
Leukotriene C4 prevents the complete maturation of murine
dendritic cells and modifies interleukin-12/interleukin-23 balance

Introduction

Dendritic cells (DCs) are highly specialized antigen-pre-

senting cells with a unique capability to activate naive T

lymphocytes and initiate the adaptive immune response,

as well as induce peripheral tolerance.1,2 In peripheral tis-

sues, immature DCs sense the microenvironment and

after their encounter with inflammatory stimuli or patho-

gens, DCs are activated; a process that is accompanied by

several physiological changes and that ends with the mat-

uration of DCs.3–5

Once initiated the process of DCs maturation, the

expression of CD80, CD86 and MHC class II molecules

increases.1–4 The DCs migrate to the draining lymph

nodes, as a result of the up-regulation of CCR7, which

renders them responsive to CCL19 and CCL21 chemokin-

es that direct their migration to the T-cell areas of lymph

nodes.6 Finally, the mature DCs present the antigen to

naive CD4+ and CD8+ T lymphocytes. The maturational

status can be modulated by different stimuli.5 The impact

of microbial products through Toll-like receptor leads to

DCs that produce interleukin-12 (IL-12)/IL-23 and prime

T helper type 1 (Th1)/Th17 responses.7,8 In contrast, in

the absence of inflammatory signals, ‘semi-mature’ DCs

produce IL-10, which primes a regulatory T-cell response.9

However, mediators other than cytokines and pathogens

have a great impact on the physiology of DCs. Prostaglan-

din E2 acting on mature DCs induces the differentiation

of CD4+ T cells in a Th2 profile.10,11 Also, histamine acti-

vates murine DCs through the increase of endocytosis and

cross-presentation of extracellular antigens.12

Leukotriene C4 (LTC4), a member of the cysteinyl leu-

kotriene family (CysLT), is a potent pro-inflammatory

lipid mediator, produced by inflammatory cells such as

mast cells, eosinophils, basophils and macrophages.13,14 It

is a potent spasmogen and vasoconstrictor, promotes

mucus secretion, and together with histamine is a known

immunomodulatory agent of allergic and inflammatory
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Summary

Leukotriene C4 is an important mediator in the development of inflam-

matory reactions and ischaemia. Previous studies have shown that leuko-

triene C4 is able to modulate the function of dendritic cells (DCs) and

induce their chemotaxis from skin to lymph node. In this study, we

decided to evaluate the modulation exerted by leukotriene C4 on DCs,

depending on their status of activation. We showed for the first time that

leukotriene C4 stimulates endocytosis both in immature and lipopolysac-

charide (LPS) -activated DCs. Moreover, it suppressed the interleukin-

12p70 (IL-12p70) release, but induces the secretion of IL-23 by DCs

activated with LPS and promotes the expansion of T helper type 17

(Th17) lymphocytes. Furthermore, blocking the release of IL-23 reduced

the percentages of CD4+ T cells producing IL-17 in a mixed lymphocyte

reaction. Ours results suggest that leukotriene C4 interferes with the com-

plete maturation of inflammatory DCs in terms of phenotype and antigen

uptake, while favouring the release of IL-23, the main cytokine involved

in the maintenance of the Th17 profile.

Keywords: endocytosis; interleukin-23; inflammatory dendritic cells; leu-

kotriene C4; T helper type 17 lymphocytes

Abbreviations: CysLTR, cysteinyl receptors; DCs, dendritic cells; DX, dextran; HRP, horseradish peroxidase; LTC4, leukotriene C4;
Zy, zymosan.
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reactions.15–17 The pharmacological effects of CysLT are

conducted through two types of membrane receptors –

CysLTR1 and CysLTR2 – which are coupled to protein-

G.18 Remarkably, these receptors were primarily described

at the level of lung mucosa and intestinal mucosa at the

ileum and colon.19 In many diseases affecting lung and

intestinal mucosa, such as asthma and interstitial cystitis,

the use of montelukast, a selective antagonist of CysLTR1,

minimizes the effects of these pathologies, probably

through the inhibition of cytosolic Ca2+.20–22

It is known that LTC4 induces the chemotaxis of DCs

from the skin.23 Zymosan, a Toll-like receptor 2 agonist,

but not lipopolysaccharide (LPS), a classic Toll-like recep-

tor 4 agonist, stimulates the production of CysLT by

DCs.24,25 Despite these observations, their impact on

cytokine production by DCs is unclear. In spite of the

close relationship between mast cells and DCs in mucosal

epithelium and skin, little progress has been made regard-

ing the impact of CysLT on the genesis of DCs.

In the present study, we analysed the effects of LTC4

on the phenotype and function of murine inflammatory

DCs.26 In particular, we studied the differential expression

of CysLT1 and CysLT2 receptors in immature and LPS-

activated DCs. Our results show that LTC4 interferes with

the maturation of DCs triggered by LPS, in terms of phe-

notype and antigen uptake. In this context, LTC4 induces

the release of IL-23 by inflammatory DCs, favouring the

expansion of Th17 cells.

Materials and methods

Mice

All experiments were carried out using 2-month-old vir-

gin female C57BL/6 mice raised at the National Academy

of Medicine, Buenos Aires, Argentina. They were housed

six per cage and kept at 20 ± 2� under an automatic

12 hr light–dark schedule. Animal care was in accordance

with institutional guidelines.

Generation of DCs from bone marrow cultures

The procedure used in this study was as described by

Inaba et al.27 with some minor modifications. Briefly,

bone marrow was flushed from the long bones of the

limbs using 2 ml RPMI-1640 (Gibco, Invitrogen, Carlsbad,

CA) with a syringe and 25-gauge needle. Red cells were

lysed with ammonium chloride. After washing, cells were

suspended at a concentration of 1 · 106 cells/ml in 70%

RPMI-1640 medium supplemented with 10% fetal calf

serum (FCS; Gibco), and 5�5 · 10)5 mercaptoethanol

(Sigma, St Louis, MO) (mouse complete medium) and

30% J588-GM cell line supernatant. The cultures were fed

every 2 days by gently swirling the plates, aspirating 50%

of the medium, and adding back fresh medium with J588-

GM cell line supernatant. At day 9 of the culture, > 85%

of the harvested cells expressed MHC class II, CD40 and

CD11c, but not Gr-1 (not shown).

Culture conditions

The standard medium used in this study was bicarbon-

ate-buffered RPMI-1640 (Invitrogen, Carlsbad, CA) sup-

plemented with 10% FCS, 50 U/ml penicillin, 50 lg/ml

streptomycin, 0�1 mM non-essential amino acids, and

5�5 · 10)5 mercaptoethanol (all from Invitrogen) (com-

plete medium).

Reagents

Horseradish peroxidase (HRP), dextran (DX,

40 000 molecular weight), Zymosan (Zy, from Saccharo-

myces cerevisiae), LPS from Escherichia coli (0111:B4),

were from Sigma Chemical Co. (St Louis, MO). SB-

202190 [p38 mitogen-activated protein kinase (MAPK)],

PD-98059 [extracellular signal-regulated kinase (ERK)/

MAP kinase Kinase (MEK) MAPK], were from Promega

Corporation (Madison, WI). The DX and Zy were conju-

gated with FITC, as described previously.28

Flow cytometry

Cells staining were performed using the following mono-

clonal antibodies (mAbs): FIYC-conjugated anti-CD11c,

anti-CD40-FITC, anti-I-Ad conjugated with phycoerythrin

(PE), GR1-PE and CD86-PE (Pharmingen, San Diego,

CA). Cell surface antigen expression was evaluated by sin-

gle staining, and analysis was performed using a FACS

flow cytometer and CELLQUEST software (Becton Dickinson,

San Jose, CA).

Endocytosis by FACS analysis

After different treatments, DCs were suspended in med-

ium RPMI-1640 at 37�. FIYC-DX was added at the final

concentration of 100 lg/ml. The cells were washed four

times with cold PBS containing 1% FCS and were analy-

sed on a FACS flow cytometer (Becton Dickinson). The

background (cells pulsed at 0�) was always subtracted.

Endocytosis of HRP

Endocytosis of HRP was performed as previously

described.29 Briefly, DCs were suspended in complete

medium; HRP was added at the final concentration of

150 lg/ml HRP, and cells were cultured for 30 min at

37�. Then, DCs were collected, washed four times in PBS

containing 1% FCS and four times in PBS alone, then

were lysed with 0�05% Triton X-100 in 10 mM Tris–HCl

buffer, for 30 min, and the enzyme activity of the lysate
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was measured using O-phenylenediamine and H2O2 as

substrates with reference to a standard curve, at 492 nm.

The amount of HRP taken up by DCs was determined as

the difference between HRP activities in disrupted and

non-disrupted cells. The HRP activity in non-disrupted

DCs was always < 15% compared with disrupted cells.

Expression of cysteinyl receptors

Total RNA was extracted from lung (positive control for

CysLT1 receptor), gut tissues (positive control for CysLT2

receptor) and mouse immature and LPS-treated DCs,

using Trizol reagent (Gibco-Life Technologies). The

reverse transcription reaction contained 3 lg total RNA

and was performed using the Moloney-murine leukaemia

virus reverse transcriptase enzyme (Promega). The prim-

ers were provided by Invitrogen: forward primers for the

CysLTR1 and CysLTR2: CAA CGA ACT ATC CAC CTT

CAC C and CCA AGG TCA CAA GAG GGT GT, respec-

tively. Reverse primers for the CysLTR1 and CysLTR2:

AGC CTT CTC CTA AAG TTT CC AC and GAG TTG

ACA GAG GCG AGG AC, respectively. A GeneAmp PCR

system (Perkin-Elmer/Applied Biosystems, Foster City,

CA) was used. The PCR products were separated on a

1�5% agarose gel, stained with ethidium bromide, and

visualized by a UV transilluminator.

Western blot analysis

Murine DCs were suspended in complete medium

(2 · 106/500 ll) were prewarmed for 30 min at 37�. The

DCs were treated without or with 1 lg/ml LPS for 20 min

at 37�. Then cells were washed and treated with or without

0�01 lM LTC4 for 5 min at 37�. The reaction was stopped

by adding cold PBS, the mixture was centrifuged and pel-

lets were resuspended at 3 · 106 cells/ml in Western sam-

ple buffer (100 mM Tris–HCl pH 6�8; 4% SDS, 0�2%

Bromophenol-Blue, 20% glycerol, 200 mM dithiothreitol)

and frozen at – 80�. Before the analysis, lysates were

thawed, heated for 3 min to 96� and finally homogenized

with a sonicator and 5 · 104 cells (10 ll extract) per lane

were separated onto 10% SDS–PAGE followed by elec-

troblotting. The membranes were blocked in PBS + 5%

milk powder for 2 hr, and then incubated with the follow-

ing primary antibodies in blocking buffer + 0�1% Tween-

20 overnight at 4�: anti-phospho-ERK1/2 (Thr202/Tyr204,

1 : 1000; Cell Signaling Technology, Boston, MA), anti-

phospho-p38K (1 : 1000; Cell Signaling). After washing,

secondary antibodies were applied in blocking buffer for

2 hr at room temperature: anti-rabbit or anti-mouse-HRP

mAb (1 : 3000; Cell Signaling). Membranes were washed

and specific bands were developed by enhanced chemilu-

minescence (Amersham Biosciences, Uppsala, Sweden).

Membranes were stripped and reproved with a rabbit

mAb against murine b-actin (Cell Signaling Technology).

Mixed leucocyte reaction

Splenocytes were obtained from the spleen of naive

BALB/c mice and cultured at 1�5 · 105 cells/well in 96-

well microplates with 5 · 104 immature DCs or LPS-

stimulated DCs from C57BL/6 mice, either treated

(0�01 lM) or untreated with LTC4. The cells were culti-

vated for 4 days in RPMI-1640 containing 10% FCS,

10 mM HEPES buffer and 5�5 · 10)5
M mercaptoethanol

(Sigma). At day 4 of culture, cells were pulsed for 18 hr

with [3H]thymidine (1 lCi/well; DuPont, AR). Then, cells

were harvested using a cell harvester (Perkin-Elmer Inc.)

and the amount of [3H]thymidine incorporation was

determined in a b-scintillation counter. Intracellular

staining for cytokine production was performed after

stimulation of co-culture for 24 hr with PMA (10 ng/ml),

ionomycin (1 lg/ml) with or without IL-23p19 (10 lg/

ml) (ebiosciences, San Diego, CA) in the presence of bre-

feldin A for the last 6 hr. Finally, CD4+ IL-17A+ inter-

feron-c (IFN-c)+ cells were analysed by flow cytometry.

Intracytoplasmic cytokine staining

Two or three-colour analysis was performed using flow

cytometry, DCs were cultured without or with LPS

(1 lg/ml) for 20 min at 37�. After washing, DCs were

treated with or without 0�01 lM LTC4 for 30 min at 37�
in complete medium in the presence of brefeldin A

(5 lg/ml). After 18 hr, cells were fixed in 4% parafor-

maldehyde and permeabilized with saponin (0�1% in

PBS). The permeabilized cells were incubated with a PE-

conjugated anti-IL-12p40 antibody (BD Pharmingen,

Trento, NJ) in PBS 0�5% BSA or similarly labelled iso-

type-matched control antibodies for 30 min. The stained

cells were washed with saponin buffer twice and resus-

pended in isoflow. In some cases, intracytoplasmic cyto-

kines were evaluated in co-cultures of mixed lymphocyte

reaction (MLR) and permeabilized cells were incubated

with PE-conjugated anti-IL17A and FITC-conjugated

anti-IFN-c antibodies (BD Pharmingen). In all cases, the

surface staining with FITC-conjugated anti-CD11c (DCs)

or Peridinin chlorophyll protein-conjugated anti-CD4

antibodies (BD Pharmingen) was performed before to

permeabilization. The staining was analysed by flow

cytometry on FACS using CELLQUEST software (BD Bio-

sciences, San Jose, CA).

Cytokines determination

The cytokine levels in supernatants of DCs were measured

by ELISA. Assays for IL-12p70, p40, IL-23, IL-6, tumour

necrosis factor-a (TNF-a), IFN-c (eBiosciences) and IL-17

(Quantikine; R&D Systems, Bs. AS, AR) were performed

according to the manufacturer’s protocols. The limits of

detection were: 15 pg/ml (IL-12p70; p35/p40), 30 pg/ml
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(IL-23; p19/p40), 10 pg/ml (IL-12p40), 8 pg/ml (TNF-a),

4 pg/ml (IL-6), 15 pg/ml (IFN-c) and 5 pg/ml (IL-17).

Statistics

The significance between means was assessed by Student’s

paired t-test. P � 0�05 was determined to indicate statisti-

cal significance.

Results

Exogenous LTC4 modulate phenotypical expression
from LPS-activated DCs

We decided to evaluate whether LTC4 is able to modulate

the central molecules expressed by DCs that are involved

in the activation of T lymphocytes.3,4 In the first place,

we studied the concentrations of LTC4 able to modulate

the expression of the MHC class II molecules. To analyse

this point, DCs were cultured in the presence of different

concentrations of LTC4 (10)5–10)9
M) at 37�. After 18 hr,

its expression was analysed by flow cytometry. As shown

in Fig. 1(a), LTC4 increased in a dose-dependent manner,

the expression of MHC class II on immature DCs was

more significant at 10)8
M, so the trials were conducted

using this concentration. Then, considering that LTC4 is

released during inflammatory responses,17,30 we studied

the effect of LTC4 (10)8
M) on the phenotype of imma-

ture DCs and LPS-stimulated DCs. Interestingly, after

18 hr of culture, LTC4 strongly inhibited the expression

of CD86 and CD40 molecules (Fig. 1b,c,f) when DCs

were activated with 1 lg/ml LPS, whereas the lipid medi-

ator had no effect on immature DCs. However, in the

case of the class II molecules, LTC4 had antagonistic

effects depending on the activation status of DCs, increas-

ing its expression in immature DCs and inhibiting in

LPS-treated DCs (Fig. 1d,f). As shown in Fig. 1(g),

although MHC class II decreased its expression in LPS-

activated DCs, LTC4 had the ability to prime T lympho-

cytes, because it induced a low but significant increase in

the allostimulatory response mediated by activated DCs.

This effect was also observed in immature DCs, which

correlates with the increased expression of class II mole-

cules by LTC4.

Leukotriene C4 counteracts the effect of LPS on DCs
endocytosis

Immature DCs are specialized to sense the microenvi-

ronment and when stress or infection are detected they

incorporate the antigen through phagocytosis or endocy-

tosis.28,29,31,32 We aimed to determine whether LTC4

was able to affect the antigen uptake of immature and

activated DCs. To this end, cells were treated or not

with LPS (1 lg/ml) for 30 min at 37�, then DCs were

incubated without or with 10)8
M LTC4 for 30 min at

37�. Finally, cells were washed and incubated in the

presence of Zy (10 particles/DC) coupled to FITC for

30 min at room temperature or DX-FITC (100 lg/ml)

for 40 min at 37�. The phagocytosis controls were sup-

plied by DCs treated with cytochalasin B, a disruptor of

actin microfilaments, 33 previous to their incubation

with Zy-FITC. For DX endocytosis, the control of reac-

tion was provided by DCs incubated with the antigen at

4�, because this is a temperature-dependent phenome-

non. In addition, we analysed the uptake of HRP. For

this, after treatment with LTC4 (0�01 lM) of both DCs

and LPS-stimulated DCs, these were cultured with

150 lg/ml HRP for 40 min at 37�. Subsequently, cells

were washed several times with cold PBS and permeabi-

lized by addition of 0�5% Triton X-100 in PBS for

30 min at room temperature. The control was provided

by DCs treated with HRP but not permeabilized.

Finally, the enzymatic activity was measured in superna-

tants of reaction by addition of the substrate [alpha-

phenylendiamine (OPD)] and read at 492 nm. In

Fig. 2(a), we demonstrated that LTC4 increased the

phagocytosis of Zy-FITC by immature DCs but had no

effect in LPS-activated DCs. In contrast, as shown in

Fig. 2(b,c), uptake of DX and HRP was increased by

LTC4 in both immature and LPS-stimulated DCs. This

result would indicate that LTC4 prevents complete mat-

uration of DCs by classical stimuli such as LPS, because

it restores their endocytic capacity.

Leukotriene C4 strongly inhibits the induction of a
Th1 profile and increases IL-23 production by LPS-
activated DCs

Taking into account the fact that LTC4 imposes changes

in DCs that prevent their maturation we decided to eval-

uate their impact on the genesis of the adaptive response,

through the analysis of the cytokines induced. With this

aim, immature and activated DCs were cultured for 18 hr

at 37� in presence or not of LTC4 (10–8
M). After incuba-

tion, culture supernatants were collected and we evaluated

cytokines by ELISA. As shown in Fig. 3(a), LTC4

increased the production of TNF-a in immature DCs but

was unable to reverse its release induced by LPS. Interest-

ingly, LTC4 completely abolished the induction of

IL-12p70 in LPS-stimulated DCs (Fig. 3b), indicating an

antagonistic effect of LPS. Therefore, LTC4 inhibits the

induction of a Th1 profile by T CD4+ naive lymphocytes,

by acting on activated DCs.34,35

Moreover, to further investigate the effect of LTC4 we

decided to evaluate whether LTC4 could favour a tolero-

genic state;36,37 however, when we analysed the release of

IL-10 in culture supernatants, we showed inhibition of

this cytokine in LPS-treated DCs (Fig. 3c), whereas it was

not modulated on immature DCs.
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Finally, as demonstrated in Fig. 3(d), LTC4 significantly

stimulated the production of IL-12p40 by LPS-stimulated

DCs. Taking into account that p40 is a chain shared by

the cytokines IL-12 and IL-23 and the finding that IL-

12p70 was strongly inhibited by LTC4, we decided to

evaluate the presence of IL-23 in supernatants of DCs. As

shown in Fig. 4(e), LTC4 increased the release of IL-23 in

LPS-stimulated DCs, a cytokine associated with the main-

tenance of Th17 profiles.38,39

Murine DCs express CysLTR1 and CysLTR2

The CysLTs exert their effects in several tissues through

their action on CysLT1 and CysLT2 receptors.18 Expression

of CysLTR1 has been demonstrated in murine DCs.40 Our

objective was to evaluate the expression of both receptors

in immature and LPS-stimulated DCs by reverse transcrip-

tion (RT-) PCR. For that, DCs were incubated without or

with LPS (1 lg/ml) at 37�, after 30 min we added or not

10–8
M LTC4 and cells were cultured overnight at 37� and

finally we analysed the expression of both receptors using

RT-PCR. The RT-PCR amplification yielded DNA frag-

ments of the expected size for both CysLTR1 and CysLTR2

(Fig. 4a). By analysis of bands compared with b-actin, we

found similar expression for both receptors in immature

and LPS-stimulated DCs (Fig. 4b), an interesting fact was

that, LTC4 treatment of immature DCs up-regulated the

expression of CysLTR1 mRNA. This could suggest that the
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Figure 1. Leukotriene C4 (LTC4) inhibits CD86 and MHC class II expression on lipopolysaccharide (LPS) -matured dendritic cells (DCs). (a)

DCs (1.5 · 106/ml) were cultured for 18 hr at 37� with different concentrations of LTC4. Then, MHC class II molecule expression was analysed

by flow cytometry. (b,c,d) CD40; CD86 and MHC class II expression, DCs were evaluated after the incubation for 30 min at 37� in presence

(LPS) or not (Ct) of LPS (1 lg/ml). Finally, cells were incubated overnight at 37� with or without LTC4 (0.01 lm). (e) Representative histograms

of six or seven experiments, for MHC class II, CD40 and CD86 molecules, respectively. Results are expressed as mean fluorescence intensity

(MFI) and represent the arithmetic mean ± SEM of six or seven experiments. (f) DCs (1.5 · 106/ml) were cultured with or without LPS (1 lg/

ml) for 30 min at 37�, finally cells were treated or not with LTC4 (0.01 lm, 30 min at 37�). Then, DCs were washed and co-cultured with freshly

isolated allogeneic splenocytes for 5 days at a ratio 1 : 10. Thymidine incorporation was measured on day 5 by a 16-hr pulse with [3H]thymidine

(1 lCi/well). Results are the mean ± SEM of five experiments. Asterisk represents statistical significance (*P < 0.05) versus CT; and # represents

significance (#P � 0.05; ##P � 0.01) versus LPS.
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effects of LTC4 are mediated through the CysLTR1. How-

ever, when we analysed DX uptake and cytokine secretion

in the presence of montelukast (MK-571), an antagonist of

CysLTR1, we found that DX endocytosis only decreased

the mean fluorescence intensity in immature DCs by 25–

30% (control: 78�2 ± 8�1; LTC4: 165�5 ± 12�4 versus

MK-571: 91 ± 15�1; MK-571 + LTC4: 108 ± 21�0, mean ±

SEM, n = 3, P < 0�05). However, in LPS-stimulated DCs

the blockage with MK did not affect this function (data not

shown). Additional MK treatment significantly increased

the production of IL-12p70 by LPS-activated DCs (Fig. 4c),

suggesting a central role of CysLTR1 as inhibitor of Th1

responses.

Leukotriene C4 activates MAPK depending on the
activation status of DCs

The activation of MAPK plays a central role in DCs func-

tion.39 It has been shown that LPS and CysLT induce the

activation of ERK1/2 and p38.41,42 Taking this into

account, we decided to analyse the activation of ERK1/2

and p38 MAPK. Western blots of lysates from DCs cul-

tured without or with LPS (1 lg/ml) for 30 min at 37�
were incubated in the presence or not of LTC4 (10–8

M)

for 5 min and finally were probed with antibodies against

MAPK. Figure 5(a,c) illustrates that LTC4 only triggers

the activation of p38 in immature DCs; on the contrary

with LPS stimulation the lipid mediator was not able to

affect activation of this pathway induced by LPS on DCs.

Interestingly, LTC4 led to the phosphorylation of ERK1/2

MAPK on LPS-activated DCs (Fig. 5b,c) suggesting that,

these pathways would be responsible for LTC4 modula-

tion of DC function.

To evaluate this point, we decided to analyse DCs func-

tion in the presence of SB and PD, known inhibitors of p38

and ERK1/2 phosphorylation, respectively. For this, imma-

ture and LPS-stimulated DCs were cultured in the presence

of SB or PD (50 lM) for 20 min at 37�, after this time cells

were cultured in the presence or absence of LTC4 (10)8
M)

for 30 min at 37�. Finally, we studied the endocytosis of

DX-FITC. As shown in Fig. 6(a), the blockade of p38

inhibited DX uptake in LPS-activated DCs, suggesting that

the activation of this MAPK is an essential mechanism for

LTC4-induced up-regulation of LPS endocytosis.

On the other hand, when we evaluated the effect of

these inhibitors in culture supernatants, we found that

release of IL-23 was independent of the blockade of

ERK1/2, as shown in Fig. 6(b); the presence of PD, an

antagonist of ERK1/2 MAPK, did not inhibit its produc-

tion in activated DCs, as expected because in these condi-

tions this pathway was activated by LTC4. Interestingly,

the use of SB significantly increased the release of IL-

12p70, whereas IL-12p40 was not affected (Fig. 6c,d).

These results allow us to conclude that other activation

pathways may be involved in the induction of cytokines.

However, it should be noted that, under the influence of

LTC4 impacting on activated-DCs, p38 plays an essential

role in the control of Th1 polarization.
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LTC4 promotes the expansion of Th17 lymphocytes
by LPS-stimulated DCs

To determine whether LTC4 is capable of defining a Th17

profile by activated DCs, we decided to analyse this point

in an MLR. The DCs from C57BL/6 mice were stimulated

or not with LPS (1 lg/ml), then cells were untreated or

treated with LTC4 (0�01 lM) for 30 min at 37�. Finally,

DCs were extensively washed and co-cultured with

splenocytes from BALB/c mice. Immature DCs were used

as controls. As shown in Fig. 7(a,b), the treatment of

LPS-stimulated DCs with LTC4 increased by 50% the per-

centages of CD4+ T lymphocytes producing IL-17 com-

pared with those induced by LPS alone. These results

have an inverse correlation with the proportions of CD4+

T lymphocytes producing IFN-c. Similar results were

obtained to evaluate both cytokines in the supernatants of

MLR (Fig. 7c). As treatment of LPS-activated DCs with

LTC4 affected the IL-12/IL-23 balance, we investigated

whether IL-23 held a central role in mediating the increase

of IL-17. For this, co-cultures of DCs and splenocytes were

performed in the presence of neutralizing antibodies.

The neutralization of IL-23 by an anti-IL-23p19 reduced

by more than 20% the percentages of CD4+ IL-17+ cells

(Fig. 7d). Hence, IL-23 seems to be an important media-

tor for the expansion of CD4 T lymphocytes in a Th17

profile.

Discussion

Cysteinyl LTC4 is a potent lipid mediator of inflammatory

reactions, such as asthma, arthritis, gastritis and ischae-

mia.43,44 It modulates the chemotaxis of DCs from the

skin to lymph nodes,23 the only antigen-presenting cell

700

*

*(a)

(c)

(e) 1500

175

150

(d)

125

100

75

50

25

0

1000

500

0

(b)

600

500

400

300

200

100

400

#

##

##

#

*

1000

750

500

250

0

300

200

100

0

0

T
N

F
- α

 (
pg

/m
l)

IL
-1

0 
(p

g/
m

l)

IL
-2

3 
(p

g/
m

l)

IL
12

-p
70

 (
pg

/m
l)

IL
-1

2 
p4

0 
(p

g/
m

l)

CT
LT

C4
LP

S

LP
S+L

TC4

CT
LT

C4
LP

S

LP
S+L

TC4

CT
LT

C4
LP

S

LP
S+L

TC4

CT
LT

C4
LP

S

LP
S+L

TC4CT
LT

C4
LP

S

LP
S+L

TC4

Figure 3. Leukotriene C4 (LTC4) inhibits the T helper type 1 (Th1) profile by lipopolysaccharide (LPS) matured dendritic cells (DCs). The DCs

were incubated for 30 min in the presence (LPS, 1 lg/ml) or absence (CT) of LPS at 37�. After washing, DCs were treated with or without

0.01 lm LTC4 at 37�, overnight, Then we collected the supernatants and we quantified the levels of tumour necrosis factor-a (TNF-a) (a), inter-

leukin-12p70 (IL-12p70) (b), IL-10 (c), IL-12p40 (d) and IL-23 (e) by ELISA. Bars represent the cytokine concentrations (pg/ml) and represent

the mean ± SEM of six experiments. Asterisk represents statistical significance (*P � 0.05) versus CT and # represents significance (#P � 0.05;
##P � 0.01) versus LPS.

� 2011 The Authors. Immunology � 2011 Blackwell Publishing Ltd, Immunology, 134, 185–197 191

Leukotriene C4 modifies IL-12/IL-23 balance on activated dendritic cells



capable of activating naive T lymphocytes.3,4 Previous

studies aimed at analysing the effect of LTC4 showed

increases in the production of IL-10 by allergen-pulsed

DCs, favouring their capacity to increase lung eosino-

philia and IL-5 production in a model of murine asthma.

This effect involves the CysLTR1, which seems to contrib-

ute to the severity of inflammatory responses.45,46

In the present study we observed that DCs and

LPS-activated DCs express the two subtypes of cysteinyl

receptors. In most systems CysLTR1 was described as

responsible for most of inflammatory effects,45–48 but no

previous studies have examined the expression of both

receptors in murine DCs. Real-time PCR demonstrated

that the DCs not only express the CysLTR1, primarily

expressed in smooth muscle, eosinophils and other

immune cells and generally associated with the induction

of bronchospasm and vasoconstriction,18,19 but also the

CysLTR2,19 expressed mainly in the heart, prostate,

brain, adrenal cells, endothelium and lung, but it is

expressed at lower levels on leucocytes, and is more

associated with the remodelling of the fibrotic process.19

Several groups have demonstrated the modulation of

CysLT receptors by cytokines and inflammatory stim-

uli.49,50 Thivierge et al.25 demonstrated that human

monocytes express both CysLT1 and CysLT2 receptors

similarly and their differentiation in DCs inhibits the

expression of CysLT1, whereas their maturation with

200 ng/ml LPS increases CysLTR2 expression. In con-

trast, upon activation of DCs by LPS (1 lg/ml) no vari-

ations in the expression of CysLRT1 were observed but

there is a greater reduction of CysLRT2. These differ-

ences may be the result of the source of DCs as well as

of concentrations, methodology and time of LPS stimu-

lation used. Interestingly, incubation with exogenous

LTC4 of immature DCs potently up-regulated the

expression of CysLTR1, indicating that LTC4 could exert

a regulatory mechanism on receptor expression. In this

sense, it has been demonstrated in several tissues that

the expression of both receptors can be regulated by

CysLT release.18,50 The use of montelukast did not allow

us to block the production of IL-23, indicating that it

could be modulated by the action of LTC4 through the

CysLTR2. This point could not be evaluated; because

there is still no specific receptor antagonist.

Immature DCs constitutively macropinocytose extracel-

lular fluid,51 and also express a large variety of receptors
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ated by intracytoplasmic staining. We showed a representative dot plot obtained by cytometry.
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mediating endocytosis and phagocytosis of antigens and

pathogens.5 Previously it was demonstrated that CysLTs

are able to induce the phagocytosis of opsonized bacteria

through the Fcc receptors.52 Here, we showed that LTC4

induces the phagocytosis of Zy and also stimulates Dex-

tran and HRP endocytosis by immature DCs. Interest-

ingly, despite the phenotypic changes and antigen capture

that produced LTC4 in activated DCs, which might corre-

late with the alteration of their function as antigen-pre-

senting cells, their capacity to activate naive T

lymphocytes remained intact.2–4 Although the LTC4

antagonizes the effect of LPS on the expression of class II

molecules and CD86, its expression is greater than that

shown by immature DCs. Our hypothesis is that through

this mechanism, the LTC4 allows DCs to improve their

ability to sense the environment without compromising

their capacity to activate an effector response.

The activation of MAPK, including ERK1/2, c-Jun N-

terminal kinase and p38 MAPK play an important role in

many cellular processes, including differentiation, cellular

proliferation, apoptosis and immune response.53,54 The

p38 pathway is associated with cytokine induction and

inflammation and is strongly activated by inflammatory

stimuli.54 Binding of CysLT with their receptors triggers

the phosphorylation of MAPK.18,19 Hashimoto et al.55

demonstrated that IL-10 production in human DCs stim-

ulated with Zy was dependent on ERK and p38 MAPK

activation. Also, the phagocytosis of opsonized particles

by macrophages cultured with LTD4 or LTC4 was associ-

ated with p38 activation.56 Our results indicate that LTC4

activates p38 MAPK. Indeed, their inhibition by SB-

303080 abrogates the uptake of DX by DCs. Also, ERK1/2

was only activated in LTC4-stimulated DCs. In spite of

the previous studies,18,19,52 however, the fact that the
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Figure 5. Leukotriene C4 (LTC4) activates ERK1/2 and p38 MAPK in dendritic cells (DCs). (a) DCs (3 · 106 cells per 500 ll complete medium)

were prewarmed for 30 min at 37�. Cells were incubated in the presence or absence of LPS (1 lg/ml) for 30 min at 37� and then treated or not

with 0.01 lm LTC4 for 5 min at 37�. The samples were analysed by Western blotting as described in the Materials and methods. Pervanadate-

treated DCs (0.1 mm orthovanadate plus 0.3 mm H2O2 for 10 min at 37�) were used as positive phosphorylation controls. Western blots are rep-

resentative of five experiments. (b) and (c) Histograms of ratio obtained by quantitative densitometric analysis of P-p38 and ERK1/2; respectively,
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blockade of p38 and ERK1/2 MAPK was not able to abol-

ish either IL-12p40 or IL-23 production supports the the-

ory that other pathways could be involved. Consistent

with these results, Yang et al.53 reported that inhibition of

p38 MAPK can induce Th1 responses through the pro-

duction by DCs of IL-12p40 and IL-12p70. Therefore, we

believe that p38 MAPK phosphorylation acts as a regula-

tory mechanism of genesis of Th1 profiles. It is known

that nuclear factor-jB activation triggered by LPS is con-

trolled by a series of kinases and phosphatases. Chang

et al.57 demonstrated that the serine-threonine protein

phosphatase A2 (PPA2) binds inhibitor of jB kinase, a

subunit of nuclear factor-jB, mechanism which prevents

the production of IL-23. Future experiments will define

whether the LTC4 is capable of preventing the binding or

synthesis of PPA2.

We report that LTC4 abolishes completely in DCs the

secretion of IL-12p70, the biological chain of IL-12, trig-

gered by LPS, but enhances p40, the common chain to

IL-12/IL-23. The partial or complete reversal of produc-

tion of IL-12p70 by LPS-activated DCs has been linked to

stimuli as diverse as prostaglandins, histamine, alkaloids

and phenolic products.58–61 In relation to CysLT, in terms

of cytokines, the results are contradictory. Machida

et al.40 described in Derf-pulsed DCs from bone marrow

precursors how antagonists of CysLTR1 led to the

enhancement of IL-12p40 while IL-10 was inhibited. On

the other hand, in allergen-pulsed DCs from spleen there

was strong inhibition of both IL-10 and IL-12p70 in the

presence of CysLTR1 antagonists.62 These differences can

be explained by the origin of the DCs used in each study;

however, the main difference would be the nature of the

stimuli used, we evaluated the effect of LTC4 in DCs acti-

vated with LPS, a classic Toll-like receptor 4 agonist,

which triggers a Th1 profile compared with the allergens

that trigger Th2 responses.

The strong inhibition of IL-12p70 release, together with

the increased production of IL-23, represent a suitable

microenvironment induced by LTC4 acting on inflamma-

tory DCs resulting in the expansion of Th17 cells, as
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demonstrated by the higher proportions of IL-17+ lym-

phocytes compared with the IFN-c+ lymphocytes

expanded in vitro. Despite the fact that in MLR the

neutralization of IL-23 did not completely abrogate the

percentages of CD4+ IL-17+ cells, this cytokine seems to

play a major role in the induction of the Th17 response,

at least in mice. The Th17 lymphocytes63 can be induced

by IL-23 in the presence of IL-6 and IL-1b in mice. In

agreement with our results, previous reports also

described the induction of Th17 profiles through the

release of IL-23 by inflammatory DCs.64,65 That DCs are

inflammatory as derived from bone marrow precursors26

is probably critical for the induction of CD4+ cells

producing IL-17 against lipid mediators such as prosta-

glandin E2 and LTC4.

It is known that Th17 cells mediate protection against

extracellular pathogens via neutrophil recruitment,66 but

also play a central role in immunopathology.67 Ours

results open the way to further studies on the potential

role of LTC4 in inflammatory disorders such as gastritis,

cystic fibrosis,68,69 inflammatory pathologies associated

with a greater recruitment of neutrophils in which the

levels of LTC4 and its receptors are excessively

increased.19–22 In conclusion, here we provide evidence

that ‘maturity’ of DCs and the stimulus that causes it, is

critical for the balance of the effector profile induced by

LTC4. Therefore, LTC4 prevents the complete maturation

of DCs but induces the production of IL-23, resulting in

the preferential development of Th17 cells. These results

could partially explain the mechanism triggered by LTC4

in inflammatory disorders.
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