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A B S T R A C T

The engagement of the receptors for fungal patterns induces the expression of cytokines, the release of
arachidonic acid, and the production of PGE2 in human dendritic cells (DC), but few data are available
about other lipid mediators that may modulate DC function. The combined antagonism of leukotriene
(LT) B4, cysteinyl-LT, and platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocho-
line) inhibited IL23A mRNA expression in response to the fungal surrogate zymosan and to a lower extent
TNFA (tumor necrosis factor-a) and CSF2 (granulocyte macrophage colony-stimulating factor) mRNA. The
combination of lipid mediators and the lipid extract of zymosan-conditioned medium increased the
induction of IL23A by LPS (bacterial lipopolysaccharide), thus suggesting that unlike LPS, zymosan elicits
the production of mediators at a concentration enough for optimal response. Zymosan induced the
release of LTB4, LTE4, 12-hydroxyeicosatetraenoic acid (12-HETE), and PAF C16:0. DC showed a high
expression and detectable Ser663 phosphorylation of 5-lipoxygenase in response to zymosan, and a high
expression and activity of LPCAT1/2 (lysophosphatidylcholine acyltransferase 1 and 2), the enzymes that
incorporate acetate from acetyl-CoA into choline-containing lysophospholipids to produce PAF.
Pharmacological modulation of the arachidonic acid cascade and the PAF receptor inhibited the binding
of P-71Thr-ATF2 (activating transcription factor 2) to the IL23A promoter, thus mirroring their effects on
the expression of IL23A mRNA and IL-23 protein. These results indicate that LTB4, cysteinyl-LT, and PAF,
acting through their cognate G protein-coupled receptors, contribute to the phosphorylation of ATF2 and
play a central role in IL23A promoter trans-activation and the cytokine signature induced by fungal
patterns.
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1. Introduction

The cytokines of the IL-12 family IL-12 p70 and IL-23 polarize
the immune response into the Th1 and Th17 types, respectively.
These cytokines share a common chain, IL-12 p40, encoded by
the gene IL12B, and differ in a specific chain for each cytokine,
IL-12 p35 (gene IL12A) for IL-12 p70, and IL-23 p19 (gene IL23A)
for IL-23. A corollary to this structural feature is that the
regulation of the expression of these chains is critical to the
polarization of the immune response during fungal invasion.
The fungal surrogate zymosan, which is mainly composed of
b-glucans and a-mannans, stands out as a strong stimulus for
IL-23 production, whereas it inhibits the expression of IL-
12 p70 through the transcriptional repression of IL12A [1–4].
These findings are of pathophysiological relevance because the
recognition of b-glucans and a-mannans is a central component
of the host defense during the infection by microbes such as
Candida, Aspergillus, and Pneumocystis jirovecii. In addition to the
relevance of these facts to the pathophysiology of infectious
diseases, the mechanistic data regarding IL-23 regulation are of
major importance to understand the pathogenesis of autoim-
mune and autoinflammatory diseases such as ankylosing
spondylitis, psoriasis, intestinal bowel disease, and multiple
sclerosis. Recent studies on the transcriptional regulation of
IL23A extended previous research on the role of ATF2 (activating
transcription factor 2) [5,6] by disclosing its dependence on the
complementary phosphorylations of its Thr69 and Thr71 [7].
Enhancement of IL-23 production in the LPS/TLR4 route by PGE2
has been reported [8–11], but these studies have unveiled
different results depending on the cell type and an opposing
effect of PGE2 receptor-dependent signals on the expression of
either IL-12 p40 or IL-23 p19 chains. Whereas there is a
consensus regarding the down-regulatory effect of E prostanoid
receptors (EP) on the transcriptional activity of IL12B, IL23A
transcription is activated by EP signaling, in particular following
EP4 engagement [10]. However, the overall role of the lipid
mediator cascade in the polarization of the cytokine response
has not been assessed and this is a critical factor in the response
to fungal patterns, because both zymosan and Candida are
archetypal stimuli that trigger the generation of eicosanoids in
the innate immune system [12–15]. The Candida paradigm posits
that b-glucans and a-mannans engage C-type lectin receptors in
macrophages and dendritic cells and activate a signaling cascade
that promotes the phosphorylation- and Ca2+-dependent activa-
tion of the cytosolic phospholipase A2a (cPLA2), thus leading to
an early production of eicosanoids that influence gene expres-
sion [16]. In contrast, LPS elicits delayed onset changes of the
eicosanome related to the induction of enzymes of the
cyclooxygenase route [17]. In this study, we have assayed the
lipid mediators produced by zymosan in human monocyte-
derived dendritic cells (DC) and their role on the modulation of
the expression of IL23A. Our results have shown a strong
induction of arachidonic acid (AA) release and its partial
conversion into a wide set of oxidation products, which include
prostaglandin (PG) E2, 12-hydroxyeicosatetraenoic acid (12-
HETE), leukotriene (LT) B4, and LTE4; as well as the biosynthesis
of the phospholipid mediator 1-hexadecyl-2-acetyl-sn-glycero-3-
phosphocholine (platelet-activating factor, PAF). The combined
action of LTB4, cysteinyl-LT, and PAF on their G protein-coupled
receptors elicits strong signals leading to the phosphorylation of
ATF2 that explain its activation and its ensuing effect on IL23A
promoter trans-activation. This study contributes to ascertain the
role of lipid mediators in the induction of the cytokine signature
elicited by fungal patterns by disclosing the role of the products
generated upon the activation of cPLA2 and the ensuing
acetylation of 1-hexadecyl-2-lyso-glycero-3-phosphocholine by
lysophosphatidylcholine acyltransferases (LPCAT) on the regula-
tion of IL23A.

2. Materials and methods

2.1. Cells and reagents

DC were obtained from human mononuclear cells collected
from pooled buffy coats of healthy donors provided by Centro de
Hemoterapia de Castilla y León. The differentiation of monocytes
was carried out by culture in the presence of GM-CSF and IL-4 for
5 days and assessed by flow cytometry of CD40, CD80, CD83, and
CD86 as previously reported [13]. Zymosan from Saccharomyces
cerevisiae, mannan, the 5-lipoxygenase (5-LO) inhibitor zileuton,
the PAF-receptor antagonist WEB2086, acetyl-CoA, lyso-PAF C16:0,
and LPS were from Sigma Chemical Co. (St. Louis, MO). The
pyrrolidine-1 derived cPLA2 inhibitor (Cat. No. 525143) was from
Calbiochem-Merck Millipore (Billerica, MA). The 12/15-LO inhibi-
tor ethyl 3,4-dihydroxybenzylidenecyanoacetate (EDC) and AA-
CoA lithium salt were from Santa Cruz Biotechnology (Dallas, TX).
The PAF-acetylhydrolase (also known as lipoprotein-associated
phospholipase A2) inhibitor darapladib was from Selleckchem
(Houston, TX). The cysteinyl-LT receptor 1 (CysLT1) antagonist
montelukast, the LTB4 receptor 1 (BLT1) antagonist U75302,
specific ELISA assays for LTB4 and E4, and deuterated standards for
MS were from Cayman Chemical (Ann Arbor, MI). These ELISA
assays were carried out following the manufacturer’s protocol in
lipid extracts obtained using StrataTM C-18E SPE cartridges
(Phenomenex Inc. Torrance, CA). Reagents for the ELISA assay of
IL-23 in the DC supernatants were from R&D Systems (Minneap-
olis, MN).

2.2. Ethics statement

The study was approved by the Bioethical Committee of the
Spanish Council of Research (CSIC) before starting the study and
the written informed consent of all healthy donor subjects was
obtained at Centro de Hemoterapia y Hemodonación de Castilla y
León Biobank. The participants received written consent according
to the regulations of the Biobank. The researchers received the
samples in an anonymous way. The experiments conformed to the
principles set out in the WMA Declaration of Helsinki. The process
is documented by the Biobank authority according to the specific
Spanish regulations.

2.3. Real-time RT-PCR

Total RNA was obtained by TRIzol/chloroform extraction and
used for RT reactions. The resulting cDNA was amplified in a PTC-
200 apparatus equipped with a Chromo4 detector (Bio-Rad) using
SYBR Green I mix containing Hot Start polymerase (ABgene).
Cycling conditions were consistent with the melting temperatures
of each set of primers. GAPDH was used as a housekeeping gene to
assess the relative abundance of the different mRNA, using the
comparative cycle threshold method. The procedure was used to
assay IL23A, IL12B, IL10, TNFA, CSF2, LPCAT, LPCAT2, LPCAT3, ALOX12,
ALOX15, PTAFR, and GADPH mRNA. The sequences of the primers
and the reaction conditions are shown in Table 1.

2.4. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were conducted with 10 mg of Ab against P-ATF2
(Thr71, Cell Signaling # 9221), anti-P-CREB (Ser133, Millipore # 06-
519), and irrelevant Ab as previously reported [18]. Briefly, cells
were stimulated and then washed twice with PBS and fixed with 1%
formaldehyde. Cross-linking was terminated by 0.125 M glycine.



Table 1
Primers used for ChIP and RT-PCR reactions.

Promoter primers Melting temperatures (�C)

IL23A CRE S: 50-AGACCTCCATTCAGGACAAG-30 57.3
IL23A CRE AS: 50-TCGAAGACGTCAGAATGAGG-30 57.3
IL23A ATF2 S: 50-CATTGCAAACAGCTCACCAT-30 58.2
IL23A ATF2 AS: 50-ATTTCCTCACTTCCTCCTGC-30 56.9
IL12A control S: 50-GCGAACATTTCGCTTTCATT-30 58.8
IL12A control AS: 50-ACTTTCCCGGGACTCTGGT-30 59.4

Coding sequence primers Melting temperatures (�C)

IL23A S: 50-CATGGGCCTTCATGCTATTT-30 58.4
IL23A AS: 50-TTT GCATTG TCAGGTTTCCA-30 58.5
IL12B S: 5‘-CATGGGCCTTCATGCTATTT-3‘ 55.3
IL12B AS: 5‘-TTTGCATTGTCAGGTTTCCA-3‘ 53.2
IL10 S: 50-GAGAACAGCTGCACC CAC TT-30 59.4
IL10 AS: 50-GGCCTTGCTCTTGTT TTC AC-30 57.3
CSF2 S: 50-GGCTAAAGTTCTCTGGAGGAT-30 57.9
CSF2 AS: 50-ACTGTTTCATTCATCTCAGCAG-30 56.5
TNFA S: 50-GTTGTAGCAAACCCTCAA-30 57.3
TNFA AS: 50-TTGAAGAGGACCTGGGA-30 57.3
LPCAT1 S: 50-GCTGGCTTTCAAGATGTACG-30 57.3
LPCAT1 AS: 50-TCAATGGCTCGGAATAGGTC-30 55.3
LPCAT2 S: 50-TTGCTTCCAATTCGTGTCTTATT-30 57.3
LPCAT2 AS: 50-ATCCCATTGAAAAGAACATAGCA-30 55.3
LPCAT3 S: 50-CAGGGAGAGCTGATTGACAT-30 57.3
LPCAT3 AS: 50-CAGAAGGGGTGGTTGTCATA-30 57.3
ALOX12 S: 50-CACCATGGAAATCAACACCC-30 55.3
ALOX12 AS: 50-GTGCTCACTGCCTTATCAAA-30 58.8
ALOX15 S: 50-CTTGCTCTGACCACACCAGA-30 59.4
ALOX15 AS: 50-GCTGGGGCCAAACTATATGA-30 57.3
PTAFR S: 50-CTGCTGTTTCTCAGGCA-30 transcript variant 2 56
PTAFR S: 50-CAGACAGAGACACACGGTC-30 transcript variants 1, 3, and 4 58.8
PTAFR AS: 50-GAACTCAGAGTCCATGTGGG-30 transcript variants 1–4 59.4
GAPDH S: 50-GTCAGTGGTGGACCTGACCT-30 61.4
GAPDH AS: 50-AGGGGAGATTCAGTGTGGTG-30 59.4

The PCR conditions were adapted to each primer sets, but in most cases were 5 min at 95 �C (hot start), 45 cycles of
denaturation at 95 �C for 15 s, annealing at 60 �C for 20 s, and elongation at 72 �C, 1 min/kb. Final extension was carried out at
72 �C for 5 min.
Melting temperatures are indicated to show the adequacy of the reaction conditions for each set of primers.
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Crude nuclear extracts were collected by microcentrifugation and
resuspended in a lysis buffer containing a high salt concentration.
Chromatin sonication was carried out using a Bioruptor device
from Diagenode (Liege, Belgium). The chromatin solution was
precleared by adding Protein A/G PLUS-Agarose for 30 min at 4 �C
under continuous rotation. After elimination of the beads, Ab was
added for overnight incubation at 4 �C, and then Protein A/G PLUS-
Agarose was added and incubated for an additional period of 2 h at
4 �C. Beads were harvested by centrifugation at 4000 � g and
sequentially washed with lysis buffer high salt, wash buffer, and
elution buffer. Cross-links were reversed by heating at 67 �C in a
water bath and the DNA bound to the beads isolated by extraction
with phenol/chloroform/isoamylalcohol. Irrelevant Ab and
sequences of the IL12A promoter were used as a control of binding
specificity. The promoter primer sequences are shown in Table 1.

2.5. Assay of lipid mediators by reversed phase UPLC and electrospray
ionization quadrupole time-of-flight MS

Initial studies were conducted in the medium used for cytokine
induction to mimic most exactly the experimental conditions of
the assays. Accordingly, FBS was not removed from the medium.
Since the results suggested that the presence of FBS may affect the
processing of both LT and PAF due to both the presence of
inactivating enzymes and lipids in FBS, additional experiments
were carried out using serum-free DMEM supplemented with
0.25% delipidated BSA or 0.1% standard BSA. Deuterated standards
were added after collecting the samples. Lipids were extracted into
ethanol from cell supernatants (15% final), eluted in methanol
using StrataTM C-18E SPE cartridges, and evaporated to dryness
under N2. The lipid residue was solubilized in 40 ml UPLC solvent A
(8.3 mM acetic acid buffered to pH 5.7 with ammonium hydroxide)
plus 20 ml UPLC solvent B (acetonitrile/methanol 65:35, v/v). Two
different gradients were used to improve compound detection. A
7.5 ml aliquot of each sample was injected into the chromatograph-
ic system. The chromatographic separation was conducted in an
AcquityTM UPLC System (Waters, Manchester, UK) equipped with
an Acquity UPLC1 BEH C18,1.7 mm, 2.1 �100 mm column (Waters).
The chromatographic column was directly interfaced into the
electrospray ionization source of a mass spectrometer (SYNAPT
HDMS G2, Waters). MS analysis was performed in negative ion
mode using a MSE method that allows simultaneous detection of
analytes through a low energy function (full scan) and a high
energy function (collision energy) with ion partial fragmentation.
The mass spectrometer was operated in sensitivity mode with
5 ppm threshold for maximum RMS residual mass. Sodium
formate was used for calibration and leucine-enkephalin (m/z
554.2615) for reference of mass accuracy. For quantification,
external standards of PGE2, PGD2, LTB4, 12-HETE, 15-HETE, PAF
C16:0, PAF C18:0, and AA were used to draw a linear regression of
chromatographic peak area to compound concentration. All
compounds were identified by injecting authentic standards and
by exact mass along with fragmentation pattern as observed in the
high energy function. The parent ions of m/z 351.217, m/z 335.222,
m/z 319.22, and m/z 303.233 as obtained in the low energy
function, were used for quantification of PGE2, LTB4, 12-HETE, and
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AA, respectively, while the fragment ion of m/z 315.196 was used
for quantification of PGD2. For PAF assay, Bligh and Dyer extraction
was used and chromatography was carried out at a flow rate of
0.35 ml/min using the gradient that follows: initial, 100% A; 1 min,
100% A; 2.5 min, 20% A; 4 min, 20% A; 5.5 min, 0.1% A; 8.0 min, 0.1%
A; 10 min, 100% A, and this was kept isocratic for 2 min to recover
initial pressure before next injection. Solvents were (A) methanol/
water/formic acid (50:50:0.5, v/v/v) and (B) methanol/acetonitrile/
formic acid (59:40:0.5, v/v/v), both with 5 mM ammonium
formate. An extract volume of 7.5 ml was injected. Mass
spectrometer parameters were fitted as follows: capillary,
0.9 kV; sampling cone,18 V; source temperature, 90 �C; desolvation
temperature, 320 �C; cone gas, 45 l/h; and desolvation gas, 900 l/h.
Data were acquired with the software MassLynx at a rate of
5 scans/s within the range 0–12 min and 100–1200 Da m/z for the
low-energy function, and 50–900 Da m/z for the high-energy
function (MSE method, trap collision energy 30 V), with ionization
in positive mode (ESI+). PAF was detected and quantified as the
[M + H]+ ion m/z 524.3711 and m/z 552.4024 for PAF C16:0 and PAF
C18:0, respectively.

2.6. Laser-scanning confocal fluorescence microscopy

DC were seeded on polylysine-coated glass coverslips for 12 h
and then stimulated with zymosan particles. Cells were fixed with
10% formaldehyde in PBS and stained with anti-5-LO Ab (0.3 mg in
30 ml per coverslip) (Cell Signaling # 3289) and goat anti-rabbit IgG
Ab labelled with Alexa-Fluor1480 (1:100 v/v). In both cases the
incubation times were 1 h at room temperature in the dark. The
coverslips were observed by laser-scanning confocal fluorescence
microscopy using a Leica TCS SP5 apparatus (Leica Microsystems
CMS GmbH, Mannheim, Germany) equipped with a white-light
laser and a Leica 63PL APO NA 1.40 oil immersion objective. Image
analysis and subcellular colocalization fluorograms were generat-
ed and analyzed using a Leica confocal software package and
Adobe Photoshop CS5.1 software (Adobe Systems, San Jose, CA).

2.7. Immunoprecipitation of 5-LO

DC were lysed in a medium containing 20 mM Tris–HCl,150 mM
NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM Na3VO4, 10 mg/ml
aprotinin and leupeptin, 100 mg/ml soybean trypsin inhibitor, and
1 mM PMSF, pH 7.5, and clarified by centrifugation at 4000 � g for
20 min. The clarified lysates containing �1 mg protein were
preabsorbed on protein G-Sepharose and then incubated overnight
with 10 mg anti-5-LO precipitating rabbit mAb or control IgG,
followed by 2 h incubation with Protein A/G PLUS-Agarose beads.
Immune complexes were extensively washed, suspended in
Laemmli sample buffer and subjected to SDS/PAGE. Blots were
stained to assess the protein present in the cell lysates used as
starting material (input) and in the immunoprecipitates with anti-
5-LO Ab (1:1000, v/v) and anti-P-Ser663-5-LO rabbit Ab (1:250, v/
v) (Cell Signaling # 3749). For immunoblots directed to assay
nuclear translocation of 5-LO, nuclear and cytoplasmic fractions
were obtained by using a nuclear extract kit (Active Motif,
Carlsbad, CA).

2.8. Assay of acetyl-CoA

This was addressed by an enzymatic end-point assay [19].
15 �106 DC were pelleted at 450 � g for 5 min, washed in 1 ml of
cold PBS and lysed in 400 ml of hypotonic medium (5 mM Hepes,
1.5 mM MgCl2, 10 mM KCl, 0.5% NP40, 50 mM NaF, 5 mg/ml
leupeptin and 0.1 mM PMSF, pH 7.9) for 10 min on ice. Protein
levels were determined spectrofotometrically and samples of 20 ml
were mixed with 170 ml reaction buffer containing 100 mM
Tris–HCl, 100 mM DTNB, (dithionitrobenzoic acid or Ellman’s
reagent), 1 mg/ml BSA, and 5 U of recombinant citrate synthase,
pH 8.1. Optical density at 412 nm was measured as blank and then
the reaction was initiated by adding 10 ml of oxalacetic acid 10 mM.
The samples were incubated at 37 �C and the optical density was
measured at 412 nm after 5 min using an ELISA plate reader.

2.9. Assays in the cell-free system

DC were incubated for 15 min at 37 �C at a density of 5 �106

cells/ml and then stimulated with zymosan for 15 min. At the end
of this period, DC were centrifuged for 5 min at 4 �C in precooled
tubes containing in 0.1 M Tris–HC1, pH 7.4, and resuspended in the
same medium. After two sets of 30s for cell disruption in a probe
sonicator, the homogenate was used for the assay of LPCAT activity
in the Tris–HCl medium supplemented with 0.2 mM CaCl2 and
20 mM 1-hexadecyl-2-lyso-glycero-3-phosphocholine, in the pres-
ence and absence of 100 mM acetyl-CoA and 100 mM AA-CoA. The
reaction was maintained at 37 �C for 30 min and stopped by adding
3.7 ml of chloroform/methanol (1:2) and Bligh and Dyer extraction.
The organic phase was then removed, dried under N2 stream, and
lipids assayed by UPLC/MS.

2.10. Statistical analysis

Data are represented as the mean � S.E.M. and were analyzed
with the Prism 4.0 statistical program (GraphPad Software).
Comparison between two experimental groups was carried out
using the two-tailed Student’s t test. Two-way ANOVA was used for
comparison of two nominal variables, for instance, treatments at
different times. Differences were considered significant for
p < 0.05.

3. Results

3.1. Dectin-1, dectin-2, and lipid mediator receptors are involved in
IL23A induction

Given that both the a-mannan and the b-glucan components of
fungal cell wall cooperate to induce the host responses, we
addressed whether the C-type lectin receptors dectin-1 and
dectin-2 were involved in the induction of IL23A expression by
using blocking antibodies. Both anti-dectin-1 and anti-dectin-2 Ab
blunted the expression of IL23A mRNA significantly, whereas no
inhibition was observed with an anti-CD11b Ab (Fig. 1A). When
both anti-dectin-1 and anti-dectin-2 Ab were used in combination,
the inhibition increased, although this only reached significance
versus the inhibition induced by anti-dectin-1 Ab alone. This
suggests that costimulation of b-glucan- and a-mannan-engaging
receptors is required for a productive response [13,18,20].
Consistent with the signaling route of dectin-1 and dectin-2 via
the tyrosine kinase SYK, the SYK inhibitor piceatannol induced an
almost complete inhibition of IL23A mRNA expression. The cPLA2

inhibitor pyrrolidine-1 and the 5-LO inhibitor zileuton also blunted
the response, although their effects were less robust than the effect
of piceatannol. In contrast, the 12/15-LO inhibitor EDC did not
show any significant effect (Fig. 1B). Given that these results were
consistent with the involvement of a signaling route downstream
the tyrosine kinase SYK and the cPLA2/5-LO routes, the role of LT
was addressed. Neither montelukast nor U75302 inhibited IL23A
mRNA expression significantly (Fig. 1C); however, this was
observed using combination thereof. Since the release of AA by
cPLA2 may be coupled to PAF formation from the 1-alkyl-2-lyso-
glycero-3-phosphocholine (lyso-PAF) resulting from the hydrolysis
of 1-alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine substrate
and the incorporation of acetate into the sn-2 position of the



Fig.1. Effect of different treatments on the induction of IL23A,TNFA, and CSF2 mRNA. (A) DC were incubated for 30 min prior to the addition of 1 mg/ml zymosan with 10 mg/ml
of either anti-dectin-1 or anti-dectin-2 Ab, and combination thereof. Anti-CD11b Ab was used as a control for specificity. Four hours after the addition of zymosan, the RNA
was extracted and used for the assay of IL23A mRNA. (B–D) Similar experiments were carried out in the presence of the BLT1 antagonist U75302 1 mM, the CysLT1 antagonist
montelukast 10 mM, the 5-LO inhibitor zileuton 10 mM, the 12/15-LO inhibitor EDC 3 mM, the phospholipase A2 inhibitor pyrrolidine-1 2 mM, the SYK kinase inhibitor
piceatannol 25 mM, and the PAF receptor antagonist WEB2086 30 mM. (E) Assay of IL-23 protein in supernatants of DC obtained after preincubation with different drugs and
overnight stimulation with zymosan. (F and G) Effect of different treatments on the expression of TNFA and CSF2. Results show mean � S.E.M. of three to six experiments. Mont
indicates montelukast. *p < 0.05, **p < 0.01 as compared to control or anti-dectin-1 Ab versus combination of Ab.
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Fig. 2. Effect of compounds acting on the AA cascade on P-Thr71-ATF2 binding to
the ATF2 site of the IL23A promoter. (A) DC were incubated with the indicated
additions at the concentrations showed in the legend to Fig.1 for 30 min, stimulated
with 1 mg/ml zymosan for 1 h, and then collected for ChIP assays. Anti-P-71Thr-
ATF2 and irrelevant control Ab were used at a concentration of 10 mg/ml. (B) Effect
of 1 mM U75302 and 10 mM montelukast, 30 mM WEB2086, and combination
thereof. (C) Effect of 0.1 mM LTB4 and 0.5 mM LTC4, 1 mM PAF, and combination
thereof. Results show mean � S.E.M. of three experiments. Mont indicates
montelukast. *p < 0.05. **p < 0.01.
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glycerol backbone by LPCAT enzymes [21,22], the effect of the
combined blockade of CysLT1, BLT1, and PAF receptor (PAFR) was
assessed. IL23A mRNA expression was inhibited by 86% under these
conditions (Fig. 1D), thus suggesting a cooperative effect of these
receptors in the signalling route involved in IL23A trans-activation.
Notably, the results on IL23A mRNA expression were also observed
in ELISA assays of IL-23 protein, which showed a similar pattern of
inhibition by compounds acting on the 5-LO and PAFR routes
(Fig. 1E). Given that 5-LO function has been related to the dectin-1-
dependent production of TNFa and GM-CSF [23], the expression of
the mRNA encoding these cytokines was also assayed. In contrast
to IL23A mRNA expression, the expression of TNFA and CSF2 mRNA
did not show significant changes in the sole presence of LT receptor
antagonists, being a �38% inhibition observed in both cases when
the PAF receptor antagonist was included as well (Fig. 1F and G).
These findings suggest a more prominent effect of the 5-LO route
on the regulation of the p19 chain of IL-23 than on other cytokines
robustly induced by zymosan.

IL23A expression induced by zymosan depends on at least the
transcription factors NF-kB and ATF2, and SYK-dependent signals
might play a role in the route that leads to the complementary
phosphorylations of ATF2 and the binding to the IL23A promoter.
On this basis, ChIP experiments were carried out using anti-P-
71Thr-ATF2 Ab. Piceatannol, pyrrolidine-1, and zileuton induced a
robust inhibition of P-71Thr-ATF2 binding to the IL23A promoter,
whereas EDC did not show any significant effect (Fig. 2A). Attempts
to address the role of mediators formed downstream the cPLA2

showed a significant inhibition when BLT1 and CysLT1 were
targeted, as well as a similar inhibition by the PAFR antagonist
WEB2086 (Fig. 2B). When PAF and combination of LT were used,
the binding of P-71Thr-ATF2 was increased, but it did not reach the
levels observed in response to zymosan (Fig. 2C). Altogether, these
data suggest the involvement of a signaling route involving C-type
lectin receptors, SYK, cPLA2, LT, and PAF in the induction of IL23A
expression elicited by zymosan through a mechanism associated
with ATF2 activation.

3.2. Assay of the eicosanoids generated in response to zymosan

Given that the pharmacological studies suggested the involve-
ment of autocrine lipid mediators, the presence of eicosanoids was
assayed by UPLC/MS. Zymosan induced a robust release of AA that
reached levels above 1 mg/106 DC at one hour (Fig. 3A). Assay of the
different eicosanoids showed a definite production of LTB4, PGE2,
PGD2, and 12-HETE, which was somewhat delayed as compared to
the release of AA (Fig. 3B–E). These concentrations decreased to
prestimulation levels at 24 h, with the exception of PGE2 and PGD2,
which reached higher values at that time. In contrast, the levels of
palmitic and stearic acids did not show any change in response to
zymosan (peaks marked C16:0 and C18:0 in Fig. 4A), whereas the
areas corresponding to oleic and docosahexaenoic acids showed
small increases (peaks marked C18:1 and C22:6 in Fig. 4A, middle
and lower panels). As expected, stimulation with zymosan in the
presence of zileuton did not influence the release of AA
significantly (Fig. 4A, middle panel). In contrast to the characteri-
zation of LTB4, 12-HETE, and PGE2, which could be identified by
combination of mass spectra (Fig. 4B), the use of deuterated
standards, and ion fragmentation patterns (Fig. 4C), the peak
showing a m/z value of 438.2305 consistent with the [M � H]� ion
of LTE4 could not be quantified directly because it was not well
separated from other compounds. Comparison of the different
extraction procedures showed good recovery in most cases, except
for LTB4, which was best detected in samples containing BSA
instead of FBS. Given that these experiments disclosed the
presence of LTB4 and LTE4, which is the cysteinyl-LT resulting
from dipeptidase action upon LTD4, and this enzyme seems to be a
likely component of FBS, further assays were carried out using
specific ELISA assays for LTE4 and LTB4. LTE4 was detected at a
concentration of �7 ng/106 cells, which agrees with the concen-
tration at which its immediate precursor LTD4 is most active on the
CysLT1 receptor [24]. A significant production was also observed in
response to heat-inactivated Candida (Fig. 5A). The assay of LTB4

showed lower concentrations, �2 ng/106 cells, but this concentra-
tion fits well with that inducing responses in granulocytes.
Whereas the different components of fungal patterns induced
LTE4 production, LTB4 was only detected in response to zymosan
and Candida (Fig. 5B). Unlike EDC, piceatannol and zileuton
blunted the production of LTE4 and LTB4 (Fig. 5C and D). The
involvement of dectin-1 and dectin-2 was confirmed with blocking
Ab. Combined Ab showed an additive effect in the case of LTE4,
whereas the release of LTB4was almost completely inhibited by the



Fig. 3. Production of eicosanoids in response to zymosan. (A–E) DC were incubated for the times indicated in the presence and absence of 1 mg/ml zymosan, and the
supernatants collected at the end of these periods for lipid extraction in C-18 reversed-phase cartridges and assay of eicosanoid production by UPLC/MS assay. Results show
mean � S.E.M. of 4 independent experiments. *p < 0.05. **p < 0.01.
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anti-dectin-1 Ab (Fig. 5E and F). Consistent with the production of
LT, DC showed a robust expression of 5-LO in immunofluorescence
confocal microscopy (Fig. 5G) and DC lysates (Fig. 5H), as well as
some evidence of its activating phosphorylation on Ser663
(Fig. 5H) and possible nuclear translocation (Fig. 5I), although
its detection may be hampered by the changes of the cytoskeletal
structure induced by the phagocytic challenge (Fig. 5G). These
results point at the involvement of LT in the transcriptional
regulation of IL23A and agree with the well-known effect of their
cognate receptors on the activation of protein phosphorylation
cascades.

3.3. Role of 5-LO and PAF in the trans-activation of IL23A

Taking into account the result of the pharmacological experi-
ments with receptor antagonists and the production of LT by DC,
the effect of exogenous LT and PAF on IL23A mRNA expression was
assessed. The usage of 0.1 mM LTB4 and 0.5 mM LTC4 did not
enhance the induction of IL23A mRNA expression produced by
zymosan (not shown), which most likely indicates that these
mediators were produced at concentrations high enough to elicit
their effects. To further address this mechanism, exogenous
eicosanoids and the lipid extract of zymosan-stimulated DC were
used in combination with LPS, a stimulus that does not induce
robust activation of the cPLA2 route [25], only drives changes of the
eicosanome with a delayed onset [17], and is a less potent stimulus
than zymosan to trans-activate the IL23A promoter [7]. The lipid
extract from the conditioned medium of DC stimulated for one
hour with zymosan increased the induction of the mRNA of both
IL23A and IL10 elicited by LPS (Fig. 6A and B), thus suggesting the
presence of lipid mediators. In contrast, the lipid extract from DC
stimulated for 24 h did not show any effect. In the case of IL23A, this
increase showed a similar trend to that observed in DC stimulated
with LPS in the presence of a combination of 1 mM PAF, 0.1 mM
LTB4, and 0.5 mM LTC4 (Fig. 6C), whereas the only addition of PAF
mimicked the effect observed on IL10 mRNA induction expression
(Fig. 6D), thus agreeing with the notion that the effect of PAF may
involve the secondary formation of other mediators [26]. Taken
together, these results suggest that unlike LPS, zymosan elicits the
generation of lipid mediators to an extent as high as to allow an
optimal trans-activation of IL23A and disclose an autocrine effect of
PAF and LT on the transcriptional up-regulation of IL23A, which can
be explained by an array of signals from at least three different
types of G protein-coupled receptors.



Fig. 4. Lipid extract analysis of DC conditioned media and MS characterization of the eicosanoids released by DC. (A) The culture medium of resting DC and DC stimulated for
one hour with zymosan in the absence and presence of zileuton was extracted in C-18 reversed-phase cartridges and used for UPLC/MS assays. C16:0, C18:0, C20:4, C18:1, and
C22:6 refer to palmitic acid, stearic acid, arachidonic acid, oleic acid, and docosahexaenoic acid, respectively. Chromatograms are representatives of 4 experiments for control
and zymosan and 2 experiments in the case of zymosan + zileuton. (B) Mass spectra of the eicosanoids released by DC. (C) High energy (fragmentation) mass spectrum used to
characterize 12-HETE, showing the typical product ions of m/z 179 and 208. The product ions of m/z 175 and 219 correspond to a small amount of 15-HETE.
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3.4. Effect of PGE2 on IL23A regulation

Recent reports have disclosed a synergistic effect of exogenous
PGE2 on the transcription of IL23A elicited by LPS and TNFa
through a route involving EP/cAMP/PKA and the cooperation of
CREB and C/EBPb with NF-kB proteins [9]. Since both ATF2 and
CREB are transcription factors sensitive to the intracellular levels of
cAMP and PKA activity, some experiments were conducted to
address the mechanism whereby PGE2 might exert its effect on
IL23A and IL10 expression. The rationale behind these experiments
was that IL-10 is an outstanding component of the set of cytokines
induced by zymosan, the regulation of which is fine-tuned by the
EP/cAMP/PKA/CREB cascade [18,27,28]. On this basis, the parallel
assay of both cytokines helps disclose differences in their
transcriptional regulation. Incubation of DC with both the cell
permeable cAMP analogue 8-Br-cAMP and PGE2 did not induce
IL23A and IL10 mRNA, but enhanced the response elicited by either
LPS or zymosan (Fig. 7A and B). This effect being more prominent
on the induction of IL23 mRNA induced by zymosan. Conversely,
PGE2 inhibited the expression of IL12B to a larger extent in LPS-
treated DC, i.e., 95%, versus a 33% inhibition in the case of zymosan
(Fig. 7C), thus agreeing with both a stimulus-specific effect of PGE2
and the notion that the effect of PGE2 can not be only assigned to
the PKA route [29]. COX-1 and COX-2 inhibitors did not affect the
expression of IL23A mRNA in response to both LPS and zymosan,
provided the concentrations of these inhibitors were maintained at
levels consistent with the preservation of their selectivity (Fig. 7D).
In contrast, IL10 mRNA expression was reduced in response to both



Fig. 5. Production of LTB4 and LTE4 by DC and effect of pharmacological treatments. (A–F) DC were incubated with 10 mg/ml LPS, 1 mg/ml of the different zymosan
components, and with Candida at a ratio of 50 conidia per DC. The supernatants were collected at the times indicated for the ELISA assay of LT. The effect of compounds acting
on SYK, 5-LO and 12/15-LO, and blocking Ab acting on dectin-1 and dectin-2 was assessed by incubating the DC in the presence of the indicated additions for 30 min prior to
zymosan addition. Concentrations were as described in the legend to Fig. 1. (G) Immunofluorescence confocal microscopy of 5-LO (green staining) in control DC and in DC
incubated for 30 min with zymosan particles (red staining). DAPI was used to stain the nuclei (blue staining). (H) Expression of 5-LO in cell lysates and its phosphorylation in
Ser663 in an immunoprecipitation assay in DC stimulated for 15 min with zymosan. (I) Location of 5-LO in the cytoplasm and nucleus of DC stimulated for 1 h with zymosan.
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Fig. 6. Effect of the lipid extract from conditioned medium and exogenous lipid mediators on the mRNA expression of IL23A and IL10 in response to LPS. (A and B) DC were
stimulated in the presence of 1 mg/ml zymosan for 1 or 24 h. At the end of these times, the supernatants were collected and their lipid fractions extracted in C-18 reversed-
phase cartridges. The lipid extract was evaporated to dryness, resuspended in culture medium (lipid extract 1 h and lipid extract 24 h in the legend) and used to address its
effect on the response elicited by LPS. After 4 h of incubation in the presence of 10 mg/ml LPS, the RNA was extracted and used for the assay of the mRNA of the cytokines. (C and
D) The effect of the addition of exogenous lipid mediators on the expression of IL23A and IL10 mRNA was assayed in DC stimulated for 4 h in the presence of LPS. The
concentrations of the lipid mediators are 0.1 mM LTB4, 0.5 mM LTC4, and 1 mM PAF. Results show mean � S.E.M. of 4 independent experiments. *p < 0.05.
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stimuli, although the effect observed following stimulation with
zymosan was more robust (Fig. 7E). Unlike COX-1 inhibition, the
COX-2 inhibitor sc-236 strongly inhibited IL12B mRNA induction in
response to both LPS and zymosan (Fig. 7F), thus suggesting that
the delayed production of prostaglandins via COX-2 might play an
autocrine role in IL12B expression. In order to associate the effect of
PGE2 on IL23A expression with the activation of transcription
factors, binding of P-71Thr-ATF2 and P-133Ser-CREB to their
regulatory sites in the IL23A promoter was addressed. PGE2
increased the binding of P-71Thr-ATF2 to the ATF2 site in response
to both zymosan and LPS (Fig. 7G), thus suggesting that a portion of
PGE2 effect might be exerted via ATF2. PGE2 also enhanced the
binding of P-Ser133-CREB to the CRE site elicited by zymosan.
Taken together, these results suggest that paracrine PGE2
synergizes with zymosan to induce IL23A and IL10 mRNA, and
that autocrine PGE2 plays a significant role in IL10 induction in
TBP indicates TATA box-binding protein. Comparison were made in control versus stimulu
samples in (C) and (D), and in control versus samples treated with 10 mg of anti-dectin-1
Western blot. Results show mean � S.E.M. of 3 independent experiments. *p < 0.05. **p
response to both LPS and zymosan, and in the IL23A response
elicited by LPS. The effect of paracrine PGE2 on IL23A expression
can be explained through the activity of two cAMP-regulated
transcription factors, ATF2 and CREB.

3.5. PAF production by DC

PAF is produced in parallel to eicosanoids by acetylation of lyso-
PAF by LPCAT2, a Ca2+-dependent enzyme that is activated by the
PKCa isoform [30] and the p38 MAPK/MAPK-activated protein
kinase 2 (MK2)-dependent pathway [31]. Although PAF formation
was a likely event in our system, the presence of FBS in the medium
made it difficult its detection because PAF-acetylhydrolases are
present in cells and serum [32]. Given that LPCAT enzymes are a
family of proteins involved in phospholipid remodeling, triglycer-
ide secretion, and PAF biosynthesis that show a tissue-specific
s-treated samples in (A) and (B), in vehicle versus treatment in zymosan-stimulated
 and anti-dectin-2 Ab in (E) and (F). IP indicates immunoprecipitation. WB indicates

 < 0.01.



Fig. 7. Effect of 8-Br-cAMP, PGE2, and COX inhibitors on cytokine expression. (A–C) DC were incubated with 8-Br-cAMP and PGE2 for 30 min prior to the addition of the stimuli
and after 4 h, cells were collected for the assay of the mRNA encoding the different cytokines. (D–F) Effect of the selective inhibitors of COX-1 (50 nM sc-560) and COX-2 (50 nM
sc-236) activities. (G) Effect of the preincubation with 1 mM PGE2 prior to the stimulation with zymosan and LPS on the binding of P-Thr71-ATF2 and P-Ser133-CREB to their
cognate sites in the IL23A promoter. The results represent mean � S.E.M. of 3–5 experiments. *p < 0.05. **p < 0.01.
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pattern of expression [33], their mRNA levels were assayed.
Transcripts encoding LPCAT1, LPCAT2, and LPCAT3 were detected
over the process of differentiation of DC. LPCAT2 and LPCAT3 mRNA
were expressed in the same range, whereas the expression of
LPCAT1 was lower (Fig. 8A). Both LPCAT2 and LPCAT3 enzymes
showed a trend to decrease at 8–16 h after zymosan challenge
(Fig. 8B). The production of PAF by LPCAT activity was confirmed in
the cell-free medium in the presence of both lyso-PAF and acetyl-
CoA. When AA-CoA was used as a co-substrate, a partial inhibition
of PAF formation was observed (Fig. 8C). The assay of acetyl-CoA
levels in the lysates of DC stimulated with zymosan showed a
decrease at one hour, an increase at 3 h, and a new reduction at 6 h
(Fig. 8D), thus suggesting the occurrence of an early consumption
of acetyl-CoA, followed by an increased generation most likely
related to increased aerobic glycolysis [34]. The involvement of PAF
in DC responses was also supported by the expression of the mRNA
encoding the PAFR (PTAFR gene, transcript variants 1 and 3, Fig. 8E),
which agrees with earlier reports showing functional PAFR in DC
[35]. Initial MS assays showed PAF C18:0 at low concentrations and
a robust production of lysophosphatidylcholines (LPC) in the cell
supernatants (Table 2). Taking into account that the presence of
PAF-acetylhydrolase could be a drawback for the assays, experi-
ments were conducted in the presence of the PAF-acetylhydrolase
inhibitor darapladib 0.1 mM. Under these conditions, PAF
C16:0 was detected in resting cells and at significantly higher
levels after zymosan stimulation (Table 2 and Fig. 8F and G). Given
that PAF C18:0 was not detected consistently, several hypotheses
were put forward: (i) preferential production of the C16:0 species,
(ii) retention on the cell membranes, and (iii) inefficient extraction.
Experiments showed that PAF C18:0 was not detected in the cell
pellets nor in supernatants subjected to Bligh and Dyer extraction.
In contrast, an efficient recovery of PAF C18:0-d4 was obtained
from cell supernatants after addition of the standard, thus
suggesting that cell retention of PAF C18:0 does not occur under
the conditions of the assay and that DC mainly produce PAF C16:0.

3.6. ALOX12 and ALOX15 expression and metabolism of AA-CoA in the
cell-free system

In keeping with previous reports [36,37], the expression of
ALOX15 (12/15-LO gene) mRNA was very high over the differentia-
tion process, whereas that of ALOX12 was extremely low (Fig. 9A).
Given the robust expression of the mRNA encoding LPCAT and ALOX
enzymes, functional assays were carried out in the cell-free system
using the exogenous substrates used for LPCAT activity assays. The
analysis of products derived from AA-CoA showed a robust
formation of unesterified AA, 12-HETE and 15-HETE (Figs. 9 B
and C and 10 A–C). Notably, 15-HETE, which was hardly detectable
in the DC supernatants, was found along with 12-HETE in the cell-
free system, whereas PGE2 and LTB4 were detected at lower
concentrations (Fig. 9C). These results agree with the high
Table 2
Production of PAF and LPC.

Control Zymosan

PAF C16:0 (ng/106 cells) 6 � 3 89 � 25
PAF C18:0 (ng/106 cells) 0.046 0.14
LPC C16:0 (ng/106 cells) N.D.a 126 � 36
LPC C18:1 (ng/106 cells) N.D. 98 � 28
LPC C20:4 (ng/106 cells) N.D. 53 � 16

DC were stimulated for 1 h with 1 mg/ml zymosan and the lipid extract was taken
for the assay of PAF and LPC species. PAF C16:0 was detected in the presence of
0.1 mM darapladib as shown in a typical experiment in Fig. 8F. These are results from
3 independent experiments where PAF C16:0 was detected and from a typical
experiment where PAF C18:0 was detected.

a N.D.: not detected.
expression of ALOX15 mRNA and suggest the presence of robust
acyl-CoA thioesterase activity as well.

4. Discussion

The present data underscore the role of lipid mediators in the
regulation of the expression of cytokines induced by fungal
patterns. Previous studies showed the dependence of IL10
expression on autocrine PGE2 and another report disclosed a role
of LTB4 as an autocrine self-amplifying loop necessary for the
production of IL-12 p40, TNFa, and GM-CSF in peritoneal macro-
phages stimulated with curdlan, a hardly soluble pure b-glucan
stimulus that lacks the structure of the fungal cell wall [23]. Our
data unveil new mechanistic details on transcriptional regulation
because TNFA and CSF2 expression mainly depends on NF-kB [38],
whereas IL23A expression requires at least ATF2 and NF-kB
proteins. In addition to the distinct regulation of IL23A expression
by latent transcription factors, our focus on IL-23 is explained by its
central role in the maintenance of the Th17 response, the defense
against fungal invasion, and the development of autoimmunity.

The results show a cooperative model where the generation of
LT and PAF teams up to promote the phosphorylation-dependent
activation of ATF2 and its ensuing cooperation with NF-kB proteins
to trans-activate IL23A. These findings disclose a paradigm where a
set of autocrine mediators that activate G protein-coupled
receptors and phospholipase Cb [39] enhance the phosphorylation
reactions and the mobilization of Ca2+ initiated by the receptors
engaged by fungal patterns, which activate phospholipase Cg
(Fig. 11). Pharmacological treatments showed a different degree of
efficacy depending on the position of their targets in the route. For
instance, the SYK kinase inhibitor piceatannol was more effective
to inhibit LT biosynthesis than AA release. A plausible explanation
is that tyrosine phosphorylation reactions are necessary, not only
to activate cPLA2, but also to phosphorylate 5-LO [40] and the 5-LO
activating protein FLAP [41]. The inhibition of IL23A mRNA
expression induced by the receptor antagonists was somewhat
lower than the effect on P-71Thr-ATF2 binding to the IL23A
promoter, which may be due to the recruitment of another
transcription factor, for instance CREB, or by a remaining P-69Thr-
ATF2 phosphorylation.

Zymosan induced a massive release of AA that was only
partially processed in the oxidative metabolism. This suggests
unique properties of DC as compared to other cells [42,43]. The
high turnover of AA may improve the endocytic function, since
remodeling the membrane with polyunsaturated fatty acids
reduces the energetic cost of phagocytosis [44]. Moreover, the
differentiation induced by GM-CSF endows DC with a set of C-type
lectin receptors to carry out non-opsonic phagocytosis and
increases the expression of PPARg, which is a key transcription
factor for the control of lipid metabolism [45]. One explanation for
the limited rate of AA oxidative metabolism can be that zymosan
also controls 5-LO and LTC4 synthase activities to keep LT in levels
consistent with appropriate homeostasis. In fact, phosphorylation
of 5-LO at Ser523 by PKA suppresses its catalytic activity [46] and
prevents its nuclear localization [47]. Phosphorylation of Ser271,
which is very prominent in in vitro assays [40], only seems
functionally relevant under conditions that do not increase
intracellular Ca2+ robustly [48]. Zymosan also suppresses LTC4

synthase activity via kinases, for instance PKA [49]. Given that
fungal patterns activate PGE2 biosynthesis and PKA activity, the
existence of some degree of blockade of the 5-LO route under these
conditions seems plausible and agrees with the limited evidence of
Ser663-5-LO phosphorylation and 5-LO nuclear translocation.

The robust detection of 12-HETE can be explained by the strong
expression of ALOX15. The predominant formation of 12-HETE in
the supernatants was unexpected, but was confirmed by the



Fig. 8. Induction of the mRNA encoding LPCAT1-3, PAF production, and PTAFR expression. (A) Monocytes were cultured in the presence of GM-CSF and IL-4 for the days
indicated and used for the assay of the mRNA encoding LPCAT enzymes. (B) DC we incubated in the presence and absence of zymosan for the times indicated and then used for
the assay of mRNA encoding the different enzymes. (C) LPCAT activity was assayed in the cell-free system in homogenates of both resting and zymosan-treated DC using
20 mM 1-hexadecyl-2-lyso-glycero-3-phosphocholine and 100 mM acetyl-CoA or 100 mM AA-CoA or combination thereof as indicated. The lipid extract was used for the
UPLC/MS assay. (D) Acetyl-CoA was assayed in DC lysates at different times after addition of zymosan. (E) The expression of the mRNA encoding the PTAFR was assayed by
conventional RT-PCR with two forward primers and a reverse primer to address the expression of the different transcript variants at different times after zymosan challenge.
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Fig. 9. Expression of the mRNA encoding ALOX12 and ALOX15 and assay of AA-CoA derived products in the cell-free system. (A) Monocytes were cultured in the presence of
GM-CSF and IL-4 for the days indicates and used for the assay of the mRNA encoding ALOX12 and ALOX15. Results represent mean � S.E.M. of 3 experiments. (B and C) 12-HETE,
15-HETE, unesterified AA, PGE2, and LTB4 were assayed by UPLC/MS in homogenates from resting and zymosan-stimulated DC supplemented with lyso-PAF, acetyl-CoA, and
AA-CoA at the concentrations indicated in the legend to Fig. 8C.
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absence of significant amounts of 12,15-diHETE and the detection
of the typical product ions of m/z 208 and 179 in the fragmentation
mass spectrum (Fig. 4C). Given that assays in cell extracts showed
the conversion of AA-CoA into both 12-HETE and 15-HETE, a
different production of regioisomers from free and esterified AA
substrates seems likely. 12/15-LO-oxygenated phospholipids have
been found to reduce IL23A expression and control DC maturity in
response to LPS [37], whereas under our experimental conditions
inhibition of 12/15-LO did not show any significant effect on IL23A
expression. This can be explained by mechanistic differences since
the purported sequence of events in our model is cPLA2/LO,
whereas in the case of LPS, 12/15-LO oxygenated phospholipids are
first produced and the generation of free eicosanoids requires
The expression of the mRNA encoding the enzymes is expressed as the ratio to GADPH to a
the presence of GM-CSF and IL-4 for the indicated days or at different times after zymosan
and in the presence or absence of zymosan for one hour. At the end of this time, the deut
(EIC) of PAF C16:0 is shown using different scales. In the absence of zymosan the EIC only c
treated DC. The peaks of the m/z for deuterated and endogenous PAF C16:0 are indicated
enzymes and PAF C16:0 (panels A–C), and 4 independent experiments for acetyl-CoA a
another stimulus that mobilizes Ca2+, activates cPLA2, and releases
both AA and 15-HETE [50].

The pharmacological effect of BLT1 and CysLT1 antagonists was
enhanced in the presence of a PAFR antagonist. This is consistent
with a mechanism whereby combined engagement of BLT1, CysLT1,
and PAFR provides a set of signals dependent on distinct Ga protein
subunits. BLT1 signaling is strongly dependent on a Ga16 subunit
[51], which activates Ras and the heterodimerization of cRaf and
BRaf [52,53], as well as on Gai, which activates PLCb and PKC. The
PAF [54] and the CysLT1 receptors [55,56] signal via Gaq and Gai to
protein kinase C and this leads to Raf activation [57,58] (Fig. 11).
Notably, it has been reported most recently the involvement of Gai

nucleotide exchange and Ca2+ transients in the uptake of zymosan
llow a comparison of their distinct expression levels in resting cells differentiated in
 stimulation. (F) DC were incubated in the presence of 0.1 mM darapladib for 30 min
erated standards were added to the supernatants. The extracted ion chromatogram
learly shows a 110.01 m/z compound. (G) Mass spectrum corresponding to zymosan-
. Results represent mean � S.E.M. of 3 experiments for the assay of the mRNA of the
ssay. *p < 0.05. EIC are representative of 3 independent experiments.



Fig.10. Analysis of the lipid extract of cell-free media supplemented with AA-CoA. (A) DC at the concentration of 5 �106/ml were incubated for 15 min at 37 �C in the presence
or absence of zymosan. At the end of this period, DC were sonicated and the cell-free media were supplemented with 20 mM 1-hexadecyl-2-lyso-3-glycerophosphocholine
and 100 mM AA-CoA. After 30 min, the reaction was stopped by Bligh and Dyer extraction and the lipid extract used for UPLC/MS analysis. Chromatograms showing the
presence of unesterified AA, 12-HETE, 15-HETE, and LTB4 in the zymosan treated sample are shown. (B) EIC showing the separation of 12-HETE and 15-HETE. (C)
Fragmentation mass spectra showing the presence of both 12-HETE and 15-HETE.
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particles [59]. Although the underlying mechanism was not
disclosed, the rapid occurrence of Ca2+ transients and its inhibition
by pertussis toxin is consistent with the involvement of BLT1,
CysLT1, and PAFR.

The analysis of the COX/PGE2/PKA route on IL23A regulation has
been focussed on the results of pharmacological experiments. PKA
activates CREB and this explains the synergistic effect of exogenous
PGE2 on the response to LPS [60] and TNFa [9]. However, the actual
involvement of this route as an autocrine feed-forward loop has
not been proved unambiguously for all of the stimuli. For instance,
COX inhibition by indomethacin showed a weak inhibitory effect
[9] and we failed to inhibit IL23A induction expression by both
COX-1 and COX-2 inhibitors. This agrees with studies underscoring
the cell type-dependent effect of PGE2, which is explained by the
distinct distribution and functional properties of the EP receptors.
We further addressed this issue using EP selective agonists and
antagonists, but unlike the results on IL10 mRNA induction, we
observed inconsistent results that could be explained taking into
account that partial inhibition of COX activities and low concen-
trations of PGE2 may channel the agonists into receptors with
higher affinities, for instance EP3 and EP4, whereas a strong
inhibition of COX activities blocks all the receptors. In keeping with
this view, PGE2 inhibited the production of both IL-12 p70 and IL-
23 in human monocytes and slightly enhanced IL-23 production in
DC [11]. A comprehensive study in DC disclosed that PGE2
modulated IL-23 production in a concentration and receptor
usage-dependent manner that showed significant individual
differences. The stimulatory effect was traced to EP4 and mimicked
by an EPAC mimetic, whereas the EP2 receptor, which induced a
higher elevation of the intracellular levels of cAMP, did not affect
IL23A mRNA expression [10]. Consistent with previous reports
showing that PGE2 inhibits the expression of IL12B mRNA in
response to stimuli such as LPS and CD40L, zymosan can be added
to the list of those stimuli, although the extent of inhibition was
lower than that observed in response to LPS. Unlike COX-
1 inhibition, the selective COX-2 inhibitor sc-236 significantly



Fig. 11. Autocrine lipid mediators cooperate with fungal patterns to induce ATF2 phosphorylation and the trans-activation of IL23A. Binding of fungal patterns activates the
proteins of the NF-kB family and a phosphorylation cascade involving at least PKC and MAPK that phosphorylates ATF2 at Thr69 and Thr71, cPLA2 at Ser505, 5-LO at Ser663,
and LPCAT at Ser34. P-Ser505-cPLA2 hydrolyses 1-alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine (Alkyl-AA-GPC) and generates both free AA and 1-alkyl-2-lyso-glycero-
3-phosphocholine (lyso-PAF) that by the action of 5-LO and LPCAT1/2 give rise to LTB4, cysteinyl-LT, and PAF. The preferential detection of LTE4 and the increased
concentrations of PAF upon darapladib treatment can be explained by the presence of dipeptidase and PAF-acetylhydrolase activities. The lipid mediators activate another
signaling cascade that further enhances their biosynthesis and the phosphorylation of ATF2. The combined action of NF-kB and ATF2 on the IL23A promoter allows its trans-
activation. FcRg, Fc receptor g-chain; ITAM, immunoreceptor tyrosine-based activation motif; PLCb, phospholipase Cb; PLCg2, phospholipase Cg2; P, phosphate; P-Y,
phosphotyrosine; SYK, spleen tyrosine kinase; TLR2, Toll-like receptor 2.
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decreased IL12B mRNA expression. Again, this can be explained on
the basis of the different affinities and desensitization rates of the
different EP receptors, since they may activate CREB and C/EBPb by
promoting their phosphorylation or in the case of EP2 repressing C/
EBPb through the activation of CCAAT displacement protein [61].
Given that COX-2 produces a sustained and delayed production of
PGE2 coincidental with the formation of secondary mediators, for
instance TNFa and IL-6, and PGE2 is a selective inducer of IL-
12 p40 in the presence of TNFa, cooperation of these mediators
seems likely. The prominent inhibition of IL12B elicited by sc-
236 on the response to LPS is consistent with this notion, although
an off-target effect can not be ruled out.

AA and PAF metabolism are closely related because 1-alkyl-
phosphatidylcholine represents approximately half of the
phospholipid content of myeloid cells and it is enriched in AA
[62]. In keeping with these results, PAF production and PAF-
induced in vitro directional migration of DC have been reported
[35]. LPCAT enzymes participate in phospholipid remodeling in the
Lands’ cycle and show distinct catalytic properties and tissue
distribution. LPCAT3 plays a key role in triglyceride secretion and is
expressed at high levels in hepatocytes and intestinal cells [63–65],
whereas these cell express very low levels of LPCAT1 and LPCAT2.
Conversely, DC express both LPCAT1 and LPCAT2. LPCAT1 can use
either palmitoyl-CoA or acetyl-CoA to produce dipalmitoylphos-
phatidylcholine and PAF, respectively. Its activity in type II
pneumocytes is central in the fetal-to-maternal signaling that
initiates parturition [66]. LPCAT2 can use AA-CoA and acetyl-CoA
and its high expression in myeloid cells allows PAF biosynthesis.
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The functional relevance of LPCAT1/2 was supported by the
efficient formation of PAF C16:0 in the cell-free system and in the
conditioned media. The predominance of PAF C16:0 agrees with
remodeling through LPCAT1, because this enzyme shows a high
activity for the biosynthesis of C16:0 species, and with the
detectable production of PAF C16:0 observed in the presence of
darapladib [67]. This finding and the presence of unesterified AA in
resting cells suggest that PAF production might be the result of a
continuous synthesis by LPCAT activities in the Lands’ cycle
involving phospholipase activity, acetylation of lyso-PAF by LPCAT,
hydrolysis of PAF by PAF-acetylhydrolase, and new synthesis of 1-
hexadecyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine by
LPCAT activity during membrane remodeling [68]. This cycle
may be fine-tuned by pro-inflammatory stimuli because MAP
kinases and Ca2+-signaling regulate both cPLA2 [69] and LPCAT2
[30,31]. Notably, a recent study has reported that this cycle may be
subverted by phosphorylcholine-bearing microbes through mo-
lecular mimicry mechanisms, since these bacteria contain a
phosphorylcholine-remodeling enzyme that cleaves PAF. In an
experimental model of infection with Streptococcus pneumoniae,
the absence of PAF function decreased host defense, thus
suggesting that targeting PAF-acetylhydrolase could be a helpful
mechanism to overcome bacterial immune evasion [70]. Given the
strong ability of DC to carry out non-opsonic phagocytosis of
zymosan [71], as compared to the predominant opsonic phagocy-
tosis in polymorphonuclears [42], our data put forward a scenario
involving pattern recognition receptors and lipid mediators that
generates a milieu suitable for the induction of the Th17 immune
response. The high concentration of free AA detected can be
explained by the efficient hydrolysis by cPLA2 and the catalytic
properties of LPCAT2. LPCAT2 shows a significant increase of the
Vmax and a reduction of its Km value for acetyl-CoA after
Ser34 phosphorylation, whereas the Km value for AA-CoA is
increased, thus suggesting a preferential formation of PAF versus 1-
alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine under these
conditions. The direct usage of AA by LPCAT can be limited by
the requirement for a two-step reaction catalyzed by acyl-CoA
synthetase that consumes ATP. In addition, the robust formation of
12-HETE, 15-HETE, and AA from AA-CoA in the cell-free system
suggests competition by acyl-CoA thioesterases as an alternative
route to the usage by LPCAT.

The finding of glycolytic reprogramming following dectin-
1 signaling has highlighted the role of the acetyl-CoA formed from
citrate exported from the tricarboxylic acid cycle for DC function,
including the development of trained immunity [34,72]. Citrate is
exported from the mitochondria into the cytosol via the citrate
shuttle SLC25A1 [73] and subsequently converted into acetyl-CoA
by ATP citrate lyase, an enzyme inducible by inflammatory stimuli
and a major producer of cytosolic acetyl-CoA [74]. Acetyl-CoA can
be channelled to the production of malonyl-CoA by acetyl-CoA
carboxylase and elongation of fatty acid chains, used in lysine
acetylation reactions, and as shown in this study, utilized by LPCAT
enzymes. These routes may explain the changes in the level of
cytosolic acetyl-CoA, which include a significant drop at one hour,
consistent with the time course of phagocytosis, and a late
increase, most likely explained by the glycolytic burst.

Together, our results show that fungal patterns trigger a strong
release of AA and a partial conversion into its oxidative metabolism
products, which include PGE2, 12-HETE, LTB4, and cysteinyl-LT. The
generation of lyso-PAF and acetyl-CoA, together with the catalytic
properties of LPCAT1/2 explain the coincidental formation of the
phospholipid PAF. The combined action of LTB4, cysteinyl-LT, and
PAF on their receptors triggers a signaling cascade that contributes
to the phosphorylation of ATF2 and IL23A promoter trans-
activation (Fig. 11). These data provide mechanistic clues to
modulate the immune response by acting on the lipid mediator
cascade in diseases in which IL-23 and the Th17 immune response
are involved, for instance, fungal invasive infection, psoriatic
arthritis, ankylosing spondylitis, multiple sclerosis, and Crohn's
disease.
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