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Summary

The local cytokine environment and presence of stimulatory signals deter-
mine whether monocytes acquire dendritic cell (DC) or macrophage charac-
teristics and functions. Because enhanced platelet activation is reported in
patients with many allergic disorders, such as atopic dermatitis, platelet-
derived factors may influence monocytic differentiation into DC. In this study
we examined the effect of serotonin, a prototypic mediator of allergic inflam-
mation released mainly by activated platelets at the inflammatory site, on the
granulocyte–macrophage colony-stimulating factor (GM-CSF) and interleu-
kin (IL)-4-driven differentiation of monocytes into monocyte-derived DC.
Monocytes from healthy adult donors were cultured with GM-CSF and IL-4 in
the presence or absence of serotonin, and the phenotypes and function of
these cells were analysed. In the presence of serotonin, monocytes differenti-
ated into DC with reduced expression of co-stimulatory molecules and CD1a,
whereas expression of CD14 was increased. These serotonin-treated DC
exhibited significantly reduced stimulatory activity toward allogeneic T cells.
However, these cells showed enhanced cytokine-producing capacity, including
IL-10 but not IL-12. There was no significant difference between both types of
DC in phagocytic activity. Experiments using agonists and antagonists indi-
cated that serotonin 5-hydroxytryptamine (5-HT) induced the alteration of
their phenotype and reduction in antigen-presenting capacity were mediated
via 5-HTR1/7. It is therefore suggested that serotonin-driven DC may have a
regulatory function in the inflammatory process.
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Introduction

The local cytokine environment and presence of stimulatory
signals determines whether monocytes will acquire dendritic
cell (DC) or macrophage characteristics and functions [1–5].
Macrophages are characterized by their capacity for phago-
cytosis and production of pro- and anti-inflammatory
cytokines that regulate inflammatory reactions [5]. In
contrast, DC can initiate primary and secondary T cell
responses, and are the most efficient professional antigen-
presenting cells (APC) [1,2,6,7]. Moreover, the functional
and phenotypical characteristics of DC are modified in asso-
ciation with the environment surrounding them [8–10]. The
functional divergences may be of importance for the putative
regulatory role of monocyte-derived DC (MoDC) or

macrophages in tissues, and consequently for the outcome of
the local inflammatory response [11]. Thus far several
factors, such as corticosteroids, interleukin (IL)-10, hista-
mine and signalling evoked by the engagement of high affin-
ity receptor for IgE (FceRI), are known to influence
monocyte differentiation into DC [11–13].

In vivo, monocytes are the primary leucocytes that inter-
act with activated platelets by forming aggregates with
them [14,15]. Platelets contain many mediators and may
play a critical role in immunological and non-
immunological inflammation [16]. Indeed, enhanced plate-
let activation in patients with atopic dermatitis (AD) was
reported [17]. In AD, scratching due to severe itch often
results in excoriation and subsequent platelet aggregation
at the lesion. Serotonin (5-hydroxytryptamine, 5-HT) is
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one of the mediators released by platelets following their
aggregation after haemorrhage or the engagement of the
IgE receptor on their surface with antigens [18–20]. 5-HT
contributes to initiate inflammation by the direct activation
of endothelial cells of the local vascular capillaries, induc-
ing an increase in permeability and resulting in local
recruitment into the tissues of effector T cells that mediate
cutaneous inflammation [21–23]. In addition, it has been
reported that 5-HT affects the phenotype and function of
monocytes/macrophages, i.e. the suppression of human
leucocyte antigen D receptor (HLA-DR) expression and
tumour necrosis factor (TNF)-a synthesis and the induc-
tion of the release of chemotactic factors for neutrophils
and monocytes [24,25].

In this report, we examined the effect of 5-HT on the
granulocyte–macrophage colony-stimulating factor (GM-
CSF) and IL-4-driven differentiation of monocytes into DC.
In monocytes from non-atopic healthy individuals we found
that 5-HT down-regulates the expression of CD86, HLA-DR
and CD1a, whereas the expression of CD14 was increased.
These 5-HT-treated DC exhibited significantly reduced
stimulatory activity towards allogeneic T cells. These cells
showed an enhanced cytokine-producing capacity, including
IL-10 but not IL-12. Experiments using agonists and antago-
nists indicate that the 5-HT-induced alteration of their phe-
notypic and antigen-presenting capacity are mediated via
5-HTR1/7.

Methods

Reagents

Phycoerythrin (PE)-labelled anti-CD1a monoclonal anti-
body (mAb) (CTB6) was obtained from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA, USA). PE-, fluorescein
isothiocyanate (FITC)-conjugated or unconjugated anti-
CD1b, CD11b, CD14, CD40, CD45RO, CD68, CD80, CD83,
CD86 and HLA-DR were obtained from BD PharMingen
(San Diego, CA, USA). mAb against M-colony stimulating
factor receptor (CSFR) were purchased from R&D systems
(Minneapolis, MN, USA). Anti-human mannose receptor
(HyCult Biotechnology, Uden, the Netherlands) and factor
XIIIa (FXIIIa, Laboratory Vision, CA, USA) mAb were also
purchased. FITC-conjugated and unconjugated F(ab)2 goat
anti-mouse IgG antibodies were acquired from Jackson
Immunoresearch (West Grove, PA, USA). The 5-HTR1/6/7

antagonist methiothepin maleate (Tocris Bioscience, Bristol,
UK), 5-HTR2A antagonist MCI-9042 (Mitsubishi Pharma
Corporation, Osaka, Japan), 5-HTR3 antagonist MDL-72222
(Tocris), 5-HTR1/6/7 agonist 5-carboxamidotryptamine
maleate (Sigma Chemical Co., St Louis, MO, USA), 5-HTR2

agonist a-methyl-5-hydroxytryptamine (Sigma) and
5-HTR3 agonist 2-methyl-5-hydroxytryptamine hydrochlo-
ride (Sigma) were used. Other reagents were obtained from
Sigma unless indicated otherwise.

Cell purification and culture

Whole blood was obtained from informed, non-atopic,
healthy volunteers under approval of our Institutional
Ethical Committee. Monocytes were isolated using Nycoprep
(Nycomed, Oslo, Norway) and a monocyte negative isolation
kit (Dinal Biotech, Oslo, Norway) according to the manufac-
turer’s instructions. The monocytes were cultured with
100 ng/ml GM-CSF and IL-4 (R&D Systems) at 1 ¥ 106/ml
in low-endotoxin RPMI-1640 (Biochrom KG, Berlin,
Germany) supplemented with 10% fetal calf serum (FCS),
100 mm l-glutamine, and 1% antibiotic–anti-mycotic (all
from Gibco BRL, Gaithersburg, ML, USA) for 6 days at 37°C
and 5% CO2 as described previously [26]. To obtain mac-
rophages, the monocytes were cultured at 1 ¥ 106/ml in the
presence of 100 ng/ml M-CSF (R&D Systems) for 6 days at
37°C and 5% CO2, as described previously [27]. All plastic
ware and culture reagents were tested for the presence of
endotoxin with the Limulus amebocytes lysate multiple test.
Endotoxin levels were always � 10 pg/ml.

Proliferation assays

Allogeneic mixed lymphocyte reactions (MLRs) were con-
ducted in 96-well round-bottomed microtitre plates by
adding different amounts of irradiated (3000 rad) DC on
day 6 to 1 ¥ 105 allogeneic naive T cells, which were obtained
with a CD4 positive isolation kit (Dynal) and subsequent
negative selection in combination with anti-CD45RO mAb
(BD PharMingen), plus goat anti-mouse IgG mAb-
conjugated immunomagnetic beads (Dynal). After 4 days at
37°C, cell proliferation was assessed by the uptake of
[3H]-thymidine (1·25 mCi/well present for 16 h; Amersham,
Little Chalfont, UK).

Flow cytometry

Surface and intracellular molecular labelling was performed
as reported previously [26]. The relative fluorescence inten-
sity (rFI) was assessed as follows: rFI = (mean fluorescence
intensity (MFI) (surface molecule) - MFI (control)/MFI
(control). Intracellular staining for cytokines was carried out
as described previously [26]. Phagocytic activity was tested
for using fluorescence-labelled latex beads (Polysciences,
Wallington, PA, USA). Briefly, cultured cells in the absence or
presence of 5-HT on day 5 were incubated with the beads for
3 h at 37°C or 0°C. After washing three times, the cells were
fixed with 4% paraform–aldehyde, and then the percentage
of cells that performed phagocytosis was analysed by using
flow cytometry.

Statistical analysis

Data are expressed as the means � standard deviation (s.d.).
Statistical differences were determined by using paired and
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unpaired t-tests, and a P-value of less than 0·05 was consid-
ered to be statistically significant.

Results

5-HT influences phenotype of MoDC

At the start of culturing, the cells used to generate DC in a
typical experiment consisted of 95% monocytes, as indicated
by CD14 expression and a typical light-scattering profile.
They were induced to differentiate into immature DC with
IL-4 and GM-CSF over a period of 6 days. The cells rapidly
became non-adherent to culture plates and formed large
clusters. When monocytes were cultured in the presence of
10 mm 5-HT in addition to IL-4 and GM-CSF, the cells were
also non-adhered and formed clusters after 6 days. They
were both irregularly shaped, had extended veils and small
dendrites and showed similar dendritic morphologies
(Fig. 1a). This concentration of 5-HT is relevant in physi-
ological or pathological events and thus was used in the
following experiments, because the release of 5-HT during
platelet aggregation may reach local concentrations of
100 mM at the immediate site of release [21]. In contrast,
M-CSF-induced macrophages were adherent, roundly
shaped cells with many vacuoles.

We next examined the effect of 5-HT on the DC
phenotype. DC generated under control conditions with
GM-CSF and IL-4 expressed high levels of CD1a and low
levels of CD14. In contrast, those generated in the presence
of 5-HT expressed significantly lower levels of CD1a and
higher levels of CD14 (Fig. 1b). The effect of 5-HT on CD1a
expression was observed in a dose-dependent manner
(Fig. 1c). The expression of HLA-DR and CD86 was reduced
significantly with 5-HT, whereas no significant alteration in
CD40, CD80, CD83, CD1b, M-CSF receptor, CD11b, CD11c
or FXIIIa expression was observed on day 6 (Fig. 2, Table 1).
All control DC and 5-HT-treated DC were positive for
CD11c. 5-HT induced a significant increase in the mannose
receptor. The viability of the observed cells compared to the
5-HT-treated and untreated groups using trypan blue dye
exclusion was not significantly different (data not shown). To
investigate whether 5-HT could influence the maturation of
the DC, IL-4/G-CSF-driven MoDC generated in the presence
or absence of 5-HT was stimulated with lipopolysaccharide
(LPS) at day 6 for 24 h and their phenotypes were analysed.
Although the expression of CD83, a representative marker
for maturation of DC, was not altered between them, the
expression of CD86 and HLA-DR was significantly lower in
5-HT-treated DC than control DC (Fig. 2b). The effect of
5-HT on the expression of CD1a and CD14 was still
observed after LPS stimulation, although the change was
smaller when compared with that observed in the cells
without LPS stimulation.

To examine whether 5-HT could influence the phenotype
of already differentiated DC with IL-4 and GM-CSF, 5-HT

was added to immature MoDC (day 6) or LPS-matured
MoDC (day 7). As shown in Fig. 2c, the expression of CD86
and HLA-DR was also decreased significantly by the addition
of 5-HT in both immature and mature MoDC. However, the
expression of CD1a, CD14 and CD83 was not altered by the
addition of 5-HT. When immature MoDC (day 6) was
treated with 5-HT for 60 min, washed and then stimulated
with LPS for 24 h, the expression of CD83 was increased as
much as those seen in MoDC treated only with LPS (data not
shown), further suggesting that 5-HT is not capable of influ-
encing maturation of DC.
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Fig. 1. Morphology and CD1a/CD14 expression on dendritic

cells (DC) generated in the presence of interleukin (IL)-4,

granulocyte–macrophage colony-stimulating factor (GM-CSF) and

serotonin (5-hydroxytryptamine, 5-HT). Monocytes were cultured for

6 days in the presence or absence of 10 mM of 5-HT in addition to

IL-4 and GM-CSF. (a) Cytospins of control monocyte-derived DC

(MoDC) (a,d), 5-HT-treated cells (b,e) and control macrophages

(c,f) were labelled by May–Grünwald–Giemsa stain (a,b,c) or by

immunostaining for human leucocyte antigen D receptor (HLA-DR)

(d,e,f), ¥400; bar, 2 mm. (b) Expression of the CD1a and CD14

on the cell surface is shown for control DC (Nil) and control

M-CSF-induced macrophages (Mph) without 5-HT in comparison

with the cells cultured with 5-HT for 6 days. (c) The percentage of

CD1a-positive cells cultured in the presence of IL-4 and GM-CSF and

various concentrations of 5-HT for 6 days. The data are representative

of six independent experiments with different donors. *P � 0·05.
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5-HT reduces T cell stimulatory capacity in MLR

A characteristic feature of DC is their capacity to stimulate
naive T cells, as seen in the model of allogeneic MLR. We
thus examined whether 5-HT affects their T cell-stimulating
capacity in MLR. As shown in Fig. 3a, compared with MoDC
generated under control conditions 5-HT-treated DC exhib-
ited significantly reduced stimulatory activity toward alloge-

neic T cells. To examine whether 5-HT could influence the
antigen-presenting capacity of already differentiated DC,
immature MoDC (day 6) was treated with 5-HT and then
used as stimulatory cells in MLR. Treatment of immature
DC at day 6 with 5-HT also reduced the antigen-presenting
capacity (Fig. 3b). Intracellular expression of interferon
(IFN)-g and interleukin (IL)-4 in CD4+ naive T cell after
incubation with allogeneic 5-HT-treated DC exhibited no

(a)

(b)

(c)

Fig. 2. Serotonin (5-hydroxytryptamine, 5-HT) alters the phenotype of dendritic cells (DC) generated in the presence of interleukin (IL)-4 and

granulocyte–macrophage colony-stimulating factor (GM-CSF). (a) Expression of surface marker is shown for control DC (Nil) and control

M-CSF-induced macrophages (Mph) without 5-HT in comparison with the cells cultured with 5-HT for 6 days. The overlay histograms represent

the data from six independent experiments with different donors. The values of the of mean relative fluorescence intensity (rFI) � s.d. from six

independent experiments are also demonstrated. Asterisks indicate statistical significance between the control monocyte-derived DC (MoDC) and

5-HT- or M-CSF-treated cells. (b) Monocytes were cultured with IL-4 and GM-CSF for 6 days in the presence or absence of 5-HT. These cells were

then stimulated with 100 ng/ml lipopolysaccharide (LPS) for 24 h and their phenotypes were analysed. (c) Monocytes were cultured with IL-4 and

GM-CSF for 6 days (iDC) and stimulated with LPS for 24 h (mDC). These cells were treated with 5-HT for 24 h and the phenotypes were analysed.

(b,c) Overlay histograms represent the data from six independent experiments with different donors. The values of the of mean rFI � s.d. from six

independent experiments are also demonstrated for CD86, human leucocyte antigen D receptor (HLA-DR) and CD83 expression. Asterisks indicate

statistical significance between the control MoDC and 5-HT-treated cells.

Table 1. Effect of 5-HT on the phenotypes of in vitro-generated dendritic cells.

CD83 CD1b CD11b CD11c CD68 FXIIIa

Nil 0·5 � 0·1 0·7 � 0·1 19 � 4 45 � 3 3·9 � 0·8 14 � 6

5-HT 0·4 � 0·1 0·5 � 0·1 22 � 8 46 � 4 4 � 0·8 15 � 7

Macrophage 0 � 0 0·1 � 0·1* 51 � 14* 92 � 7* 9·33 � 3·2* 13 � 6

The phenotypes of interleukin (IL)-4/G-CSF-driven dendritic cells (DC) (Nil) and control M-CSF-induced macrophages without serotonin

(5-hydroxytryptamine, 5-HT) in comparison with the cells cultured with IL-4, granulocyte–macrophage colony-stimulating factor (GM-CSF) and

5-HT for 6 days were fluorescence activated cell sorter (FACS) analysed. The intracytoplasmic staining for CD68 and FXIIIa was performed by

permeabilization with saponin. The values of the of mean relative fluorescence intensity (rFI) � s.d. from six independent experiments with different

donors are demonstrated. Asterisks indicate statistical significance between the control monocyte-derived DC (MoDC) and 5-HT- or M-CSF-treated

cells.
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difference to those in the control DC (data not shown). The
phagocytic activity of these cells was then evaluated using
FITC-labelled latex beads. There was no significant differ-
ence between both types of DC in the phagocytosis of FITC-
latex beads (Fig. 3c).

Next, we examined their capacity to produce cytokines by
stimulating them with LPS after 6 days of culturing. The
ability to produce pro- and anti-inflammatory cytokines
including IL-10 was significantly elevated in 5-HT-treated
DC except IL-12 and IL-1b (Fig. 4a,b). Endogenous produc-
tion of M-CSF was not detected in control MoDC and 5-HT-
treated DC using enzyme-linked immunosorbent assay
(ELISA) (data not shown).

The effect of 5-HT on the DC phenotype and function
was mediated by 5-HTR1 or 5-HTR7

In the pharmacological characterization of receptor sub-
types using 5-HT receptor agonists and antagonists, 15
receptor subtypes were shown [28]. A recent study suggested
that human monocytes and immature DC express 5-HTR1E,
5-HTR2, 5-HTR3, 5-HTR4 and 5-HTR7 mRNAs [29,30].
Therefore, to determine which receptor was responsible for
the 5-HT-induced alteration in phenotype and function, we
preincubated monocytes with 5-HT receptor antagonists,
including 5-HTR1/6/7 antagonist, 5-HTR2A antagonist and
5-HTR3 antagonist, before adding 5-HT. The 5-HT-induced
alteration of their phenotype and reduction in antigen-
presenting capacity was blocked by incubation of the mono-
cytes with 5-HTR1/6/7 antagonist but not with 5-HTR2A or
5-HTR3 antagonists (Fig. 5a,b). In addition, a 5-HTR1/6/7
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Fig. 3. Suppression of the stimulatory activity of allogeneic T cells by

dendritic cells (DC) generated in the presence of serotonin

(5-hydroxytryptamine, 5-HT). (a) Monocytes were cultured with

(open square) or without 5-HT (closed square) in addition to

interleukin (IL)-4 and granulocyte–macrophage colony-stimulating

factor (GM-CSF) for 6 days. These cells were washed three times and

then co-cultured with purified responder allogeneic naive CD4+ T

cells (1 ¥ 105cells/100 ml) for 4 days. Results are expressed as the

mean � s.d. for triplicate cultures. Similar results were obtained when

the experiment was repeated three additional times. (b) Monocytes

were cultured for 6 days in the presence of IL-4 and GM-CSF. These

immature DC were treated with 5-HT for 60 min or untreated,

washed and then co-cultured with purified responder allogeneic naive

CD4+ T cells for 4 days. Results are expressed as the mean � s.d. for

triplicate cultures. Similar results were obtained when the experiment

was repeated two additional times. (c) Effects of 5-HT on the

phagocytic activity of DC were tested for phagocytic capacity at 0°C

(white histogram) and 37°C (black histogram) using fluorescein

isothiocyanate (FITC)-labelled latex beads and flow cytometry.

Representative histograms from four independent experiments with

different donors are shown.
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Fig. 4. Capacity for producing proinflammatory cytokines of

serotonin (5-hydroxytryptamine, 5-HT)-treated dendritic cells (DC).

(a,b) Monocytes were cultured with (closed square) or without

5-HT (open square) in addition to interleukin (IL)-4 and

granulocyte–macrophage colony-stimulating factor (GM-CSF) for

6 days. Alternatively, monocytes were cultured in the presence of

M-CSF alone for 6 days (hatched square). After washing, the cells

(1 ¥ 106/ml) were stimulated with 100 ng/ml lipopolysaccharide (LPS)

for 24 h. The cytokine concentrations of the culture supernatants were

estimated by enzyme-linked immunosorbent assay (ELISA). The data

are the means � s.e.m. of four independent experiments with

different donors.
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agonist mimicked the effect of 5-HT on the alteration of
MoDC in phenotype and function, whereas 5-HTR 2 agonist
or 5-HTR 3 agonist showed no effect on it. These results
indicate that the 5-HT-induced alteration of their phenotype
and reduction in antigen presenting capacity are mediated
via 5-HTR1E or 5-HTR7.

Discussion

5-HT is one of the major chemical mediators secreted by
activated platelets [21,22]. Although the 5-HT-induced Ca2+

influx in monocytes and immature MoDC has been reported

[29,30], the effect of 5-HT on monocytic differentiation into
DC has not been studied. Because DC can be derived from
monocytes and play critical roles in immune responses and
inflammation, it is of interest to understand how 5-HT
affects the differentiation of monocytes into DC, including
their phenotypical and functional characteristics. The results
of our study demonstrate that 5-HT down-modulates the
expression of CD86 and HLA-DR. In contrast to IL-4/G-
CSF-driven MoDC, those generated in the presence of 5-HT
expressed significantly lower levels of CD1a and higher levels
of CD14. However, these cells were negative for the mac-
rophage marker M-CSFR. Microscopic observation demon-
strates that 5-HT-treated cells have dendritic morphology
and are non-adherent to plastic dishes, suggesting that the
cells that developed in the presence of GM-CSF, IL-4 and
5-HT were DC.

It is considered that platelets are the major source of 5-HT
in the inflammatory skin lesions of human. Human mast
cells may also release 5-HT [31]. Allergen challenge has been
shown to induce pulmonary recruitment and the activation
of platelets in the murine model of asthma [32] and asth-
matic patients [33], suggesting that platelets would also be
accumulated and activated in AD skin lesions. Additionally,
in AD scratching due to severe itch often results in excoria-
tion and subsequent platelet aggregation at the lesion. The
engagement of IgE receptors on platelets due to environ-
mental allergens (e.g. dust mites and pollen) may also take
place on these lesions. These events promote platelets to
release 5-HT. In AD individuals, monocytes could thus be
exposed to 5-HT in the skin. Ammon et al. [34] have dem-
onstrated that intact platelets strongly prompted monocyte
differentiation into macrophages in vitro. However, 5-HT
does not seem to contribute to this effect because they
showed that lipid fractions of platelet membranes are pos-
sible inducers of monocyte maturation. 5-HT should be
added as another platelet-derived modifier of monocytic
differentiation.

DC developed in the presence of GM-CSF, IL-4 and 5-HT
showed the reduced expression of CD86 and HLA-DR
molecules. In addition, 5-HT down-regulate the expression
of CD86 and HLA-DR in already differentiated DC with IL-4
and GM-CSF. In accordance with this, 5-HT-treated DC
exhibited significantly reduced stimulatory activity toward
allogeneic T cells. Interestingly, skin migratory CD1a+CD14–

DC shows a mature phenotype with the high expression of
HLA-DR, CD54, CD80 and CD86, and potent stimulatory
function for allogeneic CD4+ T cells [35–37]. By contrast,
CD1a–CD14+ skin migratory DC were weak for allogeneic
CD4+ T cells with the low expression of HLA-DR and
co-stimulatory molecules. Recently, we showed that mono-
cytes cultured in the presence of IL-4, GM-CSF and
histamine differentiated into CD1a–CD14+ DC, in which
histamine-induced endogenous production of IL-10 by
monocytes plays a certain role [12]. 5-HT also induces
CD1a–CD14+ DC, although its effect on monocytic differen-
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Fig. 5. Serotonin (5-hydroxytryptamine, 5-HT) affects the phenotype

and function of dendritic cells (DC) via HTR1/7. Monocytes were

incubated with 10 mM of 5-HTR antagonists for 30 min, washed three

times and then cultured in the presence of 5-HT, interleukin (IL)-4

and granulocyte–macrophage colony-stimulating factor (GM-CSF) for

6 days. Alternatively, monocytes were each incubated with 10 mM of

5-HTR agonist for 6 days in the presence of IL-4 and GM-CSF. Then,

their CD1a expression was analysed by flow cytometry (a) and their

stimulatory capacity for allogeneic T cells was measured by mixed

lymphocyte reactions (MLRs) (b). The data are representative of four

independent experiments with different donors.
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tiation into CD1a–CD14+ DC was weaker than that of
histamine. 5-HT did not induce the significant endogenous
production of IL-10 in our study (data not shown), which
may explain the difference in the effect on down-regulation
of CD1a expression.

Our results indicate that the effect of 5-HT on monocytic
differentiation into DC is mediated via 5-HTR1 or 5-HTR7.
Idzko et al. have demonstrated clearly that the signal trans-
duction pathway and subsequent events evoked by each
receptor subtype are different in monocytes and MoDC
[29,30]. In human monocytes, activation of the Gs-coupled
5-HTR4 and 5-HTR7 subtypes increases the intracellular
cyclic adenosine monophosphate and secretion of IL-1b,
IL-6, IL-12p40 and IL-8/CXCL8 [30]. Interestingly, 5-HTR1

and 5-HTR2 agonists do not modulate the LPS-induced
cytokine production in human monocytes [30]. Although
the precise mechanism by which the phenotype and function
of DC are regulated remains unknown, recent studies
suggest that mitogen-activated protein kinase signalling
pathways, such as extracellular signal-regulated kinases,
c-Jun N-terminal kinases and p38 mitogen-activated protein
kinases, differentially regulate all aspects of phenotypic
maturation, cytokine production and the functional matu-
ration of MoDC [38]. For example, the extracellular signal-
regulated kinase signalling pathway appears to regulate
negatively the phenotypic maturation of MoDC to some
degree [38,39]. Using 5-HTR-selective agonists and antago-
nists in combination with such kinase-specific inhibitors will
shed light on the signalling pathway of 5-HT in modulating
DC differentiation.

Recently, accumulating evidence has suggested the role of
platelets in inflammation [40,41]. Platelets are involved in
the initiation of inflammation by releasing chemokines [40]
and proinflammatory cytokines [41], and in the tissue
remodelling in allergen-induced asthma [32]. Thus, the
regulation of platelet activation and/or blocking the activity
of platelet-derived mediators should be one of the probable
strategies to control allergic inflammation. In the present
study, we provide insight into new immunomodulatory
effects of 5-HT on DC differentiation and function. DC
developed in the presence of IL-4, GM-CSF and 5-HT show
a different phenotype from that seen in control immature
MoDC, enhanced cytokine-producing capacity and reduced
antigen-presenting capacity. These results imply that 5-HT-
treated DC might play certain regulatory roles in immune
responses and inflammatory reactions.
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