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Prostaglandin D2 (PGD2), an arachidonic acid metab-
olite, has been implicated in allergic responses. A
major source of PGD2 in the skin is mast cells that
express hematopoietic PGD synthase (H-PGDS). In
this study, we show the expression of H-PGDS in
human dendritic cells (DCs) and the regulatory mech-
anisms by which DCs produce PGD2. We detected
H-PGDS in epidermal Langerhans cells, dermal DCs,
plasmacytoid DCs, and myeloid DCs. Monocyte-de-
rived DCs rapidly secreted PGD2 when stimulated
with the calcium ionophore A23187. More impor-
tantly, pretreatment of monocyte-derived DCs with
PMA (phorbol 12-myrisate 13-acetate) synergistically
enhanced the rapid PGD2 secretion induced by
A23187, whereas PMA alone did not induce PGD2
secretion. Lipopolysaccharide (LPS) reduced H-PGDS
expression, but interferon-� followed by LPS induced
significant PGD2 production in a delayed time course
at 6 hours. This effect was associated with inhibition
of LPS-induced H-PGDS reduction. Interestingly, an
irritant compound, SDS, also induced a rapid PGD2
release. PGD2 synergistically enhanced CCL22/mac-
rophage-derived chemokine synthesis in interferon-
�-treated human keratinocytes. In addition, bone
marrow-derived DCs from wild-type mice stimulated
lymph node cells to produce higher amounts of inter-
leukin-17 than did DCs from mice lacking the H-PGDS
gene. Thus, DCs could be an important source of skin
PGD2 and may mediate or regulate skin inflammation
by releasing PGD2 in response to various stimuli,
contributing to the innate and/or acquired immune

responses. (Am J Pathol 2010, 176:227–237; DOI:
10.2353/ajpath.2010.090111)

Prostaglandin D2 (PGD2) is one of the arachidonic acid
metabolites and exerts a range of biological activities,
including vasodilatation, bronchoconstriction, and inhibi-
tion of platelet aggregation.1–4 PGD2 is also implicated in
allergic diseases. PGD2 production is observed in bron-
choalveolar lavage fluid from asthmatic patients.5 Mice
that overproduce PGD2 exhibit an enhanced allergic
lung response, eosinophilia, and increased Th2-type cy-
tokine production.6 We have demonstrated that PGD2
plays an essential role in IgE-mediated skin responses in
mice.7 A possible anti-pruritic potential of PGD2 in the
scratching behavior of mice was recently proposed.8,9

PGD2 exerts its effect through D prostanoid (DP) and
CRTH2 (chemoattractant receptor-homologous molecule
expressed on Th2 cells) receptors. DP and CRTH2 are
members of the G protein-coupled, seven transmem-
brane receptor family. DP is coupled with Gs protein,
whereas Gi protein is associated with CRTH2.10 DP-me-
diated signals inhibit dendritic cell (DC) migration.11–13

Effects of PGD2 on DC maturation and interleukin-12
production are also mediated by the DP receptor.14 On
the other hand, CRTH2 signals induce calcium mobiliza-
tion and chemotaxis in eosinophils and basophils.10 In
addition, CRTH2 signals enhance interleukin-4, -5, and -13
production from Th2 cells.15

PGD2 synthesis is mediated by the isomerization of
prostaglandin H2 (PGH2) into PGD2 through the enzy-
matic activity of PGD synthase (PGDS).16 Two types of
PGDS have been identified: lipocalin-type PGDS and
hematopoietic PGDS (H-PGDS).16,17 Lipocalin-type
PGDS is present in meningeal cells, epithelial cells of the
choroids plexus, and oligodendrocytes in the brain and is
involved in the sleep-wake cycle.18 H-PGDS was origi-
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nally isolated from rat spleen as a cytosolic glutathione
(GSH)-requiring enzyme.19,20 Mast cells express H-PGDS
and rapidly secrete PGD2 in response to antigen stimula-
tion.21,22 Thus, mast cells are a major source of PGD2 in the
skin and contribute to inflammation,23,24 although a small
population of Th2-type cells contains H-PGDS.25

H-PGDS is also detected in antigen-presenting cells,
such as histiocytes and/or DCs in rat spleen, thymus, and
skin.26,27 We have revealed that epidermal Langerhans
cells in mouse skin express H-PGDS.7 Thus, it can be
postulated that DCs could be a source of PGD2 in skin
tissues and may affect various immune cells and effector
cells, including DCs themselves, through DP and/or
CRTH2 receptors. However, H-PGDS in human DCs
and their capability for PGD2 secretion have not been
fully characterized. In the present study, we analyzed
H-PGDS expression in human DCs and identified regu-
latory mechanisms of PGD2 production with a variety of
stimuli. Moreover, the biological significance of DC-de-
rived PGD2 in terms of chemokine synthesis from kera-
tinocytes and cytokine production from lymphocytes
were also assessed.

Materials and Methods

Antibodies

Fluorescein isothiocyanate (FITC)-conjugated anti-human
CD303 monoclonal antibody (mAb) (BDCA-2-FITC)
(AC144), CD1c (BDCA-1-FITC) (AD5–8E7), and CD19-PE
(HIB19) were purchased from Miltenyi Biotechnology (Au-
burn, CA). CD1a-FITC (HI149), CD123-PE-Cy5 (7G3),
CD45-PE (HI100), CD86-PE (IT 2.2), and TLR-4-PE
(HTA125) were purchased from eBioscience, Inc. (San Di-
ego, CA). CD207 (Langerin)-R-PE (DCGM4) was pur-
chased from Immunotech SAS (Marseille, France), and
HLA-DR-FITC (L243) was purchased from BD Biosciences
Pharmingen (Franklin Lakes, NJ). Control mouse IgG1 was
obtained from Dako Cytomation (Glostrup, Denmark).

Immunohistochemical Staining

This study was approved by the ethics committee of the
Tokyo Medical and Dental University. We prepared
5-�m-thick frozen tissue sections of skin biopsy speci-
mens from normal skin or from patients with atopic der-
matitis (AD) who had provided informed consent. The
tissue sections were fixed for 10 minutes in ice-cold
methanol, air dried, and incubated in PBS containing
10% normal goat serum, 0.01% Triton-X, and 0.1% NaN3

to block nonspecific binding. They were then incubated
with rabbit polyclonal anti-human H-PGDS Ab (estab-
lished at the Osaka Bioscience Institute, Osaka, Japan)
or with control rabbit immunoglobulins (Dako Cytoma-
tion), followed by incubation with TRITC-conjugated (Dako
Cytomation) or FITC-conjugated (Santa Cruz Biotech-
nology, Santa Cruz, CA) goat anti-rabbit IgG. The sec-
tions were then double- or triple-stained with antibod-
ies against several cell surface markers. Immunostained
samples were examined under a confocal laser scan-

ning microscope (LSM510, Carl Zeiss, Oberkochen,
Germany).

Flow Cytometry

Buffy coat cells, peripheral blood mononuclear cells, or
isolated DCs were washed and resuspended in PBS
containing 5% fetal calf serum and 0.1% NaN3. They
were stained with mAbs against surface markers of den-
dritic cells. Using an IntraStain kit (Dako Cytomation),
intracellular H-PGDS was detected by staining with poly-
clonal rabbit anti-human H-PGDS Ab followed by the
addition of goat F(ab)2-anti-rabbit IgG-R-PE (Southern
Biotechnology Associates, Inc., Birmingham, AL) or with
R-PE-conjugated anti-human H-PGDS mAb (EBC45).25

The rabbit immunoglobulin fraction (Dako Cytomation)
was used as a negative control Ab.

Isolation of Plasmacytoid DCs and Myelod DCs

Buffy coats from healthy donors were obtained from the
Institute of Japanese Red Cross Society. Peripheral
blood mononuclear cells from healthy volunteers were
prepared from the buffy coats or from whole blood anti-
coagulated with EDTA obtained by Ficoll-Paque (GE
Health Care Bio-Sciences AB, Uppsala, Sweden) density
gradient centrifugation. Dead cells and CD14� cells were
initially depleted with a Dead Cell Isolation kit (Miltenyi
Biotech) followed by magnetic negative selection with
CD14-microbeads (Miltenyi Biotech). Plasmacytoid den-
dritic cells (pDCs) were isolated by magnetic positive
selection with CD304 (BDCA-4)-microbeads (Miltenyi
Biotech). Myeloid dendritic cells (mDCs) were isolated by
magnetic positive selection with CD1c (BDCA-1)-mi-
crobeads following the depletion of CD19� cells.

Generation of Monocyte-Derived DCs

CD14� cells from healthy volunteers were isolated by mag-
netic positive selection with CD14-microbeads (TUK4,
Miltenyi Biotech). They were then cultured in the presence
of recombinant human granulocyte macrophage-colony
stimulating factor (50 ng/ml) (PeproTech, Rocky Hill, NJ)
and interleukin-4 (20 ng/ml) (PeproTech) for 7 days. Before
the experiments, monocyte-derived DCs (MoDCs) were
seeded in a 24-well micro-titer plate at 1 � 106 cells/ml and
incubated for 1 hour. MoDCs were incubated with various
stimuli in the presence of interleukin-4 and GM-CSF to sus-
tain their viability, except for in some experiments. The
purity of the DCs was greater than 95%, as determined by
CD1a and CD206 staining (BD Biosciences Pharmingen).

Western Blotting for H-PGDS

Cell lysates were centrifuged and subjected to SDS-
polyacrylamide gel electrophoresis on 15% polyacryl-
amide gels under reducing conditions. Proteins were
transferred onto Hybond-P polyvinylidene difluoride
transfer membrane (Amersham Biosciences, Pittsburgh,
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PA) and stained with anti-H-PGDS mAb (1E6) that was
established at the Osaka Bioscience Institute. Reactive
products were visualized by the ECL system (Amersham
Biosciences) with a horseradish peroxidase-conjugated
secondary Ab.

Real-Time PCR

Total cellular RNA was isolated by using Isogen (Nippon
Gene Co., Ltd., Tokyo, Japan). Twenty microliters of re-
verse transcription mix consisted of 8 �l of 5� buffer (250
mmol/L Tris-HCl, pH 8.3, 375 mmol/L KCl, 50 mmol/L
DTT, 15 mmol/L MgCl2), 4 �l of hexanucleotide mixture
(62.5 A260 U/ml; Roche Diagnostics GmbH, Mannheim,
Germany), 2 �l of dNTPs (2.5 mmol/L each), 4 �l of 20
u/�l of human placenta ribonuclease inhibitor (Takara
Biomedicals, Shiga, Japan), and 2 �l of 200 u/�l reverse
transcriptase (Moloney murine leukemia virus; Takara
Biomedicals). A total of 20 �l of the reverse transcription
mix and 20 �l of 40 ng/�l total RNA were combined in a
tube and vortex-mixed. Reactions were performed at
37°C for 60 minutes. Reverse transcriptase was inacti-
vated at 70°C for 10 minutes, and then the samples were
stored at �80°C.

Quantitative RT-PCR was performed by monitoring in
real time the increase in fluorescence of the SYBR
Green dye (Brilliant SYBR Green QPCR Master Mix,
Stratagene, La Jolla, CA) with the Mx3000P Real-Time
PCR system (Stratagene). The PCR primers were as
follows: 5�-CGCGAGAAGATGACCCAGATC-3� and 5�-
ATCACGATGCCAGTGGTACGG-3� for human �-actin;
5�-GCTGACTGGCCTGAAATCAAATC-3� and 5�-CCA-
GAGTGTCCACAATAGCATCAAC-3� for human H-PGDS;
5�-(CGGCCACATTTATGGAGACAATC)-3� and 5�-(TTC-
TACCGAGGGCGGGTACA)-3� for human cyclooxygenase
(Cox)-1; 5�-(TGACCAGAGCAGGCAGATGAA)-3� and 5�-
(CCACAGCATCGATGTCACCATAG)-3� for human Cox-2;
5�-(ATGATAGCTCGGACAGTGATGATGA)-3� and
5�-(CATACGATGAATCCAACTTGCTTGA)-3� for human cy-
tosolic phospholipase A2 (cPLA2); 5�-AGGATGATGCCAG-
GATGATGTC-3� and 5�-TCAGGTCCAGGTTCTTGGTT-
GAG-3� for human toll-like receptor 4 (TLR4); and 5�-
GCGTGGTGAAACACTTTTACTGGA-3� and 5�-TCA-
TCTTCACCCAGGGCACTC-3� for human CCL22/macro-
phage-derived chemokine.

Assay for PGD2 Production

MoDCs (1 � 106 cells/ml) were incubated with several
stimulants. Supernatants were collected and PGs were
eluted by ethyl acetate containing 1% methanol with
C-18 SPE cartridge (Cayman Chemicals, Ann Arbor,
MI). Concentrations of PGD2 were measured by using
a ProstaglandinD2-Mox Enzyme Immunoassay kit (Cayman
Chemicals).

Thin-Layer Chromatography

MoDCs were prelabeled with �1-14C� arachidonic acid
(3.7 kBq/well) for 6 hours in culture medium containing

interleukin-4/GM-CSF. After the removal of the medium,
cells were stimulated with A23187 (5 �mol/L) (Sigma
Aldrich, Inc., St. Louis, MO). Culture supernatants were
collected, replaced at various intervals, and stored at
�80°C until the measurement of PGs. The products were
extracted by ethyl acetate, separated by thin-layer chro-
matography, and then detected by using an imaging
plate system (Fuji Film, Tokyo, Japan).

Preparation and Stimulation of Normal Human
Keratinocytes

Normal human skin was obtained from patients who un-
derwent plastic surgery and gave informed consent. Ker-
atinocytes were prepared by treating skin tissues with
dispase (200 u/ml, Sankojunyaku Co. Ltd., Tokyo, Japan)
overnight at 4°C followed by treatment with 0.05% tryp-
sin-EDTA (Invitrogen Corp., Carlsbad, CA) for 10 minutes
at 37°C. Cells were cultured in Keratinocyte-SFM medium
(Invitrogen Corp.) and used after 3 to 5 passages with
approximately 70% confluency.

Mice

BALB/c mice were purchased from Sankyo Laboratory
Service Co. (Tokyo, Japan). H-PGDS�/� mice described
previously28 were backcrossed to BALB/c mice for more
than 10 generations. Mice were maintained under spe-
cific pathogen-free conditions in our animal facility. The
use of animals was in full compliance with the guidelines
of the Committee for Animal Experiments of Tokyo Med-
ical and Dental University.

Mouse Bone Marrow-Derived DCs

Bone marrow cells (2 � 106 cells) were cultured with 10
ml of RPMI-1640/10% FCS containing 20 ng/ml of murine
GM-CSF (PeproTech). After 3 days, another 10 ml of
medium containing GM-CSF was added to each dish. At
day 7, nonadherent cells were harvested followed by
positive selection with CD11c-coated microbeads (Milte-
nyi Biotech) and used as bone marrow-derived DCs
(BMDCs). The purity of CD11c� cells was greater than
95%. BMDCs were incubated with 2 mmol/L 2,4-dinitro-
benzene sulfonic acid sodium salt (Alfa Aesar, Ward Hill,
MA) in PBS for 15 minutes at 37°C. Cells were washed
three times with PBS and used as dinitrophenyl (DNP)-
modified bone marrow-derived DC (DNP-DC).

Preparation and Stimulation of Immune Lymph
Node Cells

Mice were sensitized with 2,4-dinitrofluorobenzene
(Nacalai Tesque, Inc., Kyoto, Japan) on the ventral skin.
Five days later, abdominal lymph node (LN) cells were
collected. Immune LN cells (2 � 105 cells) were stimu-
lated with DNP-DC (2 � 104 cells) for 24 hours and
supernatants were collected. Cytokines were determined
with enzyme-linked immunosorbent assay kits according
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to the manufacturer’s instructions. Enzyme-linked immu-
nosorbent assay kits for mouse interleukin-4, interleukin-
17, and interferon-� (IFN-�) were purchased from R and
D Systems, Inc (Minneapolis, MN).

Statistical Analyses

The Student’s t test was used to assess the statistical
significance of differences between mean values.

Results

Langerhans Cells Express H-PGDS

Immunohistochemical staining of normal skin with a rabbit
polyclonal anti-H-PGDS Ab revealed that a number of
CD1a� epidermal Langerhans cells expressed H-PGDS
(Figure 1A, upper panel). These data are consistent with
prior studies of rat and mouse skin7,26 but different in that
only a portion of human Langerhans cells express H-PGDS.
We next examined the H-PGDS expression in inflamed skin
(ie, AD). A portion of the epidermal Langerhans cells in AD
skin also expressed H-PGDS as in normal skin. The preva-
lence of H-PGDS� cells in total CD1a� epidermal Langer-
hans cells in chronic skin lesions of patients with AD (n � 4)
(69.3% 	 16.0%) tended to be higher than that in normal
skin (n � 4) (50.9% 	 17.3%); however, the difference was
not statistically significant (Figure 1B). There were also a
small number of CD207�/H-PGDS� cells underneath the
epidermis (Figure 1A, middle panel).

H-PGDS Expression in Dendritic Cell
Populations in the Dermis

The results that epidermal Langerhans cells express
H-PGDS prompted us to determine whether H-PGDS is
expressed in other types of DC populations in the
dermis. Notably, CD1a�/CD207� dermal dendritic cells ex-
pressed H-PGDS (Figure 1A, lower panel). Moreover,
BDCA-2�/CD123� pDCs and BDCA-1� mDCs were also
positive for H-PGDS (Figure 2A).

Peripheral Blood DCs Express H-PGDS

We next examined the expression of H-PGDS in blood
DCs. We initially examined H-PGDS expression in pDCs
and mDCs by a flow cytometric analysis of whole-
blood. Whole-blood flow cytometric analysis revealed
that BDCA-2�/CD123� pDCs and BDCA-1�/CD19�

mDCs contained intracellular H-PGDS (Figure 2B). To
confirm the presence of H-PGDS in these cell popula-
tions, we isolated pDCs and mDCs from peripheral
blood, as described in Materials and Methods. The purity
of the cell suspensions is shown in Figure 3A. Both
freshly isolated pDCs and mDCs expressed intracellu-
lar H-PGDS, as detected by positive staining with mouse
monoclonal anti-H-PGDS Ab (EBC45) (Figure 3B, left).25

We also confirmed the presence of H-PGDS transcripts in
these freshly isolated DCs in vitro (Figure 3B, right).

Calcium Ionophore Induces Rapid PGD2
Production from DCs

We sought to determine the productive capability of
PGD2 from DCs. Since sufficient numbers of pDCs
and/or mDCs from blood or epidermal Langerhans cells
from skin were not available, MoDCs were generated
from CD14� blood monocytes of healthy volunteers. We
confirmed that MoDCs differentiated in vitro with GM-CSF/
interleukin-4 constitutively expressed H-PGDS mRNA
without any stimulation, which was similar to pDCs and
mDCs isolated from peripheral blood. In addition, the
presence of H-PGDS protein was detected by both flow
cytometric analysis and Western blotting (Figure 3C). In
the following experiments, verification of PGD2 gener-

Figure 1. H-PGDS expression in epidermal Langerhans cells and dermal
DCs. A: H-PGDS� cells in the epidermis of normal skin co-expressed CD1a
(Langerhans cells) (upper panel). A small number of CD207 (Langerin�)
cells expressing H-PGDS were found underneath the epidermis (middle
panel, atopic dermatitis). There were also CD1a� cells expressing H-PGDS
in the dermis (lower panel, atopic dermatitis). Solid lines indicate the
cornified layer, and dashed lines indicate the dermo-epidermal junction.
Arrowheads indicate cells expressing surface marker for DCs co-localized
with H-PGDS. B: Prevalence of H-PGDS� epidermal Langerhans cells. AD
denotes skin tissue specimens from patients with AD.
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ation by DCs was conducted with MoDCs prepared
in vitro.

To investigate regulatory mechanisms of PGD2 pro-
duction, we initially screened various substances and
compounds for their ability to induce PGD2 production
by DCs. In human megakaryoblastic cells, H-PGDS
gene expression is stimulated by PMA (phorbol 12-
myrisate 13-acetate; Sigma Aldrich, Inc.).29 In MoDCs,
although PMA increased mRNA synthesis of H-PGDS
along with cPLA2, Cox-1, and Cox-2, extracellular
PGD2 secretion was not induced by PMA even when
cultured for up to 24 hours (Figure 4A). Human thymic
stromal lymphopoietin (TSLP) activates DCs to induce
effector T cells and/or to maintain CRTH2� Th2 cells.30,31

Thus, we attempted to stimulate DCs with TSLP (R and
D Systems, Inc.). The TSLP treatment also stimulated
the mRNA synthesis of these four enzymes; however,
there was no statistically significant difference in the
levels of extracellular PGD2 release between the stim-
ulated cells and the medium control (Figure 4B).

Mast cells rapidly secrete PGD2 in response to cal-
cium ionophore.22 Because PMA and TSLP failed to in-
duce PGD2 secretion from MoDCs, we next examined

the capability of calcium ionophore to induce PGD2 se-
cretion by DCs. As expected, there was a rapid and
significant PGD2 secretion from MoDCs after stimulation
with A23187 (Sigma Aldrich, Inc.) as assessed by En-
zyme immunoassay (Figure 5A). The Thin-layer chroma-
tography assay revealed that MoDCs secreted PGD2,
but not PGE2 and PGF2�. PGD2 secretion was below the
detection limit after 20 minutes, while arachidonic acid
was persistently released for up to 60 minutes (Figure
5B). Interestingly, preincubation with PMA caused a sig-
nificant enhancement of the A23187-induced rapid PGD2
secretion from MoDCs (Figure 5C), despite the fact that
PMA alone did not induce PGD2 synthesis (Figure 4A).

Figure 2. H-PGDS expression in pDCs and mDCs. A: Skin tissues from
patients with atopic dermatitis were stained with BDCA-2-FITC Ab, a
specific marker for pDCs, or BDCA-1-FITC Ab, a specific marker for
mDCs. H-PGDS was co-localized with BDCA-2� and BDCA-1� pDCs and
mDCs, respectively (arrowheads in upper and lower rows). pDCs were
confirmed by positive staining for CD123 (arrowheads in the middle
row). B: Flow cytometric analysis for intracellular H-PGDS in pDC and
mDC with whole blood staining. pDCs and mDCs in whole blood were
identified as CD123�/BDCA-2� cells and CD19�/BDCA-1� cells, respec-
tively. Intracellular H-PGDS in these cells was detected by staining with
polyclonal anti-human H-PGDS Ab.

Figure 3. H-PGDS expression in isolated blood DCs. A: pDCs and mDCs
were isolated from peripheral blood from normal donors by magnetic
positive selection with CD304 (BDCA-4) for pDCs and with CD1c
(BDCA-1) following the depletion of CD19� cells for mDCs. We obtained
high-purity cell suspensions (
95%) as determined by the analysis of cell
surface molecules, CD45RA and BDCA-2 for pDCs (left), and HLA-DR and
CD19 for mDCs (right), respectively. B: Flow cytometric analysis (left)
with the R-PE-conjugated mouse anti-H-PGDS mAb (EBC45) detected
intracellular H-PGDS in pDCs and mDCs. RT-PCR analysis revealed the
expression of H-PGDS mRNA in these cells (right). C: MoDCs generated
from CD14�-blood monocytes cultured with GM-CSF/interleukin-4 ex-
pressed intracellular H-PGDS as assessed by flow cytometry with EBC45
Ab. Western blotting analysis with the monoclonal anti-human H-PGDS
Ab (1E6) confirmed the presence of intracellular H-PGDS. MoDCs con-
stitutively expressed H-PGDS mRNA. The recombinant H-PGDS prepared
at the Osaka Bioscience Institute was used as a positive control protein.
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LPS Induces Delayed PGD2 Production from
IFN-�–Primed DCs

LPS activates DCs and induces their maturation.32 In
addition, LPS activates cPLA2,33 leading to the gener-
ation of PGE2.34 When MoDCs were stimulated with
LPS (Escherichia coli, serotype O111:B4; Sigma Al-
drich, Inc.), a small and delayed PGD2 production at 6
hours was observed (Figure 6A). This was accompa-
nied by an increase in cPLA2 and Cox-2 mRNA and a
dramatic reduction of H-PGDS mRNA expression. DCs
exhibited cell maturation as assessed by the increased
levels of surface HLA-DR and CD86,32 while intracel-
lular H-PGDS protein was reduced by LPS stimulation
(Figure 6B).

Notably, preincubation of MoDCs with IFN-� (100
ng/ml) (PeproTech) for 12 hours remarkably enhanced
LPS-induced PGD2 secretion (Figure 6C). This effect
was characterized by the inhibition of LPS-induced
reduction of H-PGDS mRNA and by enhanced Cox-2
mRNA expression. The inhibition of LPS-induced re-
duction of H-PGDS was also confirmed by the Western
blotting analysis (Figure 6C).

To further explore the mechanisms for synergistic
effects of IFN-� on LPS-induced PGD2 release, we
examined the expression levels of TLR4, a ligand for
LPS. Preincubation with IFN-� caused an increase in
TLR4 mRNA synthesis; however, the cell surface ex-
pression of TLR4 was not enhanced (Figure 6D). Thus,

the priming effect of IFN-� was independent of cell
surface TLR4 expression.

DCs Release PGD2 in Response to an Irritant
Chemical Compound

Human skin is exposed to a variety of toxic and/or
irritant materials. The barrier function of skin in patients
with AD is disrupted, and their skin is highly suscepti-
ble to an irritant chemical, SDS.35 In addition, SDS
stimulates epidermal keratinocytes to secrete proinflam-
matory cytokines, such as interleukin-1� and tumor necro-
sis factor-�.36 Thus, we next characterized the effect of
SDS (Wako Pure Chemical Industries, Osaka, Japan) on
MoDCs. SDS dose-dependently induced PGD2 production
at 1 hour (Figure 7A). Cell viability was not decreased, even
at the highest doses of SDS, as assessedbypropidium iodide
staining (Sigma Aldrich, Inc.) (Figure 7B). Sustained cell

Figure 4. PMA and TSLP did not induce PGD2 secretion from MoDCs.
MoDCs were incubated with (A) PMA (1 �mol/L) or (B) TSLP (50 ng/ml) for
up to 24 hours. Neither of these stimuli induced PGD2 secretion, while
mRNA expression of H-PGDS, cPLA2, Cox-1, and Cox-2 was elevated. Results
after 6 and 24 hours of incubation with PMA and results after 1 and 6 hours
of incubation with TSLP are shown, respectively. Experiments were repeated
three times. *P � 0.05.

Figure 5. Calcium ionophore induced the rapid secretion of PGD2, but not
PGE2, from MoDCs. A: MoDCs were incubated with the calcium ionophore
A23187 (5 �mol/L) for the indicated periods. B: MoDCs prelabeled with �1-14C�
arachidonic acid (A.A.) were stimulated with A23187. PGs secreted during each
10-minute interval were subjected to the TLC assay. PGD2 was produced as early
as 10 minutes after stimulation and became undetectable after 20 minutes.
Neither PGE2 nor PGF2� was detected. C: (left) MoDCs were incubated with
A23187 for 60 minutes; (right) MoDCs were incubated with PMA for 6 hours
followed by stimulation with A23187 for 60 minutes. A23187 induced rapid
PGD2 production (left, closed column) that was significantly enhanced by
pretreatment with PMA for 6 hours (right, closed column). MoDCs produced a
small amount of PGD2 during the 6-hour incubation in medium alone (open
column). Representative results of at least three separate experiments are shown.
*P � 0.05.
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viability during a 1-hour incubation with SDS was also con-
firmed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT) assay (CellTiter 96 Aqueous One Solu-
tion Cell Proliferation Assay, Promega Corp., Madison, WI)
(data not shown).

PGD2 Promotes CCL22/Macrophage-Derived
Chemokine Expression in Human Keratinocytes
Stimulated with IFN-�

Next, we examined the physiological relevance of DC-
derived PGD2. Given the evidence that LPS and/or SDS
stimulated PGD2 release by DCs, we examined the effect
of PGD2 on chemokine expression in human keratino-
cytes, which would be the cells directly exposed to PGD2
secreted from epidermal DCs (ie, Langerhans cells). In
this context, we were interested in the generation of
CCL22/macrophage-derived chemokine, as human lung
epithelial cells produce CCL22/macrophage-derived
chemokine in response to PGD2.37 Although PGD2 alone
(10 �mol/L) (Cayman Chemicals) did not induce the syn-
thesis of CCL22/macrophage-derived chemokine mRNA
in human keratinocytes (data not shown), it synergisti-

cally enhanced IFN-�-induced CCL22/macrophage-de-
rived chemokine mRNA expression (Figure 8).

DCs Generating PGD2 Promote the Production
of Interleukin-17 from Lymphocytes

We further attempted to identify the biological signifi-
cance of DC-derived PGD2. To this end, we compared
the stimulatory capabilities of DNP-DCs from wild-type
mice and mice lacking the H-PGDS gene. LN cells used
as responder cells were obtained from H-PGDS�/� mice
sensitized with 2,4-dinitrofluorobenzene to minimize the
PGD2 production from these cells. DNP-DC from wild-
type mice exhibited a small and spontaneous secretion of
PGD2 (Figure 9, upper left), as seen in human cultured
MoDCs. Co-incubation of the DCs with LN cells from
H-PGDS�/� mice significantly enhanced PGD2 levels.
Interestingly, LN cells produced higher amounts of inter-
leukin-17 when stimulated with DNP-DC from wild-type
mice than with DNP-DC from H-PGDS�/� mice (Figure 9,
lower right). The levels of interleukin-4 and IFN-� were
comparable with each other.

Figure 6. Synergistic effect of IFN-� on delayed
PGD2 secretion induced by LPS. A: MoDCs pro-
duced a small amount of PGD2 in response to LPS (1
�g/ml) at 6 hours. This production was accompa-
nied by a significant enhancement of cPLA2 and
Cox-2 mRNA and a marked reduction of H-PGDS
mRNA expression. B: Intracellular H-PGDS (poly-
clonal anti-human H-PGDS Ab) decreased in re-
sponse to LPS stimulation, while MoDCs exhibited
cell maturation as demonstrated by the increased
HLA-DR and CD86 expression. C: Preincubation
with IFN-� (100 ng/ml) for 12 hours synergistically
promoted PGD2 secretion in response to LPS. IFN-
�-pretreatment blocked the reduction of H-PGDS
mRNA and protein synthesis and remarkably en-
hanced Cox-2 mRNA expression induced by LPS. D:
IFN-� treatment for 12 hours caused an increase in
TLR4 mRNA expression, but TLR4 expression on
the cell surface of DCs was not enhanced by
IFN-�. Experiments were repeated at least three
times. *P � 0.05.
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Discussion

In this study, we demonstrated that a variety of human
DCs, such as epidermal Langerhans cells, dermal DCs,
pDCs, and mDCs, express H-PGDS. In addition, we clar-
ified the regulatory mechanisms of PGD2 production by
MoDCs in vitro. The amount of PGD2 secreted from DCs
was 100 times less than the amount secreted by mast
cells and 20 times less than the amount secreted by
Th2 cells.22,23,25 Nevertheless, epidermal DCs, such
as Langerhans cells, should be a major source of PGD2
in the epidermis. In addition, DC-derived PGD2 directly
influences the function of lymphocytes during antigen
presentation. Indeed, murine DCs producing PGD2 pro-
moted interleukin-17 generation from lymph node cells
in vitro.

While H-PGDS was detected in almost all epidermal
Langerhans cells in mouse skin,7 only about half of hu-
man Langerhans cells express H-PGDS (Figure 1B). In
this respect, it was interesting to note that intracellular
H-PGDS levels in MoDCs decreased along with their
maturation induced by LPS (Figure 6B). Although the
mechanisms responsible for the rapid loss of immunore-
active H-PGDS in DCs are uncertain, the prevalence of
H-PGDS� epidermal Langerhans cells may be deter-
mined by their maturation, which is induced by environ-
mental stimulation or influenced by the turnover rate of
epidermal Langerhans cells.

In mast cells, aggregation of Fc�RI by IgE or calcium
ionophore A23187 induced a rapid secretion of PGD2
within 10 to 20 minutes after stimulation.22 This secretion
is mediated by the activation of phospholipase A2, re-
sulting in the release of arachidonic acids.23 Similarly, in
the present study, MoDCs exhibited a rapid secretion of
PGD2 in response to A23187. Secretion of PGD2 as-
sessed by EIA was detected as early as 10 minutes. The
TLC assay confirmed the secretion of PGD2 from MoDCs,
and it also revealed that MoDCs treated with calcium
ionophore did not generate PGE2. Unknown mechanisms
control the enzymatic cascade that favors the activation
of H-PGDS rather than PGE synthase after the influx of
Ca2� and release of arachidonic acid. More importantly,
PGD2 secretion decreased within 20 minutes despite the
persistent release of arachidonic acid (Figure 5B). An
additional study is needed to elucidate the mechanisms
underlying the rapid inactivation of H-PGDS within 20
minutes in the presence of arachidonic acids.

PMA stimulates the expression of the H-PGDS gene
in human megakaryoblastic cells.29 Consistent with
this observation, MoDCs stimulated with PMA showed
increased expression of H-PGDS mRNA (Figure 4A).
However, PGD2 secretion did not occur despite the fact
that the increase in H-PGDS mRNA was accompanied by
cPLA2, Cox-2, and Cox-1 mRNA expression. In contrast,
pretreatment of MoDCs with PMA synergistically en-
hanced the A23187-induced rapid secretion of PGD2
(Figure 5C). The priming effect by PMA could be ob-
tained by the increased levels of cPLA2, Cox-1/2, and
H-PGDS, enabling the promotion of the enzymatic cas-
cade for PGD2 synthesis, such as arachidonic acid release,
PGH2 generation, and isomerization, by these enzymes,
respectively, when the Ca2� influx was subsequently in-
duced by A23187.

LPS stimulation induced the delayed production of
PGD2, which was not marked but was statistically signif-
icant. This result is in striking contrast to a prior report
demonstrating a lack of PGD2 secretion from MoDCs
stimulated with LPS.34 This discrepancy may be ex-
plained by differences in E. coli, in the serotype of LPS
(O111:B4 versus 055:B5), or in the concentration of LPS
(1 �g/ml versus 100 ng/ml). In addition, we stimulated
MoDCs with LPS in the presence of GM-CSF/interleu-
kin-4. The delayed and long-lasting secretion of PGD2
could be partly mediated by the slow and persistent
activation of cPLA2 by LPS.33 Unlike the stimulation with
A23187, we detected PGE2 production from MoDCs in
response to LPS (78.1 	 8.94 pg/ml for medium and

Figure 7. PGD2 release by MoDCs stimulated with an irritant SDS. A: MoDCs
were incubated with SDS at the indicated dose for 1 hour. PGD2 was
dose-dependently released from MoDCs in response to SDS. B: SDS treat-
ment at concentrations up to 100 �g/ml did not reduce cell viability, as
assessed by propidium iodide. Representative results of three separate ex-
periments are shown. *P � 0.05.

Figure 8. Synergistic effects of PGD2 and IFN-� on CCL22/macrophage-
derived chemokine expression in keratinocytes. Normal human keratino-
cytes were stimulated for the indicated periods with IFN-� (10 ng/ml) and/or
PGD2 (10 �mol/L). PGD2 significantly enhanced CCL22/macrophage-de-
rived chemokine mRNA synthesis in keratinocytes stimulated with IFN-�.
Representative results of two separate experiments are shown. *P � 0.05.
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178.7 	 26.90 pg/ml for LPS, respectively), which is
consistent with a prior report.34

Pretreatment with IFN-� significantly enhanced PGD2
production by LPS. IFN-� enhances TLR4 expression by
DCs during stimulation for 48 hours.38 However, in this
experiment where MoDCs were stimulated for 12 hours,
IFN-� treatment did not enhance TLR4 expression (Figure
6D). Thus, the mechanisms responsible for the priming
effect of IFN-� were likely to result from synergism of
intracellular events mediated by IFN-� and LPS rather
than the increased expression of LPS ligand. In general,
the functional relationship between IFN-�- and LPS-me-
diated signaling events is in argument. The suppressor of
cytokine signaling, which is a key molecule for IFN-�
signaling, directly inhibits TLR4 signaling.39,40 Neverthe-
less, IFN-� enhances LPS-induced DC maturation and
cytokine production.41 In addition, IFN-� and LPS have a
synergism in the interleukin-27 p28 gene of macro-
phages42 and in the interleukin-23 p19 gene of CD11c�

myeloid antigen-presenting cells.43 In the present study,
IFN-� priming resulted in synergistic enhancement of
LPS-induced Cox-2 expression and inhibition of LPS-
induced reduction in H-PGDS; these pathways seem to
be a mechanism of IFN-�-mediated enhancement of
PGD2 secretion in response to LPS. PGD2 released by
IFN-�–primed DCs in response to LPS presented by en-
vironmental bacteria may affect the immune responses in
chronic skin lesions of patients with AD, as the production
of IFN-�, a Th1-type cytokine, is elevated in chronic skin
lesions, while Th2-type cytokines are dominant in acute
lesions of patients with AD.44,45 IFN-�–mediated en-
hancement of PGD2 production has also been demon-
strated in human Langerhans cells stimulated with nico-
tinic acid because of the enhancement of the nicotinic
acid receptor by IFN-� treatment.46

We noted a minimal increase in the basal levels of
PGD2 secreted from MoDCs during the 6 hours of culture
with medium containing GM-CSF/interleukin-4 (Figures
4B and 5C, open columns). These data suggest that
GM-CSF/interleukin-4 not only sustained cell differentia-
tion toward DCs, but also stimulated MoDCs to persis-
tently produce a small amount of PGD2. Alternatively, a
trace amount of endotoxin contamination in the culture
medium might cause PGD2 secretion. The levels of
PGD2 reached a peak level at 6 hours, and no further
increases were detected after 12 and 24 hours of incu-
bation (Figure 4A, open columns). This result was prob-
ably due to the nonenzymatic degradation of PGD2 in the
culture medium.

Epidermal keratinocytes are capable of secreting
proinflammatory cytokines, interleukin-1� and tumor ne-
crosis factor-�, in response to an irritant chemical, SDS,36

although it did not have any effect on cytokine release by
DCs.47 In the present study, we found that SDS stimu-
lated MoDCs to release PGD2. These findings are intrigu-
ing since the skin of patients with AD is susceptible to
contact with SDS because of the impaired skin barrier
function.48,35 In addition, in the present study, we showed
that IFN-� stimulated CCL22/macrophage-derived che-
mokine mRNA expression in human keratinocytes, which
was synergistically enhanced by PGD2. These data
could be important in terms of physiological relevance to
skin inflammation, in particular, chronic skin lesions of AD
where IFN-� is produced, because PGD2 secreted from
epidermal DCs may directly act on neighboring keratin-
ocytes. CCL22/macrophage-derived chemokine func-
tions as an chemoattractant for CCR4� cells, such as Th2
cells,49 and IFN-�-mediated CCL22/macrophage-de-
rived chemokine production together with Th1-type che-

Figure 9. DCs capable of generating PGD2 pro-
mote interleukin-17 production from lympho-
cytes. Immune LN cells were obtained from
H-PGDS�/� mice and stimulated with DNP-DCs
from either wild type (W.T.) or H-PGDS�/�

mice for 24 hours in vitro. PGD2 and cytokine
levels in the supernatants were measured. Rep-
resentative results of two separate experiments
are shown. *P � 0.05.
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mokine generation50 has been implicated in the patho-
genesis of chronic skin lesions of AD.51

PGD2 generation from murine DCs was stimulated by
co-incubation with LN cells. In addition, DCs from wild-
type mice were more potent than DCs from H-PGDS�/�

mice in respect to stimulating interleukin-17 generation
from LN cells, which demonstrates additional physiolog-
ical relevance of DC-derived PGD2 in inflammation. Ob-
viously, immunological events in mice are not necessarily
relevant to human systems, but these data suggest that
PGD2 from DCs could affect T-cell expansion and/or
modification of cytokine profiles in some of the inflamma-
tory reactions.

Collectively, DCs in the epidermis and dermis are ca-
pable of functioning as an important source of PGD2 in
the skin, thereby contributing to or regulating innate
and/or acquired immune responses of the skin.
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