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Abstract

Previous studies showed that P2 receptors are involved in neutrophil migration via stimulation of 

chemokine release and by facilitating chemoattractant gradient sensing. Here, we have investigated 

whether these receptors are involved in LPS-induced neutrophil transendothelial migration (TEM) 

using a Boyden chamber where neutrophils migrated through a layer of lipopolysaccharide (LPS)-

stimulated human umbilical vein endothelial cells (HUVECs). In line with a role of P2 receptors, 

neutrophil TEM was inhibited by the P2 receptor antagonists suramin and reactive blue 2 (RB-2) 

acting on the basolateral, but not luminal, HUVECs’ P2 receptors. HUVECs express P2Y1, P2Y2, 

P2Y4, P2Y6 and P2Y11. The involvement of P2Y4 was unlikely as this receptor is insensitive to 

suramin while P2Y1, P2Y6 and P2Y11 were excluded with available selective antagonists, leaving 

P2Y2 as the only candidate. Indeed, the P2Y2 knockdown in HUVECs inhibited neutrophil TEM 

compared to control HUVECs transfected with scrambled siRNA. Moreover, UTP, a P2Y2 ligand, 

markedly potentiated LPS-induced TEM. Interestingly, IL-8 and ICAM-1 had a modest effect on 

neutrophil TEM in this 3 h assay which was significantly diminished by the inhibition of Rho 

kinase in HUVECs with Y27632. In summary, endothelial P2Y2 receptors control the early LPS-

induced neutrophil TEM in vitro via Rho kinase activation.
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1. Introduction

Transendothelial migration (TEM) is a critical step in neutrophil recruitment to sites of 

infection and/or inflammation. TEM is a step-wise process that involves complex 

neutrophil–endothelium interactions leading to neutrophil rolling, firm adhesion, and 

ultimately exit from blood vessels (Wagner and Roth, 2000; Eltzschig et al., 2006). These 

steps are regulated by many factors including inducible adhesion molecules and chemokines 

produced by these cell types (Wagner and Roth, 2000; Becker et al., 2001; Yang et al., 

2005). Other studies have shown that neutrophil migration is also controlled by Rho kinase 
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as its pharmacological inhibition markedly reduces neutrophil TEM in vivo and in vitro 

(Tasaka et al., 2005; Saito et al., 1998). LPS, a cell wall component of Gram-negative 

bacteria recognized by cells through Toll like receptor 4 (TLR4), is a potent activator of 

neutrophil TEM (Wagner and Roth, 2000; Lu et al., 2008). Endothelial cells stimulated with 

LPS exhibit an increased expression of ICAM-1 and activation of Rho kinase (Basit et al., 

2006; Essler et al., 2000) which have been shown to play a critical role in LPS-induced 

neutrophil recruitment in the lungs (Becker et al., 2001; Basit et al., 2006; Tasaka et al., 

2005). In addition, LPS can also stimulate either endothelial cells or neutrophils to secrete 

interleukin 8 (IL-8), a chemokine that has a major role in leukocyte TEM.

Extracellular nucleotides such as ATP, ADP, UTP and UDP serve as danger signals that are 

rapidly released by cells during inflammatory responses (Bours et al., 2006; Yegutkin, 

2008). These molecules act via the activation of P2 receptors that include the ion-channel 

P2X receptors (P2X1–7) and G-protein-coupled P2Y receptors (P2Y1,2,4,6,11–14). All P2X 

receptors as well as P2Y2 and P2Y11 are activated by ATP. P2Y1, P2Y12 and P2Y13 are 

activated by ADP, P2Y4 by UTP, P2Y6 by UDP, and P2Y14 by UDP-glucose (Bours et al., 

2006). Distinct P2Y receptors have been implicated in LPS-induced inflammation. For 

example, we have previously demonstrated that in human monocytes, LPS-induced IL-8 

release is mediated via activation of P2Y6 receptors (Warny et al., 2001; Kukulski et al., 

2007). As endothelial cells such as human umbilical vein endothelial cells (HUVECs) 

express various P2Y receptor subtypes (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11) (Wang et al., 

2002) and release large quantities of IL-8 in response to LPS (Beck et al., 1999; Kukulski et 

al., 2007), we hypothesized that these receptors might trigger neutrophil TEM via IL-8 

release. We indeed found that endothelial nucleotide receptors are instrumental for LPS-

induced neutrophil TEM in vitro, but interestingly, this migration was regulated mainly by 

endothelial Rho kinase and not by IL-8 which was not secreted in significant amounts during 

the course of the TEM assay performed in this work (3 h).

2. Materials and methods

2.1. Materials

LPS from E. coli O111:B4, potato apyrase grade VII, nucleotides (ATP, ADP, UTP, UDP, 

ATPγS and β-NAD), pyridoxal-phosphate-6-azophenyl-2′, 4′-disulfonate (PPADS), 

suramin, nucleotides (ATP, UTP, ADP and UDP) and fish oil were purchased from Sigma 

(St. Louis, MO). MRS2500, MRS2578, NF157 and Y27632 were obtained from Tocris 

Bioscience (Bristol, UK). Reactive blue 2 (RB-2) was bought from ICN Biochemicals Inc. 

(Aurora, OH). IL-8 and ICAM-1 neutralizing antibodies (nIL-8 and nICAM-1 ab) MAB208 

and AF720, respectively, were from R&D Systems (Minneapolis, MN). CellTracker™ Green 

CMFDA (5-chloromethylfluorescein diacetate) was obtained from Invitrogen (Burlington, 

On, Canada). Goat serum was purchased from Wisent (St.-Bruno, Canada) and bovine 

serum albumin (BSA) as well as Tween-20 from VWR (West Chester, PA).

The stock of LPS (5 mg/ml) was prepared in an endotoxin-free saline (Sigma). Before 

stimulation, LPS was sonicated for 10 min in a water bath sonicator and diluted in RPMI-5% 

FBS medium. P2 receptor antagonists (suramin, RB-2, PPADS, MRS2500 and NF157) were 

prepared at 10 mM in endotoxin-free water from Sigma, fil-trated and used for TEM assays. 
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MRS2578 (10 mM) was prepared in 100% DMSO, filtrated and diluted with RPMI-5% FBS 

medium to 10 μM for neutrophil TEM assays. Appropriate controls containing 0.01% 

DMSO were also performed.

2.2. Isolation of human blood neutrophils

Human neutrophils were isolated as described (Boyum, 1968), with some modifications. 

Briefly, venous blood of healthy volunteers was collected on isocitrate anticoagulant 

solution, centrifuged (250 × g, 10 min, 24 °C), and the resulting platelet-rich plasma 

discarded. Leukocytes were obtained following erythrocyte sedimentation in 2% Dextran 

T-500 and centrifuged (525 × g, 20 min, 24 °C) through a 10-ml Ficoll–Paque cushion 

(Wisent). The neutrophil-enriched pellet was subjected to a 15-s hypotonic lysis to remove 

the remaining erythrocytes and centrifuged (1000 × g, 5 min, 24 °C). The purified 

neutrophils were re-suspended in RPMI 1640 medium containing 5% FBS (RPMI 1640-5% 

FBS) and used for TEM assays. The purity of neutrophils obtained using this protocol is 

>95% (Chakravarti et al., 2009).

2.3. HUVEC culture and stimulation

HUVECs (Cambrex Bio Science, Walkersville, MD) were cultured in a complete EGM 

Bulletkit® medium (Cambrex Bio Science) and used at passage 3–5. Each experiment was 

performed with HUVECs of at least two independent donors from distinct passages.

For LPS stimulation, the cells were seeded at 105/well in a 24-well plate and grown for 24 h. 

Next, these cells were stimulated for up to 5 h with 0.1 μg/ml LPS at 37 °C in a humid 

atmosphere containing 5% CO2. After the stimulation, the media of HUVECs (supernatants) 

were collected and centrifuged (1000 × g, 10 min, 4 °C) to remove the detached cells. The 

adherent HUVECs were washed with PBS, lysed with 1% Triton X-100/PBS for 2 h at 4 °C 

and the resulted lysates centrifuged (1000 × g, 10 min, 4 °C) to remove non-dissolved 

material. These samples were analyzed by ELISA for IL-8 as described below.

2.4. Neutrophil TEM assay

Neutrophil TEM was carried out in a Boyden chamber system as described (Issekutz et al., 

1995), with some modifications. Briefly, cell culture inserts (3 μm pore size) were used to 

form dual compartments (chambers) in a Falcon™ 24-well culture plate (Becton Dickinson, 

Franklin Lakes, NJ). The polyethylene membrane filters (6.4 mm diameter) of the inserts 

were coated successively with 1% (w/v) gelatine (overnight; Sigma), 0.006% (v/v) stabilized 

human fibronectin (2 h; Biomedical Technologies, Stoughton, MA) and 15 × 104 HUVECs 

(2 days for confluence). Freshly isolated human neutrophils (106 cells in 0.2 ml of RPMI 

1640–5% FBS) were loaded to the upper chamber and their migration was initiated with 

LPS (100 ng/ml) added to the medium of the bottom chamber. Where indicated, P2 receptor 

antagonists were added to the media of the bottom or upper chambers 15 min before the 

addition of neutrophils and LPS. Basal neutrophil migration observed in the absence of LPS 

was less than 20% of that induced with LPS and was subtracted from the data presented in 

the figures. In the indicated assays, the monolayers of HUVECs were preincubated for 30 

min with the antibodies neutralizing IL-8 or ICAM-1, or irrelevant mouse IgG1 antibody as 

a control (10 μg/ml; added to both upper and bottom chambers), the Rho kinase inhibitor 
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Y27632 (10 μM; added to the upper chamber), or sialic acid (50 mM; added to the upper 

chamber). Neutrophil migration was carried out for 3 h at 37 °C and 5% CO2. The migrated 

neutrophils were collected from the bottom chambers and counted with a hemocytometer. 

Depending on the experiment, from 50 to 80% of the neutrophils loaded to the upper 

chambers migrated to the bottom chambers as a result of HUVECs stimulation with LPS 

added to the bottom chambers. These numbers are expressed in the Figures as 100%.

To exclude the effect of LPS and/or inhibitors on neutrophils and therefore specifically 

address the role of endothelial P2 receptors in neutrophil TEM, the above assays were also 

performed as follows: HUVEC monolayers were pre-stimulated with LPS added to the 

upper or bottom chamber (to address the role of luminal and basolateral P2 receptors, 

respectively) in the presence or absence of the P2 receptor antagonists for 1 h, the media of 

the bottom and upper chambers discarded, the inserts transferred to a new 24-well plate and 

HUVEC monolayers washed twice with PBS. Neutrophils were then loaded to the upper 

chamber and allowed to migrate for 2 h. The same setup was also used to investigate 

whether 100 μM exogenous nucleotides (ATP, UTP, ADP and UDP; added to the bottom 

chamber) would increase neutrophil TEM due to suboptimal LPS concentration (1 ng/ml; in 

the bottom chamber).

2.5. P2Y2 knockdown

To knockdown the P2Y2 receptor in HUVECs, these cells were transfected with a specific 

validated anti-P2Y2 siRNA (NM 002564, Ambion) using siPORT™ NeoFX™ transfection 

agent (Ambion) according to the manufacturer’s protocol with some optimization. Control 

cells were transfected with an irrelevant scrambled siRNA (Ambion). Briefly, freshly 

trypsinized HUVECs (2 × 105 in 0.2 ml of OPTI-MEM® medium) were mixed 1:1 with the 

transfection complexes containing 5 μM siRNA and 8 μl of the NeoFX™, and loaded on the 

precoated cell culture inserts. The transfection was carried out for 18 h and then HUVECs 

were cultured for 2 more days as it has previously reported that P2Y2 expression in PC12 

cells was significantly knocked down 3 days after transfection (Arthur et al., 2005). P2Y2 

knockdown in HUVECs was verified by RT-PCR as described below.

2.6. RNA extraction and reverse transcriptase (RT)-PCR

Total HUVECs’ RNA was isolated 66 h after transfection with ice-cold lysis buffer and the 

complementary cDNA was prepared using “from cell to cDNA” kit (Ambion) according to 

the two-step protocol supplied by the manufacturer. The amplifications were performed in 

Peltier thermal cycler (Bio-Rad). Samples of 2.5 μl of cDNA were amplified with a Taq 

DNA Polymerase (New England BioLabs Ltd., On, Canada) in 25 μl of a reaction mixture 

containing 10 pmol primer mixture for the P2Y2 or 5 pmol primer mixture for the gene of 

reference (actin, Ambion) using ThermoPol buffer (New England Biolabs) and 0.2 mM 

dNTP. The following primers were designed based on the 5′ and 3′ ends of published 

human P2Y2 sequence: forward 5′-GCT-ACA-GGT-GCC-GCT-TCA-ACG-AGG-ACT-

TC-3′ and reverse 5′-GGC-AGG-CCA-GCA-CCA-ACA-CCC-ACA-C-3′, that give an 

amplified fragment of 429 bp. The amplification was started by 2 min incubation at 94 °C 

followed by 35 cycles of 45 s denaturation at 94 °C, 45 s annealing at 66 °C, 45 s primer 

extension at 72 °C and ended by a 7-min incubation at 72 °C. A similar program was used 
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for the amplification of the gene of reference with 25 cycles and the annealing temperature 

of 60 °C.

2.7. IL-8 secretion by HUVEC monolayers

To quantify IL-8 secreted by LPS-treated HUVEC monolayers in the Boyden chamber, these 

cells were stimulated for 3 h with LPS (100 ng/ml) added to the bottom chamber. To 

quantify cell-bound IL-8, HUVECs were treated for 1 h with a mixture of heparinases I, II 

and III (2 U/ml of each enzyme; Sigma) to digest heparan sulphate residues binding IL-8 at 

the surface of these cells. These heparinase treatments were performed in different 

experiments either before or after LPS stimulation. The media of the upper and bottom 

chamber were collected and their IL-8 content measured by Flexia enzyme-linked 

immunosorbent assay kit (ELISA, Medicorp, Montréal, Canada), following the 

manufacturer’s instructions. Human recombinant IL-8 was used as a standard.

2.8. Laser scanning cytometry (LSC) for quantification of the cell-bound IL-8

HUVECs (5 × 104/cover slip) were stimulated for 3 h with LPS (100 ng/ml) and the 

CellTracker™ Green (20 μM) was added 30 min before the end of stimulation to visualize 

the cells for LSC analysis. After the stimulation, HUVECs were fixed for 20 min with 4% 

paraformaldehyde in PBS, washed with PBS (3 × 5 min), and incubated for 45 min in the 

blocking solution containing 7% goat serum, 0.5% BSA, 0.2% Tween-20, 0.1% fish oil and 

0.05% NaN3. The cells were next incubated for 1 h with a mouse anti-IL-8 monoclonal 

antibody MAB208 diluted in blocking solution (25 μg/ml), washed with PBS (3 × 5 min) 

and incubated with Alexa594-conjugated goat anti-mouse IgG antibody (Invitrogen) diluted 

in blocking solution (1 μg/ml). HUVECs were then washed with PBS (3 × 5 min) and 

incubated for 10 min with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) diluted in PBS 

(1 μM) to visualize the nuclei. After final wash (3 × 5 min), the cover slips were mounted in 

Mowiol medium containing DABCO antifade reagent and kept at −80 °C until analyzed. 

The quantification of the cell-bound IL-8 was done using a Laser Scanning Cytometer 

system (CompuCyte Corporation, Cambridge, MA).

2.9. Flow cytometry for ICAM-1 expression on HUVECs

HUVECs (105 cell/well in a 24-well plate) were stimulated for 3 and 24 h with LPS (100 ng/

ml), washed twice with PBS, detached by a 15-min incubation with 15 mM sodium citrate 

and 135 mM KCl at 37°C. The detached cells were centrifuged (500 × g, 5 min, 4 °C), re-

suspended in PBS containing 1% FBS and 0.1% NaN3 (PBS/FBS/NaN3), incubated with the 

mouse anti-ICAM-1 antibody AF720 (25 μg/ml) for 1 h at 4 °C and washed twice with 

PBS/FBS/NaN3 solution. The HUVECs were next incubated with the secondary anti-mouse 

FITC-conjugated antibody (1 μg/ml) for 30 min at 4 °C, washed twice with PBS/FBS/NaN3 

solution and analyzed by flow cytometry.

2.10. Statistical analysis

Student’s t-test was performed using Excel software (Microsoft® Office OneNote™ 2003).
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3. Results

3.1. P2 receptor(s) mediate LPS-induced neutrophil TEM in vitro

LPS-induced neutrophil TEM across HUVEC monolayers was investigated using a modified 

Boyden chamber assay (see Material and methods). Preliminary experiments showed that 

0.1 μg/ml LPS added to the bottom chamber caused a transmigration of ~50–80% of 

neutrophils loaded in the upper chamber (106 cells) within 3 h of stimulation. This time 

point was used for all subsequent TEM assays.

To test whether P2 receptors expressed on HUVECs and/or neutrophils are involved in LPS-

induced TEM, the migration of human neutrophils across HUVEC monolayers stimulated 

with LPS was performed either in the presence or absence of the general P2 receptor 

antagonists, suramin, RB-2 and PPADS (all at 100 μM; added to HUVECs 15 min before 

LPS stimulation). As seen in Fig. 1A, suramin and RB-2 present in the media of the bottom 

chambers (open bars) completely inhibited LPS-induced neutrophil TEM while PPADS had 

a weaker effect. In contrast, the presence of these inhibitors in the media of the upper 

chambers (solid bars) in addition to their preincubation with neutrophils (for 15 min) only 

slightly decreased neutrophil TEM (Fig. 1A). These data suggested that LPS-induced 

neutrophil TEM was inhibited by blocking P2 receptor(s) present on HUVECs or, less likely, 

on the neutrophils already migrated to the bottom chambers. To exclude the effect of 

suramin and RB-2 on neutrophil P2 receptors, the TEM assays were modified as follows: the 

HUVEC monolayers were pre-stimulated with LPS alone or in combination with either 

suramin or RB-2 for 1 h (all added to the bottom chamber), the media of the upper and 

bottom chambers removed, the HUVEC monolayers washed and transferred to a new 24-

well plate. Then fresh neutrophils were added for a 2-h migration, and as for the assay 

above, suramin and RB-2 also markedly decreased their migration across HUVECs (Fig. 1B; 

open bars). These results confirmed that LPS-induced neutrophil TEM involves the 

activation of HUVECs’ basolateral P2 receptors and that P2 receptors on neutrophils do not 

appear to have a role in this model.

All previous TEM assays were performed with LPS in the bottom chamber. We next tested 

whether the addition of LPS to the upper chamber would also trigger neutrophil TEM and 

whether this process would involve P2 receptors. To avoid neutrophil stimulation with LPS, 

HUVEC monolayers were pre-stimulated with LPS added to the upper chamber for 1 h, the 

media of the upper and bottom chambers removed, the HUVEC monolayers washed and 

transferred to a new 24-well plate. Then fresh neutrophils were added for a 2-h migration. 

Note that HUVEC pre-stimulation was performed either in the presence or absence of 

suramin and RB-2 in the upper chamber. As seen in Fig. 1B (solid bars), LPS added to the 

upper chamber triggered neutrophil TEM which was comparable to that observed with LPS 

in the bottom chamber, however this migration was not inhibited by P2 antagonists. Based 

on these data, it was concluded that the luminal HUVECs’ P2 receptors are not involved in 

LPS-induced neutrophil TEM and therefore all subsequent TEM assays were performed 

with LPS and antagonists in the bottom chamber.
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3.2. Endothelial P2Y2 receptor regulates LPS-induced neutrophil TEM

Suramin and RB-2 are potent inhibitors of all P2Y subtypes expressed in HUVECs (P2Y1, 

P2Y2, P2Y4, P2Y6 and P2Y11) with the exception of P2Y4 that is insensitive to suramin 

(Brunschweiger and Muller, 2006). To further define the P2Y receptor involved, the 

selective antagonists of P2Y1, P2Y6 and P2Y11 (MRS2500, MRS2578 and NF157, 

respectively) were tested on LPS-induced neutrophil TEM. The efficacy of these molecules 

at their respective target receptor has previously been validated in multiple works. To 

ascertain the efficacy of the compounds that we used, we have performed positive controls. 

For example, MRS2500 inhibited, as expected, ADP-induced and P2Y1-mediated mouse 

endothelial cell vasodilation (Kauffenstein et al., in press), MRS2578 inhibited P2Y6-

mediated IL-8 secretion from human monocytes (Kukulski et al., 2007; Ben Yebdri et al., 

2009) while NF157 inhibited P2Y11-mediated neutrophil chemotaxis and apoptosis 

(Moreschi et al., 2006; Vaughan et al., 2007). All these antagonists had only minor effects on 

neutrophil TEM that were not statistically different from the control (Fig. 2). Note that for 

the selective inhibition of P2Y11 we used 1 μM NF157 as higher concentrations of this 

antagonist affect other P2Y subtypes including P2Y2 (Ullmann et al., 2005). In agreement, 

100 μM NF157 inhibited neutrophil migration by 70% (data not shown). Taken together, 

these data suggested that the P2Y1, P2Y4, P2Y6 and P2Y11 receptors were not involved in 

LPS-induced neutrophil TEM.

No selective P2Y2 antagonist is available and therefore the role of this receptor in neutrophil 

TEM was addressed using a gene silencing technique with a validated anti-P2Y2 siRNA. 

Density analysis of the cDNA bands for P2RY2 revealed >50% decrease of the P2Y2 

transcript in HUVECs treated with anti-P2Y2 siRNA compared to the cells treated with 

scrambled siRNA (scanned density of 323 vs. 690; Fig. 3A). P2Y2 protein expression 

knockdown was not assessed as to our knowledge there are no specific antibodies against 

this receptor. The P2Y2 knockdown in HUVECs significantly decreased neutrophil TEM 

compared to the control cells which were either untransfected or transfected with scrambled 

siRNA (~50% decrease; Fig. 3B). These data demonstrate that LPS-induced neutrophil TEM 

was mediated by the endothelial P2Y2 receptor.

As ATP and UTP are natural ligands of P2Y2, the role of this receptor in LPS-induced TEM 

was further addressed by testing whether these two nucleotides (100 μM) would potentiate 

neutrophil migration due to a suboptimal concentration of LPS (1 ng/ml). Note that this low 

concentration of LPS induced only a weak migration of neutrophils (~20–30% of the 

maximum migration obtained with 100 ng/ml) that could therefore be further increased. 

ADP and UDP which are not the agonists of P2Y2 were used as negative controls. Note that 

none of the nucleotides induced neutrophil migration per se in this model ((Kukulski et al., 

2007) and data not shown). As seen in Fig. 3C, UTP, but not other nucleotides tested, 

potentiated LPS-induced neutrophil migration. The lack of the effect of ATP was probably 

due to its hydrolysis to adenosine which is a potent inhibitor of neutrophil migration in the 

model used as this nucleotide also potentiated neutrophil TEM but only in the presence of 

adenosine deaminase (data not shown).
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3.3. Rho kinase activation is required for LPS-induced neutrophil TEM

We next investigated the mechanism(s) responsible for LPS-induced TEM. LPS-treated 

HUVECs secrete significant amounts of IL-8 that could trigger neutrophil recruitment. 

However, in the TEM assays performed here, IL-8 neutralizing antibodies added to both the 

upper and bottom chambers had no effect on LPS-induced neutrophil migration (Fig. 4). In 

control experiments, these antibodies completely inhibited IL-8-induced neutrophil 

migration (Kukulski et al., 2007) and in contrasts to LPS-induced neutrophil TEM, IL-8 

neutralizing antibodies inhibited by ~80% neutrophil TEM due to poly(I:C) (data not 

shown). Note however, that to take effect, this migration required at least 4 h of HUVEC 

stimulation with poly(I:C) which correlates with the kinetics of HUVECs’ IL-8 secretion for 

this stimulus (F.K. and J.S. unpublished observation). In keeping with the data obtained with 

IL-8 neutralizing antibodies, LPS required more than 3 h to induce a significant IL-8 

production and secretion from HUVECs (Fig. 5A). This time course of IL-8 secretion was 

also confirmed by IL-8 ELISA of the media collected from the bottom and upper chambers 

3 h after LPS stimulation, where both untreated and LPS-treated HUVEC monolayers 

produced low and comparable amounts of this chemokine (Fig. 5B). It has been recently 

proposed that endothelial cells not only secrete but also bind IL-8 via extracellular heparan 

sulphate residues (cell-bound IL-8) and subsequently present it to neutrophils, thus 

increasing their migration (Middleton et al., 2002). To verify this possibility, we treated 

HUVECs with a mixture of heparinases I, II and III to remove heparan sulphate residues 

from their surface either before or after stimulation with LPS. This treatment did not 

increase IL-8 in the media of these cells compared to the untreated cells (data not shown). 

We also performed a laser scanning cytometry of HUVECs incubated with anti-IL-8 

antibodies to quantify cell-bound IL-8 which showed no differences in fluorescence 

corresponding to cell-bound IL-8 on HUVECs stimulated with LPS for 3 h compared to 

unstimulated HUVECs (data not shown). These data demonstrated that neither soluble nor 

cell-bound IL-8 was responsible for LPS-induced TEM in this work.

LPS-induced neutrophil TEM can also be activated by ICAM-1 (Becker et al., 2001; Basit et 

al., 2006). However, the anti-ICAM-1 blocking antibody only slightly decreased LPS-

induced neutrophil migration by ~15% (Fig. 4). In agreement with these data, a low increase 

in ICAM-1 expression was seen in HUVECs stimulated with LPS for 3 h compared to 

unstimulated HUVECs, as determined by flow cytometry (Fig. 6). However, a longer 

stimulation time (24 h; Fig. 6) resulted in further increase in ICAM-1 expression suggesting 

that this protein plays a more significant role at later stages of neutrophil migration, as 

previously reported (Basit et al., 2006). In addition, LPS-induced neutrophil TEM did not 

involve the upregulation of E-selectin expression as the incubation of HUVECs with 50 mM 

sialic acid did not affect neutrophil migration (data not shown).

Neutrophil TEM can be regulated by Rho kinase that induces cytoskeleton reorganization in 

endothelial cells (Tasaka et al., 2005; Essler et al., 2000; Saito et al., 1998). The involvement 

of Rho kinase in LPS-induced neutrophil TEM was determined with the specific Rho kinase 

inhibitor Y27632. The pre-treatment of HUVEC monolayers with this molecule (10 μM) 

diminished neutrophil migration by 50% (Fig. 7, open bars). Importantly, the pre-treatment 

of HUVEC with Y27632 (10 μM) in combination with suramin or RB-2 (100 μM) only 

Kukulski et al. Page 8

Mol Immunol. Author manuscript; available in PMC 2016 December 07.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



slightly increased the inhibition of neutrophil migration (~10% increase compared to 

Y27632 alone; data not shown) suggesting that all these molecules block the same cellular 

response. To determine whether Rho kinase expressed in neutrophils was also involved in 

this phenomenon, these cells were also preincubated with Y27632 (10 and 100 μM) for 30 

min before migration. As this treatment did not affect neutrophil migration (solid bars; Fig. 

7, not shown for 100 μM Y27632), it was concluded that LPS-induced neutrophil TEM was 

regulated by endothelial Rho kinase. Noteworthy, Y27632 efficiently inhibited neutrophil 

migration toward IL-8 in a transwell chemotaxis assay without HUVEC monolayers (100% 

inhibition at 100 μM; data not shown) which was performed as a positive control.

Altogether, these data indicate that LPS-induced endothelial Rho kinase activation is 

required for neutrophil TEM. The minor effect of IL-8 and ICAM-1 on this process 

correlates with the kinetics of production/expression of these proteins that takes several 

hours in HUVECs. The weak inhibition of TEM with ICAM-1 neutralizing antibodies 

suggests however that the slight increased expression of this protein may somehow facilitate 

neutrophil transmigration, for example by increasing their adhesion to HUVECs.

4. Discussion

This work demonstrates that endothelial P2Y2 receptor regulates LPS-induced neutrophil 

TEM in vitro. Indeed, neutrophil migration across LPS-stimulated HUVEC monolayers was 

inhibited by two non-specific P2Y2 antagonists, suramin and RB-2 as well as by specific 

P2Y2 knockdown in HUVECs with a validated siRNA. Moreover, this migration was 

potentiated by UTP, a P2Y2 ligand. The recent works by Dr. Junger’s group and us showed 

that the P2Y2 expressed in neutrophils is also important for neutrophil migration in vitro 

(Chen et al., 2006; Kukulski et al., 2009). However, these works investigated neutrophil 

migration using a trans-well chemotaxis model where neutrophils migrated through an 

uncoated synthetic membrane without an endothelial cell layer which contrasts with the 

model used here. Interestingly, P2Y2 knockout mice showed reduced neutrophil migration 

that has been proposed to be due to P2Y2 deficiency in neutrophils (Inoue et al., 2008). In 

the light of the data presented here, it cannot be excluded that the impaired neutrophil 

migration in these mice could also (or rather) be a result of the P2Y2 deficiency in 

endothelial cells. In further support of this view, multiple P2Y receptors, including P2Y2, 

have been suggested to mediate nucleotide-induced increase of HUVECs’ permeability for 

FITC-labeled dextran (Tanaka et al., 2003).

There are other reports demonstrating an important role of either non-endothelial or 

endothelial P2Y2 receptor in immune cell migration in vitro via stimulation of mechanisms 

distinct from Rho kinase activation described in this work. Our group has recently 

demonstrated that the P2Y2 (and P2Y6) receptor may promote the migration of neutrophils 

by mediating IL-8 secretion induced by TLR2 activation in human monocytic THP-1 cells 

(Ben Yebdri et al., 2009). P2Y2 has also been implicated in the recruitment of monocytes/

macrophages and lymphocytes by inducing vascular cell adhesion molecule-1 (VCAM-1) 

expression in human endothelial cells and in a submandibular gland cell line, respectively 

(Seye et al., 2003; Baker et al., 2008). In addition, P2Y2 may also promote monocyte 
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migration by activating MCP-1 release from murine macrophages (Stokes and Surprenant, 

2007).

The data presented here suggest that LPS-induced neutrophil TEM involves P2Y2-dependent 

Rho kinase activation. In keeping with these data, P2Y2 has previously been shown to be 

coupled to Rho kinase activation in vascular myocytes and 1321N1 astrocy-toma cells 

(Sauzeau et al., 2000; Liao et al., 2007). The involvement of the endothelial Rho kinase in 

LPS-induced neutrophil migration in our model was confirmed with Y27632, a selective 

inhibitor of this enzyme. In line with these data, this molecule has previously been shown to 

attenuate neutrophil migration in endotoxin-induced acute lung injury and also neutrophil 

TEM in vitro with leukotriene B4 (LTB4) as a migration stimulus (Tasaka et al., 2005; Saito 

et al., 1998; Mong and Wang, 2009). Neutrophil Rho kinase also plays an important role in 

neutrophil migration, for instance during chemotaxis (Junger, 2008). However, in the TEM 

model presented here, the inhibition of the neutrophil Rho kinase with Y27632 did not affect 

the migration of these cells. This suggests that the neutrophil motility response controlled by 

Rho kinase is not necessary for TEM in the model used in this work, and the passage of 

these cells through endothelium may be driven mainly by the latter cells. Indeed, in contrast 

to neutrophil chemoattractants such as IL-8, fMLP and C5a which are all known to activate 

Rho kinase/motility response in these cells, LPS used in these assays as a migration inducer 

is not a neutrophil chemoattractant and therefore was not expected to have this effect.

IL-8 has been shown to play an important role in LPS-induced neutrophil recruitment but 

had limited effect in our model. This is in agreement with the fact that HUVECs do not pre-

store IL-8 (unless they have been previously stimulated) and require a long stimulation (~5 

h) for physiologically important IL-8 synthesis and release (Fig. 5A). On the other hand, 

IL-8 secreted by HUVECs could also bind to extracellular heparan sulphate residues of these 

cells (cell-bound IL-8) and therefore be undetectable by ELISA. This cell-bound IL-8 plays 

an important role in neutrophil extravasation (Middleton et al., 2002). However, no LPS-

induction of cell-bound IL-8 was detected in HUVECs by laser scanning microscopy 

analysis. In agreement with these results, the treatment of LPS-stimulated HUVECs with 

heparinases to digest heparan sulphate residues did not increase IL-8 level in their media. 

Altogether with the results obtained using the neutralizing IL-8 antibody, these data suggest 

that IL-8 is not involved in initial LPS-induced neutrophil TEM studied by this work but 

may certainly come into play at a later stage when it is produced and secreted in significant 

amounts.

There is compelling evidence that ICAM-1 plays important role in LPS-induced neutrophil 

migration (Wagner and Roth, 2000; Becker et al., 2001; Basit et al., 2006). Vascular 

endothelium expresses low levels of ICAM-1 that is upregulated by inflammatory stimuli 

such as LPS and TNF-alpha (Yan et al., 2002). However, several hours of stimulation are 

required to induce a significant upregulation of ICAM-1 expression. For example, it takes 

~12 h for a significant increase of ICAM-1 expression in the lungs challenged with LPS 

while 24 h stimulation was needed for a 2-fold increase of ICAM-1 expression in ATPγS-

stimulated human dermal microvascular endothelial cells-1 (HMEC-1) (Yan et al., 2002; 

Seiffert et al., 2006). In our TEM assays carried out for 3 h, only low increase of ICAM-1 

expression was detected which could explain the ~15% decrease of neutrophil TEM by 
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ICAM-1 blocking antibodies. Therefore, as for IL-8, it appears that ICAM-1 becomes 

physiologically important at later stages of LPS-induced neutrophil migration but is not 

responsible for the large TEM observed in our model.

Taken together, the above data suggest that LPS-induced neutrophil TEM is mediated by the 

activation of Rho kinase in HUVECs, and not via the upregulation of the production/

expression of IL-8, ICAM-1 and/or E-selectin that do have an effect, but later on. The lack 

of the major effect of all these molecules may be specific to the TEM models with HUVECs 

as the distinct types of endothelial cells may exhibit a different kinetics of IL-8 and ICAM-1 

production in response to LPS. On the other hand, our results are in agreement with 

previously reported in vivo data showing for example that ICAM-1 expression in the lung 

endothelium increases after ~12 h from LPS-challenge (Basit et al., 2006). It is also 

conceivable that the model used in this work may reflect the situation that takes place in 

capillaries, where neutrophils are in close contact with endothelial cells, and thus only the 

change in endothelium permeability and basal expression of IL-8 and ICAM-1 may be 

sufficient for their extravasation. In contrast, the latter proteins could be expected to play a 

more important role in large vessels where endothelial cells have to attract and subsequently 

capture circulating neutrophils before their actual egress (Middleton et al., 2002).

Collectively, our data show a novel role of endothelial P2Y2 receptor in inflammatory 

neutrophil migration that may be crucial in early responses to Gram-negative bacteria. These 

data are in line with previous reports demonstrating other functions of P2Y2 in immune 

responses and inflammation, making this receptor a potential target for new therapies.
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Fig. 1. 
Endothelial P2 receptors control LPS-induced neutrophil TEM. Panel A: HUVEC 

monolayers were preincubated for 15 min with the indicated P2 receptor antagonists (100 

μM) added either to the bottom (open bars; to block basolateral P2 receptors) or the upper 

chamber (solid bars; to block luminal P2 receptors). In the latter case, the antagonists were 

also added to neutrophils and preincubated for 15 min. The neutrophil TEM was initiated 

with LPS (100 ng/ml) added to the bottom chamber and carried out for 3 h. These data 

represent the mean + S.D. of at least three assays with neutrophils from independent donors. 

The assays were carried out in duplicate or triplicate. *P < 0.03 vs. LPS alone, **P < 0.001 

vs. LPS alone. Suramin and RB-2 added to the bottom chamber suppressed LPS-induced 

neutrophil TEM (open bars) while these antagonists were ineffective when added to the 

upper chamber (solid bars). Panel B: The HUVEC monolayers were pre-stimulated for 1 h 

with LPS (100 ng/ml) in the presence or absence of suramin or RB-2 (100 μM), all added 

together either to the bottom or to the upper chamber (open and solid bars, respectively). To 

exclude the effect of LPS and the antagonists on neutrophils, these cells were loaded for 

migration once the media of the bottom and upper chambers had been removed and the 

HUVEC monolayers washed. The migration was carried out for 2 h. These data represent 

the mean + S.D. of at least three assays with neutrophils from different donors. The assays 

were carried out in duplicate or triplicate. *P < 0.007 vs. LPS.
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Fig. 2. 
The P2Y1, P2Y6 and P2Y11 receptors are not involved in LPS-induced neutrophil TEM. 

HUVEC monolayers were preincubated for 15 min with MRS2500 (10 μM; a P2Y1 

antagonist), MRS2578 (10 μM; a P2Y6 antagonist) or NF157 (1 μM; a P2Y11 antagonist) 

added to the bottom chamber. The neutrophil TEM was initiated by the addition of LPS (100 

ng/ml) to the bottom chamber and carried out for 3 h. These data represent the mean + S.D. 

of at least three assays with neutrophils and HUVECs of three independent donors. The 

assays were carried out in triplicate.
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Fig. 3. 
Endothelial P2Y2 receptors control LPS-induced neutrophil TEM. Panels A and B: HUVEC 

monolayers (2 × 105 cells/insert) were transfected with a validated anti-P2Y2 or with a 

control siRNA, as described in Material and Methods. The knockdown efficiency was 

verified by RT-PCR (panel A), as described in Material and Methods. The neutrophil TEM 

was initiated by the addition of LPS (100 ng/ml) to the bottom chamber and carried out for 3 

h (panel B). These data represent the mean + S.D. of at least three experiments carried out in 

triplicate with neutrophils from different donors. Upon LPS stimulation, P2Y2 -depletion in 

HUVECs resulted in a diminished neutrophil migration compared to the HUVECs 

transfected with scrambled siRNA (*P < 0.01). Panel C: The HUVEC monolayers were pre-

stimulated for 1 h with a suboptimal concentration of LPS (1 ng/ml) in the presence or 

absence of either 100 μM ATP, UTP, ADP or UDP, also added to the bottom chamber. To 

exclude an effect of LPS and nucleotides on neutrophils, these cells were loaded for 

migration once the media of the bottom and upper chambers had been removed and the 

HUVEC monolayers washed. The migration was carried out for the following 2 h. These 

data represent the mean + S.D. of at least three assays with neutrophils from different 

donors. The assays were carried out in duplicate or triplicate. UTP, an agonist of P2Y2, but 
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not the other nucleotides tested, potentiated LPS-induced neutrophil TEM (*P < 0.01 vs. 

LPS alone).
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Fig. 4. 
Anti-IL-8 and ICAM-1 antibodies have a modest effect on the initial LPS-induced 

neutrophil TEM. The antibodies were added to the HUVEC monolayers (to the bottom and 

upper chambers) and then neutrophil TEM was initiated by the addition of LPS (100 ng/ml) 

to the bottom chamber and carried out for 3 h. These data represent the mean + S.D. of at 

least three assays with neutrophils from different donors. The assays were carried out in 

triplicate. nIL-8 ab: IL-8 neutralizing antibody; nICAM-1 ab: ICAM-1 neutralizing 

antibody; *P < 0.006 vs. LPS + control ab.
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Fig. 5. 
Time scale of IL-8 secretion by HUVECs stimulated with LPS. Panel A: HUVECs (seeded 

at 105/well in a 24-well plate) were stimulated with LPS (100 ng/ml) and both the 

supernatants and cells were collected at the indicated time points up to 5 h. The collected 

HUVECs were lysed with 1% Triton X-100/PBS for 2 h at 4 °C. The resulted samples 

(supernatants and cell lysates) were analyzed by ELISA for IL-8 as described below. These 

data represent the mean + S.D. of at least three experiments in triplicate. Panel B: HUVEC 

monolayers of Boyden chamber were stimulated for 3 h with LPS (100 ng/ml) added to the 

bottom chamber in the absence of neutrophils. The media of the bottom and upper chambers 

(open and solid bars, respectively) were collected and analyzed for IL-8 by ELISA. These 

data represent the mean + S.D. of at least three experiments in triplicate. As expected from 

panel A, at this time point, LPS did not yet induce the secretion of IL-8 when compared to 

unstimulated control.
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Fig. 6. 
Time scale of ICAM-1 expression by HUVECs stimulated with LPS. HUVECs (seeded at 

105/well in a 6-well plate) were stimulated with LPS (100 ng/ml) for 3 and 24 h. The 

detached cells were collected, incubated successively with the mouse anti-ICAM-1 antibody 

AF720 and the secondary anti-mouse FITC-conjugated antibody, and analyzed by FACS. At 

3 h post-stimulation there is a modest increase in cell surface expression of ICAM-1 which 

is much stronger after 24 h. A representative experiment out of two, with cells from different 

donors, is shown.
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Fig. 7. 
Endothelial Rho kinase is involved in LPS-induced neutrophil TEM. HUVEC monolayers 

(open bars) or neutrophils (solid bars) were preincubated for 15 min with Y-27632 (10 μM) 

and washed. Fresh neutrophils were then loaded onto the Y-27632-treated HUVECs (open 

bars) whereas Y-27632-treated neutrophils were loaded onto untreated HUVECs (solid 

bars). The TEM was initiated with LPS (100 ng/ml) added to the bottom chamber and 

carried out for 3 h. These data represent the mean + S.D. of three experiments in triplicate 

with neutrophils from different donors. *P < 0.001 vs. LPS.
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