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Abstract

We studied the effect of leukotriene D4 (LTD4) on a human bronchial epithelial cell line 

(16HBE) overexpressing the CysLT1 receptor (HBECysLT1R), looking at the associated 

signal transduction mechanisms as well as at effects on inflammatory cell adhesion. The 

results obtained showed that LTD4 increases the phosphorylation of extracellular signal-

regulated protein kinase (ERK1/2) and of the signal transducer and activator of 

transcription 1 (STAT-1) in serine 727 (STAT-1Ser727), resulting in increased eosinophil 

adhesion to HBECysLT1R, associated to enhanced surface expression of intercellular 

adhesion molecule 1 (ICAM-1). Pretreatment with a CysLT1R selective antagonist, or with 

a selective inhibitor of protein kinase C (PKC), or with a selective inhibitor of the 

mytogen-activated protein kinase kinase (MEK) successfully suppressed both LTD4-

induced STAT-1Ser727 phosphorylation and the associated increase in eosinophil adhesion. 

The use of the MEK inhibitor and of the selective CysLT1R antagonist in EMSA 

experiments showed that LTD4 promotes the nuclear translocation of STAT-1 through the 

activation of ERK1/2 pathway. The key role of STAT-1 in leukotriene D4 transduction 

signalling was confirmed by RNA interference experiments, where silencing of STAT-1 

expression abolished the effect of leukotriene D4 on eosinophil adhesion. In conclusion, for 

the first time we provide evidence of the involvement of STAT-1 in the signal transduction 

mechanism of the CysLT1 receptor; phosphorylation of STAT-1, through PKC and 

ERK1/2 activation, causes enhanced ICAM-1 surface expression and eosinophil adhesion. 

Effective CysLT1R antagonism may therefore contribute to the control of the chronic 

inflammatory condition that characterizes human airways in asthma.
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Introduction

Cysteinyl leukotrienes (CysLTs) play an important role in the pathogenesis of airway 

inflammation and remodeling in asthma (Drazen, 1998; Bisgaard, 2000; Henderson et al., 

2002). The biological effects of CysLTs are mediated by at least two G protein-coupled 

receptors (GPCR), namely cysteinyl leukotrienes receptor 1 (CysLT1R) and 2 (CysLT2R), 

and the CysLT1R is known to be involved in most of the biological effects in the lung 

(Nicosia et al., 1999; Dahlen, 2000). CysLT1R is expressed in smooth muscle cells and lung 

macrophages (Lynch et al., 1999), and is widely distributed in human eosinophils, 

monocytes and neutrophils (Figueroa et al., 2001; Mita et al., 2001); little is known about the 

expression and the responses of CysLT1R in the airway epithelium, but recent evidences 

showed that LTC4 may elicit TGFβ-release via the activation of p38 Kinase pathway in 

human airway epithelial cells (Perng et al., 2006). 

Leukotriene D4 (LTD4) has been reported to activate the mitogen-activated protein kinases 

p38 (p38MAPK) and the Extracellular Signal-Regulated Kinase1/2 (ERK1/2), through 

Phosphatidyl Inositol 3-Kinase (PI 3-Kinase) and Protein Kinase C (PKC) activation in 

human renal mesangial cells (McMahon et al., 2000); furthermore activation of the ERK1/2 

through a PKCα-Raf-1-dependent pathway has also been reported in a human monocytic 

leukemia cell line (Hoshino et al., 1998). Studies performed in intestinal epithelial cells 

demonstrated that LTD4 activates the proliferative response through a distinct Ras-

independent and PKCε-dependent ERK1/2 activation (Paruchuri et al., 2002), migration 

through a PI 3-Kinase and Rac-dependent mechanism (Paruchuri et al., 2005), and stress 

fibers formation by a RhoA and PKC-dependent mechanism (Massoumi et al., 2002).  

The signal transducer and activator of transcription 1 (STAT-1) pathway has been 

associated to the pathogenesis of asthma (Quarcoo et al., 2004); (Chen et al., 2004), and it is 
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known to be involved in Interferon-γ (IFN-γ) signalling pathway (Darnell, 1997). Within the 

sequence of STAT, the C-terminal serine 727 (Ser727), located within a potential MAPK 

consensus PMSP motif, is phosphorylated by an unknown kinase, and this event increases 

the transcription factor activity of STAT-1  (Wen et al., 1995; Darnell, 1997). Several 

GPCRs, such as angiotensin II AT1, and thrombin receptors, can regulate STAT-1 activity 

through the interaction between ERK1/2 activity and STAT-1 serine phosphorylation 

(Schindler and Darnell, 1995), suggesting that LTD4 may also have this activity.  

In order to test the possible involvement of STAT-1 in the transduction mechanisms 

associated with the activation of the CysLT1 receptor,  we investigated the effects of LTD4 in 

a transformed human bronchial epithelial cell line (16HBE) overexpressing the CysLT1

receptor (HBECysLT1R), reporting that LTD4 increases the PKC-dependent activation of 

ERK1/2 and STAT-1 pathways leading to increased intracellular adhesion molecule 1 

(ICAM-1) expression and eosinophil adhesion. 
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Methods 

Transfection and transinfection of pBH-CysLT1R construct in epithelial cells 

The SV40 large T antigen-transformed human airway epithelial cell line (16HBE) was 

used for these studies. 16HBE cell line was cultured as adherent monolayer in Eagle’s 

minimum essential medium (MEM) supplemented with 10% heat-inactivated (56°C, 30 

min) fetal calf serum + 100 U/ml penicillin and 100 mg/ml streptomycin. 16HBE cells 

have previously been used to study the functional properties of bronchial epithelial cells in 

inflammation (Merendino et al., 2006). Since 16HBE cells have been showing a weak and 

variable expression of cysLT1R, we enhanced and normalized its expression by 

transfection and transinfection with a pBH-CysLT1R construct. CysLT1R c-DNA was 

obtained from pcDNA 3.1 plasmid (Merck & Co., Inc. Research Laboratories, West Point, 

PA) (Lynch et al., 1999) using a PCR reaction with the primers LT1 Eco RI 5’GGA ATT 

CAC CAT GGA TGA AAC AGG AAA TCT GAC AG-3’and LT1 Sal I 5’ACG CGT 

CGA CCT ATA CTT TAC ATA TTT CTT CTC CTT TTT-3’ (Invitrogen, Carlsbad, CA). 

The PCR product, after Eco RI and Sal I digestion, was subcloned into the Eco RI Sal I site 

of the retroviral vector pBH to allow stable expression in infected cells.

Phoenix cells were plated at 3-3.5 million cells per 100 mm plate. After 24 hrs 10 µg 

of DNA (pBH-CysLT1R) were added following a CaCl2 transfection protocol (Graham and 

van der Eb, 1973). The following day the viral supernatant was filtered and 5 ml were 

added to 16HBE plates. 48 hrs post-transinfection hygromicin (50 µg/ml) was added to 

isolate resistent cells (HBECysLT1R cells). The expression of the cysLT1R was routinely 

checked by western blot analysis using a commercially available antibody (Cayman 

Chem), showing a sustained and reproducible expression (data not shown). 
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Stimulation of HBECysLT1R

0.5 x 106 viable HBECysLT1R cells were plated into 75 cm2 flasks with RPMI 10% 

FBS for 72 hrs; confluent cells were maintained for 24 hrs in RPMI without FBS and were 

stimulated with LTD4 (0.01 µM to 1 µM) (Sigma Aldrich, Milan Italy), in the presence or 

absence of Montelukast (Merck & Co., Inc. Research Laboratories, West Point, PA; 0.1-

1 µM), added 1 hr before LTD4 stimulation.  

LTD4 stimulation was also carried out in the presence of IFN-γ (R&D systems, Inc, 

MN) using the cells treated with LTD4 (0.1 µM) for 24 hrs (adhesion tests) or 15 minutes 

(signalling) in the presence or absence of IFN-γ (50 ng/ml), added 1 hr before LTD4

stimulation.  

The involvement of specific intracellular signalling pathways was evaluated pre-

treating the cells with GF 109203X (a PKC inhibitor, 10 µM; Sigma), or PD 98059 (a 

MEK inhibitor, 25 µM; Sigma).  

Eosinophil separation and adhesion assay 

Peripheral blood eosinophils were prepared from normal subjects with the use of 

dextrane sedimentation and centrifugation over Ficoll cushions, as previously described, 

followed by negative immunomagnetic selection (Profita et al., 2003).  

Eosinophil adhesion was performed as previously described with minor modifications 

(Zeidler et al., 2000). Purified eosinophils were resuspended in PBS (106 cells/ml), labelled 

for 45 min at 37°C with 50 µg/ml of the fluorochromic dye SFDA (Molecular Probes), 

washed and resuspended in PBS (0.4 x 106 cells/ml). Immediately before addition of 

eosinophils, medium was removed from the HBECysLT1R cultures (70,000 HBECysLT1R

cells/well) grown to confluence in standard 24-well culture plates in complete medium, and 

cells were washed with warm PBS. Labelled eosinophils (0.2 x 106 cells/well) were added 
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in a final volume of 0.5 ml. The plates were incubated at 37°C for 25 min and total 

fluorescence was evaluated using an excitation wavelength of 485 nm and monitoring 

emission at 530 nm in a Wallac 1420 Victor multilabel counter (PerkinElmer, Finland). 

Subsequently non-adherent cells were removed by washing, and fluorescence was 

measured to evaluate bound cells. Adhesion was expressed as percentage of the 

fluorescence ratio of bound cells on total cells. All test points were performed in triplicate. 

Identification of ICAM-1 expression. 

The expression of ICAM-1 on the surface of HBECysLT1R cells was determined by 

direct label immunofluorescence using a FACStar Plus (Becton Dickinson, Mountain 

View, CA) analyzer. A conjugated mouse anti-human ICAM-1 (anti-CD54, clone 

6.5B5)(Dako LSAB, Glostrup, Denmark) that react with a domain I nearest the N-terminal 

of the molecule of ICAM-1 was used. Negative controls were performed using a FITC-

conjugated mouse IgG1 (Dako LSAB). Data are expressed as fluorescence intensity 

(arbitrary units). 

Western Blotting  

Total proteins were extracted from HBECysLT1R using RIPA buffer (PBS 1X, Nonidet 

P-40 1%, sodium deoxycholate 0,5%, SDS 0,1%, Na3VO4 100 mM, PMSF 10 µg/ml), and 

the phosphorylation of p38MAPK, of ERK1/2 (Cell Signaling Technology, Beverly, MA), 

and of STAT-1 (Ser727 and Tyr710), as well as the total amount of p91/STAT-1α (Santa 

Cruz Biotechnology, Inc., CA) was evaluated using specific antibodies. β-actin (Sigma St. 

Louis, MO) was used as a housekeeping protein to control the total amount of protein in 

each samples. 
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Cell extracts were transferred in microcentrifuge tubes, left on ice for 45 minutes and 

centrifuged at 15,000 g for 20 min at 4°C. 60 γ of proteins were subjected to SDS-PAGE 

on 4%-12% gradient gels and blotted onto nitrocellulose membranes. After blocking with 

PBS containing 5% milk and 0.1% Tween 20, membranes were probed with specific 

antibodies, washed and incubated with peroxidase-conjugated secondary antibodies. 

Detection was performed with an enhanced chemiluminescence system (Ambion Inc., 

Austin, TX) followed by autoradiography. Gel images were aquired using an EPSON 

GT-6000 scanner and then imported into the National Institutes of Health Image analysis 

1.61 program to determine band intensity. Data are expressed as arbitrary densitometric 

units corrected against the density of β-actin bands.

Preparation of nuclear extracts and STAT-1 binding assay 

Cytosolic and nuclear extracts were prepared from stimulated cells using a nuclear 

cytoplasm extraction kit (Pierce Biotechnology, Rockford, IL). Protein concentration was 

assessed using the Bradford method.  

Binding of STAT-1 was assessed on nuclear extracts using a kit for Lightshift 

Chemiluminescent EMSA following the protocol provided by the manufacturer (Pierce 

Biotechnology) with minor modifications. A double-stranded oligonucleotide containing a 

STAT-1α consensus sequence  was labelled on the 3' end with biotin. Briefly, binding 

reaction mixtures containing 5 µg of nuclear protein, 10 mM Tris, 50 mM KCl, 1 mM 

DTT, 2.5% glycerol, 5 mM MgCl2, 0.05% Nonidet P-40, 50 ng Poly (dI dC) and 40 fmol 

of oligonucleotide probe were incubated for 20 min at room temperature. Specific binding 

was confirmed by using a 100- to 400-fold excess of unlabeled probe as specific 

competitor. Protein-DNA complexes were separated using a 6% nondenaturing acrylamide 

gel electrophoresis. Complexes were transferred to positively charged nylon membranes 
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and uncrosslinked. Gel shifts were visualized with a streptavidin-horseradish peroxidase 

followed by chemiluminescent detection. 

RNA interference of STAT-1 pathway 

In order to confirm that the increase in eosinophil adhesion to HBECysLT1R epithelial 

cells was causally linked to LTD4-dependent STAT-1 activation, (Sledz and Williams, 

2005) we tested the effect of p91/STAT-1α silencing, using specific siRNA transfection. 

Cells were plated in 24 well tissue culture plates and grown in medium containing 10% 

FBS without the use of antibiotic until 60-80% of confluency. Subsequently, p91/STAT-1α

siRNA (10 µM; Santa Cruz Biotechnology, INC) was added to 40 µl of siRNA transfection 

medium, and the reaction was performed according to the manufacturer instructions until 

complete transfection of cells (30 hrs at 37°C). For optimal siRNA transfection efficiency 

control siRNA (10 µM; Santa Cruz Biotechnology, INC) was used containing a scrambled 

sequence that did not lead to the specific degradation of any known cellular mRNA. 

Finally, cells were stimulated with LTD4 for 18 hrs and eosinophil adhesion evaluated. The 

silencing efficacy of the RNA Interference for p91/STAT-1α was checked by western blot 

analysis. 

Statistical analysis 

The data were expressed as median±SD of the results of each experiment, unless 

otherwise stated. Eosinophil adhesion was analysed using ANOVA test with Fisher’s test 

correction.  
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Results 

LTD4 increased eosinophil adhesion to HBECysLT1R cells, reaching a maximal 

response at concentrations ≥ 0.1 µM (Figure 1A). As expected, the specific CysLT1R

antagonist Montelukast (0.1 to 10 µM) inhibited in a concentration-dependent fashion the 

effect of LTD4 (0.1 µM) with a maximal response at concentrations ≥ 1 µM (Figure 1B). 

The increase in eosinophil adhesion was accompanied by a statistically significant increase 

in the expression of ICAM-1 on the surface of HBECysLT1R cells (Figure 2), as shown by 

FACS analysis of cells incubated with increasing concentrations of LTD4; as expected, also 

this effect was abolished by pretreating epithelial cells with the CysLT1R antagonist 

Montelukast (1 µM; data not shown). 

 The treatment of HBECysLT1R with LTD4 (0.1 µM) activated ERK1/2 in a time 

dependent manner, as shown by the increase in the phosphorylated protein. Phospho 

ERK1/2 was detectable by 5 min, maximal at 10–15 min, and returned to basal values after 

30 min (Figure 3). LTD4 did not appear to activate p38MAPK, but the analysis of total 

protein lysates showed a significant activation of STAT-1 pathway, as shown by the time-

dependent phosporylation of STAT-1 in Ser727 in the presence of unchanged amounts of 

p91/STAT-1α. Interestingly, the stimulation of HBECysLT1R with LTD4 did not activate 

the phosphorylation of STAT-1 in Tyr701 (Figure 4A, second lane).  

As previously reported, treatment with IFN-γ (50 ng/ml) activated ERK1/2 

phosphorylation, but at variance with the results observed with LTD4, significant 

phosporylation of STAT-1 both in Ser727 and in Tyr701 was observed; the amounts of 

p91/STAT-1α was not increased by the incubation with IFN-γ (Figure 4A). Co-stimulation 

of HBECysLT1R with IFN-γ (50 ng/ml) and LTD4 (0.1 µM) resulted in a modest increase 

in ERK1/2 as well as in STAT-1Ser727 phosphorylation with respect to the effects observed 
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with LTD4 or IFN-γ alone, while STAT-1 Tyr701 phosporylation remained at the level 

observed with IFN-γ alone (Figure 4A). In agreement with the results observed on ERK1/2 

and STAT-1 activation, the coadministration of LTD4 and IFN-γ only caused a small 

increase in the number of adhering eosinophils when compared to IFN-γ alone (Figure 4B, 

lower panel). Pretreatment with Montelukast (1 µM) abolished the LTD4-dependent 

phosphorylation of ERK1/2 and STAT-1Ser727 (Fig 4B. upper panels), returning the 

number of adhering eosinophils back to the level observed in control (Figure 4B, lower 

panel).  

Pretreatment with either the bisindolylmaleimide PKC inhibitor GF 109203X (10 µM), 

or with the MEK inhibitor PD 98059 (25 µM, 30 min) at concentrations known to be 

effective in bronchial epithelial cells (Catley et al., 2004; Chang et al., 2005) inhibited both 

ERK1/2 and STAT-1Ser727 phosphorylation in response to LTD4 (Figure 5A and 5B), 

suggesting the involvement of PKC in the phosphorylation of ERK1/2 and the following 

activation of STAT-1. 

Again, in agreement with the observed effect on ERK1/2 activation, the pre-treatment 

of HBECysLT1R with either the inhibitor of PKC GF 109203X, or the MEK inhibitor PD 

98059 before the stimulation with LTD4, also inhibited eosinophil adhesion (Figure 6A and 

6B), providing evidence that this important inflammatory event is strongly associated to 

PKC and ERK1/2 intracellular signal pathway activation.  

EMSA analysis showed that LTD4 increased the binding of STAT-1 to the DNA, an 

effect that was blocked by Montelukast (Figure 7A) and  by the MEK inhibitor PD 98059 

(Figure 7B). 

Temporary transfection of HBECysLT1R cells with siRNA for p91/STAT-1α caused a 

significant decrease in the synthesis of STAT-1 protein (Figure 8A). LTD4 stimulation 
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failed to increase eosinophil adhesion to the silenced p91/STAT-1α HBECysLT1R but the 

response to LTD4 was not affected in cells transfected with control siRNA (10 µM) 

containing a scrambled sequence (Figure 8B), confirming the newly described role of the 

STAT-1 activation in the transduction pathway leading to the enhanced eosinophil 

adhesion in LTD4-treated epithelial cells. 
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Discussion 

We provide evidence that the increase in eosinophil adhesion to a human bronchial 

epithelial cell line expressing CysLT1R (HBECysLT1R) observed in response to LTD4 is 

associated to an increased expression of ICAM-1 to the surface of the cells, to ERK1/2 

phosphorylation and to STAT-1 phosphorylation in Ser727 (but not in Tyr701). IFN-γ

dependent eosinopil adhesion also resulted associated to ERK1/2 activation, but STAT-1 

phosphorylation occurred both in Ser727 and Tyr701. Co-challenge with LTD4 and IFN-γ

yielded a small but consistent additional increase when compared to LTD4 or IFN-γ alone, 

either in terms of signal transduction mechanisms activation or eosinophil adhesion. 

Pretreatment with either the specific CysLT1R antagonist Montelukast, or the PKC inhibitor 

GF 109203X (Toullec et al., 1991), or the MEK inhibitor PD 98059 prevented both the 

effects on signal transduction pathways associated to LTD4-dependent cellular activation, 

and the increase in eosinophil adhesion.

 The inhibition of the nuclear translocation of p91/STAT-1α by Montelukast or by the 

MEK inhibitor observed in LTD4-activated epithelial cells, supported the hypothesis that 

the nuclear translocation of STAT-1 occurs through the CysLT1R-dependent activation of 

ERK1/2 pathway. Finally, silencing of STAT-1 protein expression in HBECysLT1R cells 

completely suppressed the increase in eosinophil adhesion associated to challenge with 

LTD4, providing evidence for the first time of a key contribution of STAT-1 activation to 

the activity of CysLTs in epithelial cells.  

The airway epithelium represents a target as well as a source of inflammatory mediators, 

and, through the expression of adhesion molecules, may contribute to the recruitment of 

inflammatory cells ultimately leading to the pathophysiological changes typical of the 

asthmatic airways (Hamilton et al., 2001). IFN-γ may contribute to this phenomenon 
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increasing intracellular adhesion molecule-1 (ICAM-1) expression (Look et al., 1992), a 

response typically associated to intracellular transduction signals leading to transcription 

and translation of specific genes (Look et al., 1992).  Indeed, in airway epithelial cells IFN-γ

inducible gene expression is associated to STAT-1 dependent pathway activation (Look et 

al., 1992). STAT-1 is selectively activated in airway epithelium of asthmatic subjects and 

correlates with ICAM-1 expression of airway epithelium of asthmatic subjects (Sampath et 

al., 1999), while the inhibition of STAT-1 pathway attenuates airway inflammation and 

hyperreactivity (Chen et al., 2004), suggesting that STAT-1 activation may play an 

important role in asthma (Quarcoo et al., 2004). The STAT-1 protein is a family of latent 

transcription factor that are activated by a wide range of cytokines. Upon engagement, 

STATs become tyrosine phosphorylated, translocate to the nucleus, and induce expression 

of target genes. At the same time STAT-1 is phosphorylated on Ser727, independently of 

tyrosine phosphorylation (Wen et al., 1995) and, while tyrosine phosphorylation is required 

for cytokine-induced STAT-1 dimerization, nuclear translocation and DNA binding, full 

transcriptional activity of STAT-1 is substantially related to serine phosphorylation. Indeed, 

activation of STAT-1 through Ser727 phosphorylation independent from Tyr701

phosphorylation has been reported, and may be involved in the induction of gene 

transcription regulating apoptosis and Fas Receptor/Fas ligand expression (Stephanou et al., 

2001). The mechanism of STAT-1 phosphorylation in Ser727 is not yet well understood, 

although the presence of a potential MAPK consensus PMSP motif suggests the 

involvement of ERK1/2 (Wen et al., 1995; Darnell, 1997). Indeed, in addition to IFN-γ

(Blanchette et al., 2003), several GPCRs, such as angiotensin II AT1, and thrombin 

receptors, can regulate STAT-1 activity through the interaction between ERK1/2 activity 

and STAT-1 serine phosphorylation (Schindler and Darnell, 1995). 
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It has been reported that CysLT1R mainly couples with pertussis-toxin insensitive G-

protein, although reports exists of coupling with Gi/o in human cells (Capra et al., 2004; 

Capra et al., 2007). For the first time, we provide evidence that CysLTs activation of 

HBECysLT1R epithelial cells causes activation of ERK1/2 leading to STAT-1 

phosphorylation, nuclear translocation, ICAM-1 surface expression, and enhanced 

eosinophil adhesion; the significant inhibition of the CysLTs activity observed using a 

selective PKC inhibitor (Toullec et al., 1991) also suggest the involvement of a PKC-

dependent phosphorylation leading to the activation of ERK1/2, possibly through the 

activation of Raf-1 (Hoshino et al., 1998; Paruchuri and Sjolander, 2003). Additional 

studies are necessary to fully elucidate the involvement of PKC in the trasduction 

signalling of CysLT1R in epithelial cells. 

The intercellular adhesion molecule-1 (ICAM-1; CD54) binds to two integrins 

belonging the to β2 subfamily, CD11a/CD18 (LFA-1) and CD11b/CD18 (MAC-1), both 

expressed by leukocytes, resulting in adhesion and transendothelial migration of leukocytes 

from the bloodstream. Similar processes control leukocytes adhesion to lung airway 

epithelial cells and may contribute to the damage of these cells observed in asthma 

(Bloemen et al., 1997). Airway inflammation resulting from viral infection is indeed 

accompanied by marked leukocytes trafficking and production of CysLTs and IFN-γ (Van 

Shaik et al., 2000). IFN-γ has also been reported to increase the expression of CysLT1R in 

myocytes (Amrani et al., 2001), to promote the release of CysLTs from human eosinophils 

(Saito et al., 1988), and may have a role in the induction of airway hyperresponsiveness in 

ovalbumin-challenged experimental animals (Hessel et al., 1997).  

Taken together, these evidences support a potential association between ICAM 

expression, eosinophilic infiltration, CysLTs or IFN-γ production and airway 
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inflammation in response to antigen and during asthma exacerbation. Within this line of 

evidences, our data suggest that IFN-γ and LTD4 may both contribute to the recruitment 

of eosinophils in the airway of asthmatic subjects via the activation of airway epithelium, 

leading to sustained bronchoconstriction and airway hyperreactivity. Studies performed 

on the intestinal epithelial cells have demonstrated that LTD4 regulates cell proliferation 

(Paruchuri et al., 2002), and activates the β1-integrin dependent adhesion (Massoumi et 

al., 2002) via PKC-dependent stimulation of ERK1/2. Similarly, in airway smooth 

muscle cells, it has been shown that CysLT1R activation induces PKC translocation 

(Accomazzo et al., 2001), as well as ERK1/2 activation through a Gi-dependent 

mechanism (Ravasi et al., 2006).  

The results obtained in our studies, both using EMSA as well as STAT-1 silencing, for 

the first time provide evidence of the involvement of STAT-1 in the signal transduction 

mechanism associated to CysLT1R activation, supporting the hypothesis that it may 

represent a key transduction pathway leading to the enhanced eosinophil adhesiveness 

observed in response to CysLTs  activation. The inhibitory effect of Montelukast provides 

additional support to the potential antiinflammatory activity of CysLT1R receptor 

antagonists.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 18

Acknowledgments 

The Authors gratefully acknowledge Prof. G. E. Rovati for critical discussion of the 

manuscript, and Francesca Fumagalli for providing bronchial smooth muscle cells.  

Request reprints to: Mirella Profita, IBIM CNR, Via Ugo la Malfa 153, 90146 Palermo, 

ITALY, email: profita@ibim.cnr.it

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 19

References 

Accomazzo MR, Rovati GE, Vigano T, Hernandez A, Bonazzi A, Bolla M, Fumagalli F, Viappiani 

S, Galbiati E, Ravasi S, Albertoni C, Di Luca M, Caputi A, Zannini P, Chiesa G, Villa AM, 

Doglia SM, Folco G and Nicosia S (2001) Leukotriene D4-induced activation of smooth-

muscle cells from human bronchi is partly Ca2+-independent. Am J Respir Crit Care Med

163:266-272. 

Amrani Y, Moore PE, Hoffman R, Shore SA and Panettieri RA, Jr. (2001) Interferon-γ modulates 

cysteinyl leukotriene receptor-1 expression and function in human airway myocytes. Am J 

Respir Crit Care Med 164:2098-2101. 

Bisgaard H (2000) Role of Leukotrienes in asthma pathophysiology. Pediatric Pulmonol 30:166-

176. 

Blanchette J, Jaramillo M and Olivier M (2003) Signalling events involved in interferon-γ-inducible 

macrophage nitric oxide generation. Immunology 108:513-522. 

Bloemen PG, Henricks PA and Nijkamp FP (1997) Cell adhesion molecules and asthma. Clin Exp 

Allergy 27:128-141. 

Capra V, Ravasi S, Accomazzo MR, Parenti M and Rovati GE (2004) CysLT1 signal transduction 

in differentiated U937 cells involves the activation of the small GTP-binding protein Ras. 

Biochem Pharmacol 67:1569-1577. 

Capra V, Thompson MD, Sala A, Cole DE, Folco G and Rovati GE (2007) Cysteinyl-leukotrienes 

and their receptors in asthma and other inflammatory diseases: Critical update and emerging 

trends. Med Res Rev 27:469-527. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 20

Catley MC, Cambridge LM, Nasuhara Y, Ito K, Chivers JE, Beaton A, Holden NS, Bergmann MW, 

Barnes PJ and Newton R (2004) Inhibitors of protein kinase C (PKC) prevent activated 

transcription: role of events downstream of NF-kappaB DNA binding. J Biol Chem

279:18457-18466. 

Chang MS, Chen BC, Yu MT, Sheu JR, Chen TF and Lin CH (2005) Phorbol 12-myristate 13-

acetate upregulates cyclooxygenase-2 expression in human pulmonary epithelial cells via 

Ras, Raf-1, ERK, and NF-kappaB, but not p38 MAPK, pathways. Cell Signal 17:299-310. 

Chen W, Daines MO and Khurana Hershey GK (2004) Turning off signal transducer and activator 

of transcription (STAT): the negative regulation of STAT signaling. J Allergy Clin Immunol

114:476-489. 

Dahlen SE (2000) Pharmacological characterization of leukotriene receptors. Am J Respir Crit Care 

Med 161:S41-45. 

Darnell JE, Jr. (1997) STATs and gene regulation. Science 277:1630-1635. 

Drazen JM (1998) Leukotrienes as mediators of airway obstruction. Am J Respir Crit Care Med

158:S193-S200. 

Figueroa DJ, Breyer RM, Defoe SK, Kargman S, Daugherty BL, Waldburger K, Liu Q, Clements 

M, Zeng Z, O'Neill GP, Jones TR, Lynch KR, Austin CP and Evans JF (2001) Expression 

of the cysteinyl leukotriene 1 receptor in normal human lung and peripheral blood 

leukocytes. Am J Respir Crit Care Med 163:226-233. 

Graham FL and van der Eb AJ (1973) Transformation of rat cells by DNA of human adenovirus 5. 

Virology 54:536-539. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 21

Hamilton LM, Davies DE, Wilson SJ, Kimber I, Dearman RJ and Holgate ST (2001) The bronchial 

epithelium in asthma-much more than a passive barrier. Monaldi Arch Chest Dis 56:48-54. 

Henderson WR, Jr, Tang L, Chu S, Tsao S, Chiang GKS, Jones TR, Jonas M, Pae C, Wang H and 

Chi EY (2002) Role of cysteinyl leukotriense in airway remodeling in a mouse asthma 

model. Am J Respir Crit Care Med 165:108-116. 

Hessel EM, Van Oosterhout AJ, Van Ark I, Van Esch B, Hofman G, Van Loveren H, Savelkoul HF 

and Nijkamp FP (1997) Development of airway hyperresponsiveness is dependent on 

interferon-gamma and independent of eosinophil infiltration. Am J Respir Cell Mol Biol

16:325-334. 

Hoshino M, Izumi T and Shimizu T (1998) Leukotriene D4 activates mitogen-activated protein 

kinase through a protein kinase Cα-Raf-1-dependent pathway in human monocytic 

leukemia THP-1 cells. J Biol Chem 273:4878-4882. 

Look DC, Keller BT, Rapp SR and Holzman MJ (1992) Selective induction of ICAM-1 by INF-γ in 

human airway epithelial cells. Am J Physiol 263:L79-L87. 

Lynch KR, O'Neill GP, Liu Q, Im DS, Sawyer N, Metters KM, Coulombe N, Abramovitz M, 

Figueroa DJ, Zeng Z, Connolly BM, Bai C, Austin CP, Chateauneuf A, Stocco R, Greig 

GM, Kargman S, Hooks SB, Hosfield E, Williams DL, Jr., Ford-Hutchinson AW, Caskey 

CT and Evans JF (1999) Characterization of the human cysteinyl leukotriene CysLT1 

receptor. Nature 399:789-793. 

Massoumi R, Larsson C and Sjolander A (2002) LTD4 induces stress-fibre formation in intestinal 

epithelial cells via activation of RhoA and PKCδ. J Cell Sci 115(Pt17):3509-3515. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 22

McMahon B, Stenson C, McPhillips F, Fanning A, Brady HR and Godson C (2000) Lipoxin A4

antagonizes the mitogenic effects of leukotriene D4 in human Renal Mesangial Cells. J Biol 

Chem 8:27566-27575. 

Merendino AM, Bucchieri F, Gagliardo R, Daryadel A, Pompeo F, Chiappara G, Santagata R, 

Bellia V, David S, Farina F, Davies DE, Simon HU and Vignola AM (2006) CD40 ligation 

protects bronchial epithelium against oxidant-induced caspase-independent cell death. Am J 

Respir Cell Mol Biol 35:155-164. 

Mita H, Hasegawa M, Saito H and Akiyama K (2001) Levels of cysteinyl leukotriene receptor 

mRNA in human peripheral leucocytes: significantly higher expression of cysteinyl 

leukotriene receptor 2 mRNA in eosinophils. Clin Exp Allergy 31:1714-1723. 

Nicosia S, Capra V, Accomazzo MR, Ragnuni D, Ravasi S, Caiani A, Jommi L, Saponara R, 

Mezzetti M and Rovati GE (1999) Receptors for cysteinyl-leukotrienes in human cells. Adv 

Exp Med Biol 447:165-170. 

Paruchuri S, Broom O, Dib K and Sjolander A (2005) The pro-inflammatory mediator leukotriene 

D4 induces phosphatidylinositol 3-kinase and Rac-dependent migration of intestinal 

epithelial cells. J Biol Chem 280:13538-13544. 

Paruchuri S, Hallberg B, Juhas M, Larsson C and Sjolander A (2002) Leukotriene D4 activates 

MAPK trough a Ras-independent PKCε-dependent pathway in intestinal epithelial cells. J

Cell Sci 115(Pt9):1883-1893. 

Paruchuri S and Sjolander A (2003) Leukotriene D4 mediates survival and proliferation via separate 

but parallel pathways in the human intestinal epithelial cell line Int 407. J Biol Chem

278:45577-45585. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 23

Perng DW, Wu YC, Chang KT, Wu MT, Chiou YC, Su KC, Perng RP and Lee YC (2006) 

Leukotriene C4 Induces TGF-β1 Production in Airway Epithelium via p38 Kinase Pathway. 

Am J Respir Cell Mol Biol 34:101-107. 

Profita M, Sala A, Bonanno A, Riccobono L, Siena L, Melis MR, Di Giorgi R, Mirabella F, 

Gjomarkaj M, Bonsignore G and Vignola AM (2003) Increased prostaglandin E2

concentrations and cyclooxygenase-2 expression in asthmatic subjects with sputum 

eosinophilia. J Allergy Clin Immunol 112:709-716. 

Quarcoo D, Weixler S, Groneberg D, Joachim R, Ahrens B, Wagner AH, Hecker M and 

Hamelmann E (2004) Inhibition of signal transducer and activator of transcription 1 

attenuates allergen-induced airway inflammation and hyperreactivity. J Allergy Clin 

Immunol 114:288-295. 

Ravasi S, Citro S, Viviani B, Capra V and Rovati GE (2006) CysLT1 receptor-induced human 

airway smooth muscle cells proliferation requires ROS generation, EGF receptor 

transactivation and ERK1/2 phosphorylation. Respir Res 7:42. 

Saito H, Hayakawa T, Mita H, Yui YS and Shida T (1988) Augmentation of leukotriene C4

production by gamma interferon in leukocytes challenged with an allergen. Int Arch Allergy 

Appl Immunol 87:286-293. 

Sampath D, Castro M, Look DC and Holtzman MJ (1999) Constitutive activation of an epithelial 

signal transducer and activator of transcription (STAT) pathway in asthma. J Clin Invest

103:1353-1361. 

Schindler C and Darnell JE, Jr. (1995) Transcriptional responses to polypeptide ligands: the JAK-

STAT pathway. Annu Rev Biochem 64:621-651. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 24

Sledz CA and Williams BR (2005) RNA interference in biology and disease. Blood 106:787-794. 

Stephanou A, Scarabelli TM, Brar BK, Nakanishi Y, Matsumura M, Knight RA and Latchman DS 

(2001) Induction of apoptosis and Fas receptor/Fas ligand expression by 

ischemia/reperfusion in cardiac myocytes requires serine 727 of the STAT-1 transcription 

factor but not tyrosine 701. J Biol Chem 276:28340-28347. 

Toullec D, Pianetti P, Coste H, Bellevergue P, Grand-Perret T, Ajakane M, Baudet V, Boissin P, 

Boursier E, Loriolle F and et al. (1991) The bisindolylmaleimide GF 109203X is a potent 

and selective inhibitor of protein kinase C. J Biol Chem 266:15771-15781. 

Van Shaik SM, Welliver RC and Kimpen Jl (2000) Novel pathways in the pathogenesis of 

respiratory syncytial virus disease. Pediatr Pulmonol 30:131-138. 

Wen Z, Zhong Z and Darnell JE (1995) Maximal activation of transcription by Stat1 and Stat3 

requires both tyrosine and serine phosphorylation. Cell 82:241-250. 

Zeidler R, Csanady M, Gires O, Lang S, Schmitt B and Wollenberg B (2000) Tumor cell-derived 

prostaglandin E2 inhibits monocyte function by interfering with CCR5 and Mac-1. FASEB J

14:661-668. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 25

Footnotes  

The Authors acknowledge partial support by the EC VIth Framework Program (LSHM 

CT 2004 005033 to AS) and by an unrestricted research grant by Merck Co. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on February 27, 2008 as DOI: 10.1124/jpet.107.131649

 at A
SPE

T
 Journals on A

pril 17, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #131649 26

Legends for Figures 

Figure 1:  Effect of LTD4 on eosinophil adhesion to epithelial cells. (A) 

HBECysLT1R cells were stimulated with different concentration of LTD4 (0.01 to 1 µM) 

for 24 hrs. (B) HBECysLT1R cells were stimulated with LTD4 (0.1 µM) for 24 hrs after 30 

minutes of pre-incubation with different concentration of Montelukast (0.1 to 10 µM).  

Adhering cells were analyzed using fluorimetric analysis as described in Methods. Results 

were expressed as median and SD of six independent experiments. Statistical analysis was 

performed using ANOVA test with Fisher’s test correction.  

*p<0.05 vs untreated cells 

#p<0.05 vs LTD4-treated cells 

Figure 2: Expression of ICAM-1 in response to LTD4. HBECysLT1R cells were 

stimulated with different concentrations of LTD4 (0.01-1 µM) for 24 hrs. At the end of the 

stimulation, the expression of ICAM-1 on the surface of HBECysLT1R was determined by 

direct label immunofluorescence as described in Methods. Results were expressed as 

geometric mean ± SD of the fluorescence intensity (arbitrary units). 

* p<0.05 vs untreated cells 

Figure 3: Kinetics of p38MAPK, ERK1/2 and STAT-1 pathways activation by 

LTD4 in epithelial cells. HBECysLT1R cells were stimulated with LTD4 0.1 µM for 15, 

30, 60 and 120 minutes. Cells extracts were separated with 10% SDS-PAGE, and western 

blot analyses were carried out sequentially with antiphospho-ERK1/2, antiphospho-

p38MAPK, antiphospho-STAT-1Ser727, anti-p91/STAT-1α, and anti-β-actin antibodies. 

The top panel represents the results of the densitometric analysis of three independent 

experiments, carried out as described in Methods. 

* p<0.05 vs untreated cells 
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Figure 4: Effects of LTD4 and IFN-γ on signal transduction pathway activation 

and eosinophil adhesion in epithelial cells. HBECysLT1R cells were stimulated with 

IFN-γ 50 ng/ml and/or LTD4 0.1 µM for 15 minutes (Panel A). Cell lysates were prepared 

and immunoblotted with antiphospho-ERK1/2, antiphospho-STAT-1Ser727, antiphospho-

STAT-1Tyr701, and anti-p91/STAT-1α specific antibodies. HBECysLT1R cells were 

stimulated with IFN-γ 50 ng/ml and/or LTD4 0.1 µM for 15 minutes (for western blot 

analysis) or 24 hrs. 

Similarly HBECysLT1R cells were stimulated with IFN-γ 50 ng/ml and/or LTD4 0.1 

µM for 15 minutes (western blot analysis) or 24 hrs (eosinophil adhesion) and the 

specificity of the signal observed with LTD4 was tested upon preincubation with 

Montelukast (1 µM, 1 hr before epithelial cell stimulation)(Panel B). The adhesion of 

eosinophils was evaluated using fluorimetric analysis as described in Methods, and cell 

lysates were prepared and immunoblotted with antiphospho-ERK1/2, and antiphospho-

STAT-1Ser727, and anti-p91/STAT-1α specific antibodies.  

Adhesion results (Panel B, bottom) were expressed as median and SD of six 

independent experiments. Statistical analysis was performed using ANOVA test with 

Fisher’s test correction 

The top panels of A and B represents the results of the densitometric analysis of three 

independent experiments. 

*p<0.05 vs untreated cells, # p<0.05 vs LTD4-treated cells 

Figure 5: Effect of PKC and MEK inhibition on LTD4-dependent signal 

transduction pathways activation in epithelial cells. HBECysLT1R cells were stimulated 
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with LTD4 0.1 µM for 15 min in absence or presence of GF 109203 (10 µM, 30 min before 

activation of epithelial cells)(Panel A), or PD 98059 (25 µM, 30 min before activation of 

epithelial cells)(Panel B). Cell lysates were prepared and immunoblotted with antiphospho-

ERK1/2, antiphospho-STAT-1Ser727, and anti-p91/STAT-1α specific antibodies. The data 

are representative of three independent experiments. 

The top panels of A and B represents the results of the densitometric analysis of three 

independent experiments. 

*p<0.05 vs untreated cells, # p<0.05 vs LTD4-treated cells 

Figure 6: Effects of PKC and MEK inhibition on LTD4-induced eosinophil 

adhesion in epithelial cells. HBECysLT1R cells were stimulated with LTD4 0.1 µM for 24 

hrs in the presence or absence of GF 109203X (10 µM, 30 min before epithelial cell 

stimulation)(Panel A), or PD 98059 (25 µM, 30 min before epithelial cell stimulation) 

(Panel B). The adhesion of eosinophils was evaluated using fluorimetric analysis as 

described in Methods. Results were expressed as median and SD of six independent 

experiments. Statistical analysis was performed using ANOVA test with Fisher’s test 

correction 

*p<0.05 vs untreated cells 

Figure 7: STAT-1 binding to DNA in LTD4-treated epithelial cells. STAT-1 binding 

to DNA was evaluated by EMSA on nuclear extracts obtained from HBECysLT1R cells 

treated with LTD4 (0.1 µM, 30 minutes) in the presence or absence of Montelukast (1 µM, 

1 hr before epithelial cell stimulation)(A), or in the presence or absence of the specific 

MEK inhibitor PD 98059 (25 µM, 30 min)(B). EMSA was performed with STAT-1 

oligonucleotide probes as described in Methods. 
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Figure 8: p91/STAT-1α silencing and LTD4-stimulated eosinophil adhesion to 

epithelial cells. Temporary transfection of HBECysLT1R cells with siRNA for p91/STAT-

1α was carried out as described in Methods. Expression of p91/STAT-1α protein in control 

cells and cells transfected with scrambled siRNA or siRNA for p91/STAT-1α (Panel A). 

Eosinophil adhesion to control cells and cells transfected with scrambled siRNA or siRNA 

for p91/STAT-1α in response to LTD4 treatment (0.1 µM, 24 hrs)(Panel B). 

p91/STAT-1α was analyzed by western blot using anti-p91/STAT-1α antibodies. 

Adhering cells were analyzed using fluorimetric analysis as described in Methods. Results 

were expressed as median and SD of six independent experiments. Statistical analysis was 

performed by using ANOVA test with Fisher’s test correction. 

*p<0.05 vs the respective untreated cells
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