2, 3). The effects of PGE2 follow the
ligation of four distinct cell membrane–associated G protein–
coupled E prostanoid (EP) receptors (EP1–EP4). EP1 receptor
activation provokes Gq (phospholipase C-coupled G protein)-
coupled increases in intracellular Ca21; EP3 receptor most

often reduces cAMP via inhibitory G protein (Gi) coupling;
and the EP2 and EP4 receptors signal predominantly through
stimulatory G protein (Gs), increasing adenylyl cyclase (AC)
activity and consequently cAMP formation (2, 4). cAMP is
a second messenger that influences numerous cellular functions
via the activation of two downstream effector molecules,
protein kinase A (PKA) and the exchange proteins directly
activated by cAMP (Epac-1 and -2) (5). The effects of PKA
result from its ability to phosphorylate Ser and Thr residues on
many cellular proteins, including the transcription factor, cAMP
response element binding protein (CREB) (6). In phagocytes,
the cAMP/PKA/CREB axis mediates the inhibition of TNF-a
release and increase of IL-6 production (6). On the other hand,
Epac-1, on binding cAMP, catalyzes the exchange of GTP for
GDP, subsequently activating the GTPases, Rap1 and Rap2.
Rap1 functions as an antagonist of Ras signaling by trapping the
Ras effector, Raf1, in an inactive complex (7, 8). Rap1 also
regulates several important cellular processes independent of
Ras, such as integrin-mediated cell adhesion (8, 9).

The role of Epac-1 in phagocyte function has been investi-
gated and presents conflicting data (10, 11). We recently reported
that the suppression of Fcg receptor (FcR)–mediated phagocy-
tosis by PGE2 in AMs depended on cAMP signaling via EP2
rather than EP4 (12), and involved activation of Epac-1 (13).
Interestingly, inhibition of AM bacterial killing by PGE2 in-
volved both Epac-1 and PKA (13).

PGE2 effects on innate immunity are important, as it is
produced in the context of infection (14). Moreover, over-
production of this prostanoid has been observed in a number of
clinical conditions associated with an increased susceptibility to
bacterial infections (15, 16). For example, we recently estab-
lished a causal role for PGE2 overproduction in the suppression
of macrophage and neutrophil innate immune functions after
hematopoietic stem cell transplantation in mice (14).

The killing of phagocytosed bacteria by AMs depends upon
several distinct microbicidal mechanisms, including the reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase (NADPHox)–mediated release of reactive oxygen inter-
mediates (ROI). We and others have shown that PGE2 and
cAMP can inhibit ROI generation (13, 17–19). However, the
importance of endogenous PGE2 in regulating ROI generation,
the receptors by which it acts, and its influence on NADPHox
assembly and activation are all unknown. Here, we demonstrate
that PGE2 suppresses bacterial killing in AMs through the

CLINICAL RELEVANCE

This study identifies an important role of prostaglandin E2

acting through E prostanoid (EP) 2 and EP4 receptors to
limit alveolar macrophage microbicidal activity, provides
new insights into the regulation of innate immune cells, and
suggests potential strategies for immunostimulant thera-
peutics.
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limitation of ROI generation. This effect results from the
activation by PGE2 of both Gs-coupled EP2 and EP4 recep-
tors, followed by the cAMP-dependent impairment of phos-
phorylation and phagosomal membrane translocation of the
NADPHox component, p47phox.

MATERIALS AND METHODS

Animals

Mice with a targeted disruption of the EP2 gene were obtained from
Ono Pharmaceutical (Osaka, Japan) and bred in the University of
Michigan Unit for Laboratory Animal Medicine. Strain-matched
C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Female Wistar rats were obtained from Charles River
Laboratories (Wilmington, MA). Animals were treated according to
National Institutes of Health guidelines for the use of experimental
animals, with the approval of the University of Michigan Committee
for the Use and Care of Animals.

Reagents

Dulbecco’s modified Eagle’s medium without phenol red, RPMI 1640,
and penicillin/streptomycin/amphotericin B solution were purchased
from Life Technologies–Invitrogen (Carlsbad, CA). Tryptic soy broth
was supplied by Difco (Detroit, MI). Indomethacin, o-phenylenedi-
amine dihydrochloride, and SDS were from Sigma-Aldrich (St. Louis,
MO). AH-6809, butaprost free acid, and PGE2 were from Cayman
Chemicals (Ann Arbor, MI). Ono-AE1-329 and Ono-AE3-208 were
generous gifts from Ono Pharmaceutical (Osaka, Japan), and SQ 22536
was purchased from Biomol (Palo Alto, CA). Compounds requiring
reconstitution were dissolved in either ethanol or DMSO. Required
dilutions of all compounds were prepared immediately before use, and
equivalent quantities of vehicle were added to the appropriate controls.
In this study, we used Klebsiella pneumoniae 43816, serotype 2
(American Type Culture Collection [ATCC], Rockville, MD).

Cell Isolation and Culture

Resident AMs from mice and rats were obtained by ex vivo lung
lavage, as previously described (20, 21), and were resuspended in
RPMI to a final concentration of 2 3 106 cells/ml. Cells were allowed to
adhere to tissue culture–treated plates for 1 hour (378C, 5% CO2),
followed by one wash with warm RPMI. The resulting population of
adherent cells was more than 99% AMs, as determined by a modified
Wright-Giemsa stain. Cells were cultured overnight in RPMI contain-
ing 10% FBS and were washed twice the next day with warm medium
before experimental incubations. Rat AM-derived NR8383 cells
(ATCC) were cultured in RPMI containing 10% heat-inactivated
FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells were
collected and resuspended in fresh medium at a concentration of
approximately 1 3 106 cells/ml.

Tetrazolium Dye Reduction Assay of Bacterial Killing

The ability of bacteria to survive within the AM was quantified using
a tetrazolium dye reduction assay, as described elsewhere (21, 22), and
results are expressed as the percent survival of ingested bacteria.
Because PGE2 modulates both phagocytosis and bacterial killing, we
developed a method that separates the effects of PGE2 on phagocytosis
from bacterial killing. During K. pneumoniae infection, PGE2 is
produced during the first minutes after infection. Thus, in order to
prevent PGE2 production and its effects on phagocytosis, we employed
COX1/2 inhibitors and EP2/EP4 antagonists 20 minutes before the
addition of the K. pneumoniae. In addition, to verify the effects of
PGE2 and its receptors only on bacterial killing, we employed the EP2
and EP4 agonist as well as PGE2 after the phagocytosis time (30
minutes).

H2O2 Detection

AMs were plated in 96-well dishes at 2 3 105 cells/well. H2O2 secretion
from AMs was determined colorimetrically using the Amplex Red
reagent (Molecular Probes, Eugene, OR) according to the manufac-
turer’s instructions (21). The detection limit of this method was 0.625
nM. To assess the effects of PGE2 signaling on H2O2 production, AMs

were pretreated with compounds of interest for 10 minutes before
infection with opsonized K. pneumoniae (multiple of infection, 50:1).

Semiquantitative Real-Time RT-PCR

Semi-quantitative RT-PCR was performed on an ABI Prism 7000
thermocycler (Applied Biosystems, Foster City, CA). Gene-specific
primers were designed using Primer Express software (Applied Bio-
systems). The sequences for all primers used can be found in Table 1.
Briefly, the reaction mixture contained 300 ng of cDNA, 12.5 ml of
SYBR Green PCR Master Mix (Applied Biosystems), and forward
and reverse primers at 300 nM in a final volume of 25 ml. For each
experiment, samples (n 5 2) were run in triplicate. The average cycle
threshold (CT) was determined for each rat from a given experiment.
Relative gene expression (using the formula 22DDCT) was calculated
using the comparative CT method, which assesses the difference in
gene expression between the gene of interest and an internal standard
gene (b-actin) for each sample to generate the DDCT. The average of
the control sample was set to 1 for each experiment, and the relative
gene expression for each experimental sample was compared with that.

Rap1 Activation Assay

BL21 Escherichia coli (Amersham Biosciences, Piscataway, NJ) trans-
formed with the pGEX 2T plasmid containing the gene, GST-RalGDS
(constructed by Dr. Johannes Bos and kindly provided by Dr. Daniel
Altschuler, University of Pittsburgh, Pittsburgh, PA) were inoculated
in Luria Broth (LB)-ampillicin and cultured for 6 hours. The culture
was diluted into fresh LB-ampicillin and grown until the optical density
at 600 nm was between 0.6 and 1.0, and 0.1 mM isopropyl-b-D-
thiogalactoside was added for 5.5 hours to induce protein expression.
Bacteria were pelleted at 4,000 3 g for 10 minutes, resuspended in lysis
buffer (PBS, 10 mg/ml aprotinin/leupeptin, protease inhibitor cocktail),
and sonicated. Proteins were solubilized with 1% Triton X-100 for 30
minutes at 48C and centrifuged at 10,000 3 g for 10 minutes. Resulting
supernatants were incubated with glutathione agarose beads (Invitro-
gen) for 1 hour at 48C. Beads were washed three times and diluted 1:1
in PBS, and a 50% slurry was added 1:1 to glycerol and stored at
2808C.

Active levels of Rap1 in NR8383 rat AMs were measured by
a modified version of a protocol previously described (23). Briefly, cells
were lysed on ice in Rap1 lysis buffer (25 mM Tris-HCl, pH 7.5, 1%
NP-40, 5 mM MgCl2, 150 mM NaCl, 0.1 mM DTT, 5% glycerol,
protease inhibitor cocktail, 10 ug/ml aprotinin and leupeptin, 1 mM
phenylmethylsulfonyl fluoride) for 15 minutes. Lysates were clarified
by centrifugation at 16,000 3 g for 10 minutes and incubated with
glutathione agarose beads coupled to GST-RalGDS for 1 hour at 48C.
Positive control lysates were treated with GTPgS while negative
control lysates were treated with GDP for 30 minutes before in-
cubation with glutathione agarose beads coupled to GST-RalGDS.
Beads were washed three times in lysis buffer and resuspended in 13

sample buffer. Samples were submitted to SDS-PAGE and the mem-
branes were probed with polyclonal rabbit anti-Rap1 antibody (1:500;
Upstate Biotechnology, Lake Placid, NY) and bands detected as de-
scribed below. Total Rap1 levels were determined by removing ali-
quots from cell lysates before incubation with beads and blotting for
Rap1.

PKA Activity

The PKA activity experiments were done in NR8383 rat AMs. Cells
(2 3 106) were pretreated for different times with PGE2, EP2 agonist,

TABLE 1. PRIMERS AND PROBES FOR SEMI-QUANTITATIVE
REAL-TIME PCR

Sequences

b-actin Forward CCTAAGGCCAACCGTGAAAA

Reverse AGGGACAACACAGCCTGGAT

EP2 Forward CCTGGCCATTATGACCATCAC

Reverse TCGGGAAGAGGTTTCATCCA

EP4 Forward ACGCGGGCTTCAGTTCCT

Reverse CGCACACCAGCACATTGC
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and EP4 agonist, and the cells were lysed in lysis buffer as described
previously here. Protein extracts were submitted to SDS-PAGE and
the membranes were probed with polyclonal rabbit anti–phosho-
CREB (1:500; Upstate Biotechnology) and bands detected as described
subsequently here. To assure equal amounts of protein, the membranes
were probed for a-tubulin (1:1,000; Sigma).

Cell Fractionation, Immunoprecipitation, and

Western Blotting

AMs (4 3 106) were plated in 6-well tissue culture dishes and pre-
treated for 20 minutes with EP2 or EP4 antagonists, or for 5 minutes
with PGE2. After this, AMs were lysed by sonication in ice-cold lysis
buffer containing 150 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 50 mM
NaF, and 1 mg/ml leupeptin, followed by ultracentrifugation at 100,000 3

g for 20 minutes at 48C. The cytosolic (soluble) fraction was harvested,
and the membrane (insoluble) fraction was washed and subjected to
another ultracentrifugation step as described previously here. The
resultant pellet was resuspended in lysis buffer and sonicated. Protein
concentrations were determined by a modified Coomassie dye–binding
assay (Pierce Chemical, Rockford, IL). The cytosolic fraction was used
for immunoprecipitation, as described previously (21), with some
modifications. It was incubated overnight at 48C with anti-p47phox
antibody (1:80; Upstate Biotechnology). Protein A-Sepharose was
added to each sample and was incubated for 3 hours with rotation at
48C. Beads were washed briefly three times with lysis buffer without
Triton X-100, and samples containing protein were separated on 10%
SDS-PAGE gels, then transferred to nitrocellulose membranes. After
blocking with 5% nonfat milk, membranes were probed with anti-
p47phox (1:500 dilution; Upstate Biotechnology); anti-gp91phox

(1:500; BD Bioscience, San Jose, CA) or anti-phosphoserine (1:1,000;
BD Bioscience) antibodies for 90 minutes, followed by peroxidase-
conjugated anti-rabbit (Amersham Biosciences) or anti-mouse second-
ary antibody (1:5,000; Zymed, South San Francisco, CA). Bands were
detected by enhanced chemiluminescence detection (Amersham Bio-
sciences). Relative band densities were determined by densitometric
analysis using National Institutes of Health Image Software, and
densities in experimental conditions expressed as the percentage of
untreated control densities. The results were expressed as normalized
phospho-p47phox/total-p47phox, which represent the value of band
density obtained from the antiphosphoserine blot divided by the band
density from the anti-p47phox blot. In all instances, density values of
bands were corrected by subtraction of the background values.

Phagosome Isolation

Macrophages (3 3 106/well) plated in a 6-well dish were washed twice
with PBS and incubated for 10 minutes with 1 mM PGE2 before the
addition of 10:1 IgG-conjugated, 3 mm, paramagnetic beads (Dynal-
Invitrogen). Cells were held on ice for 10 minutes to synchronize
phagocytosis. Cells were then incubated at 378C and IgG-bead
phagosomes were isolated according to a published method at 5-, 15-,
and 30-minute stages for isolation of early, intermediate, and late
phagosomal proteins (24). To isolate IgG bead–containing phago-
somes, macrophages were rinsed twice in PBS and scraped into
0.5 ml/dish ice-cold homogenization buffer (250 mM sucrose, 10 mM
HEPES, 1 mM EDTA, pH 7.2; protease inhibitors and 1% Triton
X-100). AMs were lysed during a 30-minute incubation on ice, and the
bead phagosomes were isolated from cellular debris using a magnet
(Qiagen, Valencia, CA) and washed twice in 0.5 ml of homogenization
buffer without Triton X-100. Phagosomal proteins were removed from

Figure 1. Role of endogenous prostanoids and

specific E prostanoid (EP) receptors in alveolar

macrophage (AM) killing of opsonized Klebsiella
pneumoniae. (A) Rat AMs were pretreated for 30

minutes with the cyclooxygenase (COX) inhibitor,

indomethacin (10 mM) or vehicle. At 30 minutes

after infection with opsonized K. pneumoniae
(50:1), the inhibitor was added back, with or

without prostaglandin E2 (PGE2; 1 mM). (B) Rat

AMs were treated with the EP2 receptor antagonist,

AH-6809 (100 mM), the EP4 antagonist, Ono-AE3-
208 (1 mM), or vehicle for 20 minutes before the

addition of opsonized K. pneumoniae. At 30 min-

utes after infection, the antagonists were added
back, with or without 1 mM PGE2. (C) Rat AMs were

infected with opsonized K. pneumoniae. At 30

minutes after infection, the cells were incubated

with the EP2 agonist, butaprost free acid (1 mM),
the EP4 agonist, Ono-AE1-329 (1 mM), PGE2

(1 mM), or vehicle. (D) AMs from wild-type or EP2

knockout (KO) mice were infected, and 1 mM PGE2

was added 30 minutes after infection. Microbicidal
activity was assessed as described in MATERIALS AND

METHODS. Data are expressed as the mean (6 SE)

percentage survival of ingested bacteria from three
independent experiments (A–C) or a representative

experiment of two performed in triplicate (D). *P ,

0.05 compared with control; #P , 0.05 versus

indomethacin, EP2 antagonist, EP4 antagonist, or
EP2 KO group by analysis of variance (ANOVA).
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the beads by sonication (2 minutes with cooling on ice), followed by
boiling for 3 minutes. The beads were collected with the magnet, and
the solubilized material from phagosomes was used as a source of
phagosomal proteins for subsequent electrophoresis and immunoblot
analysis. We confirmed the presence of phagosomal proteins by
quantifying the late phagosome protein, flotillin-1 (25, 26). To exclude
possible plasma membrane contamination, we evaluated the presence
of the integral plasma membrane protein, CD45 (data not shown).

Statistical Analysis

Data are represented as mean (6 SE) and were analyzed with the
Prism 3.0 statistical program (GraphPad Software, San Diego, CA).
Comparisons between two experimental groups were performed with
Student’s t test. Comparisons among three experimental groups were
performed with analysis of variance followed by Bonferroni analysis.
Differences were considered significant if P values were 0.05 or less.
All experiments were performed on three separate occasions, unless
otherwise specified.

RESULTS

Exogenous and Endogenous PGE2 Suppresses AM

Bacterial Killing

PGE2 is a major COX-derived eicosanoid produced at sites of
infection. As reported previously, exogenous PGE2 inhibited
bacterial killing by AMs (13, 14). To assess the influence of
endogenous prostanoids on killing of K. pneumonia, we em-
ployed the dual COX-1/COX-2 inhibitor, indomethacin. In-
hibition of COX activity by indomethacin increased AM
microbicidal activity by approximately 50% (Figure 1A). This
same effect was also observed in rat peritoneal macrophages
and the rat AM cell line, NR3838 (data not shown). That PGE2

is the major COX arachidonic acid metabolite responsible for
the effect of indomethacin treatment was suggested by the fact
that exogenous PGE2 restored AM microbicidal activity in AMs
treated with indomethacin treatment (Figure 1A). Preliminary
dose–response experiments were conducted for PGE2 (10–1,000
nM). In all cases, data presented were used at a concentration
of 1 mM, which showed the greatest inhibitory effect on AM
microbicidal activity (data not shown)

Both EP2 and EP4 Mediate PGE2-Induced Suppression of

Bacterial Killing

We have previously found that the EP2 receptor mediates
PGE2 inhibitory effects on FcR-mediated phagocytosis in
AMs (12). To verify that the endogenous prostanoid responsible
for suppression of bacterial killing was indeed PGE2, and, to
determine the receptors through which endogenous PGE2 acts
to suppress bacterial killing, we employed the EP2 antagonist,
AH-6809, and the EP4 antagonist, Ono-AE3-208, in concen-
trations previously determined to be specific to such receptors
(12, 27–32). The pretreatment of AMs with either the EP2
antagonist or the EP4 antagonist alone increased intracellular
killing, as evidenced by a decrease in the survival of ingested
bacteria of approximately 53 and 46%, respectively (Figure 1B).
The simultaneous use of both antagonists failed to exert
additive effects on bactericidal activity. We also examined the
ability of those antagonists to block the effects of exogenous
PGE2. Suppression of bacterial killing by PGE2 was partially
abrogated when AMs were pretreated with either EP2 or EP4
antagonists, and completely abrogated when both were used in
combination. Of note, assessing bacterial ingestion in these
same experimental plates confirmed our previous finding that
ligation of EP2, but not EP4, suppresses phagocytosis, because
the addition of EP2, but not EP4, antagonist increased K.
pneumoniae phagocytosis by about 35% (Figure 1B, inset).

Genetic deletion of EP2 resulted in increased bacterial killing
when compared to wild-type murine AMs. Moreover, inhibition
of bacterial killing by PGE2 was only partially abrogated in
EP2-deficient AMs, which suggested a role for EP4 in this
phenomenon (Figure 1C).

To confirm the importance of EP2 and EP4 in AM bacterial
killing, we also employed specific agonists for these receptors in
doses previously described (12, 30, 33). As observed in Figure
1D, the specific EP2 (butaprost free acid) and EP4 (Ono-AE1-
329) agonists suppressed bacterial killing to a similar degree.
Each agonist suppressed bactericidal activity as much as PGE2

(approximately 140% survival, meaning that bacteria proliferated
within the macrophage after phagocytosis was allowed to
occur). However, we did not observe any additional effects
when both EP2 and EP4 agonists were used together (data not
shown).

EP2 and EP4 Expression in Rat AMs

Previously, we reported that rat AMs express predominantly
EP2 and EP3, but not EP4 and EP1, proteins by Western blot
analysis (12); however, the sensitivity of EP antibodies is open
to question. As our present results suggested that EP4 ligation
modulated AM bacterial killing, we further explored EP re-
ceptor expression by semiquantitative RT-PCR, and the ex-
pression level of the gene of interest was normalized to b-actin.
We observed similar levels of EP2 and EP4 mRNA expression
in resting cells (1.5 6 0.009 and 1.5 6 0.01, respectively; data not
shown). In this instance, then, mRNA expression of EP4
correlated better with pharmacologic data than did protein
expression by Western analysis. The same profile for both
mRNA (by real-time PCR) and protein expression (by Western
immunoblot) was observed in the rat AM cell line, NR8383
(data not shown).

Figure 2. Suppression of AM bacterial killing by PGE2 is dependent on

adenylyl cyclase (AC) activity. Rat AMs were pretreated with vehicle or

the AC inhibitor, SQ 22536 (10 mM) 30 minutes before addition of
50:1 opsonized K. pneumoniae. At 30 minutes after infection, the

inhibitor was added back, with or without 1 mM PGE2. Microbicidal

activity was assessed as described in MATERIALS AND METHODS. Data are

expressed as the mean (6 SE) percentage survival of ingested bacteria
from three independent experiments, each performed in triplicate. *P ,

0.05 compared with control; #P , 0.05 versus SQ 22536 by ANOVA.
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cAMP Production Mediates Suppression of AM Bacterial

Killing by PGE2

The degree of inhibition of FcR-mediated phagocytosis by
PGE2 was previously found to correlate with the increase in
cAMP levels (12). In addition, stable, phosphodiesterase-
resistant analogs of cAMP were found to block the ability of
AMs to kill phagocytosed K. pneumoniae (13). However, the abil-
ity of endogenously produced cAMP to suppress K. pneumoniae
killing has not previously been examined. We found that AC
inhibition using SQ 22536 increased baseline AM bacterial
killing and abolished the ability of PGE2 to impair killing
(Figure 2). Thus, our data suggest that, during K. pneumoniae
infection, endogenously produced cAMP functions as a brake
on AM bactericidal activity.

EP2 and EP4 Activation of Downstream cAMP Effectors

in AMs

Previously, we demonstrated that PGE2 decreased FcR-medi-
ated phagocytosis exclusively by activating the EP2 receptor,

whereas the data shown in Figures 1B and 1D indicate that
ligation of either EP2 or EP4 receptors can suppress bacterial
killing. As we have also previously demonstrated that exoge-
nous PGE2 suppressed AM bacterial killing via both PKA- and
Epac-1–dependent pathways, we asked whether EP2 and EP4
might differentially activate these two cAMP effectors. Using
NR8383 cells, we assessed PKA activation by determining phos-
phorylation of CREB by immunoblot analysis, and we assessed
Epac-1 activation with the GTP-Rap1 pulldown assay to mea-
sure GTP-bound Rap1. PGE2 induced Rap1 activation, consis-
tent with its activation of upstream Epac-1. Both a selective EP2
agonist (butaprost free acid) and an EP4 agonist (Ono-AE1-329)
also activated Rap1, but the effect of the former peaked at
5 minutes and that of the latter at 15 minutes of treatment
(Figures 3A and 3B). PGE2 induced CREB phosphorylation as
early as 5 minutes, and this effect was more pronounced at
15 minutes. The same kinetics of CREB phosphorylation were
observed with the EP2 agonist. The ability of the EP4 agonist to
induce CREB phosphorylation at either time point was less
pronounced than that of either the EP2 agonist or of PGE2 itself

Figure 3. Importance of EP2 and EP4 receptors in Epac-1
and PKA activation. (A) Approximately 3 3 106 NR8383

rat AMs were plated in 6-well dishes and serum starved

overnight. Cells were stimulated with the EP2 agonist,

butaprost free acid (1 mM), and the EP4 agonist, Ono-AE1-
329 (1 mM), for 5 and 15 minutes. Positive control cells

were treated with PGE2 (1 mM) for 15 minutes. After

treatment, the macrophages were lysed on ice and as-

sayed for the active GTPase Rap1 as described in MATERIALS

AND METHODS. Before the pull-down assay, positive control

lysates were incubated with GTPgS, whereas negative

control lysates were incubated with GDP for 30 minutes.
Total levels of Rap1 in cell lysates are shown (bottom blot).

(B) Relative phosphorylation was determined by densito-

metric analysis of immunoblots from three different

experiments and expressed as percent of control. *P ,

0.05 versus control. (C) Approximately 3 3 106 NR8383

cells were plated in 6-well dishes and serum starved

overnight. Cells were stimulated with the EP2 agonist,

butaprost free acid (1 mM), and the EP4 agonist, Ono-AE1-
329 (1 mM), for 5 and 15 minutes, the proteins were

subjected to SDS-PAGE as described in MATERIALS AND

METHODS, and the membranes were probed for phosphor-
ylated cAMP-responsive element binding protein (CREB)

(1:500). Subsequently, the membrane was stripped and

probed for b-tubulin (1:100). Results are representative of

three experiments. (D) Relative phosphorylation was de-
termined by densitometric analysis of immunoblots from

two different experiments and expressed as a percentage

of control. *P , 0.05 versus control.
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(Figures 3C and 3D). These data suggest differences in the
extent and rapidity of PKA and Epac-1 activation after ligation
of EP2 and EP4.

EP2 and EP4 Receptor Activation Suppresses NADPH Oxidase

Activation during K. pneumoniae Infection

ROI generation by NADPHox represents an important bacte-
ricidal mechanism after FcR-mediated phagocytosis, and ROIs
are involved in the control of K. pneumoniae infection (21).
Previously, we demonstrated that exogenous PGE2 inhibited
AM H2O2 production during K. pneumoniae challenge (13).
However, we did not evaluate the importance of endogenous
PGE2 or the role of specific EP receptors in regulating H2O2

release. The impact of endogenously produced PGE2 on cellular
H2O2 production in response to K pneumoniae infection was
explored using the EP2 and EP4 antagonists. As shown in
Figure 4A, K pneumoniae infection induced H2O2 production
by rat AMs, and EP2 antagonism increased this by approxi-
mately 100%, whereas the EP4 antagonist increased H2O2

generation by approximately 50% when compared with un-
treated and infected AMs. In addition, both EP2 and EP4
stimulation suppressed H2O2 during K. pneumoniae infection to
the same degree as PGE2 itself (Figure 4B). We did not observe
any effect of EP2 and EP4 antagonists or agonists on H2O2

production in uninfected AMs (data not shown). Endogenous

cAMP formation downregulated NADPHox activation, as
shown by the increase in H2O2 release in AMs treated with
the AC inhibitor, SQ 22536. Furthermore, the inhibition of AC
abrogated the effect of PGE2 on H2O2 release (Figure 4C).
Taken together, our data suggest that endogenous PGE2

inhibits NADPHox-mediated release of H2O2 during K. pneu-
moniae infection via ligation of both Gs-coupled EP2 and EP4
receptors and subsequent cAMP formation.

EP2 and EP4 Receptor Signaling Inhibits p47phox

Phosphorylation during K. pneumoniae Infection

To characterize the mechanisms by which PGE2 inhibits H2O2

generation, we evaluated the phosphorylation of the cytosolic
p47phox subunit of NADPHox—a requisite step in activation of
this complex. AMs were pretreated with PGE2 and/or the EP2
and EP4 antagonists followed by infection with K. pneumoniae.
Phosphorylation of p47phox was determined by its immuno-
precipitation followed by immunoblotting for phosphoserine.
Infection of AMs with opsonized K. pneumoniae increased
serine phosphorylation of p47phox when compared with un-
treated cells (Figures 5A and 5B). EP2 and EP4 antagonists
both increased the degree of p47phox phosphorylation in
K. pneumoniae–infected AMs. Consistent with the magnitude of
actions of EP2 and EP4 receptor activation on H2O2 production
(Figure 4A), the antagonism of EP2 induced higher levels of

Figure 4. EP2 and EP4 receptor activation by PGE2

suppresses H2O2 production in AMs through a cAMP-

dependent process. Rat AMs (5 3 105) were plated

and preincubated with: (A) EP2 receptor antagonist,
AH-6809 (100 mM), or the EP4 receptor antagonist,

Ono-AE3-208 (1 mM), for 20 minutes; (B) EP2 receptor

agonist, butaprost free acid (1 mM), or the EP4 re-

ceptor agonist, Ono-AE1-329, for 5 minutes; or (C) AC
inhibitor, SQ 22536 (10 mM), for 20 minutes, with or

without PGE2, followed by infection with 50:1 opson-

ized K. pneumoniae for 1 hour. The H2O2 concentration

in medium was determined as described in MATERIALS

AND METHODS. Results represent the mean (6 SE) of

quadruplicate values from one of three representative

experiments. *P , 0.05 versus control; #P , 0.05
versus K. pneumoniae group by ANOVA.
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p47phox phosphorylation than did EP4 antagonism (Figures 5A
and 5B). The total amount of cytosolic p47phox did not change
in any condition tested (Figure 5A).

Exogenous PGE2 Blocks p47phox Translocation to Plasma and

Phagosomal Membranes

The phosphorylation of p47phox accompanies its membrane
translocation. cAMP has been reported to inhibit p47phox
phosphorylation and translocation in neutrophils. Thus, we
investigated whether PGE2 modulated p47phox membrane
translocation in AMs. In K. pneumoniae–infected AMs, pre-
treatment with 1 mM PGE2 for 5 minutes decreased p47phox
translocation to the total membrane fraction (Figures 6A and 6B).
The membrane-associated NADPHox component, gp91phox, was
used as a loading control (Figure 6A).

The phagosome is a specialized membrane that envelops
ingested microbes and in which ROIs are generated in order to
kill them. We next sought to investigate the effects of PGE2 on
p47phox translocation specifically to the phagosomal mem-
brane. We used a well established model of phagosome iso-
lation using IgG-opsonized magnetic beads, harvesting the
beads at different time points after IgG-bead challenge, in

order to harvest early (5 minutes), intermediate (15 minutes),
and late (30 minutes) phagosomes (34). As a marker for the
phagosome fraction, we used flotillin-1 (24, 25); we detected no
plasma membrane protein CD45 in this fraction, verifying its
purity. Interestingly, p47phox was observed only in the late
phagosome preparation. PGE2 pretreatment clearly impaired
p47phox translocation to the phagosome membrane (Figure 6C).

DISCUSSION

This study demonstrates the importance of endogenous PGE2 in
downregulating phagocyte bactericidal capacity and newly char-
acterizes the molecular mechanisms involved. Our results help
to explain previous reports that overproduction of PGE2 impairs
(14), whereas inhibitors of PGE2 synthesis augment (13), innate
immune responses and bacterial clearance in various animal
models of infection. Specifically, we showed that: (1) this effect

Figure 5. Effect of PGE2 and EP receptors on p47phox phosphorylation
during K. pneumoniae infection. (A) Rat AMs (4 3 106/well) were

pretreated for 20 minutes with the EP2 antagonist, AH-6809 (100 mM),

the EP4 antagonist, Ono-AE3-208 (1 mM), or vehicle, or exposed for
5 minutes to PGE2 (1 mM) before the addition of 50:1 opsonized

K. pneumoniae for an additional 5 minutes. Cells were then harvested

and fractionated as described in MATERIALS AND METHODS. The cytosolic

fraction was subjected to immunoprecipitation for p47phox, followed
by immunoblot analysis using an anti-phosphoserine antibody

(1:1,000). Subsequently, the membrane was stripped and probed for

total p47phox (1:500). Results are representative of three experiments.

(B) Relative phosphorylation was determined by densitometric analysis
of immunoblots from three different experiments and expressed as

percent of control. *P , 0.05 versus control; #P , 0.05 versus K.

pneumoniae group by ANOVA.

Figure 6. Effect of PGE2 on p47phox membrane translocation during

K. pneumoniae infection. (A) Rat AMs (4 3 106/well) were pretreated
with PGE2 for 5 minutes before addition of 50:1 opsonized K. pneumoniae

for another 5 minutes, then harvested and fractionated as described in

MATERIALS AND METHODS. Immunoblotting of membrane fractions was

performed using anti-p47phox (1:500). To ensure equal protein
loading, blots were stripped and reprobed for gp91phox. Results are

representative of those from three experiments. (B) Protein amounts

were determined by densitometric analysis of immunoblots from three
different experiments, and the results are expressed as percent of

control. *P , 0.05 versus control; #P , 0.05 versus K. pneumoniae

group by ANOVA. (C) Rat AMs (4 3 106/well) were pretreated with

PGE2 for 5 minutes before addition of 10:1 IgG-opsonized beads at
different time points and phagosomal membranes were isolated as

described in MATERIALS AND METHODS. As a late phagosome marker, the

membranes were probed for flotillin-1 (1:1,000) or p47phox (1:500).

Results are representative of those from two experiments.
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of PGE2 on bacterial killing involves a reduction in bactericidal
ROI generation; (2) such inhibition is mediated by its ability to
block the phosphorylation and translocation of p47phox to FcR-
derived phagosomes; and (3) PGE2 effects are mediated by
cAMP generated after ligation of both EP2 and EP4 receptors,
with subsequent activation of downstream cAMP effectors,
PKA and Epac-1.

Because both EP2 and EP4 receptors are coupled to Gs

proteins, we anticipated that cAMP would be an important
proximal signaling molecule in the suppression of intracellular
killing by PGE2. Indeed, it has previously been shown that
increases in intracellular cAMP suppress microbicidal activity in
leukocytes, such as neutrophils and peritoneal macrophages
infected with Legionella pneumophilia and Pseudomonas aeru-
ginosa (14, 35–37), respectively. Interestingly, we know that,
during K. pneumoniae infection, PGE2 is generated by AMs
(12), and this likely results in enhanced cAMP production,
which might provide a mechanism to explain the effects of
AC inhibition. However, they also demonstrate for the first
time that basal cAMP levels act as a brake in the microbicidal
pathway.

Our previous work had indicated that PGE2 inhibited AM
phagocytosis through EP2, but not EP4, and this correlated with
the greater ability of the former receptor to increase intracel-
lular levels of cAMP (13), Interestingly, Sadikot and colleagues
(37) demonstrated that COX-2– or EP2–deficient mice exhib-
ited increased survival after lung infection with P. aeruginosa
and endogenous or exogenous PGE2 modulated superoxide
anion release during P. aeruginosa infection in bone marrow–
derived macrophages. It was therefore somewhat surprising that
our current results clearly demonstrate that EP4 can impair
bacterial killing in these cells. As there is little known about
activation of cAMP effectors in macrophages in general, and
AMs in particular, we sought to examine activation of both
PKA and Epac-1. We found that EP4 ligation was indeed able
to robustly stimulate activation of the downstream Epac-1
target, Rap1. As Epac-1 activation has been shown to inhibit
ROI generation and bacterial killing in AMs (13), this in-
tracellular signaling event elicited by EP4 ligation would seem
to explain its ability to impair killing in the present study.
However, Epac-1 activation has also been shown to inhibit AM
phagocytosis, raising the question of why EP4 ligation was
unable to impact ingestion in our previous study. We speculate
that its inability to do so may reflect the fact that the EP4 effects
on Epac-1 occurred too slowly to impact this initial macrophage
response to the microbe. The delayed activation of Epac-1 by
EP4 ligation, however, is able to attenuate the subsequent
killing of those bacteria that had been previously ingested.
Because killing, but not phagocytosis, has also been shown (13)
to be downregulated by activation of PKA, the greater capacity
of EP2 antagonism than that of EP4 antagonism to enhance
ROI generation and p47phox phosphorylation may be related
to the more robust activation of PKA by EP2 ligation. Thus,
EP2 mediates more potent and diverse immunosuppressive
actions of PGE2 in AMs than does EP4, because it alone
activates both of these cAMP effector systems. Further insights
into the kinetics and compartmentalization of activation of
PKA versus Epac-1 and how they modulate AM effector
functions must await additional investigation.

The intracellular killing of K. pneumoniae is likely mediated
by several microbicidal molecules, including antimicrobial pep-
tides, reactive nitrogen intermediates, and ROIs (21, 38–41).
However the individual contributions of such molecules are
unknown. We previously reported that the inhibition of either
nitric oxide synthase or NADPHox decreased K. pneumoniae
killing by AMs (21). In addition, in vivo treatments of mice with

the nitric oxide synthase inhibitor, L-NAME, impaired host
defense against K. pneumoniae (41). Interestingly, Hickman-
Davis and colleagues (40) demonstrated (in a cell-free system)
that, although neither ROIs nor nitric oxide alone were toxic to
K. pneumoniae, potent bacterial killing could be observed when
a combination of nitric oxide and superoxide was present (at
a pH of 5.0), suggesting that optimal bactericidal activity can be
achieved when peroxynitrite is formed in an acidic milieu. Our
data support this result, as we find requirements for both nitric
oxide and NADPHox activation in macrophage killing of K.
pneumoniae. Although we have now documented regulatory
effects of PGE2 on the latter system, our study leaves open the
possibility that PGE2 might also impair nitric oxide (and
peroxynitrite) generation.

Within the cell after particle engulfment, cytosolic NAD-
PHox components, such as p47phox, translocate to the forming
phagosome. To assess phagosome maturation, we challenged
AM with IgG beads and isolated phagosomes at early, in-
termediate, and late time points. Our data show for the first
time that PGE2 inhibits p47phox translocation to the mature
phagosome. Interestingly, we observed less flotillin-1 in the late
phagosomes of PGE2-treated cells. Whether this merely reflects
the consequence of a reduction in overall phagocytosis by PGE2

or if PGE2 directly interferes with phagosome formation and/or
maturation is a question currently being explored. In addition,
the effects of flotillin-1 (which is also enriched in lipid rafts [42,
43]) in phagocyte effector functions await further study.

In summary, this study identifies an important effect of
endogenously generated PGE2 acting through the Gs-coupled
receptors, EP2 and EP4, and downstream cAMP effectors to
limit AM microbicidal activity against a relevant bacterial
pathogen. This effect involves inhibition of NADPHox assem-
bly and activation on the phagosome. These data provide new
insights into the regulation of host innate immune cell function
by endogenous mediators, and suggest potential strategies for
immunostimulant therapeutics.
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