
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/6327419

Regulation of the microsomal prostaglandin E synthase-1 in polarized

mononuclear phagocytes and its constitutive expression in neutrophils

Article  in  Journal of Leukocyte Biology · September 2007

DOI: 10.1189/jlb.0906576 · Source: PubMed

CITATIONS

45
READS

71

13 authors, including:

Some of the authors of this publication are also working on these related projects:

Role of ion channels in cancer and inflammation View project

Giorgina Mangano

Angelini

40 PUBLICATIONS   696 CITATIONS   

SEE PROFILE

Maida De Bortoli

Ente Ospedaliero Cantonale

5 PUBLICATIONS   513 CITATIONS   

SEE PROFILE

Lorenzo Polenzani

49 PUBLICATIONS   1,122 CITATIONS   

SEE PROFILE

Giorgio Santoni

University of Camerino

198 PUBLICATIONS   6,404 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Giorgio Santoni on 20 December 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/6327419_Regulation_of_the_microsomal_prostaglandin_E_synthase-1_in_polarized_mononuclear_phagocytes_and_its_constitutive_expression_in_neutrophils?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/6327419_Regulation_of_the_microsomal_prostaglandin_E_synthase-1_in_polarized_mononuclear_phagocytes_and_its_constitutive_expression_in_neutrophils?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Role-of-ion-channels-in-cancer-and-inflammation?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgina-Mangano?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgina-Mangano?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Angelini?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgina-Mangano?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maida-De-Bortoli-2?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maida-De-Bortoli-2?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Ente_Ospedaliero_Cantonale?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Maida-De-Bortoli-2?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Polenzani?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Polenzani?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Lorenzo-Polenzani?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Santoni?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Santoni?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Camerino?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Santoni?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Giorgio-Santoni?enrichId=rgreq-b35b0d3e69fd8e61de788235d6526d6b-XXX&enrichSource=Y292ZXJQYWdlOzYzMjc0MTk7QVM6MTc2Mzg1NDAyMzUxNjE2QDE0MTkwNjQ5NjUyNjk%3D&el=1_x_10&_esc=publicationCoverPdf
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Abstract: PGs are potent mediators of pain and
inflammation. PGE synthases (PGES) catalyze the
isomerization of PGH2 into PGE2. The microsomal
(m)PGES-1 isoform serves as an inducible PGES
and is responsible for the production of PGE2,
which mediates acute pain in inflammation and fe-
ver. The present study was designed to investigate
the regulation of expression of mPGES-1 in polar-
ized phagocytes, which represent central, cellular
orchestrators of inflammatory reactions. Here, we
report that human peripheral blood monocytes did
not express mPGES-1. Exposure to LPS strongly
induced mPGES-1 expression. Alternatively acti-
vated M2 monocytes-macrophages exposed to
IL-4, IL-13, or IL-10 did not express mPGES-1,
whereas in these cells, IL-4, IL-13, and to a lesser
extent, IL-10 or IFN-� inhibited LPS-induced,
mPGES-1 expression. It is unexpected that poly-
morphonuclear leukocytes expressed high basal
levels of mPGES-1, which was up-regulated by LPS
and down-regulated by IL-4 and IL-13. Induction
of mPGES-1 and its modulation by cytokines were
confirmed at the protein level and correlated with
PGE2 production. Cyclooxygenase 2 expression
tested in the same experimental conditions was
modulated in monocytes and granulocytes similarly
to mPGES-1. Thus, activated M1, unlike alterna-
tively activated M2, mononuclear phagocytes ex-
press mPGES-1, and IL-4, IL-13, and IL-10 tune
expression of this key enzyme in prostanoid me-
tabolism. Neutrophils, the first cells to enter sites
of inflammation, represent a ready-made, cellu-
lar source of mPGES-1. J. Leukoc. Biol. 82:
320–326; 2007.
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INTRODUCTION

PGE2 is a lipid mediator with a key role in many physiological
processes, including gastrointestinal and renal functions, vas-

cular homeostasis, bone remodeling, fever induction, preg-
nancy, and acute inflammation. PGE synthase (PGES) is the
terminal enzyme of the pathway of PGE2 production, control-
ling the amount of PGE2 produced. At least three distinct
PGES isoforms have been identified, including cytosolic PGES
(cPGES) [1, 2], microsomal PGES-1 (mPGES-1) [2–4], and
mPGES-2 [5]. cPGES is expressed constitutively and ubiqui-
tously and is preferentially coupled with cyclooxygenase-1
(COX)-1, promoting immediate production of PGE2 [1, 6], and
mPGES-1 is up-regulated by proinflammatory stimuli, such as
IL-1�, TNF-�, and LPS, and is functionally coupled with
COX-2, promoting delayed PGE2 synthesis [3]. mPGES-2, the
more recently identified PGES, is expressed ubiquitously in
diverse tissues and is linked functionally to COX-1 and
COX-2, but its physiological and pathological role remains
elusive [7].

Basal and induced expression of mPGES-1 in some organs
has been reported in mice, rat, and man [2, 4, 8]. Although the
mPGES-1 form is highly inducible, a constitutive expression
has been reported in ovary, kidney, and bladder. mPGES-1
colocalizes with COX-2, but in selected conditions, such as, for
instance, gastric adenocarcinomas [9], normal epithelial cells
express only mPGES but not COX-2, and tumor cells have both
enzymes. Moreover, the kinetics of the induction of mPGES-1
and COX-2 has been reported to be different [10–12], suggest-
ing a differential regulation of these enzymes.

The ability of proinflammatory stimuli (IL-1�, TNF-�, and
LPS) to induce mPGES-1, reported in in vitro and in vivo
conditions [9, 12, 13], suggests that the regulation of mPGES-1
induction tunes inflammation. The relevance of mPGES-1 in
the control of inflammation-induced PGE2 production was
demonstrated recently in mPGES-1-deficient mice. LPS-in-
duced PGE2 production was abrogated almost completely in
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vivo and in vitro, and TNF-� and IL-6 production was unaf-
fected [14]. Moreover mPGES-1�/� mice exhibited reduced,
inflammatory responses and inflammatory pain in a model of
collagen-induced arthritis, suggesting that mPGES-1 is in-
volved in acute and chronic inflammation [14–16].

Anti-inflammatory drugs controlling PGE2 production
through the inhibition of COX-2 have been developed and used
clinically with some advantages compared with classical, non-
steroidal, anti-inflammatory drugs, but they have adverse ef-
fects such as renal toxicity and increased risk of cardiovascular
events and thrombosis [17]. Thus, interest has shifted to en-
zymes, such as mPGES-1, downstream of the COXs, as poten-
tial targets for novel, anti-inflammatory interventions.

Polymorphonuclear and mononuclear phagocytes are re-
cruited in a temporally regulated manner at sites of inflamma-
tion and are central, cellular orchestrators of inflammatory
reactions. Macrophages are plastic cells, which undergo polar-
ized forms of activation in response to diverse environmental
signals [18, 19] and are part of regulatory circuits of polarized
responses [18–21]. Recently, we proposed [19] M2 as a generic
name for the various forms (“alternatively activated” sensu
strictu; Type II; Mø2; M2) of macrophage activation other than
the classic M1, and three forms of M2 have been well-defined:
M2a (where “a” also stands for alternative), induced by IL-4 or
IL-13; M2b, induced by exposure to immune complexes and
agonists of TLRs or IL-1R; and M2c, induced by IL-10 and
glucocorticoid hormones. Polymorphonuclear leukocytes too
have been described to express polarized effector functions
[22, 23]. Yet, no data are available about mPGES-1 expression
and regulation in phagocytes exposed to polarizing signals.

Here, we report that mononuclear phagocytes are induced to
express mPGES-1 by inflammatory stimuli and that mPGES-1
is regulated by cytokines. It is unexpected that we found
that polymorphonuclear leukocytes constitutively express
mPGES-1 and suggest that neutrophils, the first cells to enter
sites of inflammation, represent a ready-made, cellular source
of mPGES-1. Recent findings demonstrate that neutrophils are
able to communicate with dendritic cells (DC), providing a link
between innate and adaptive immunity [24], and that DC
migration toward CCR7 ligands needs PGE2 during DC matu-
ration [25–27]. Thus, neutrophils recruited at sites of inflam-
mation can represent a source of PGE2 for DC maturation and
efficient migration to lymph nodes.

MATERIALS AND METHODS

Human leukocytes

Circulating human monocytes, lymphocytes, and polymorphonuclear cells were
obtained from peripheral blood of healthy donors. Cells were separated by
Percoll (Pharmacia, Uppsala, Sweden) gradient centrifugation as described
[28]. Monocyte-derived macrophages were obtained from freshly isolated
monocytes after incubation for 5 days in RPMI-1640 medium supplemented
with 40% autologous serum as described [29]. NK cells were obtained through
a Ficoll (Biochrome) gradient, monocyte depletion and discontinous Percoll
gradient. Large B cells were prepared from tonsils as described [30]. To induce
mPGES-1, monocytes (3–5�106/ml) and peritoneal macrophages and neutro-
phils (PMN; 5–7�106/ml) were cultured in RPMI 1640 with 1% FCS for 20 h
in the absence or presence of LPS (100 ng/ml) from Escherichia coli, Strain
055:B5 (Difco Laboratories, Detroit, MI, USA). Cells were then processed for

the evaluation of mRNA expression in Northern blot analysis or for the
measurement of the induced protein by Western blot analysis (see below). To
study modulation of enzyme expression, cytokines were added at the same time
as LPS. Human (h)IL-4 and hIL-10 were donated by Schering-Plough Re-
search Institute (Dardilly, France), hIL-13 was a gift from Sanofi Elf Bio
Recherches (Labège, France), hIFN-� was from PeproTech (Rocky Hill, NJ,
USA), mIL-4 was from Immunex (Seattle, WA, USA), mIL-10 was from DNAX
Research Institute (Palo Alto, CA, USA), and mIFN-� was from Hoffmann-
LaRoche (Basel, Switzerland).

Cell line

The nonsmall lung cancer human adenocarcinoma cell line A549 (ATCC
Number CCL-185) was grown in RPMI-1640 medium with 10% FCS.

Mouse leukocytes

Murine PMN were collected from the peritoneal cavity of 8- to 10-week-old
C57Bl/6N mice from Charles River Laboratories (Calco, Italy) 5 days and 4 h,
respectively, after the i.p. injection of 1 ml 3% sterile thioglycollate (Difco
Laboratories). For enzyme induction, macrophages (1�106/ml) were cultured
in RPMI 1640 with 1% FCS for 20 h in the absence or presence of LPS, 100
ng/ml, and medium or cytokines. PMN were used just after collection. Proce-
dures involving animals and their care conformed to institutional guidelines in
compliance with national (4D.L. N.116, G.U., Suppl. 40, 18-2-1992) and
international law and policies (EEC Council Directive 86/609, OJ L 358, 1,
12-12-1987, National Institutes of Health Guide for the Care and Use of
Laboratory Animals, U.S. National Research Council, 1996). All efforts were
made to minimize the number of animals used and their suffering.

Northern blot analysis

Total RNA was isolated from mouse and human cells by the guanidine
isothiocyanate method. Total RNA (8–10 �g) was analyzed by electrophoresis
through 1% agarose/formaldehyde gels, followed by Northern blot transfer to
Gene Screen Plus membranes. Expression analysis of mPGES-1 and COX-2 in
human samples was performed using specific probes. PGES (human) cDNA
probe was purchased by Cayman Chemical Co. (Ann Arbor, MI, USA). Human
COX-2 probe was prepared as published [31] to obtain a 1.8-kb fragment,
inserted in expression vector pcDNAI/Neo into HindIII/NotI cloning sites. For
the analysis of mouse samples, a specific mPGES-1 probe was prepared from
mouse ovary RNA, amplified by RT-PCR with specifically designed oligos
(forward, 5�TCC AGG CCG GCT AGC CGA GAT, and reverse, 5�TGG GCT
GGG CCA GAA TTG TAG) to obtain a cDNA fragment of 800 bp. The product
was subcloned in pGEM easy vector (Promega, Madison, WI, USA), amplified,
and sequenced. The specific probe (800 bp) was obtained after digestion with
EcoRI. Human and mouse probes were labeled with (�-32P)dCTP, using the
Megaprime DNA labeling system (Amersham, Little Chalfont, UK).

Western blot analysis and PGE2 production

Microsomal fractions obtained by ultracentrifugation of cell lysates were sep-
arated by SDS-PAGE (12.5% acrylamide) under standard conditions [10], and
anti-mPGES-1 mAb (from Cayman Chemical Co., Cat. Number 10004350)
were used to detect the protein. PGE2 was measured in cell supernatants by a
commercially available enzyme immunosorbent assay (EIA) kit (Cayman
Chemical Co.).

Confocal microscopy analysis

Cytospins were fixed with 4% paraformaldehyde, permeabilized for 5 min with
0.3% Triton (Sigma-Aldrich, St. Louis, MO, USA) in PBS, pH 7.4, before
incubation for 1 h at 4°C with 5% normal goat serum (Sigma-Aldrich) and 5%
human normal serum. Cells were then incubated for 2 h at 4°C with 1 �g/ml
of a mouse anti-PGES-1 mAb (Cayman Chemical Co.) or with isotype control
mAb. Slides were incubated (1 h at room temperature) with an Alexa� Fluor
488-conjugated goat anti-mouse IgG antibody, followed by 1 �g/ml 4�6,dia-
midino-2-phenylindole (Invitrogen-Molecular Probes, Carlsbad, CA, USA). In
each step, cells were washed with 0.2% BSA, 0.05% Tween 20, in PBS (pH
7.4). Slides were mounted with FluorSaveTM reagent (Calbiochem, San Diego,
CA, USA) and analyzed with an Olympus Fluoview FV1000 laser-scanning
confocal microscope. Images (1024�1024 pixels) were acquired with a 60�
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1.4 NA Plan-Apochromat oil immersion objective (Olympus, Hamburg, Ger-
many). The software FV10-ASW 1.6 (Olympus) was used for analysis of
fluorescence intensity quantification. Results are expressed as percentage of
mPGES-1-positive cells and average of fluorescence intensity values of single
cells considered as specific regions of interest.

RESULTS

Different human leukocyte populations were tested for the
expression of mPGES-1 in basal or LPS-stimulated conditions,
and results are in Figure 1. Under resting conditions, only
PMN expressed mPGES-1 mRNA, and monocytes, T lympho-
cytes, macrophages, NK cells, and B lymphocytes did not
express it. Exposure to LPS for 4 or 20 h induced mPGES-1
expression in monocytes and macrophages (Fig. 1). The basal
expression of mPGES-1 in PMN was augmented further by LPS
(Fig. 1).

Modulation of mPGES-1 expression in monocytes by cyto-
kine exposure was investigated next. IL-4, IL-10, IL-13, and
IFN-� did not induce enzyme expression. When tested on
LPS-stimulated monocytes, IL-4, IL-13, and IL-10 inhibited
mPGES-1 expression, and IL-4 and IL-13 were the most active;
IFN-� had no effect (Fig. 2). Next, the effect of cytokines was
tested on PMN (Fig. 3). Given the basal expression of
mPGES-1 in PMN, exposure of the blot was shorter (48 h) than
for results reported in Figure 2 (7 days) to allow a better
visualization of the stimulation. IL-4, IL-13, and IFN-� inhib-
ited the basal expression of mPGES-1. Exposure for 20 h to
LPS increased mPGES-1 expression in the PMN; IL-4, IL-13,
and IFN-� markedly inhibited the LPS-induced mPGES-1
expression, and IL-10 was less active.

Fig. 1. Northern blot analysis of the expression of mPGES-1 in human
monocytes (MONO) and PMN. Purified cells were exposed to 100 ng/ml LPS
for 4 or 20 h, as indicated. Exposure of the blot was 7 days for mPGES-1 and
COX-2. Results are representative of two experiments performed. The lower
part of the panel shows the ethidium bromide staining after RNA transfer to the
membrane. Total RNA (10 �g) was used in each lane. T-LYMPH, T lympho-
cyte; MACRO, macrophage.

Fig. 2. Northern blot analysis of the regulation of mPGES-1 and COX-2
expression in human monocytes, which were exposed for 20 h to cytokines
(IL-4, IL-10, and IL-13: 20 ng/ml; IFN-�: 500 U/ml), LPS (100 ng/ml), and
combinations thereof. Exposure of the blot was 7 days for mPGES-1 and 2 days
for COX-2. Results are from one experiment representative of four. The lower
part of the panel shows the ethidium bromide staining after RNA transfer to the
membrane. Total RNA (10 �g) was used in each lane.

Fig. 3. Northern blot analysis of the regulation of mPGES-1 and COX-2
expression in human PMN, which were exposed for 20 h to cytokines, LPS, and
combinations thereof. Exposure of the blot was 2 days for mPGES-1 and 7 days
for COX-2. Results are from one experiment representative of four. The lower
part of the panel shows the ethidium bromide staining after RNA transfer to the
membrane. Total RNA (10 �g) was used in each lane. Cytokine and LPS
concentrations were as in Figure 2.
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The constitutive and inflammation-induced expression of
mPGES-1 was confirmed at the protein level. Western blot
analysis of microsomal fractions of monocyte lysates is shown
in Figure 4. mPGES-1 protein was detectable only in LPS-
treated cells, and it was inhibited by concomitant exposure to
IL-4, in good agreement with the results obtained with mRNA.
The amount of mPGES-1 detectable in monocytes was low, if
compared with the protein detectable in the A549 cell line,
used as a reference sample [10]. The percentage of enzyme-
expressing cells and the intensity of the fluorescence in each

positive cell were also evaluated by confocal microscopy. Rep-
resentative images are shown in Figures 5 and 6 for mono-
cytes and PMN, respectively. Cytokines modulated mPGES-1
production, in agreement with their effects on mRNA induc-
tion, IL-4-inhibiting protein expression in monocytes and PMN
more than IL-10 and IFN-� inhibiting mPGES-1 only in PMN.

To further evaluate the relevance of cytokine modulation of
mPGES-1, PGE2 levels were measured in the supernatants of
monocytes and PMN. Results are in agreement with mPGES-1
expression data (Fig. 7). Baseline production was only detect-
able in PMN but not in monocytes, although upon exposure to
LPS, monocytes were better producers of PGE2. Only PGE2

production by PMN stimulated with LPS in the presence of
IFN-� did not correspond to mPGES-1 data, suggesting that
IFN-� could interfere with other pathways of PGE2 production/
regulation in these cells, as suggested also by the lack of
inhibition of COX-2 mRNA (see below; Fig. 3). It is interesting
that IFN-� has been shown to differentially affect chemokine
production in monocytes and PMN, suggesting a distinct con-
trol of regulatory pathways [32, 33].

It has been reported that mPGES-1 colocalizes with COX-2
and that the two enzymes are linked functionally, although
their expression kinetics can differ, suggesting a differential
regulation of induction. The expression of COX-2 was analyzed
in human monocytes and PMN and compared with that of

Fig. 4. Western blot analysis of the induction and modulation of mPGES-1 in
monocytes, which were exposed for 20 h to cytokines, LPS, and their combi-
nations. The amount of microsomal proteins per lane was 50 �g from mono-
cytes and 20 �g from A549 cells. Results are from one experiment represen-
tative of two. IL-4 and LPS concentrations were as in Figure 2.

Fig. 5. Confocal microscopy analysis of the induction and modulation of mPGES-1 in monocytes, which were exposed for 20 h to cytokines and combinations
thereof. Cytokine and LPS concentrations as in Figure 2. (A) Representative images of mPGES-1 induction and regulation (blue: nuclei; red: mPGES-1). (B) The
percentage of the cells positive for the protein. *, P 	 0.05, by t-test versus medium; and §, P 	 0.05, versus LPS alone. (C) The mean values of fluorescence
intensity of positive cells. Results are mean 
 SE from three donors.
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mPGES-1. Resting monocytes and PMN did not express
COX-2. Cytokines had no effect on the basal expression of
COX-2 in both cell types (Figs. 2 and 3, lower panels), but they

modulated LPS-induced expression. In monocytes (Fig. 2) at
20 h, COX-2 was inhibited by IL-4 and IL-13 more than by
IL-10 and much more than by IFN-�. In PMN (Fig. 3), IL-4,
IL-13, and IL-10 but not IFN-� strongly inhibited COX-2
expression.

Mouse macrophages express mPGES-1 after exposure to
inflammatory stimuli, as LPS, IL-1�, and TNF-� [13], but no
data are available for PMN and on mPGES-1 modulation in
polarized murine cells. mPGES-1 modulation by cytokines was
thus investigated also in experimental models useful for in vivo
studies. Peritoneal macrophages from thioglycollate-injected
mice did not express detectable levels of mRNA in basal
conditions (Fig. 8); exposure to LPS but not to IL-4, IL-10, and
IFN-� induced mPGES-1 expression, which was down-regu-
lated when cytokines were present during LPS stimulation.
mPGES-1 was constitutively expressed in PMN (Fig. 8), in
agreement with data about human leukocytes.

DISCUSSION

Eicosanoids have long been known to play a key role in
inflammation and to represent a target for pharmacological
intervention. By promoting DC maturation, PGE2 also helps the
activation of adaptive immunity [34–36]. mPGES-1 is the

Fig. 6. Confocal microscopy analysis of the induction and modulation of mPGES-1 in PMN, which were exposed for 20 h to cytokines and combinations thereof.
Cytokine and LPS concentrations as in Figure 2. (A) Representative images of mPGES-1 induction and regulation (blue: nuclei; red: mPGES-1). (B) The percentage
of the cells positive for the protein. *, P 	 0.05, by t-test versus medium; and §, P 	 0.05, versus LPS alone. (C) The mean values of fluorescence intensity of
positive cells. Results are mean 
 SE from three donors.

Fig. 7. PGE2 production by monocytes and PMN. Monocytes or PMN were
cultured for 20 h with cytokines and combinations thereof. Cytokine and LPS
concentrations were as in Figure 2. PGE2 was measured by EIA in cell
supernatants. Results are mean 
 SE from three (monocytes) and four (PMN)
donors. *, P 	 0.05, by t-test versus LPS alone.
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inducible end enzyme in the production of PGE2, functionally
coupled to COX-2 [3, 7]. Accordingly, mPGES-1 gene-targeted
mice are protected against various forms of inflammatory re-
actions [14–16, 37].

Phagocytes play a central role in inflammation and tissue
remodeling and are a major source of and target of eicosanoids.
mPGES-1 is induced in murine macrophages by signals, such
as LPS [13], which elicit a classic form of activation [20], a
finding extended in the present study to human mononuclear
phagocytes. Macrophages can undergo alternative forms of
activation (M2) in response to signals such as IL-4, IL-13, and
IL-10. M2 macrophages have immunoregulatory functions and
promote tissue remodeling and repair [18, 19, 38]. The results
presented here indicate that alternatively activated macro-
phages do not express mPGES-1 and its companion COX-2.
Moreover, the anti-inflammatory cytokines [39] IL-4, IL-13,
and to a lesser extent, IL-10 suppress mPGES-1 induction and
expression, resulting in decreased levels of PGE2 released by
the cells. Suppression of mPGES-1 expression is likely to play
a key role in the tuning and orientation of inflammation by
IL-4, IL-13, and IL-10.

It is unexpected that we found that neutrophils constitutively
express substantial levels of mPGES-1, which in mature my-
elocytes, is subjected to the same regulatory signals as in
monocytes-macrophages. Neutrophils are key elements in in-
flammation and innate immunity [40, 41] and are the first cells
to enter sites of inflammatory reactions. Expression of
mPGES-1 may render neutrophils a ready-made source of
PGE2 for rapid amplification of inflammation and promotion of
adaptive immunity, favoring maturation and efficient migration
of DC to lymph nodes for antigen presentation [25–27].
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