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Abstract

Macrophages activate the production of cytokines and chemakines in response to LPS through
signaling cascades downstream from TLR4. Lipid mediators such as PGE5, which are produced
during inflammatory responses, have been shown to suppress MyD88-dependent gene expression
upon TLR4 activation in macrophages. The study reported here investigated the effect of PGE, on
TLR3-and TLR4-dependent, MyD88-independent gene expression in murine J774A.1 macrophages,
as well as the molecular mechanism underlying such effect. We demonstrate that PGE5 strongly
suppresses LPS-induced IFNP production at the mRNA and protein levels. Poly I:C-induced IFNB
and LPS-induced CCL5 production were also suppressed by PGE,. The inhibitory effect of PGE,
on LPS-induced IFNP expression is mediated through PGE receptor subtypes EP, and EP4, and
mimicked by the cAMP analogue 8-Br-cAMP as well as by the adenylyl cyclase activator forskolin.
The downstream effector molecule responsible for the cAMP-induced suppressive effect is Epac but
not PKA. Moreover, data demonstrate that Epac-mediated signaling proceeds through PI3K, Akt,
and GSK3p. In contrast, PGE; inhibits LPS-induced TNFa production in these cells through a distinct
pathway requiring PKA activity and independent of Epac/PI3K/Akt. In vivo, administration of a
COX inhibitor prior to LPS injection resulted in enhanced serum IFN[ concentration in mice.
Collectively, data demonstrate that PGE; is a negative regulator for IFNB production in activated
macrophages and during endotoxemia.
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Introduction

Prostaglandin E, (PGE,), produced by macrophages and other cells in response to
inflammatory stimuli, has been shown to modulate macrophage activation in part by
suppressing the release of cytokines and/or chemokines (1-3). Several lines of evidence suggest
that the production of PGE, during inflammation constitutes a negative-feedback mechanism
which limits the production of, among other mediators, TNFa, IL-1, and CCL4 in immune
cells (2,4,5).

The production of cytokines and chemokines by macrophages can be initiated through the
engagement of the pattern recognition receptors (i.e, TLRs) expressed on these cells. The
cytoplasmic domain of TLRs transmits signals downstream via interactions with Toll/IL-1
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receptor homology (TIR) domain-containing adaptor molecules. Among them, MyD88 plays
a central role in TLR signaling as it is shared by almost all TLRs. Further advances in the
understanding of TLR signaling have identified genes whose induction is independent of
MyD88 (6). In this regard, 71% of the LPS-responsive genes in macrophages were shown to
be modulated independently of MyD88 (7).

The purpose of the present study was to characterize the effect of PGE, on LPS-induced,
MyD88-independent gene expression and to elucidate the molecular mechanism responsible
for such regulation. Experiments focused on IFNp, the only type | interferon produced by
macrophages upon TLR4 activation, and a prototypical MyD88-independent gene. Results
show that PGE>, at concentrations found in acute inflammatory sites in vivo, imposes a strong
suppression on LPS-induced IFNP production. In addition, PGE, suppresses another MyD88-
independent gene upon TLR4 stimulation, namely CCL5, and TLR3-mediated, poly I:C-
induced IFN production by J774A.1 cells. Furthermore, findings demonstrate the divergent
regulation of PGE,-mediated signaling components on MyD88-dependent and -independent
cascades downstream from TLR4 activation in macrophages. Finally, blocking COX activity
in vivo results in higher post-LPS serum IFNp concentration.

Materials and Methods

Cell culture

The murine macrophage-like J774A.1 cell line was obtained from the American Type Culture
Collection (Manassas, VA). Cells were grown in Dulbecco’s Modified Eagle’s Medium
(Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum (HyClone, Logan,
UT), penicillin (100 U/mL), and streptomycin (100 U/mL). Cells were cultured at 10° cells/
well in 0.2 mL culture media in 96-well plates (Becton Dickinson Labware, Franklin Lakes,
NJ) for supernatant harvesting and at 2x108 cells/well in 2 mL culture medium in 6-well plates
(Becton Dickinson Labware) for RNA or protein extraction. Specific cell treatments in the
different experiments are described in the Figure Legends and in the text. Cell viability was
determined using Neutral Red uptake at the end of all experiments. None of the treatments
affected cell viability.

Enzyme-linked immunosorbent assay (ELISA)

RT-PCR

ELISA was used to measure IFNB protein accumulation in supernatants harvested from
macrophages as described by Weinstein et al. (8). The level of CCL5 was measured with a
commercially available ELISA kit, according to manufacturer’s instruction (R&D Systems,
Minneapolis, MN). TNFa production was measured by ELISA, with capture and detection
antibodies purchased from BD Biosciences (San Jose, CA) and Pierce (Rockford, IL),
respectively.

Total RNA was isolated using the RNeasy Mini extraction kit (Qiagen, Valencia, CA). cDNA
was synthesized from 1 pug of total RNA using the First-strand cDNA Synthesis kit (GE
Healthcare, Buckinghamshire, UK) according to manufacturer’s instructions. Quantitative
PCR was performed with SYBR Green quantitative PCR SuperMix (Stratagene, La Jolla, CA)
and the Mx4000P QPCR system (Stratagene). PCR primer pairs (Table 1) were obtained from
Invitrogen. The following cycling conditions were used for the amplification of IFNJ and -
actin: 10 min at 95°C as the initial denaturation step; 15 sec at 95°C (1 min for p-actin), 45 sec
at 59°C and 30 sec at 72°C as the amplification step; and a final cooling step down to 4°C. The
melting point curve for primer specificity was run for 30 sec at 55°C. Primer specificity was
confirmed by melting curve analysis and agarose gel electrophoresis. No non-specific products
were observed. Serial dilutions of plasmids containing the cloned PCR products were used to
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generate standard curves. All the gene expression data presented in the Results section were
normalized to B-actin.

The expression of EP subtypes was analyzed by conventional PCR. The cycling conditions
included: 3 min at 94°C as the initial denaturation step; 30 sec at 94°C, 45 sec at 55°C for
EP, (58.5°C for EP, and 65°C for EP4) and 1 min at 72°C as the amplification step; and a final
cooling step down to 4°C.

Western blot analysis

Macrophages were harvested in cold lysis RIPA buffer (50 mM Tris-HCI, pH 7.4; 150 mM
NaCl, 0.25% deoxycholic acid, 1% NP40, and 1ImM EDTA), together with protease inhibitor
cocktail (Roche Applied Sciences, Indianapolis, IN). Protein concentrations were determined
by BCA assay (Pierce). For Western blot analysis, total protein (20 ug) was fractionated by
SDS-polyacrylamide gels and was transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA). The membranes were blocked, washed, and incubated with Akt and phospho-
Akt antibodies (1:1000 dilution) followed by horseradish peroxidase-conjugated secondary
antibodies (1:3000 dilution). Signals were detected with ECL Western Blotting Detection
Reagents (GE Health) according to manufacturer’s instructions.

Measurement of Ca2* influx in J774A.1 cells

Intracellular Ca2* flux was assessed in real time with the fluorescent probe fluo-4/AM dye
(Invitrogen), monitored with a Nikon TE2000U inverted fluorescent microscope (Nikon
Instruments Inc., Japan). Briefly, 300,000 J774A.1 macrophages were loaded with 3 ng/mL
fluo-4/AM dye in HBSS (Invitrogen) supplemented with 10 mM HEPES (pH 7.4) for 30 min
at 25°C. Just before use, cells were washed with HBSS + 10 mM HEPES to remove excess
fluo-4/AM. Fluorescent images (ex 489/em 522 nm) were acquired every 5 sec along with
corresponding bright field images every 30 sec, for 40 min at 25°C. Regions were drawn around
the cells and total cellular fluorescent intensity was measured and plotted over time.

cAMP measurement

Animals

Intracellular cAMP level was assayed using an EIA kit from Cayman Chemical (Ann Arbor,
Michigan). In brief, J774A.1 cells were seeded into 12-well plates at 1.5x10%cells/well and
incubated with the phosphodiesterase inhibitor IBMX (2 mM) for 30min at 37°C. The reaction
was started by the addition of PGE,, butaprost, or ONO-AE1-329 for 10min at 37°C. The
reaction was terminated by aspirating the supernatant, and cells were immediately harvested
in 0.1 N HCI by scraping. The cell-suspension was centrifuged for 10 min at 1,000 x g, 4°C.
The supernatants were assayed using the CAMP assay kit according to manufacturer’s
instructions.

Six-to-eight week old Swiss Webster male mice were purchased from Taconic Farms (Hudson,
NY). Experimental protocols were approved by the Institutional Animal Care and Use
Committee at Rhode Island Hospital.

In vivo experiments

Mice were injected with ketorolac (Cayman Chemical; 20 mg/kg) or saline i.p. (n = 6 per
group). One hour later, animals were challenged with LPS (1 mg/kg; i.p.). Blood was harvested
2 h later by cardiac puncture and used for the measurement of IFNp. Preliminary experiments
demonstrated peak serum IFNp occurred 2 h after LPS exposure.
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LPS, PGE,, butaprost, forskolin, 8-bromo-cAMP, LiCl, SB216763, IBMX and HEPES were
obtained from Sigma-Aldrich. Poly I:C was from In VivoGen (San Diego, CA). Protein kinase
A inhibitors H-89 and KT5720, 8-CPT-2’-O-Me-cAMP, and wortmannin were from
Calbiochem (San Diego, CA). The protein molecular mass markers, as well as penicillin and
streptomycin were from Invitrogen. Anti-phospho-Akt and anti-Akt Abs were purchased from
Upstate Signaling (Lake Placid, NY). The HRP-conjugated anti-rabbit Ab was from Cell
Signaling (Danvers, MA). EP1 agonist 17-phenyl trinor PGE, was purchased from Cayman
Chemical and EP,4 agonist ONO-AE1-329 was provided by Ono Pharmaceuticals (Osaka,
Japan). H,SO,4 was from Fisher Scientific.

Statistical analysis

Results

All experiments were performed at least three times. Cell culture data are means + SD from
quadruplicate samples in a representative experiment. Statistical analysis was by ANOVA,
with Dunnett’s or Student-Newman-Keuls post-hoc tests (cell culture experiments) or Mann-
Whitney U test (in vivo experiments). A value of p < 0.05 was considered statistically
significant.

Effect of PGE, on LPS-induced IFNB production in J774A.1 cells

PGE, dose-dependently suppressed LPS (100 ng/mL)-induced IFN production (Fig. 1).
Endogenous PGE, did not contribute to the suppressive effect since the addition of the COX
inhibitor indomethacin (10 uM) did not alter IFNp release (data not shown).

To determine whether the suppressive effect of PGE, was unique to IFNJ among MyD88-
independent genes induced by LPS, the production of chemokine CCL5 was measured in the
presence or absence of PGE,. PGE, was found to dose-dependently reduce LPS-induced CCL5
production (Fig. 2A).

Activation of TLR3 can also trigger IFNp release via a MyD88-independent pathway. A robust
IFNP production was detected by ELISA in cells stimulated with the TLR3 synthetic ligand
poly I:C (Fig. 2B) and PGE, treatment prior to poly I:C stimulation suppressed IFN
production.

The suppressive effect of PGE, on LPS-induced IFNB production occurs at the mRNA level

The regulation of IFNJ gene expression occurs mainly at the transcriptional level (9,10). As
shown in Fig. 3, LPS stimulation led to a rapid increase in IFN mRNA, with maximum level
detected at 4 h. PGE, pretreatment reduced LPS-induced IFNB mRNA by four and six fold at
2 h and 4 h, respectively (Fig. 3). Moreover, the suppressive effect of PGE; on LPS-induced
IFNB mRNA expression was maintained when PGE, was added simultaneously with or 30
min after LPS (data not shown).

Expression and function of prostaglandin receptor subtypes in J774A.1 cells

Conventional RT-PCR was conducted to characterize the PGE, receptor expression patterns
in J774A.1 cells. As shown in Fig. 4, EP1, EP, and EP4 mRNAS were detected in un-stimulated
cells. As reported by Sugimoto et al. (11), LPS stimulation resulted in increased EP, mRNA
expression (Fig. 4). EP3 mMRNA was not detected in the cells (data not shown).

To test whether EP mRNA expression correlated with receptor function, cells were treated with
specific EP agonists. EP1 is known to activate Ca2* signaling (reviewed in (12)). Treatment
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of macrophages with the EP1 agonist 17-phenyl trinor PGE, did not result in significant
intracellular CaZ* influx (Fig. 5A).

In contrast to EP4, EP, and EP4 receptors stimulate adenylyl cyclase activity. There was an 8-
fold increase in the intracellular cAMP level when macrophages were treated with PGE, (50
ng/mL) as compared to untreated cells for 10 min (6.1 + 0.6 vs. 44 + 4.3 pmol/1.5 x 106 cells;
Fig. 5B). Both butaprost, an EP2 agonist, and ONO-AE1-329, an EP,4 agonist (at 100 nM for
10 min) elevated intracellular cAMP, demonstrating the functionality of the receptors.

EP,- and EP4-specific agonists suppress LPS-induced IFNB production

The EP»- and EP4-specific agonists mentioned above were utilized to examine the roles of
these receptors in mediating the inhibition of LPS-induced IFNP production by PGE,. Similar
to the effect of PGE,, either agonist dose-dependently suppressed LPS-induced IFNf
production (Fig. 6). Furthermore, the relative magnitude of the inhibition of LPS-induced
IFNP production imposed by EP»- and EP4-specific agonists correlated with the levels of
intracellular cAMP produced (Fig. 5). In contrast, EP1-specific agonist 17-phenyl trinor
PGE; (100 nM) failed to alter LPS-induced IFN mRNA expression when added alone or
together with EP,- or EP4-specific agonists (data not shown).

cAMP and its downstream effector molecule Epac are responsible for the suppressive effect

of PGE>

A cell membrane-permeable cAMP analogue, 8-Br-cAMP, was utilized to test the hypothesis
that an elevation of intracellular cAMP level is necessary for the effect of PGE, on IFNB
production. The real-time quantitative RT-PCR data shown in Fig. 7A illustrate that forskolin,
an activator of adenylyl cyclase, could mimic the effect of PGE, by suppressing LPS-induced
IFNB production in a dose-dependent manner. Cyclic AMP analogue 8-Br-cAMP had a similar
effect (Fig. 7B).

A well-characterized signaling target downstream from cAMP is CAMP-responsive protein
kinase A (PKA). To investigate whether PKA was involved in the PGE,-mediated suppression
of LPS-induced IFNp production, cells were treated with PKA inhibitors H89 or KT-5720 prior
to LPS. Neither treatment could reverse the inhibitory effect of PGE, on LPS-induced IFNf
gene expression or protein release (Fig. 8A; KT-5720 data not shown).

cAMP-mediated signaling also occurs through exchange protein directly activated by cAMP
(Epac) (13). The expression of Epac in murine macrophages has been documented (14). Real-
time quantitative RT-PCR demonstrated that the Epac-specific activator 8-CPT-2’-O-Me-
cAMP dose-dependently suppressed LPS-induced IFNB gene expression (Fig. 8B). Since 8-
CPT-2’-O-Me-cAMP does not activate PKA, the data indicate that Epac represents the
downstream effector molecule mediating the inhibitory effect of PGE, on LPS-induced
IFNP production.

Role of PI3K-->Akt-->GSK3 in PGE,-mediated suppression of LPS-induced IFNB production

PI3K is considered a negative regulator of TLR signaling (15). Moreover, there is evidence
that activation of Epac by cAMP can signal through the PI3K/Akt pathway (16). The effect of
PGE; on PI3K activation was assessed by Western blot analysis using a phospho-specific
antibody against residue Serine 473 of Akt. Results revealed that treatment of macrophages
with PGE; increased phosphorylation of Akt in a time-dependent manner (Fig. 9A). The ability
of PGE> to phosphorylate/activate Akt has been reported elsewhere with similar kinetics to
those shown in Fig. 8A (17). To discern the EP receptor responsible for Akt activation, cells
were stimulated with either butaprost or ONO-AE1-329, and the two agonists induced Akt
activation with similar kinetics (Fig. 9A). While the activation of PI3K by EP4 agonist has
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been reported (18), results described here show that such response can also be elicited by an
EP, agonist.

To investigate the downstream signaling components responsible for the activation of Akt, the
cAMP analogue 8-Br-cAMP as well as the Epac-specific activator 8-CPT-2-O-Me-cAMP
were used to stimulate J774A.1 cells. Akt activation/phosphorylation was induced by both
compounds (Fig. 9 A and B). Akt phosphorylation was mediated exclusively through PI3K
because wortmannin (a PI3K-specific inhibitor) abolished Akt phosphorylation in response to
PGE,, butaprost, ONO-AE1-329, 8-Br-cAMP, or 8-CPT-2’-O-Me-cAMP (data shown for 8-
CPT-2’-O-Me-cAMP, Fig. 9B). Fig. 9C shows that LPS triggered maximal level of Akt
phosphorylation/activation at 15 min, and that PGE, prolonged LPS-induced Akt activation
in the cells.

Todirectly test the involvement of PI3K/Akt on LPS-induced IFNP production, cells were pre-
treated with the PI3K inhibitor wortmannin. Real-time quantitative RT-PCR results indicated
that wortmannin completely reversed the inhibitory effect of PGE, on LPS-induced IFNp gene
expression (Fig. 10A). Furthermore, the normalized level of IFN mRNA was twice as high
in wortmannin-treated cells than in LPS-treated controls (12.2 + 3.0 vs. 6.6 £+ 1.3).

GSK3p is a constitutively active protein kinase which becomes inactive upon Akt
phosphorylation (19). To mimic Akt-induced inactivation, GSK3p inhibitors LiCl or
SB216763 was used to pre-treat cells followed by LPS stimulation. Real-time quantitative RT-
PCR showed that inactivating GSK3p reduced LPS-induced IFNf gene expression, an effect
similar to that of PGE; (Fig. 10B).

Differential regulation of the PGE,-mediated signaling components on MyD88-dependent
gene TNFa expression

TNFa is a prototypical cytokine induced via the MyD88-dependent signaling pathway
downstream from TLR4. PGE; has been reported to suppress LPS-induced TNFa. expression
and production (2). Real-time quantitative RT-PCR revealed that, similar to the regulation of
IFNp, both EP, and EP4 receptors were involved in the PGE,-mediated suppression of
TNFo gene expression (Fig. 11A). Moreover, 8-Br-cAMP mimicked the inhibitory effect of
PGE; (Fig. 11B). In contrast with findings on IFN, pretreatment with the PKA inhibitor H89
reversed the inhibitory effect of PGE, on LPS-induced TNFa expression, whereas the Epac
activator did not have an effect. Furthermore, treatment with a PI3K inhibitor prior to LPS
stimulation did not alter TNFa gene expression (Fig. 11B).

PGE, regulates post-endotoxin serum IFN

The biological relevance of in vitro results was tested in vivo. Animals were given the non-
selective COX inhibitor ketorolac (20 mg/kg) prior to LPS challenge (1 mg/kg) and the serum
concentration of IFNB was measured 2 h later. ELISA analysis showed that IFNp level was
higher (184 + 41 1U/mL) in ketorolac-treated animals than in saline injected controls (104 +
49 1U/mL) (p < 0.05, Mann-Whitney U test). The serum IFN level in naive animals was below
5 IU/mL (data not shown).

Discussion

Lipid mediators such as PGE; can regulate immune and inflammatory responses by modulating
the production of cytokines and chemokines. PGE; has previously been shown to suppress
MyD88-dependent pro-inflammatory gene expression, including TNFa, IL-1, and CCL4, by
macrophages (2,4,5). In this study, we report that PGE, modulates TLR3- and TLR4-
dependent, MyD88-independent gene expression in these cells.
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PGE, was found to exhibit a strong inhibitory effect on LPS-induced IFNB mRNA and protein
production in cultured murine J774A.1 macrophages (Fig. 1). The suppressive effect of
PGE, was dose-dependent and occurred in a concentration range that is physiologically
relevant (fluids collected from sterile wounds in mice contain 54 + 14 pg/mL of PGE,,
unpublished observation). The finding that PGE, could suppress LPS-induced CCL5
production, as well as TLR3-dependent IFNp production indicates that the inhibitory effect of
PGE; is not restricted to IFNp or to TLR4 ligand, but extends to other genes regulated via
MyD88-independent signaling cascade, as well as to TLR3 activation (Fig. 2).

PGE; exerts its biological actions by binding to E prostanoid receptors (EPs) located mainly
on the plasma membrane (20). Although EP1 mRNA expression was detected in J774A.1 cells,
17-phenyl trinor PGE, (EP4 agonist) failed to trigger intracellular Ca?* influx, suggesting that
EP; may not be a functional receptor in J774A.1 cells. Moreover, 17-phenyl trinor PGE, cannot
duplicate the effect of PGE, on LPS-induced IFN production. EP, and EP,4 receptors are
coupled to the stimulation of adenylyl cyclase activity via G protein, leading to elevations of
intracellular cAMP (21,22). The presence of PGE, receptor subtypes 2 and 4 (EP, and EPy),
in J774A.1 macrophages has been reported elsewhere (23) and was confirmed here (Fig. 4).
Stimulation with either EP»- or EP4-specific agonists increased intracellular cAMP in the cells
and had a suppressive effect on LPS-triggered IFNp production (Fig. 5). Half-maximal
inhibition of LPS-induced IFNp production was obtained with 100 nM butaprost and with less
than 10 nM ONO-AE1-329 (Fig. 6). Both binding affinity (12) and expression level of EP4
mRNA could explain the stronger potency of ONO-AE1-329, a conclusion supported by the
higher intracellular cAMP formation after EP,4 stimulation.

The activation of EP, and EP4 receptors leads to increases in intracellular cAMP. That both
the adenylyl cyclase activator forskolin and the cAMP analogue 8-Br-cAMP could mimic the
inhibitory effect of PGE, on LPS-induced IFNp gene expression and protein production (Fig.
7) indicated that cAMP is required for the inhibitory effect of PGE,. Cyclic AMP signals
through the recruitment of intracellular protein targets, including at least PKA and Epac (13,
24). The use of H89, a specific inhibitor of PKA, did not lead to reversal of the inhibitory effect
of PGE, on LPS-induced IFNP expression or protein production (Fig. 8A). The lack of H89
effect was not due to the absence of PKA in these cells because PKA was found to be essential
in the regulation of LPS-induced TNFo gene expression by PGE; (Fig. 11). On the other hand,
the Epac activator, 8-CPT-2’-O-Me-cAMP suppressed LPS-induced IFNp production in a
dose-dependent manner (Fig. 8B), similar to the effects brought about by PGE; itself and by
a CAMP analogue. Taken together, the results indicate that cAMP mediates the suppressive
effect of PGE, on IFNp via an Epac-dependent, PKA-independent pathway in J774A.1 cells.

Cyclic AMP has been reported to mediate PI3K activation through Epac (25). Fig. 9
demonstrates that PGE,, EPo/EP,4 agonists, a CAMP analogue, or an Epac-specific activator
can induce PI13K/Akt activation. Paradoxically, LPS can also trigger Akt phosphorylation (Fig.
9C). It is, therefore, unclear as how both LPS and PGE, can activate PI3K/Akt activities, yet
the two treatments (LPS vs. PGE, + LPS) produced opposite effects on IFN production. The
duration and/or magnitude of Akt activation may be critical in determining the level of IFNB
production. Furthermore, additional regulatory pathway(s) could be activated or suppressed in
response to LPS and/or PGE,, leading to different effects on IFN production. That blocking
PI3K activity with wortmannin resulted in enhanced IFNB mRNA expression provides direct
evidence that PI3K is a negative regulator for IFNp production in macrophages (Fig. 10A).

GSK3p is a serine/threonine kinase whose activity is inhibited by Akt-dependent
phosphorylation. We found that inhibiting GSK3p activity could mimic the effect of PGE,
(Fig. 10B), supporting the hypothesis that PGE; inhibits LPS-induced IFNp gene expression
through a PI3K/Akt/GSK3p signaling pathway. GSK3p has been implicated in the control of
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p65/NF«B transcriptional activity in the context of TNFa signaling (26). However, the role of
GSK3p in the regulation of IFN expression in macrophages is currently undefined.

The regulation of signaling components downstream from PGE, and EPs on LPS-induced,
MyD88-dependent TNFa was also analyzed. Data presented in Fig. 11 showed a pattern of
differential regulation of TNFa vs. IFNB, where the point of divergence occurs downstream
from cAMP. In contrast to findings on IFNB, blocking PKA activity with H89 completely
reversed the inhibitory effect of PGE, on LPS-induced TNFa gene expression, whereas the
Epac activator had no effect. Moreover, PI3K and its downstream signaling components Akt
and GSK3p were not involved in the suppression of LPS-induced TNFa production by
PGE; (Fig. 11). The divergent regulation of type | IFN and TNFa expression is indicative of
the tight regulation under which immune cells function. Although activated by a common
upstream second messenger cCAMP, differential modulation allows PKA and Epac to exert
different effects on their downstream targets. The involvement of distinct intracellular
pathways resulting in the regulation of MyD88-dependent and -independent genes by PGE,
provides potential targets for therapies directed towards the regulation of inflammatory
responses. In conclusion, the present study demonstrates that PGE, negatively regulates the
production of type | IFN (IFNB) through EP, and EP4 in murine macrophages, and in vivo in
LPS injected mice. These findings confirm a substantial role for PGE;, in modulating the
magnitude of inflammatory responses.
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Figure 1. PGEj inhibits LPS-induced IFNp production in murine J774A.1 cells

Murine J774A.1 macrophages were incubated with PGE; for 1 h, followed by LPS (100 ng/
mL) for 16h. Supernatants were harvested and IFNp production was measured by ELISA.
Unstimulated J774A.1 cells were used as a negative control and not included in the statistical
analysis. *, p < 0.05 vs. LPS alone, ANOVA/Dunnett’s.
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Figure 2. PGE> dose-dependently inhibits LPS-induced CCLS5 secretion as well as poly I:C-induced
IFNB production
(A). Cells stimulated with LPS (100 ng/mL) were pretreated or not for 1 h with PGE,. Secreted

CCL5 was measured by ELISA after 16 h. *, p <0.05 vs. LPS alone, ANOVA/Dunnett’s. (B).
Cells stimulated with the TLR3 ligand poly IC (50 ng/mL) were pretreated or not for 1 h with
PGE,. IFNB production was measured by ELISA after 16 h. *, p < 0.05 vs. poly I:C alone,
ANOVA/Dunnett’s.
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Figure 3. PGE, suppresses LPS-induced IFNp gene expression

Total RNA was isolated from J774A.1 macrophages treated or not with 50 ng/mL PGE, for 1
h, followed by LPS (100 ng/mL) for the times indicated (LPS only; v, PGE,+LPS). Real-time
quantitative PCR was used to analyze IFN and B-actin using primers described in Table 1. In
LPS-stimulated groups, * indicates p < 0.05 vs. 0 hour, ANOVA/Dunnett’s. In LPS + PGE»-
treated groups, 1 indicates p < 0.05 vs. LPS-alone, ANOVA/Student-Newman-Keuls.
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Figure 4. Prostaglandin receptor subtypes EP1, EP, and EP4 mRNA expression in J774A.1 cells
Total RNA was extracted from J774A.1 cells treated or not with 100 ng/mL LPS for 2 h.
Conventional RT-PCR was performed to analyze the expression of EP{, EP, and EP4 using
the primers described in Table 1. B-Actin was included as a loading control.
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Figure 5. EPo and EPy, but not EP4, are functional in J774A.1 cells

(A). Macrophages were loaded with fluo-4/AM as described in the text. The effect of EP
agonist 17-phenyl trinor PGE, (100 nM, a) was assessed as changes in cytosolic CaZ* levels,
measured over 20 min. lonomycin (20 uM, b) and KCI (100 puM, c) were given at the end of
experiment to produce a Ca2* spike (positive control). The y-axis represents total cellular
fluorescence intensity (TCFL).

(B). Macrophages (1.5x106) were pre-incubated with phosphodiesterase inhibitor IBMX for
30 min, followed by 10 min treatment with PGE, (50 ng/mL), butaprost (100 nM; designated
as “EP2” in the graph), or ONO-AE1-329 (100 nM; designated as “EP4” in the graph).
Untreated cells were included as a negative control and are shown in the first column. cAMP
level was measured using an enzyme immunoassay as described in Materials and Methods. *,
p < 0.05 vs. untreated group, ANOVA/Dunnett’s.
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Figure 6. The inhibitory effect of PGE, on LPS-induced IFNB production is mediated by
prostaglandin receptor subtypes EP» and EP4

Cells were treated with LPS, or with PGE, (50 ng/mL), the EP,-specific agonist butaprost, or
the EP4-specific agonist ONO-AE1-329 for 1 h, followed by LPS. IFNB production was
measured by ELISA on supernatants collected after overnight LPS exposure. *, p < 0.05 vs.
LPS alone, ANOVA/Dunnett’s.
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Figure 7. Both the cAMP analogue 8-bromo-cAMP and forskolin mimic the inhibitory effect of
PGE> on LPS-induced IFNB gene expression and production

(A). Cells were treated with the adenylyl cyclase activator forskolin for 1 h, followed by LPS
(100 ng/mL) for 2 h. Total RNA was isolated and reverse transcribed. IFNJ gene expression
was measured by real-time PCR and normalized to B-actin. *, p < 0.05 vs. untreated group,
ANOVA/Dunnett’s.

(B). J774A.1 macrophages were incubated with LPS (100 ng/mL) alone, or with PGE, (50 ng/
mL) or cAMP analogue 8-bromo-cAMP at the indicated concentrations, followed by LPS (100
ng/mL). Supernatants were harvested after 16 h and IFNp was determined by ELISA. *, p <
0.05 vs. untreated group, ANOVA/Dunnett’s.

J Immunol. Author manuscript; available in PMC 2009 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 17

(]

1

—_— %
— %

IFN-B/B-actin (x102)
ES
1
IFN-p/B-actin (x102)
~
1

o
1
—
*
—+
N
1

*
T -
i [ ]
0
Control H89 0
PGE» PGE, 5 50 250
LPS 8-CPT-2'-O-Me-cAMP (uM)

LPS

Figure 8. The inhibitory effect of PGE5 on LPS-induced IFNP gene expression involves Epac but
not PKA

(A). Cells were pretreated or not with the PKA inhibitor H89 (10 uM) for 30 min, followed by
PGE, (50 ng/mL, 1 h), and then LPS for 2 h. Control groups included unstimulated cells, and
cells stimulated with LPS alone. Total RNA was isolated and subjected to real-time quantitative
RT-PCR using primers targeting IFNf and p-actin. * indicates p < 0.05 vs. control group and
T indicates p < 0.05 vs. LPS-alone group, ANOVA/Student-Newman-Keuls.

(B). Cells were treated with Epac-specific activator 8-CPT-2’-O-Me-cAMP for 1 h followed
by 2 h of LPS. Control groups included LPS alone, or 1 h of PGE followed by 2 h LPS. Total
RNA was isolated, reverse transcribed, and subjected to real-time quantitative PCR using
primers targeting IFNp and B-actin. *, p < 0.05 vs. LPS alone, ANOVA/Dunnett’s.
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Figure 9. The role of PI3K/Akt/GSK3p in the suppression of IFNf in macrophages

(A). Cells were treated with PGE, (50 ng/mL), EP,-specific agonist butaprost (100 nM; “EP2”
in the graph), EP4-specific agonist ONO-AE1-329 (100 nM; “EP4” in the graph), or 8-Br-
CAMP (100 puM) for the indicated times. Whole cell lysates were harvested, separated by SDS-
PAGE and subjected to Western blot analysis utilizing an antibody recognizing phospho-Akt
(Ser-473). The same blot was stripped and re-blotted with anti-Akt antibody.

(B). Cells were stimulated with the Epac-specific activator 8-CPT-2’-O-Me-cAMP (250 uM)
following pretreatment with the PI13K inhibitor wortmannin (1 pM) for 30min. Whole cell
lysates were harvested for phospho-Akt Western blot. Loading control was obtained by
stripping and re-blotting for total Akt.

(C). Cells were untreated, incubated with LPS, or with PGE, for 1 h followed by LPS for the
indicated time points. Western blot analysis was conducted using phospho-Akt and total Akt
antibodies.
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Figure 10. PI3K activity suppresses LPS-induced IFNp gene expression and GSK3p is an integral
component of such suppression

Cells were incubated or not with PGE, following pre-treatment with the PI3K inhibitor
wortmannin (1 uM) (A) or GSK3p inhibitors LiCl or SB216763 (B) for 30min, and then
stimulated with LPS (100 ng/mL). Total RNA was harvested 2 h later. Real-time quantitative
RT-PCR was used to analyze IFNB and B-actin as described in Materials and Methods. *, p <
0.05 vs. untreated group; T, p < 0.05 vs. LPS alone, ANOVA/Student-Newman-Keuls.
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Figure 11. LPS-induced TNFa gene expression is differentially regulated in response to PGE»
Cells were treated with PGE5, (50 ng/mL), EP,- or EP4-specific agonists (100 nM butaprost
and 100 nM ONO-AE1-329) or with 8-Br-cAMP (100 uM), PKA inhibitor H89 (10 uM), Epac
activator 8-CPT-2’-O-Me-cAMP (250 pM), or PI3K inhibitor wortmannin (1 uM; B) for 1 h,
followed by LPS (100 ng/mL) stimulation for 2 h. Total RNA was extracted, and subjected to
reverse transcription. Real-time quantitative PCR was conducted to analyze TNFa gene
expression, normalized to B-actin as described in Materials and Methods. In (A), *, p < 0.05
vs. untreated group; T, p < 0.05 vs. LPS alone, ANOVA/Student-Newman-Keuls test. In (B),
*, p <0.05 vs. LPS alone, ANOVA/Student-Newman-Keuls test.
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Table 1
Sequences of primer pairs used in RT-PCR
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Primer Sequences (5’-->3")

IFN forward TCCAAGAAAGGACGAACATTCG

IFNB reverse TGAGGACATCTCCCACGTCAA

TNFo forward CACGCTCTTCTGTCTACTGA

TNFa reverse CACTTGGTGGTTTGCTACGA

EP, forward CCAACAGGCGATAATGGCAC

EP, reverse TGGCGACGAACAACAGGAAG

EP, forward TTCATATTCAAGAAACCAGACCCTGGTGGC

EP, reverse AGGGAAGAGGTTTCATCCATGTAGGCAAAG
EP, forward GACTGGACCACCAACGTAACGGCCTACGCC
EP, reverse ATGTCCTCCGACTCTCTGAGCAGTGCTGGG

B-actin forward
f-actin reverse

TGTGATGGTGGGAATGGGTCAG
TTTGATGTCACGCACGATTTCC
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