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Abstract

Alveolar macrophages (AMs) represent the first line of innate
immune defense in the lung. AMs use pattern recognition
receptors (PRRs) to sense pathogens. The best studied PRR is Toll-
like receptor (TLR)4, which detects LPS from gram-negative
bacteria. The lipid mediator prostaglandin (PG)E2 dampens AM
immune responses by inhibiting the signaling events downstream
of PRRs. We examined the effect of PGE2 on TLR4 expression
in rat AMs. Although PGE2 did not reduce the mRNA levels of
TLR4, it decreased TLR4 protein levels. The translation inhibitor
cycloheximide reduced TLR4 protein levels with similar kinetics as
PGE2, and its effects were not additive with those of the prostanoid,
suggesting that PGE2 inhibits TLR at the translational level. The
action of PGE2 could be mimicked by the direct stimulator of
cAMP formation, forskolin, and involved E prostanoid receptor 2
ligation and cAMP-dependent activation of unanchored type I
protein kinase A. Cells pretreated with PGE2 for 24 hours exhibited
decreased TNF-amRNA and protein levels in response to LPS
stimulation. Knockdown of TLR4 protein by small interfering

RNA to the levels achieved by PGE2 treatment likewise decreased
TNF-amRNA and protein in response to LPS, establishing
the functional significance of this PGE2 effect. We provide the
first evidence of a lipid mediator acting through its cognate G
protein–coupled receptor to affect PRR translation. Because PGE2
is produced in abundance at sites of infection, its inhibitory effects
on AM TLR4 expression have important implications for host
defense in the lung.
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Clinical Relevance

The lipid mediator prostaglandin E2 reduces macrophage Toll-
like receptor 4 expression by inhibition of translation. The
biologic consequence of this is decreased LPS-induced TNF-a
transcription and secretion.

Alveolar macrophages (AMs) under steady-
state conditions account for 95% of the
leukocytes in the lower respiratory tract
(1). AMs are key players in controlling
pulmonary immune responses (2, 3).
During health, they help to maintain
a quiescent airspace to preserve the ability
of the lung to perform gas exchange (2, 3).
However, on challenge with pathogens or
pathogen-derived products, such as the
gram-negative bacterial cell wall

component LPS, AMs initiate a strong
inflammatory response involving the
release of cytokines, chemokines, and lipid
mediators (4, 5).

Toll-like receptors (TLRs) are a family
of pattern recognition receptors (PRRs),
initially discovered in Drosophila
melanogaster, that can recognize pathogen
components such as flagellin, unmethylated
CpG motifs, and peptidoglycan (6, 7).
TLR4, which is the most extensively studied

TLR, recognizes LPS and possesses
structural homology and signaling
responses similar to Type 1 IL-1 receptors
(8). Signaling from TLR4 activates
transcription factors such as NF-kB and
AP-1, which lead to the production of
proinflammatory cytokines by AMs (9).

Eicosanoids are lipid mediators also
produced during the AM response to PRR
stimulation. We and others have found that
the eicosanoids prostaglandin (PG)E2 and
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leukotriene (LT)B4 often play opposing
roles in regulating AM function, with the
former inhibiting and the latter stimulating
differentiation, phagocytosis, microbial
killing, and proinflammatory cytokine
generation (10–12). The capacities of LTB4
and PGE2 to differentially influence
macrophage functions have been linked
to their abilities to ligate cognate G
protein–coupled receptors (GPCRs)
with resulting decreases and increases,
respectively, in intracellular levels of the
second messenger cAMP (13–15). We have
previously shown that, through such
increases in cAMP, PGE2 can profoundly
and rapidly suppress TLR4 pathway output
by inhibiting downstream signaling events
(16). However, whether PGE2 and cAMP
pathways can also influence the expression
of TLR4 is not known.

Here we show that PGE2 decreases
TLR4 expression in rat AMs. This effect
was mediated not by regulation of tlr4
mRNA but rather by inhibition of its
translation. PGE2 can increase cAMP by
ligating either of two GPCRs, termed E
prostanoid receptors 2 (EP2) and 4 (EP4).
This second messenger can act via two
effectors, protein kinase (PK)A and guanine
nucleotide exchange protein activated by
cAMP (Epac); the former exists as type I
and type II isoforms, based on their distinct
cAMP-binding regulatory (R) subunits,
and in pools that are either soluble or
bound to scaffold proteins termed A
kinase-anchoring proteins (AKAPs). We
found that PGE2 reduction of TLR4 protein
was mediated by EP2-dependent cAMP
activation of unanchored type I PKA.
Furthermore, this decrease in TLR4
expression caused by PGE2 was sufficient
to decrease TNF-a transcription and
secretion in response to AM stimulation
with LPS. Thus, our data identify a new
means by which lipid mediators, and
potentially other GPCR ligands, can
modulate TLR4-mediated innate immune
responses.

Materials and Methods

Animals
Pathogen-free 125- to 150-g female Wistar
rats (Charles River Laboratories, Portage,
MI) were used. 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
RPMI 1640 culture medium and penicillin/
streptomycin/amphotericin B solution were
purchased from Invitrogen (Carlsbad, CA).
PGE2 and EP2 receptor antagonist AH6809
were purchased from Cayman Chemicals
(Ann Arbor, MI); DMSO served as vehicle
control. The PKA-specific cAMP analog
6-Bnz-cAMP (N6-benzoyladenosine-39,
59-cyclic monophosphate), Epac-specific
cAMP analog 8-pCPT-2-O-Me-cAMP
(8–4-chlorophenylthio)-2’-methyladenosine-
39,59cyclic monophosphate, PKA RI–selective

activator 2-Cl-8-MA, PKA RII–selective
activator 6-MBC, PKA RI inhibitor Rp-8-
Cl-cAMPS, and PKA RII inhibitor Rp-8-
PIP-cAMPS were purchased from Biolog
Life Science Institute (Howard, CA).
RI/AKAP disruptor peptide RIAD and
corresponding control peptide scRIAD
were purchased from Anaspec (San Jose,
CA). Escherichia coli (055: B5) LPS and
SDS were purchased from Sigma-Aldrich
(St. Louis, MO). The direct adenylyl cyclase
activator forskolin was purchased from
EMD Milipore (Darmstadt, Germany).
The EP4 receptor antagonist ONO-
AE3–208 was a generous gift from ONO
Pharmaceutical Co., Ltd. (Osaka, Japan).

Figure 1. Prostaglandin (PG)E2 decreases, whereas leukotriene (LT)B4 increases, Toll-like receptor
(TLR)4 protein expression in alveolar macrophages (AMs). (A) AMs were treated with PGE2 (200 nM)
or LTB4 (100 nM) for 24 hours for protein and for 8 hours for mRNA analysis of TLR4 by Western
blot and quantitative PCR (qPCR), respectively. Relative expression of TLR4 protein was normalized
for b-actin (BAC) and expressed relative to control (DMSO) (represented in the graph as a dashed

line). Ctrl = control. (B) AMs were treated with PGE2 (200 nM) for 24 hours and analyzed for TLR4 by
flow cytometry. Data are the means 6 SE from three independent experiments. MFI = mean
fluorescence intensity. (C) AMs were treated with PGE2 for 4, 6, 8, 12, and 24 hours and analyzed for
tlr4 mRNA by qPCR. Relative expression of tlr4 mRNA was normalized for BAC and expressed
relative to control (DMSO) (represented in the graph as a dashed line). Data are the means 6 SE from
at least three independent experiments. *P , 0.05; **P , 0.01.
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Myristoylated PKI inhibitory peptide
was purchased from Enzo Life Sciences
(Plymouth Meeting, PA). Phorbol
12-myristate 13-acetate (PMA) was
purchased from Sigma-Aldrich.

Cell Isolation and Culture Conditions
Resident AMs from rats were obtained by
lung lavage as described previously (17) and
resuspended in RPMI 1640 to a final
concentration of 83 105 to 23 106 cells/ml.
Cells were allowed to adhere to tissue
culture–treated plates for 1 to 2 hours and
cultured overnight in RPMI 1640 containing
10% FBS and 1% penicillin/streptomycin/
amphotericin B. The following day, the
medium was removed, and cells were
treated with compounds of interest at the
concentration and times indicated in the
figure legends. Human leukemia–derived
U937 monocytes (American Type Culture
Collection) were cultured in RPMI 1640
containing 10% FBS and 1% penicillin/
streptomycin. Cells were maintained for up
to 20 passages in a humidified incubator at
378C with 5% CO2. For experiments, cells
were differentiated for 16 hours with
100 nM PMA.

Western Blotting
AMs (8 3 105 to 2 3 106) were plated in
6-well tissue culture dishes and incubated in
the presence or absence of the compounds
of interest. The cells were then lysed in
ice-cold PBS containing 1% Nonidet P-40,
0.5% sodium deoxycholate, and 0.1% SDS.
Protein concentrations were determined by
the Bio-Rad DC protein assay from Bio-
Rad Laboratories (Hercules, CA). Samples
containing 30 mg of protein were separated
by SDS-PAGE using 8% gels and then
transferred overnight to nitrocellulose
membranes. After blocking with 5% BSA,
membranes were probed overnight with
respective antibodies (TLR4, 1:500; b-actin,
1:10,000). After incubation with
peroxidase-conjugated anti-mouse
secondary Ab (titer of 1:10,000) (Cell
Signaling Technology, Danvers, MA), film
was developed using ECL detection
(Amersham Biosciences, Piscataway, NJ).
Relative band densities were determined by
densitometric analysis using NIH ImageJ
software.

Flow Cytometry
For staining for flow cytometric analysis,
AMs were resuspended in PBS, 2 mM
EDTA, and 0.5% FCS. Fc receptor–mediated

and nonspecific antibody binding was
blocked by the addition of excess CD16/
CD32 (BD Biosciences Pharmingen, San
Diego, CA). TLR4 staining was performed
in the dark for 30 minutes at room
temperature using PE-conjugated antibody
against TLR4/CD284 (76B357.1) (Imgenex,
San Diego, CA). A FACSCantoII flow
cytometer (BD Biosciences, San Diego,
CA) was used for flow cytometric
characterization of AMs, and data were
analyzed with FlowJo Version 7.6.4
software (TreeStar, Ashland, OR).

ELISA
Levels of TNF-a were determined by ELISA
(R&D Duoset; R&D Systems, Minneapolis,
MN) by the University of Michigan Cancer
Center Cellular Immunology Core.

RNA Isolation and Quantitative
Real-Time PCR
Cells were suspended in 1 ml of TRIzol, and
RNA was extracted as described previously
(18). RNA was amplified by quantitative
reverse transcription PCR performed with

Figure 2. PGE2 decreases TLR4 by translational inhibition. (A) AMs were treated with PGE2 (200 nM)
for 4, 8, 12, 24, and 48 hours and analyzed by Western blot for TLR4 expression. (B) AMs were
treated with cycloheximide (CHx) (10 mM) for 4, 8, 12, or 24 hours and analyzed by Western blot for
TLR4 expression. (C) AMs were pretreated with CHx for 30 minutes before PGE2 treatment for 24
hours and analyzed by Western blot for TLR4 expression. Relative expression of TLR4 protein was
normalized for BAC and expressed relative to control (DMSO) (represented in the graph as a dashed

line). Data are the means 6 SE from at least three independent experiments. *P , 0.05; ***P , 0.01.
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a SYBR Green PCR kit (Applied Biosystem,
Warrington, UK) on a StepOnePlus Real
Time PCR System (Applied Biosystems,
Carlsbad, CA). Relative gene expression
was determined by the DCT method, and
b-actin was used as reference gene.

RNA Interference
RNA interference was performed according
to a protocol provided by Thermo Scientific
(Waltham, MA). Rat AMs were transfected
using lipofectamine RNAiMax reagent
(Invitrogen) with 50 or 100 nM
nontargeting SMARTpool control or
specific ON-TARGET SMARTpool TLR4
small interfering RNA (siRNA) from
Thermo Scientific. After 24 or 48 hours
of transfection, AMs were harvested or
challenged with LPS for 24 hours.

Statistical Analysis
Data are presented as means6 SE from three
or more independent experiments unless
otherwise specified and were analyzed with
the Prism 6.0 statistical program (Graphpad
Software, La Jolla, CA). The group means for
different treatments were compared by
ANOVA followed by Bonferroni analysis.
Statistical significance was set at P , 0.05.

Results

PGE2 Causes a Decrease in TLR4
Protein Expression Independent of
a Decrease in tlr4 mRNA
We have reported (14) that PGE2 dose-
dependently inhibits AM phagocytosis with
a maximal effect at z 1 mM and an IC50 of
z 50 nM. Pilot dose–response experiments
(not shown) established that 24 hours of
treatment with 200 nM PGE2 elicited
a reproducible decrease in AM TLR4
protein levels, and this dose was used in all
subsequent studies. This effect on TLR4
protein was statistically significant, and the
mean reduction was z 40% (Figure 1A).
Consistent with prior observations
demonstrating opposing regulation of other
AM functions, LTB4 at an optimal dose
of 100 nM, by contrast, modestly but
significantly increased TLR4 expression
(Figure 1A). Because functional TLR4
capable of recognizing ligands such as LPS
is localized on the cell surface, we used flow
cytometry to determine the effect of PGE2
specifically on this functional pool of TLR4.
These data confirmed that PGE2 similarly
decreased cell surface expression of TLR4

(Figure 1B). Although the increase in TLR4
protein levels in LTB4-treated cells was
associated with a parallel increase in tlr4
mRNA levels (assessed at 8 h), the
reduction in protein levels in PGE2-treated
cells was instead associated with a slight
increase in mRNA level (Figure 1A). Time
course experiments indicated that at no
time point evaluated did PGE2 decrease tlr4
mRNA (Figure 1C). Analysis of the effect of
PGE2 on transcript levels of all TLRs at 4
and 24 hours using a Toll-Like Receptor

Signaling Pathway PCR Array (Qiagen,
Valencia, CA) demonstrated no significant
changes (data not shown), consistent with
the quantitative reverse transcription PCR
results for TLR4.

PGE2 Decreases TLR4 by Inhibition
of Translation
To further explore the discrepant effects of
PGE2 on TLR4 mRNA and protein levels,
we first examined the effects of PGE2 on
TLR4 protein at a range of time points

Figure 3. PGE2 decreases TLR4 protein by an EP2-cAMP signaling pathway. (A) AMs were treated
with PGE2 (200 nM) or forskolin (Fsk) (100 mM) for 24 hours and subjected to Western blot analysis for
TLR4 expression. (B) AMs were treated with PGE2 or with the EP2-selective antagonist AH6809
(1 mM) or the EP4-selective antagonist ONO-AE3–208 (1 mM) for 30 minutes followed by PGE2 for
24 hours. AM lysates were harvested and subjected to Western blot analysis for TLR4 expression.
Relative expression of TLR4 protein was normalized for BAC and expressed relative to control
(DMSO) (represented in the graph as a dashed line). (C) Human monocytic cell line U937 was
differentiated to macrophages with phorbol 12-myristate 13-acetate and treated with PGE2 (100 nM)
or forskolin (Fsk, 100 mM) for 24 hours and subjected to Western blot analysis for TLR4 expression.
Relative expression of TLR4 protein was normalized for BAC and expressed relative to control
(DMSO) (represented in the graph as a dashed line). Data are means 6 SE from at least three
independent experiments. *P , 0.05; **P , 0.01.
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other than 24 hours. With PGE2 treatment
of AMs, there was a time-dependent
decrease in TLR4 protein expression over
the interval of 12 to 48 hours (Figure 2A).
We have recently reported that PGE2 can
inhibit global protein translation in
macrophages (19). To ascertain whether
this decline in TLR4 protein reflected
reduced protein synthesis or enhanced
degradation by PGE2, we used the
prototypical protein translation inhibitor
cycloheximide (CHx). Under conditions of
CHx treatment and hence no translation,
we established that TLR4 protein declines
in a time-dependent manner with kinetics
resembling that seen with PGE2, indicating
a half-life of approximately 18 to 24 hours
(Figure 2B). At the 24-hour time point,
the reduction in TLR4 protein was more
pronounced with CHx than with PGE2;
however, there was no significant additivity
between CHx and PGE2 when AMs were
treated with both (Figure 2C). The lack of
any additive reduction in TLR4 protein
levels by the addition of PGE2 beyond that
elicited by CHx suggests that the PGE2-
induced decrease in TLR4 levels is mediated
by inhibition of protein translation.

PGE2 Inhibits TLR4 Expression by
EP2 Receptor Ligation and
Increased cAMP
PGE2 can ligate any of four distinct GPCRs,
termed EP1, -2, -3, and -4. EP2 and EP4 are
coupled to a stimulatory Ga protein, which
stimulates adenylyl cyclase to generate
the second messenger cAMP. We have
previously demonstrated that PGE2 elicits
a dose-dependent increase in intracellular
cAMP in rat AMs and that this is mediated
primarily via ligation of EP2 (14). To test
whether increases in cAMP are capable
of reducing TLR4 expression, AMs were
treated for 24 hours with forskolin,
a compound that increases cAMP by
entering the cell and directly activating
adenylyl cyclase. Forskolin treatment
strongly reduced protein expression of TLR4,
suggesting that PGE2 uses a cAMP-coupled
receptor to decrease TLR4 (Figure 3A).
We used selective EP2 and EP4 antagonists
to clarify which of these stimulatory
Ga–coupled receptors mediates the actions
of PGE2 and found that reduction of TLR4
is mediated through EP2 (Figure 3B). The
relevance of the cAMP inhibitory effect
on TLR4 expression to human cells was
examined in the U937 human monocytic
cell line differentiated with PMA. Although

there was a dramatic and statistically
significant suppression of TLR4 expression
by forskolin, PGE2 itself had no effect
(Figure 3C). A previous report demonstrated
that differentiation of U937 cells with PMA
caused a decrease in EP2 expression and
signaling (20). Thus, although these cells may
not be suitable for exploring the effects of
PGE2–EP2 actions on TLR4, they do indicate
that when the GPCR is bypassed and adenylyl

cyclase is activated directly by forskolin, the
inhibitory effects of cAMP on expression of
this PRR in human cells are still apparent.

PGE2 Acts through Unanchored Type
I PKA to Decrease TLR4 Protein
The cAMP effectors PKA and Epac can
mediate distinct inhibitory effects of cAMP
in AMs (21). To determine which cAMP
effector pathway PGE2 uses to decrease

Figure 4. Unanchored type I PKA is responsible for the suppression by PGE2 of TLR4 protein.
(A) AMs were treated for 24 hours with the PKA-specific cAMP analog 6-Bnz-cAMP (PKA, 500 mM), the
Epac-specific cAMP analog 8-pCPT-2-O-Me-cAMP (Epac, 500 mM), or PGE2 (200 nM) and analyzed
by Western blot for TLR4 expression. (B) AMs were treated with PGE2 (200 nM) or pretreated for
30 minutes with PKA RI inhibitor Rp-8-Cl-cAMPS (10 mM) or PKA RII inhibitor Rp-8-PIP-cAMPS
(10 mM) for 30 minutes, treated with PGE2 for 24 hours, and subjected to Western blot analysis for
TLR4. (C) AMs were treated with PGE2 (200 nM), PKA RI–selective activator 2-Cl-8-MA (10 mM),
or PKA RII–selective activator 6-MBC (10 mM) for 24 hours and subjected to Western blot analysis for
TLR4. (D) AMs were treated with PGE2 (200 nM) or pretreated with the RI/AKAP disruptor peptide
RIAD (25 mM) for 30 minutes and then treated with PGE2 for 24 hours before Western blot analysis
for TLR4. Relative expression of TLR4 protein was normalized for BAC and expressed relative to
control (DMSO) (represented in the graph as a dashed line). Data are means 6 SE from at least three
independent experiments. *P , 0.05; **P , 0.01; ***P , 0.001.

ORIGINAL RESEARCH

246 American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 2 | August 2014



TLR4 protein levels, cAMP analogs with
selectivity for activation of PKA or Epac
were used. PKA agonist–treated cells
showed a statistically significant decrease in
TLR4 protein expression, whereas Epac
agonist–treated cells showed no effect
(Figure 4A). Selective agonists and
inhibitors of types I and II PKA were used
to determine which PKA R isoform
mediates PGE2 inhibition of TLR4 protein
levels. Pretreatment of AMs with a PKA-RI
inhibitor for 30 minutes prevented the
ability of PGE2 to decrease TLR4 protein,
whereas a PKA-RII inhibitor did not
(Figure 4B). Additionally, a PKA-RI agonist
was able to mimic the decrease in TLR4
protein elicited by PGE2, but a PKA-RII
agonist was not (Figure 4C). On the basis
of these results, we conclude that PGE2
uses type I PKA to inhibit TLR4 protein
production.

AKAPs are a family of proteins that
serve as scaffolds to target PKA to specific
microdomains and thereby enhance
proximity to particular substrates (22).
To determine whether inhibition of TLR4
expression involves an AKAP-anchored
pool of type I PKA, we pretreated cells with
RIAD, a peptide that selectively disrupts
interactions between AKAPs and PKA-RI
(Figure 4D). RIAD did not inhibit PGE2
actions, suggesting that reduction of TLR4
by PGE2 is mediated by an unanchored
pool of type I PKA.

PGE2 Reduction of TLR4 Dampens
TNF-a Production on LPS Treatment
To determine the functional significance of
the decrease in TLR4 protein elicited by
PGE2, we examined the LPS-induced
generation of TNF-a. AMs were pretreated
for 24 hours with PGE2 and then treated
with LPS for another 8 or 24 hours.
Compared with PGE2-untreated cells, AMs
pretreated with PGE2 expressed less TNF-a
mRNA at 8 hours (Figure 5A) and secreted
less TNF-a protein measured by ELISA at
24 hours (Figure 5B) in response to
stimulation with LPS. AMs pretreated with
PGE2 before LPS stimulation likewise
exhibited decreased TLR4 levels (Figure 5C).
PGE2 treatment alone did not decrease
TNF-a mRNA or protein, indicating that
the effects observed in Figures 5A and 5B
are not due to a direct inhibition of TNF-a
transcription or translation by PGE2. PGE2
has been previously demonstrated to
inhibit TLR4 signaling, which can result
in inhibition of TNF-a release (23, 24).

To determine whether the degree of
reduction of TLR4 protein elicited by PGE2
is sufficient on its own to be associated with
functional consequences, knockdown of
TLR4 by RNA interference was performed.
Treatment of AMs for 24 hours with TLR4
siRNA reduced TLR4 protein to a degree
(z 40%) similar to that caused by PGE2
(Figure 5D). AMs pretreated with siRNA in
this manner and then treated with LPS for
24 hours generated substantially less TNF-a
(Figure 5E). These data suggest that the
degree of down-regulation of TLR4
elicited by PGE2 is sufficient to impair the
TLR4-mediated inflammatory response

independent of the known ability of
PGE2 to interfere with TLR4 signaling
(Figure 6).

Discussion

Lung infections are responsible for more
morbidity and mortality worldwide
than infections in any other organs (25).
This underscores the importance of
understanding the regulation of innate
immunity in the lung. AMs serve as the first
line of immune defense in the pulmonary
alveolar space, and TLR4 is one of the most

Figure 5. Reduction in TLR4 protein by PGE2 causes decreased LPS-induced TNF-a mRNA and
protein. (A, B) AMs were pretreated with PGE2 or DMSO vehicle control for 24 hours and then treated
with LPS (100 ng/ml) or media alone for another 8 hours before quantification of TNF-a mRNA in cell
lysates by qPCR and for 24 hours before quantification of TNF-a protein in supernatants by ELISA.
(C) AMs were pretreated with PGE2 or DMSO vehicle control for 24 hours and then treated with LPS
(100 ng/ml) or media alone for another 24 hours before quantification of TLR4 protein in cell lysates
by Western blot. (D) AMs were treated with control small interfering RNA (siRNA) or TLR4 siRNA (50 mM)
for 24 hours. Cell lysates were harvested and subjected to Western blot analysis for TLR4 and
b-actin. (E) AMs were pretreated with control siRNA or TLR4 siRNA for 24 hours and then treated
with LPS (100 ng/ml) or medium control. Supernatants were harvested, and TNF-a protein was
measured by ELISA. Data are means 6 SE from at least three independent experiments. *P , 0.05.
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important mechanisms for pathogen
recognition by these cells. Finally, because
PGE2 is produced in great abundance at
sites of infection and inflammation, its
influence on innate immune responses
mediated by TLR4 is of significant interest.
Here we demonstrate for the first time that
PGE2 diminishes TLR4 protein expression
in resident rat AMs, attenuating the
capacity for proinflammatory cytokine
generation on subsequent LPS stimulation.
This action of PGE2 was mediated by
inhibition of TLR4 translation, rather than
transcription, and involved a signaling
cascade consisting of EP2 ligation and
cAMP activation of unanchored PKA-RI.
The ability of increased intracellular cAMP
to reduce TLR4 expression was also
observed in human monocyte–like cells.
Decreased TLR4 levels resulted in lower
transcription and secretion of TNF-a
on LPS stimulation. These data are
summarized conceptually in Figure 6. This
finding represents a new mechanism by
which PGE2 dampens TLR4 responses.

We have previously shown that PGE2,
also via a EP2-cAMP-PKA axis, can
modulate cytokine production initiated by
TLR4 ligation when added to AMs at the
same time as LPS (16). This effect involves
PKA regulation of TLR4 signaling pathway
components that culminate in the
activation of NF-kB. The phenomenon
described here would be expected to
similarly and additively dampen TLR4
responses, but it involves a delayed action
of PGE2, which requires a number of hours.
That this effect was independent of changes
in tlr4 mRNA levels excludes reduced
transcription and reduced message stability.
The similarity in kinetics and the lack of
additivity with CHx suggest that PGE2
exerted its effect not by promoting
degradation of TLR4 protein but by
inhibiting translation. This is consistent
with our recent study (19) that reported
that PGE2, via PKA, inhibits global protein
translation in macrophages and other cell
types, an effect that was mediated by PKA
inhibition of the translation enhancer,
mammalian target of rapamycin, and
its activation/phosphorylation of the
translation repressor ribosomal protein S6.
To our knowledge, this represents the first
demonstration of TLR4 expression being
regulated at the translational level in any
cell type.

The effects of PGE2 differed from those
of its lipid mediator counterpart, LTB4, in
the directionality and mechanism of its
effects on TLR4 expression. LTB4 enhanced
TLR4 protein expression on AMs, and this
was paralleled by a concomitant increase
in tlr4 mRNA. LTB4 has previously been
shown to promote AM responses to TLR4
ligation by increasing expression of the TLR
adaptor protein myeloid differentiation
factor 88 (26), thereby increasing TLR4-
induced signaling. Its ability to up-regulate
expression of TLR4, as demonstrated here,
represents another mechanism by which it
would be expected to enhance responses
to TLR4 ligands. Taken together, our data
indicate that lipid mediators can regulate
TLR4 expression at the translational (PGE2)
or pretranslational (LTB4) levels. Because the
actions of PGE2 were our primary focus in
this report, the precise mechanisms by which
LTB4 up-regulates tlr4 mRNA remain to be
explored. However, because LTB4 has been
shown to increase expression of PU.1 (27),
themajor transcription factor for tlr4 (28), we
speculate that it may in this way increase
transcription of tlr4.

Among the numerous NF-
kB–dependent gene products induced in
macrophages stimulated with LPS are
cyclooxygenase-2 (29) and microsomal
PGE synthase-1 (30), two enzymes that
catalyze the sequential conversion of
arachidonic acid to PGE2. It is very likely,
therefore, that PGE2, which is produced
during the host response to LPS, acts in
a feedback loop to attenuate TLR responses.
This may help to prevent inflammatory
responses from persisting and causing
tissue damage, but it is also evident that
exaggerated production of or signaling by
PGE2 could, through reduced expression of
TLR4 (shown herein) and TLR4 signaling
(shown previously), impair innate immune
defense, as has been reported in animal
models of lung infection (31–33). The
ability of PGE2 to down-regulate TLR4
could also potentially explain the
phenomenon of LPS tolerance, in which
prior exposure to LPS can cause reduced
secretion of TNF-a in response to
a subsequent challenge (34). Indeed, PGE2
has been implicated in the phenomenon
of immunoparalysis after sepsis (35), and
down-regulation of TLR4 expression could
contribute to this.

Although the ability of LTB4 to
enhance and of PGE2 to decrease TLR4
expression in AMs has obvious
implications for pulmonary innate
immunity, the role of TLR4 extends beyond
microbial recognition. TLR4 can be
activated by a variety of ligands that are not
derived from microbes (36). These include
high mobility group box 1, which can
mediate acute lung injury (37), and low-
molecular-weight hyaluronan, which can
contribute to airway inflammation in
asthma (38) and fibrotic lung injury (39).
Other endogenous TLR4 ligands, such as
heparan sulfate (40), fibrinogen (41), and
several heat shock proteins (42, 43), play
important roles in various disease states.
Down-regulation of TLR4 expression by
endogenous PGE2 would be expected to
decrease innate immune responses and
tissue injury in response to these danger-
associated molecules. Finally, because
up-regulation of TLR4 contributes to the
pathogenesis of autoimmune diseases (44),
ventilator-induced lung injury (45, 46), and
Th2 immune responses involved in allergic
asthma (38, 47–50), the ability of PGE2 to
down-regulate TLR4 expression might have
broad clinical and therapeutic relevance.

Figure 6. Scheme depicting inhibition of TLR4
translation by PGE2. (1) PGE2 ligation of the EP2
receptor results in activation of Gs a subunit (2),
which leads to conversion of ATP to cAMP by
adenyl cyclase (3). cAMP binds to cAMP-
dependent protein kinase (PKA) type II-a
regulatory subunit (4), resulting in dissociation of
the PKA catalytic subunit (5), whose activity
decreases TLR4 protein translation (6).
Decreased TLR4 protein translation results in
lower levels of TLR4 protein in the cell and more
importantly at the cell surface (7). On LPS
stimulation (8), this lower level of cell surface
TLR4 protein leads to weaker TLR4 signaling (9),
resulting in inhibition of TNF-a transcription (10).
AC, adenyl cyclase; C, the catalytic subunit of
PKA; EP2, E prostanoid 2 receptor; ER,
endoplasmic reticulum; RII, cAMP-dependent
protein kinase type II.
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Several questions stimulated by this
work remain unanswered. Further studies
should verify if the results we have
obtained in rat AMs can be reproduced
in human cells. Although our effort to
address this in U937 cells was limited by
the fact that these cells are unresponsive
to PGE2, they did verify the ability
of increases in cAMP, achieved
independently of EP2-mediated actions of
PGE2, to decrease TLR4 expression. It is
unknown whether the effects of PGE2 on

TLR4 described herein in AMs apply
to resident macrophages from other
anatomic sites. Likewise, it is not known
if PGE2 exerts a similar effect in
macrophages recruited to the lung.
Finally, it remains to be determined if
PGE2 similarly inhibits protein translation
of TLRs other than TLR4 or of other
classes of PRRs.

In conclusion, we have identified
a PGE2-EP2-cAMP–type I PKA axis that
down-regulates TLR4 expression on

primary resident AMs, leading to
impairment in TLR4 responses, as reflected
by TNF-a production. This effect is
mediated by inhibition of translation of
the TLR4 protein. The ability of an
endogenously generated GPCR ligand to
regulate TLR4 can influence protective and
deleterious responses to ligation of this
PRR. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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