
Leukotrienes modulate cytokine release from dendritic cells

Introduction

Leukotrienes are potent lipid mediators, synthesized in

activated leucocytes from membrane phospholipid-liber-

ated arachidonic acid. Leukotriene synthesis is initiated

by a two-step conversion of free arachidonic acid into

an unstable epoxide intermediate, leukotriene A4 (LTA4).

This reaction is catalyzed by 5-lipoxygenase (5-LOX) in

the presence of the accessory 5-LOX-activating protein

(FLAP). Further metabolism of LTA4 gives rise to two

types of leukotrienes, playing disparate roles in inflamma-

tory responses. LTA4 hydrolase transforms LTA4 into

LTB4, whereas LTC4 synthase couples LTA4 with glutathi-

one to form LTC4 (Fig. 1). LTC4, together with its partial

degradation products – LTD4 and LTE4, are collectively

termed cysteinyl leukotrienes (CysLTs). Expression of

5-LOX and LTC4 synthase, and therefore leukotriene syn-

thesis, is essentially limited to the cells of myeloid origin

(mast cells, eosinophils, basophils, monocytes-macropha-

ges, and (in the case of LTB4) neutrophils). In contrast,

LTA4 hydrolase is expressed in several cell types.1,2

Leukotrienes are potent mediators of inflammation,

and their excessive production is associated with patho-

logical manifestations of various inflammatory disorders,

such as asthma, arthritis, psoriasis, ulcerative colitis and

ischaemic reperfusion injury. CysLTs produce vasodilata-

tion, increased permeability of postcapillary venules,

bronchoconstriction, and mucus secretion, whereas LTB4
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Summary

Leukotriene B4 (LTB4) and cysteinyl leukotrienes (CysLTs) are known as

potent mediators of inflammation, whereas their role in the regulation of

adaptive immunity remains poorly characterized. Dendritic cells (DCs)

are specialized antigen-presenting cells, uniquely capable to initiate pri-

mary immune responses. We have found that zymosan, but not lipopoly-

saccharide (LPS) stimulates murine bone marrow-derived dendritic cells

(BM-DCs) to produce large amounts of CysLTs and LTB4 from endo-

genous substrates. A selective inhibitor of leukotriene synthesis MK886 as

well as an antagonist of the high affinity LTB4 receptor (BLT1) U-75302

slightly inhibited zymosan-, but not LPS-stimulated interleukin (IL)-10

release from BM-DCs. In contrast, U-75302 increased zymosan-stimulated

release of IL-12 p40 by �23%. Pre-treatment with transforming growth

factor-b1 enhanced both stimulated leukotriene synthesis and the inhibi-

tory effect of U-75302 and MK886 on IL-10 release from DCs. Consistent

with the effects of leukotriene antagonists, exogenous LTB4 enhanced

LPS-stimulated IL-10 release by �39% and inhibited IL-12 p40 release by

�22%. Both effects were mediated by the BLT1 receptor. Ligands of the

high affinity CysLTs receptor (CysLT1), MK-571 and LTD4 had little or

no effect on cytokine release. Agonists of the nuclear LTB4 receptor per-

oxisome proliferator-activated receptor-a, 8(S)-hydroxyeicosatetraenoic

acid and 5,8,11,14-eicosatetraynoic acid, inhibited release of both IL-12

p40 and IL-10. Our results indicate that both autocrine and paracrine

leukotrienes may modulate cytokine release from DCs, in a manner

that is consistent with previously reported T helper 2-polarizing effects of

leukotrienes.
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acts as a strong chemoattractant for neutrophils and eos-

inophils, stimulating their adherence to endothelial cells,

degranulation and generation of reactive oxygen spe-

cies.1,3 Two types of CysLTs receptors and three types of

LTB4 receptors have been identified to date. Both CysLTs

receptors, CysLT1 and CysLT2, are seven transmembrane-

spanning G protein-coupled receptors, increasing [Ca2+]i
and antagonizing cAMP elevation produced by other

receptors. Besides this, little is known about the signalling

triggered by leukotriene receptors at a mechanistic level.

LTD4 is a more potent agonist of CysLT1 than LTC4,

whereas LTD4 and LTC4 bind and activate CysLT2 with

similar potencies.4,5 Also, two homologous high affinity

LTB4 receptors, BLT1 and BLT2, belong to the family of

G protein-coupled receptors and mediate increases of

[Ca2+]i and inhibition of adenyl cyclase. The high affinity

BLT1 receptor is expressed mainly in leucocytes, whereas

the expression of BLT2 is ubiquitous. BLT2 binds LTB4
with lower affinity than BLT1, but, unlike BLT1, may also

mediate responses to 12/15-LOX-derived 12- and 15-hyd-

roxyeicosanoids.6,7 Nevertheless, analysis of BLT1-deficient

mice suggests that BLT1 is the major receptor mediating

pro-inflammatory effects of LTB4.
8,9 The third receptor

for LTB4 is the nuclear peroxisome proliferator-activated

receptor-a (PPARa). In contrast to the membrane recep-

tors, PPARa appears to be linked to anti-inflammatory

effects because PPARa–/– mice exhibit prolonged inflam-

mation in response to LTB4 or arachidonic acid, but not

to phorbol esters.10

Unlike their well-established role in inflammation,

involvement of leukotrienes in the regulation of different

aspects of adaptive immunity, including functions of anti-

gen-presenting cells, remains controversial.1,8,11,12 Dend-

ritic cells (DCs) are specialized antigen-presenting cells,

furnished with the unique ability to initiate primary

immune responses. Expression of 5-LOX has been detected

in different populations of DCs.2,13 For instance, Langerh-

ans cells are the major, and most likely the sole, 5-LOX

pathway-expressing cells in the normal human epidermis.2

In human DCs, expression of 5-LOX was induced during

their in vitro differentiation from CD34+ haematopoietic

progenitors. The expression was down-regulated by inter-

leukin (IL)-4, whereas transforming growth factor-b1
(TGFb1) up-regulated 5-LOX expression as well as coun-

teracted down-regulation by IL-4.13,14 5-FLAP, but not

5-LOX expression was reportedly down-regulated by IL-10

in murine bone marrow-derived DCs (BM-DCs).15

CysLTs were found to regulate DC migration from the

skin to lymph nodes, apparently by promoting both

mobilization of DCs from the epidermis and their chemo-

taxis towards chemokine CCL19.16 According to our

knowledge, the role of leukotrienes in the regulation of

cytokine release from DCs has been investigated in only

three recent studies, reporting three qualitatively different

effects. Harizi et al.17 found no effect of LTB4 or the

5-LOX inhibitor/antioxidant (nor-dihydrogurinic acid) on

either spontaneous or lipopolysaccharide (LPS)-stimulated

IL-12 p70 and IL-10 release from murine bone-marrow-

derived DCs (BM-DCs). In contrast, Machida et al.18

have reported that LTD4 increases IL-10 release, whereas

antagonists of CysLT1 receptors increase IL-12 p40 release

from murine BM-DCs pulsed with Dermatophagoides fari-

nae. Finally, Okunishi et al.19 reported that splenic dend-

ritic cells, isolated from mice treated with a CysLT1

antagonist, release significantly less of both IL-10 and

IL-12 p70 upon ex vivo stimulation with LPS.

In the presented study, the capacity of murine BM-DCs

to synthesize leukotrienes from endogenous substrates

was tested. The potential role of endogenous and exogen-

ous (paracrine) leukotrienes in the regulation of cytokine

release from DCs was also assessed with the use of exo-

genous leukotrienes, specific inhibitors of their synthesis

and receptor-selective ligands.

Materials and methods

Reagents

Fluorescein isothiocyanate (FITC)-conjugated hamster

anti-mouse CD11c (clone HL3) as well as phycoeritrin-

conjugated rat anti-mouse CD86 (clone GL1) and I-Ak

(clone 11-5.2) monoclonal antibodies (mAbs) were

obtained from PharMingen (San Diego, CA). A23187

(50 mM) and indometacin (50 mM) were purchased from

Figure 1. Cellular targets of pharmacological agents used in the pre-

sented study. AA, arachidonic acid; PLA2, phospholipase A2; RXR,

retinoid X receptor.
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Sigma (St. Louis, MO), 5,8,11,14-eicosatetraynoic acid

(ETYA; 20 mM), AA-861 (50 mM), MK-886 (10 mM) from

Biomol Research Laboratories (Plymouth Meeting, PA)

and MK-571 (20 mM) from Cayman (Ann Arbor, MI).

Stock solutions of these drugs were prepared in dimethyl

sulphoxide (DMSO) at concentrations indicated in brack-

ets and stored at )80�. 15(S)-hydroxyeicosatetraenoic acid

(15S-HETE), 8S-HETE (0�31 mM), U-75302 (10 mM),

LTB4 (2 mM) and LTD4 (0�2 mM) were provided by Cay-

man as ethanol solutions. Drugs were thawed and diluted

in culture medium just before addition to cell cultures.

Zymosan from Saccharomyces cerevisiae (Sigma) was

suspended in 0�9% NaCl and boiled for 10 min. Follow-

ing centrifugation, the pellet was opsonized in normal

mouse serum by incubation for 30 min at 37�. After

washing three times, aliquots of opsonized zymosan (OZ)

suspension in RPMI-1640 medium (4 mg/ml) were stored

at )80�. Unopsonized zymosan (ZYM) was prepared in a

similar manner as OZ except that the opsonization step

was omitted. All chemical reagents not otherwise specified

were obtained from Sigma.

Preparation of cells

BM-DCs were propagated from bone marrow cells of CBA

mice in the presence of granulocyte–macrophage colony-

stimulating factor (GM-CSF) according to the method

developed by Inaba et al.20 with some modifications. In

brief, bone marrow cells were flushed out from the femurs

and grown at the starting density of 3 · 105/ml in Iscove’s

modified Dulbecco’s medium (Gibco BRL, Rockville,

MD) supplemented with 5 mg/ml apo-transsferrin, 50 nM

2-mercaptoethanol, 10% fetal calf serum (FCS, Gibco

BRL), and 10% X-63 cell line supernatant as a source of

GM-CSF. After 2 days, the medium, containing most of the

non-adherent cells, was removed and replaced with the

fresh medium. When indicated, the cultures were addition-

ally supplemented on the 5th day with 5 ng/ml of

recombinant human TGF-b1 (eBioscience, San Diego, CA).

Non-adherent BM-DCs were recovered on the 7th day of

culture, and either used directly in experiments or purified

by positive selection with the use of CD11c (N418) Micro-

Beads and 25 MS Separation Columns (Miltenyi Biotec,

Bergisch Gladbach, Germany), according to the manufac-

turer’s instructions. Bulk (BM-DCs) or purified DCs (pur-

DCs) were washed once and re-suspended in RPMI-1640

medium (Gibco BRL), containing antibiotics and 5% FCS

(FCS-RPMI medium), plated in 24-or 96-well tissue cul-

ture plates and treated as described below.

Flow cytometry

BM-DCs or purDCs (1 · 106) were preincubated with

50 lg/ml mouse Fc block antibody (clone 2.4G2, own

source from hybridoma) for 20 min at 4� and then

labelled for 30 min at 4� with 10 lg/ml of fluorochrome-

conjugated mAbs in 100 ll of phosphate-buffered saline

(PBS) containing 2% FCS and 0�05% NaN3. After wash-

ing two times, the labelled cells were analysed with the

use of an Ortho CytoronAbsolute flow cytometer (Ortho-

Clinical Diagnostics, Rochester, NY).

Leukotriene release

BM-DCs or purDCs were washed once and re-suspended

in serum-free RPMI-1640 medium at a final density of

1 · 106/ml. Eicosanoid formation was stimulated by

40 min incubation with zymosan (0�2 or 0�5 mg/ml), LPS

from Escherichia coli (200 ng/ml) or A23187 (5 lM) +/0
phorbol myristate acetate (PMA, 100 nM). When used,

pharmacological inhibitors were added 20 min before OZ.

Supernatants were collected and immediately frozen at

)80�. CysLTs and LTB4 concentrations in the super-

natants were assayed with the use of monoclonal anti-

body/enzyme immunoassay kits purchased from Cayman,

according to manufacturer’s instructions.

Cell viability

The effect of treatments on cell viability was assessed by

measuring lactic dehydrogenase (LDH) activity in culture

supernatants with the use of the LDH Cytotoxity Detec-

tion Kit (Takara Biomedicals, Shiga, Japan) and the

CellTiter 96 AQueous One Solution Cell Proliferation

Assay (Promega, Madison, WI), according to manufac-

turer’s instructions.

Cytokine release

BM-DCs or purDCs (5 · 105/ml) were preincubated for

30 min with the FLAP inhibitor MK-886, leukotrienes

(LTB4, LTD4) or leukotriene antagonists (MK-571,

U-75302; Fig. 1), and subsequently stimulated with LPS

(200 ng/ml) or OZ (0�2 mg/ml) for 22 hr. Control cells

were treated with equivalent concentrations of solvents,

ethanol or DMSO. At the concentrations used, neither

DMSO (up to 0�1%), nor ethanol (up to 0�5%) affected

cell viability or cytokine release (data not shown). Cell

viability, as measured in the LDH release or MTS reduc-

tion tests, was also unaffected by the drugs (data not

shown).

Cytokine concentrations (tumour necrosis factor-a
(TNF-a), IL-6, IL-12p40 and IL-12p70) in culture super-

natants were determined by capture enzyme-linked

immunosorbent assays (ELISAs), as described previously21

with the use of matched pairs of capture and secondary

mAbs purchased from PharMingen. Cytokines were quan-

tified relative to a standard curve representing a range

of dilutions of recombinant cytokines. The concentra-

tions of IL-10 were determined with a commercial kit
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(OptEIA, PharMingen), according to the manufacturer’s

instruction.

Data analysis

After assessing homogeneity of variances with the F-test,

means were compared with Student’s t-test for single com-

parisons. ANOVA was used for multiple comparisons, with

the assumption that P-values <0�05 indicate statistically

significant differences (Graph-Pad Prism software, San

Diego, CA). In dose–response experiments, the values of

maximal effect and concentrations producing half-maxi-

mal effect (EC50) were determined by non-linear regres-

sion curve fitting with the Graph-Pad Prism software.

Results

OZ, but not LPS stimulates the release of leukotrienes
from BM-DCs

BM-DCs stimulated for 40 min with OZ or with the

calcium ionophore A23187 (stimuli known to trigger

leukotriene release in other cell types22,23) released large

amounts of CysLTs (Fig. 2a) and LTB4 (Fig. 2b).

Co-treatment with PMA, an activator of protein kinase

C which augments leukotriene production in other cell

types24 also enhanced A23187-stimulated leukotriene

release in BM-DCs. In contrast, LPS did not stimulate

release of leukotrienes (Fig. 2a, b).

We also detected neither spontaneous nor LPS-stimula-

ted LTB4 production from endogenous arachidonic acid

in the 22-hr culture supernatants of BM-DCs. This was

not affected by the blockade21 of prostaglandin synthesis

with indometacin (Fig. 2c). Quite to the contrary, more

LTB4 immunoreactivity was present in cell-free than in

cell-containing medium incubated under the same condi-

tions. This may be explained by cell-mediated degradation

of serum-derived immunoreactive products. Moreover,

unlike those stimulated by OZ, levels of LTB4 immuno-

reactivity in medium of LPS-stimulated cells were not

affected by the specific inhibitor of leukotriene synthesis

MK-88625 consistent with a non-specific nature of LTB4
immunoreactivity in medium of LPS-stimulated cells

(Fig. 2c).

In contrast, effects of pharmacological inhibitors

(Fig. 1) confirmed the involvement of the 5-LOX-FLAP

complex in leukotriene synthesis in OZ-stimulated BM-

DCs. Leukotriene release was inhibited by 5-LOX/FLAP-

selective inhibitors: MK-886, 15S-HETE26 and AA-86127

as well as by a general inhibitor of arachidonate metabo-

lism, ETYA (Fig. 2c, d). However, it was not inhibited by

the cyclooxygenase-selective inhibitor indometacin.28

Endogenous leukotrienes modulate cytokine release
from OZ-stimulated, but not from LPS-stimulated
BM-DCs

LPS (200 ng/ml) and OZ (0�2 mg/ml) differed in their

effects on cytokine release from BM-DCs. Cells treated

with OZ released �6�5 times more IL-10 (P < 0�0001),
�2�8 times more TNF-a (P ¼ 0�0001), and �1�7 times

more IL-6 (P ¼ 0�03) than cells treated with LPS

(Fig. 3a, b). On the other hand, LPS stimulated �2�1-fold
higher IL-12 p40 release (P ¼ 0�04) than OZ (Fig. 3b).

Figure 2. Leukotriene production by BM-DCs.

BM-DCs were plated at 1 · 106/ml in serum-

free RPMI-1640 medium (a, b, d) or at

5 · 105/ml in FCS–RPMI (c) and treated for

40 min (a, b, d) or for 22 hr (c) with indicated

stimuli. Leukotriene concentrations in super-

natants were measured with EIAs. Graphs pre-

sent results of single experiments (mean ±

SEM), performed in triplicates, representative

of four (a, b) or two (c, d) such experiments.

On graphs a–c bars not sharing letters above

error bars represent values significantly differ-

ent from each other, according to anova. On

graph D * marks statistically significant inhibi-

tion (P < 0�05 in one-sample t-test). UD –

undetectable.
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Inhibition of endogenous leukotriene production with

1 lM MK-886 inhibited slightly, but significantly (by

6�3 ± 0�92%, n ¼ 5, P ¼ 0�002), OZ-stimulated release

of IL-10, while having no effect on cytokine release in the

absence of leukotriene synthesis in LPS-stimulated

BM-DCs (Fig. 3c). Like MK-886, a selective antagonist of

BLT1, U-75302
6 at 10 lM inhibited the release of IL-10

stimulated by OZ (by 13�1 ± 1�68%, n ¼ 7, P ¼ 0�0002,
Fig. 3d), but not by LPS (Fig. 3e). U75302 additionally

enhanced by 25�6 ± 2�94% (n ¼ 5, P ¼ 0�001) IL-12 p40

release from OZ-stimulated BM-DCs (Fig. 3d). U-75302

had the opposite effect on IL-12 p40 release stimulated by

LPS (Fig. 3e). The latter effect might be explained by

partial agonistic properties of this drug7 displayed in the

absence of endogenous LTB4 release as in LPS-stimulated

BM-DCs (see below).

MK-571 is a specific antagonist of CysLT1 – the major

receptor mediating pro-inflammatory effects of cysLTs in

mice.5,29 As shown on Fig. 3(d, e), MK-571 had no effect

on either LPS- or OZ-stimulated release of cytokine from

BM-DCs.

Taken together, the above results suggest that IL-12 and

IL-10 release from OZ-stimulated BM-DCs is modulated

by endogenous LTB4 acting through BLT1 receptor, but not

by CysLTs acting through CysLT1 receptor (Fig. 1). In

particular, endogenous LTB4 seems partially responsible

for the higher IL-10 and lower IL-12 p40 release from

OZ-stimulated as compared to LPS-stimulated DCs.

DCs themselves produce leukotrienes in a mixed
culture of bone marrow-derived cells

Previously, synthesis of CysLTs has been demonstrated in

a mixed culture of bone marrow-derived cells18 known

to contain several other cell types which are capable of

Figure 3. LPS- or OZ-stimulated cytokine release (a, b) and its modulation by MK886 (c), U75302, or MK-571 (d, e). BM-DCs (5 · 105/ml)

were preincubated for 20 min with indicated concentrations of MK886, U75302, MK-571 or with solvents and then treated for 22 hr with

OZ (0�2 mg/ml) or LPS (200 ng/ml). TNF-a, IL-6, IL-12 p40 and IL-10 levels were measured in culture supernatants with ELISAs. Results are

means ± SEM from 4 to 10 independent experiments, each performed in three to four replicates. Results on graphs C-E are presented as

percentages of controls stimulated with LPS or OZ only. *Significant effect (P < 0�05 in one-sample t-test).

Figure 4. Flow cytometric analysis of surface phenotype of cells before

(a–c) and after (d–f) positive selection on anti-CD11c mAb-coated

magnetic beads. Cells were labelled with FITC- or phycoerythrin-conju-

gated mAbs and analysed by flow cytometry, as described under Materi-

als and methods. (a and d) Autofluorescence; (b and e) CD11c versus

major histocompatibility complex-II; (c and f) CD11c versus CD86.
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high output leukotriene synthesis, such as macrophages

and granulocytes.14,20 Indeed, flow cytometric analysis

confirmed that BM-DCs constitute heterogeneous popula-

tion of cells (Fig. 4a–c). The percentage of DCs, identified

as double positive CD11c+/I-Ak+ or CD11c+/CD86+

cells30,31 ranged from 34 to 55% in four different BM-DC

cultures (Fig. 4a–c and data not shown). However, due to

weak labelling (Fig. 4d–f) and high autofluorescence of a

fraction of cells (Fig. 4a, c), this assessment seems to be

an underestimation.

In order to confirm that DCs themselves produce

leukotrienes, we studied leukotriene production in DCs

purified by positive selection on anti-CD11c mAb-coated

magnetic beads (puDCs, Fig. 4d–f). Upon stimulation

with OZ or ZYM (0�2 mg/ml), but not LPS, purDCs

produced high amounts of both LTB4 (Fig. 5a) and Cys-

LTs (Fig. 5b). Whereas OZ stimulated similar produc-

tion of LTB4 in purDCs (1�02 ± 0�020 ng/106 cells,

n ¼ 2) and BM-DCs (0�86 ± 0�203, n ¼ 3), purDCs

produced about seven times more CysLTs (11�35 ±

2�195) than BM-DCs (1�64 ± 0�527 ng/106 cells; Fig. 2a, b

and Fig. 5a, b). These results show that CysLTs are pro-

duced mainly by DCs, whereas other cell types seem to

contribute significantly to LTB4 production in the mixed

culture of BM-DCs.

TGF-b1 pretreatment enhances both leukotriene
production and the inhibitory effect of leukotriene
antagonists on IL-10 production

It has been reported that in human DCs, differentiated

in vitro from CD34+ haematopoietic progenitors, TGF-

b1 produces a functional up-regulation of 5-LOX.14 We

have also found that murine purDCs, if differentiated

for the final 2 days in the presence of TGF-b1, produce
increased amounts of leukotrienes in response to OZ or

ZYM than control cells (Fig. 5a, b). A stronger effect

of TGFb1 on CysLTs (Fig. 5b) than LTB4 (Fig. 5a)

Figure 5. Leukotriene production (a, b) and effect of 1 lm MK886 (c) or 10 lm U75302 (d) on OZ-stimulated IL-10 production by BM-DCs (c)

or by purified DCs (a, b, and d), obtained from cultures supplemented or not in the 5th day with TGF-b1 (5 ng/ml). DCs were isolated by positive

selection on anti-CD11c mAb-coated magnetic beads and leukotriene release and OZ-stimulated IL-10 production were assessed as described under

Materials and methods. Graphs present means ± SEM of duplicates (a, b and d) or triplicates (c), obtained in two independent experiments.
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production suggests that, except for 5-LOX, TGF-b1
might also up-regulate LTC4 synthase expression or

activity in DCs.

Increases of zymosan-stimulated leukotriene release in

TGF-b1-pretreated cells were accompanied by enhanced

effects of the leukotriene antagonists MK886 and U75302

on OZ-stimulated IL-10 release. In TGFb1-pretreated
BM-DCs, MK886 inhibited OZ-stimulated IL-10 release

by 33�6 ± 7�75% (n ¼ 2, Fig. 5c) as compared to a 6�3 ±

0�92% (n ¼ 5) inhibition in cells not treated with TGF-

b1 (Fig. 3c). A BLT1 antagonist, U75302, inhibited OZ-

stimulated IL-10 production in BM-DCs (Fig. 3d) by

13�1 ± 1�68% (n ¼ 7) and in TGF-b1-pretreated, purDCs
(Fig. 5d) by 30�1 ± 0�95% (n ¼ 2).

Effects of exogenous leukotrienes on cytokine release
from DCs

Exogenous LTB4 dose-dependently increased IL-10 release

and decreased IL-12 p40 release from LPS-stimulated

BM-DCs by 39 ± 5�5% (n ¼ 7, P ¼ 0�0004) and

22 ± 1�5% (n ¼ 5, P ¼ 0�0001), respectively (using 1 lM
of LTB4). The EC50 values of these effects were

36 ± 10�3 nM, and 130 ± 21�6 nM, respectively (Fig. 6a).

Exogenous LTD4 turned out to be a less potent regulator

of cytokine release in BM-DCs than LTB4, producing only

14 ± 2�6% (n ¼ 3, P ¼ 0�03) increases of IL-10 release at

1 lM (Fig. 6b). Neither LTB4 nor LTD4 affected IL-6

release (Fig. 6).

Exogenous LTB4 increased OZ-stimulated IL-10 release

to a lesser extent than LPS-stimulated release (38 ± 7�8%
versus 21 ± 1�8% stimulation, P ¼ 0�07), which is con-

sistent with the involvement of endogenous LTB4 in

autoregulation of OZ-stimulated, but not LPS-stimulated

IL-10 production in BM-DCs (Fig. 7a, b).

The BLT1 receptor mediates the effects of exogenous
LTB4 on cytokine release

In order to identify the receptors mediating the effects

of exogenous LTB4 on cytokine release from BM-DCs,

we studied the effects of available agonists or antagonists

of three known LTB4 receptors: BLT1, BLT2 and PPARa
(Fig. 1). 12S-HETE has been shown to be a selective

agonist of the BLT2 over the BLT1 receptor, as 10 lM
12S-HETE stimulated calcium mobilization in CHO cells

transfected with BLT2 as potently as equimolar LTB4.
7

However, at this concentration 12S-HETE had no effect

on LPS-stimulated IL-12 release from BM-DCs (Fig. 7c).

In contrast, LPS-stimulated IL-12 p40 release was dose-

dependently inhibited, by up to �40%, by the activators

of nuclear PPARa receptors ETYA and 8S-HETE32 (EC50

values of 2�5 ± 0�63 lM and 3�7 ± 0�51 lM, respectively

(Fig. 7c)). Together with the fact that the nuclear envel-

ope is the main location of leukotriene synthesis15,33

these results suggest a potential role of PPARa in

regulating cytokine release from BM-DCs upon ligation

with endogenous LTB4. However, two lines of evidence

suggest that the effects of exogenous LTB4 on IL-10

release are mediated exclusively through its membrane

receptor, BLT1. First, a selective antagonist of BLT1

receptor, U75302, completely reversed the stimulation of

IL-10 release by LTB4 (Fig. 7a, b). Second, PPARa agon-

ists (10 lM 8S-HETE and ETYA) inhibited LPS-stimula-

ted IL-10 release by 20 ± 9�3% (n ¼ 3, P ¼ 0�17), and

9�3 ± 2�02% (n ¼ 5, P ¼ 0�01), respectively (data not

shown).

Concomitant use of U-75302 and LTB4 allowed us

to verify the hypothesis that the effect of U75302 on

LPS-stimulated IL-12 p40 release results from its partial

agonism at the murine BLT1 receptor. Indeed, consis-

tent with such a mechanism, a lower concentration of

U-75302 (1 lM) partially reversed the LTB4-mediated

inhibition of IL-12 p40 release, whereas a higher

concentration (10 lM) acted additively with LTB4
(Fig. 7d).

Figure 6. Effects of exogenous LTB4 (a) or LTD4 (b) on LPS-stimu-

lated IL-6, IL-10 and IL-12 p40 release. BM-DCs (5 · 105/ml) were

preincubated for 20 min with indicated concentrations of leukotrie-

nes and then treated for 22 h with LPS (200 ng/ml). IL-6, IL-12 p40

and IL-10 levels were measured in culture supernatants with ELISAs.

Results are presented as percentages of LPS-only stimulated controls

and are means ± SEM from four to seven experiments, each per-

formed in three to four replicates. *Significant effect (P < 0�05 in

one-sample t-test).
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Discussion

Only a few cell types, mainly of myeloid origin (mast

cells, basophils, macrophages, neutrophils and eosin-

ophils) has been shown to express 5-LOX and be capable

of LTB4 synthesis. Synthesis of CysLTs seems to be even

more restricted. For instance, neutrophils express 5-LOX,

but not LTC4 synthase and, consequently, synthesize

LTB4, but not CysLTs.5 DCs were previously found to

express 5-LOX and synthesize LTB4 upon stimulation

with calcium ionophores.13–15 Recently, Machida et al.18

reported expression of mRNA for LTC4 synthase in

murine BM-DCs and the accumulation of LTD4 and

LTC4 in medium during propagation of DCs from mixed

culture of BM cells. This accumulation was two- to three-

fold higher in BM-DCs cultures pulsed with D. farinae.

In our study, we observed high levels of both LTB4 and

CysLTs synthesis from endogenous substrates in purified

DCs that were triggered not only by a calcium ionophore,

but also by a more physiological stimulus – zymosan –

whereas non-stimulated cells released only small quanti-

ties of leukotrienes. The identities of leukotriene detected

with the immunoassays were confirmed in our study by

inhibiting their generation with selective inhibitors of the

5-LOX–FLAP complex.

LPS has been reported to be unable to stimulate leuko-

triene release from different cell types.22,23,25 We have

found that LPS is also not able to stimulate leukotriene

release from BM-DCs. Our results thus contrast with

reports by Harizi et al.17,34 These authors reported spon-

taneous generation of LTB4 by murine BM-DCs cultured

in medium containing 10% FCS. This production was

increased by LPS treatment and further enhanced by

cotreatment with cyclooxygenase inhibitors. In another

study by these authors, 5 lM A23187 increased this high

basal LTB4 accumulation by less then twofold.15 The pres-

ence of IL-4 during propagation of DCs from bone mar-

row cells in the latter study does not seem to account for

the discrepancy because we have found that a two day

treatment with IL-4 (10 ng/ml) caused �40% suppres-

sion, rather than stimulation, of leukotriene release from

DCs upon subsequent stimulation with OZ (data not

shown). In contrast, our results confirm earlier reports35–37

that this ‘spontaneous LTB4 release’ in FCS-containing

medium may be ascribed, at least in part, to nonspecific

generation of LTB4 immunoreactivities from serum

components. In such a case, LPS might increase accu-

mulation of serum-derived LTB4 immunoreactivity by

inhibiting cell-mediated degradation of these products

(Fig. 2c).

In addition, our results concerning involvement of LTB4
in the regulation of IL-10 and IL-12 release from BM-DCs

differ from those reported by Harizi et al.17 BM-DCs used

by these authors were reported to release spontaneously

large quantities of IL-12 p70 and this release was paradox-

ically inhibited by LPS, but not affected by LTB4 or a

5-LOX inhibitor/antioxidant (nor-dihydroguarinic acid).

Neither LTB4 nor nor-dihydroguarinic acid affected spon-

Figure 7. Effect of U75302 (a, b, d), 8S-HETE,

12S-HETE, or ETYA (c) on OZ+/0 LTB4-stimu-

lated (a) or LPS+/0 LTB4-stimulated (b–d)

IL-10 and IL-12 p40 production in cultures

of BM-DCs. BM-DCs were preincubated for

30 min with U75302, followed by 20 min prein-

cubation with LTB4, 8S-HETE, 12S-HETE, or

ETYA, and then treated for 22 hr with LPS or

OZ. IL-12 p40 and IL-10 levels were measured

in culture supernatants with ELISAs. Results,

presented as percentages of controls treated with

LPS or OZ only, are means ± SEM from three

to five experiments, each performed in two to

four replicates. #Significant effect of U75302.

*Significant effect of LTB4, 8S-HETE, or ETYA

(P < 0�05 in one-sample t-test).
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taneous or LPS-stimulated IL-10 production in the latter

study.17 In our hands, non-stimulated DCs do not release

detectable quantities of IL-12 p70, whereas LPS treatment

stimulates a low, but detectable, release of IL-12 p70 in

BM-DC from BALB/c21 but not CBA mice (the present

study, data not shown). Lack of or low production of

IL-12 p70 in DCs in response to LPS alone is consistent

with other reports (review in 38). LPS alone, as well as OZ,

did however, stimulate high levels of IL-12 p40, IL-10 and

IL-6 release from DCs. Exogenous LTB4 decreased LPS-

stimulated IL-12 p40 release, increased IL-10, and had no

effect on IL-6 release. These LTB4 effects were mediated

through the BLT1 receptor, as indicated by U75302-exerted

antagonism. Moreover, effects of the leukotriene synthesis

inhibitor and the selective antagonist of leukotriene BLT1

receptor suggest that endogenous LTB4 participates in

autocrine/paracrine regulation of OZ-stimulated, but not

LPS-stimulated, cytokine release. This is consistent with

the lack of LTB4 production in LPS-stimulated cells.

Exogenous LTD4 had a weaker effect on cytokine

release from LPS-stimulated BM-DCs than LTB4, increas-

ing IL-10 release only slightly. Thus, our results reproduce

in part the recent report by Machida et al.18 These

authors reported that LTD4 increased IL-10 release,

whereas antagonists of CysLT receptors increased IL-12

p40 release from murine BM-DCs pulsed with extract of

the mite D. farinae. The lack of effect of the CysLT1 ant-

agonist in our study might be caused by the very different

culture conditions as well as by the different kinds of

stimuli used. In this context it is noteworthy that non-

stimulated BM-DCs in the study of Machida et al.18 nei-

ther expressed detectable levels of CysLT1 mRNA nor

responded to exogenous LTD4, unless they were pulsed

with D. farinae.

In contrast to our study and that by Machida et al.18

Okunishi et al.19 suggested in their recent report that

CysLTs exert a generalized stimulatory effect on DC acti-

vation and functions. Their conclusions were based solely

on generalized inhibitory effects of CysLT1 antagonists

administered in vivo on assessed ex vivo functions of sple-

nic DCs, including suppression of LPS-stimulated release

of both IL-10 and IL-12 p70. One may question, however,

the CysLT1-specificity of reported effects.39 For instance,

PPARs are known to be activated by different CysLTs

antagonists40–42 and to produce a generalized suppressive

effect on activation of immune cells.43 Involvement of

PPARs, rather than CysLT1, in those in vivo effects of

CysLT1 antagonists would be consistent with our finding

that two activators of PPARa, 8S-HETE and ETYA,

inhibited release of both IL-12 and IL-10 from LPS-

stimulated BM-DCs.

In conclusion, we have demonstrated that, unlike previ-

ously suggested15,17,34 high-output leukotriene production

in murine DCs is triggered by the same stimuli that are

effective in other leukotriene-producing cell types.22–25

Moreover, we have found that both endogenous and exo-

genous LTB4 is capable of modulating IL-10 and IL-12,

but not IL-6 release from BM-DCs, acting through BLT1

receptor. Endogenous LTB4 seems partially responsible

for higher IL-10 and lower IL-12 p40 production in OZ-

stimulated as compared to LPS-stimulated DCs. In similar

systems, effects of leukotrienes on cytokine release were

smaller than effects of the second major class of eico-

sanoids – prostaglandins.21 Nevertheless, despite similarly

modest effect of CysLTs on IL-10 and IL-12 p40 release

from BM-DCs in the study of Machida et al.18 CysLTs-

pretreated BM-DCs had a strongly enhanced capacity to

initiate T helper 2-type immune responses following

adoptive transfer into the lungs. The effects of TGF-b1
pretreatment reported here suggest that leukotrienes

may play particularly important role in the biology of

Langerhans cells, whose differentiation is driven by

TGF-b1.44,45
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Rådmark O, Samuelsson B, Habenicht AJ. 5-Lipoxygenase

expression in dendritic cells generated from CD34 (+) hemato-

poietic progenitors and in lymphoid organs. Blood 2000;

96:3857–65.
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