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Most proangiogenic polypeptide growth factors and chemokines enhance vascular permeability, including
vascular endothelial growth factor (VEGF), the main target for anti-angiogenic-based therapies, and inter-
leukin-8 (IL-8), a potent proinflammatory mediator. Here, we show that in endothelial cells IL-8 initiates a
signaling route that converges with that deployed by VEGF at the level of the small GTPase Rac1 and that both
act through the p21-activated kinase to promote the phosphorylation and internalization of VE-cadherin.
However, whereas VEGF activates Rac1 through Src-related kinases, IL-8 specifically signals to Rac1 through
its cognate G protein-linked receptor, CXCR2, and the stimulation of the phosphatidylinositol 3-kinase �
(PI3K�) catalytic isoform, thereby providing a specific molecular targeted intervention in vascular permeabil-
ity. These results prompted us to investigate the potential role of IL-8 signaling in a mouse model for retinal
vascular hyperpermeability. Importantly, we observed that IL-8 is upregulated upon laser-induced retinal
damage, which recapitulates enhanced vascularization, leakage, and inflammatory responses. Moreover, block-
ade of CXCR2 and PI3K� was able to limit neovascularization and choroidal edema, as well as macrophage
infiltration, therefore contributing to reduce retinal damage. These findings indicate that the CXCR2 and
PI3K� signaling pathway may represent a suitable target for the development of novel therapeutic strategies
for human diseases characterized by vascular leakage.

During embryonic development, blood vessels arise from
endothelial precursors which share their origin with hemato-
poietic precursors (8). These progenitors assemble into a prim-
itive vascular network of small capillaries, through a process
called vasculogenesis, and this vascular plexus progressively
expands and remodels into a highly organized pattern by the
growth of blood vessels from preexisting ones, a process re-
ferred to as angiogenesis (8). During adulthood, endothelial
cells that form the vascular wall retain their plasticity and can
be engaged in neovascularization in response to physiological
stimuli, such as hypoxia, wound healing, and tissue repair. In
addition, numerous human diseases and pathological condi-
tions are characterized by an excessive, uncontrolled, and ab-
errant angiogenesis (35). This physiological process is often
co-opted by tumor cells to build a new vascular network ded-

icated to supply oxygen and nutrients to the cancerous cells,
thereby enabling them to proliferate and metastasize (16).

Aberrant angiogenesis occurs in numerous pathological con-
ditions, such as in acute and chronic inflammation, thrombotic
reactions, edema, tumor-induced angiogenesis, and metastasis
(35). For example, this process is central to the progression of
many ocular diseases, where blood vessels show a disorganized
and anarchic pattern and are frequently leaky (17). Indeed, the
breakdown of the endothelial barrier, characterized by an un-
controlled increase in vascular permeability, contributes to
edema formation and inflammation in many pathological con-
ditions (49). The enhanced endothelial permeability can be
mediated through transcellular and paracellular mechanisms.
Of note, the transcellular passage of plasma molecules and
cells requires either cell fenestration or a complex system of
vesiculo-vacuolar organelle transport, while the paracellular
passage is achieved by the coordinated opening and closure of
endothelial cell-cell junctions (49). This barrier function of the
endothelium requires the adhesive activity of VE-cadherin and
claudin-5, which are key components of the adherens and tight
endothelial junctions, respectively (9). The formation, mainte-
nance, and remodeling of the intercellular contacts involve a
functional interaction between these two adhesive structures.
It has been demonstrated recently that the expression of clau-
din-5 is directly controlled through VE-cadherin adhesion,
therefore placing VE-cadherin upstream in the control of the
endothelial barrier integrity (45). Moreover, vascular endothe-
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Université Paris Descartes, 22 rue Mechain, 75014 Paris, France.
Phone: 33-140-516-24. Fax: 33-140-516-30. E-mail: julie.gavard
@inserm.fr.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

� Published ahead of print on 2 March 2009.

2469



lial growth factor A (VEGF-A) increases vascular permeability
through a signaling pathway involving the sequential activation
of Src, Vav2, Rac, and p21-activated kinase (PAK), which
culminates in the phosphorylation of VE-cadherin, thus pro-
voking endothelial cell-cell junction destabilization (18–20, 32,
43, 46, 48).

In the past few years, progress has been made in the phar-
macological inhibition of proangiogenic mechanisms, with a
focal effort on VEGF-A, as this cytokine plays a key role in the
promotion of neovascularization and vascular leakage (16, 21,
31, 40). However, anti-VEGF therapies are not suitable for all
patients, as they may affect the function of the normal vascu-
lature, and in the case of ocular diseases, they may require
repeated patient visits and demanding clinical procedures, with
some transient yet serious adverse events (15, 21, 52). Thus,
understanding the mechanisms that contribute to pathological
vascular leakage may help in identifying novel therapeutic tar-
gets. Of interest, interleukin-8 (IL-8; CXCL-8) plays multiple
functions in angiogenesis by stimulating endothelial cell growth,
permeability, and migration and by serving as a potent chemoat-
tractant factor for lymphocytes, macrophages, and neutrophils,
thus providing an inflammatory vascular bed (10, 24, 26, 34, 37,
44, 53). While the contribution of IL-8 release to inflammatory
processes has been extensively documented (6), its participation
in pathologies that involved aberrant angiogenesis and vascular
leakage has been poorly explored.

MATERIALS AND METHODS

Cell culture and transfection. Immortalized human vascular endothelial cells
were described previously (13). Simian virus 40 (SV40) immortalized mouse
endothelial cells (SVEC) and human embryonic kidney cells (HEK-293T) were
obtained from the ATCC (Manassas, VA, and Molsheim, France, respectively).
DNA transfections of endothelial cells and HEK-293T cells were performed
using Amaxa’s electroporation system (Amaxa Biosystems, Gaithersburg, MD)
and the TurboFECT reagent (Fermentas, Saint-Remy-Les-Chevreuse, France),
respectively. Small interfering RNA (siRNA) transfections of the nonsilencing
control (Dharmacon, Chicago, IL) and mouse Rac silencing (Invitrogen, Carls-
bad, CA) were done with the Hiperfect reagent (Qiagen, Valencia, CA).

Animals. All animal studies were carried out according to NIH-approved
protocols, in compliance with the Guide for the Care and Use of Laboratory
Animals (30a). Ten-week-old female mice (C57BLw), female athymic (nu/nu)
nude mice, and male Sprague-Dawley rats (Harlan Sprague-Dawley, Frederick,
MD) were used.

Reagents and antibodies. Recombinant human VEGF and IL-8 were pur-
chased from PeproTech (Rocky Hill, NJ). Wortmannin, SU1498 (VEGF receptor
2 [VEGFR2] inhibitor), SU6656 (Src family kinase inhibitor), SB225002 (CXCR2
inhibitor), and AS605240 (phosphatidylinositol 3-kinase � [PI3K�] inhibitor) were
from Calbiochem (San Diego, CA), and LY294002 was from Ozyme (Saint-
Quentin-en-Yvelines, France). The following antibodies were used: anti-Rac
(BD Biosciences, San Jose, CA), anti-phospho-extracellular signal-regulated ki-
nase 1/2 (anti-phospho-ERK1/2), phospho PAK1/2, PAK1, phospho S473 AKT,
AKT, and PI3K� from Cell Signaling, Boston, MA; anti-phospho-Y1054
VEGFR2 from Biosource QCB, Camarillo, CA; VEGFR2, VEGF-A, ERK1/2,
RhoA/B/C, and VE-cadherin from Santa Cruz Biotech, Santa Cruz, CA; anti-KC
from BioVision, Mountain View, CA; anti-F4/80 from eBiosciences, San Diego,
CA; anti-AU5 tag from Clinisciences, Montrouge, France; CXCR2 from Abcam,
Cambridge, MA; and anti-phospho-S665 VE-cadherin (19). Secondary antibod-
ies were from Jackson ImmunoResearch (West Grove, PA) and Southern Bio-
technology (Birmingham, AL).

DNA constructs. pCEFL-GFP-PAK inhibitory domain (PID), pCEFL-hu-
man VE-cadherin wild type (WT), S665V and S665D, pCEFL-AU5 Rac WT,
QL, and N17 were previously described (19). Human CXCR2 (#NM_001557)
was cloned in frame into the pCEFL-AU5 plasmid. pLKO.1 containing pre-
designed short hairpin RNAs (shRNAs) against human PI3K� or -� subunits
(TRCN000000390603, sh�#1; TRCN000000390607, sh�#2; TRCN00000033279,
sh� #1; and TRCN00000033282, sh� #2) was obtained from Open Biosys-

tems, Huntsville, AL. The efficiency and specificity of each shRNA were
evaluated by quantitative reverse transcription-PCR (RT-PCR). pGIPZ len-
tiviral predesigned human CXCR2 shRNAmir-GFP was purchased from
Open Biosystems (Huntsville, AL), and vesicular stomatitis virus-
pseudotyped lentiviruses were produced using standard protocols (19). One
week later, infected cells were selected with Puromycin (1.5 �g/ml) for 5 days
and further selected by fluorescence-activated cell sorting for green fluores-
cent protein (GFP) expression.

Miles assays and in vitro permeability assays. In vivo permeability assays were
conducted as described previously (20). Briefly, sterile Evans blue dye (EB;
Sigma) was injected intravenously (150 �l, 1% in 0.9% NaCl) through the tail
vein. The saline control (phosphate-buffered saline [PBS]), VEGF (50 ng in 250
�l), and IL-8 (50 ng in 250 �l), alone or in combination with SB225002 (50 �M)
or AS605042 (2 �M), were injected subdermally. The injection zone was marked
for further analysis. Mice were kept for 1 h, before sacrificing. Skin samples were
dissected, photographed, and either placed in formamide at 56°C for 36 h to
extract EB or fixed in ethanol for further frozen sections. Samples fast frozen
with dry ice were also saved for Western blot analysis. Noninjected skin samples
were used to normalize quantification of EB extravasation, as read by spectro-
photometry at the optical density at 620 nm.

In vitro permeability assays were conducted as described previously (19).
Briefly, endothelial cells were grown as a mature monolayer on collagen-coated
3-�m-pore-size inserts (PTFE; Corning Costar, Acton, MA). Cells were starved
overnight, treated as required, and incubated with fluorescein isothiocyanate
(FITC)-conjugated 60-kDa dextran (1 mg/ml; Molecular Probes, Invitrogen).
Each sample from the bottom chamber was read in triplicate on the Victor
3V1420 multicounter (Perkin-Elmer, Wellesley, PA). Results are shown as the
mean of three independent experiments � standard error, as calculated by the
Prism 4.2 software (GraphPad).

VE-cadherin internalization assay and immunofluorescence. The protocol was
described previously (20). Briefly, cells were incubated in Dulbecco’s modified
Eagle’s medium with anti-VE-cadherin (BV6 clone, 1 �g/ml; Research Diagnos-
tics, Inc., Flanders, NJ) at 4°C for 1 h. The antibody uptake was induced for 30
min at 37°C in serum-free medium or in the presence of VEGF and IL-8. Cells
were either fixed or subjected to a mild acid wash (PBS–25 mM glycine [pH 2.0]
for 15 min) in order to remove plasma membrane-bound antibodies. Immuno-
fluorescence staining was done as described in reference 19. Cryostat sections
were obtained from fixed frozen skin samples and treated as described in refer-
ence 20. Confocal acquisitions were performed on TCS/SP2 Leica microscope
(NIDCR Confocal Facility, NIH, Bethesda, MD; and Institut Cochin Confocal
Facility, Paris, France).

Quantitative RT-PCR analysis. Total RNA was isolated with the RNeasy
isolation kit (Qiagen). Three micrograms of total RNA was used for each RT
reaction using the Superscript II reagent (Invitrogen). Quantitative PCR using
the iCycler iQ real-time PCR detection system and iQ SYBR green supermix
(Bio-Rad, Hercules, CA) was performed, using primers for PI3K� (forward,
5�-ATGCCTCCACGACCATCATCAGG-3�; reverse 5�-AAACATTCTACTA
GGATTCTTGG-3�), PI3K� (forward, 5�-ATGGAGCTGGAGAACTATAAA
C-3�; reverse, 3�-GCGGCTTCATCCTCCGGCGCCTT-5�), and 18S rRNA (for-
ward, 5�-CGCCGCTAGAGGTGAAATTC-3�; reverse, 5�-TTGGCAAATGCT
TTCGCTC-3�) as an endogenous control for normalization. The comparative
threshold cycle (��CT) analysis method (Genex software; Bio-Rad) was used to
assess the relative changes in gene expression. The experiments were repeated in
triplicate, and the mean changes � standard error of the mean are reported.

GST pull-down and Western blot. Rac and Rho activation was monitored by
glutathione S-transferase (GST) pull-downs, using the GST-PAK-CRIB (Cdc42/
Rac interacting binding domain) and GST-Rhotekin recombinant proteins, re-
spectively, bound to glutathione slurry resin (Amersham Biosciences, General
Electrics, Piscataway, NJ) as described in reference 30. Cells were lysed in
magnesium buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl, 1% Triton
X-100, 0.5 mM EDTA, 40 mM �-glycerophosphate, 10 mM MgCl2, 1 mM
Na3VO4, 10 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM phenylmethylsul-
fonyl fluoride. For Western blot analysis, equal amounts of protein were sepa-
rated onto 4 to 20% polyacrylamide sodium dodecyl sulfate (SDS)-Tris-glycine
gels (Invitrogen) and transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, MA). Horseradish peroxidase activity was revealed by
chemiluminescence reaction (ECL kit; Pierce, Rockford, IL). Alternatively,
membranes were scanned using the Odyssey infrared imaging system (Li-Cor
BioSciences, EuroSep, Cergy-Pontoise, France) and dylight680 fluorescent dye-
conjugated secondary antibodies (Thermo Fischer Scientific, Villebon, France).

Laser-induced retinal damage. Ten-week-old female C57BLw mice (Harlan)
were anesthetized, and their pupils were dilated (ASP#06-553; NIH-approved
animal protocol). Mice were positioned on a rack connected to a slit lamp
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delivery system. Four photocoagulation spots were made (75-�m spot size, 75
ms, and 90 mW of power) with the Oculight infrared laser system (810 nm;
IRIDEX Corporation) in the area surrounding the optic nerve in each eye. The
sites were visualized through a handheld contact lens and a viscous surface
lubricant. Only laser-induced burns with a bubble formation were included in the
study. The mice were given lubricant ophthalmic ointment after laser treatment.
For inhibitor treatment, 0.5 �l of SB225002 and AS605402 chemicals in 0.01%
dimethyl sulfoxide solution per eye was injected into the vitreous just after the
laser treatment. A second injection was given 3 days later. The same volume of
the vehicle was used for the control group. One or 2 weeks after laser treatment,
eyes were removed and fixed, and their retinas were dissected. Choroids were
isolated and stained with isolectin B4 conjugated with Alexa Fluor 568 according
to the manufacturer’s protocol (Invitrogen). After staining, the eyecups were
flat-mounted in Aquamount with the sclera facing down and the total neovas-
cular area was measured (AxioVision software; Carl Zeiss, Inc.); the mean value
per burn is presented for each eye. Alternatively, eyecups were fixed overnight in
PBS buffered 4% paraformaldehyde, transferred to 95% ethanol, and embedded
in paraffin. Five-micrometer sections were cut and stained with hematoxylin and
eosin (HistoServ, Inc., Gaithersburg, MD).

Two-photon intravital microscopy. Rats were anesthetized and placed on an
adjustable stage on the side of an Olympus IX81 microscope. FITC-conjugated
500-kDa dextran (4 mg/kg of body weight in 300 �l; Invitrogen) was injected into
the tail vein. IL-8 (50 ng/10 �l), alone or with compounds SB225002 and AS605240,
was injected subcutaneously into the ears. Blood vessels located 0.2 to 0.5 mm
from the injection site were immediately imaged in time-lapse mode for 1 h.
FITC was excited with a Chameleon Ultra II infrared beam (800 nm; Coherent,
Inc., Palo Alto, CA), attenuated by a 1.0-neutral-density filter and directed
through a beam expander into an Olympus Fluoview 1,000-scanning-unit
(570-nm dichroic mirror and 500- to 60-nm barrier filter; Chroma Technology).
Time-lapse acquisitions were performed at 1 frame/s, and the images were
processed using Metamorph (Molecular Devices, CA).

Statistical analysis. Graphs are shown as mean values � standard errors of the
mean from at least three independent experiments, and confocal pictures and
Western blot scans are representative of at least three independent experiments.
Statistical analysis was performed with Prism software. Analysis of variance
(ANOVA) was performed with GraphPad, and t tests were performed for the
choroidal neovascularization assays (P 	 0.001, P 	 0.01, or P 	 0.05).

RESULTS

VE-cadherin internalization is required for IL-8-induced
endothelial monolayer permeability. To investigate the ability
of the IL-8 chemokine to affect the endothelial barrier plastic-
ity, we first tested the effect of IL-8 stimulation on endothelial
cell-cell junction remodeling in human vascular endothelial
cells cultured as a monolayer. Interestingly, we recently found
that VEGF, a proangiogenic and propermeability factor, trig-
gers VE-cadherin serine phosphorylation and internalization
(19). In line with these findings, we observed that IL-8 induces
morphological changes in the architecture of VE-cadherin-
containing junctions, concomitant with an increased endocyto-
sis of VE-cadherin (Fig. 1A). The extent of IL-8-induced VE-
cadherin antibody uptake was comparable to that provoked by
VEGF stimulation (Fig. 1B). To further examine the contri-
bution of VE-cadherin phosphorylation on position 665 to
junctional remodeling in response to IL-8, we engineered
mouse endothelial cells expressing WT human VE-cadherin or
its nonphosphorylatable S665V and phosphomimetic S665D
mutants (19). IL-8 normally induced the internalization of
human VE-cadherin when expressed in mouse endothelial
cells, while the human VE-cadherin S665V mutant failed to do
so (Fig. 1C). In contrast, the human VE-cadherin S665D mu-
tant was constitutively internalized even in the absence of IL-8,
thereby causing an increased basal permeability (Fig. 1D).
Importantly, the noninternalizable VE-cadherin S665V mu-
tant strongly reduced IL-8-induced endothelial permeability.
Thus, the IL-8 intracellular signaling pathway appears to con-

verge with that deployed by VEGF on the phosphorylation-
dependent endocytosis of VE-cadherin, which may in turn
cause the destabilization of interendothelial junctions and en-
hanced endothelial permeability.

IL-8 increases endothelial monolayer permeability through
a CXCR2/Rac/PAK signaling axis. We next tested the intra-
cellular signaling events elicited in human endothelial cell
monolayers in response to the proangiogenic chemokine IL-8
(24). We first observed that IL-8 stimulation induced a remark-
able increase in endothelial monolayer permeability, compa-
rable to that provoked by VEGF (Fig. 2A), as previously re-
ported (34, 37). Chemical inhibition of VEGFR2 failed to
block IL-8-induced permeability and ERK activation, while it
prevented events downstream of VEGF (Fig. 2A). In contrast,
the pharmacological inhibition of the chemokine receptor
CXCR2 with SB225002 abolished IL-8-provoked ERK phosphor-
ylation and the increase of endothelial permeability, without
interfering with the effects of VEGF. SB225002 was identified as
an antagonist of 125I-labeled IL-8 binding to CXCR2 with a
50% inhibitory concentration of about 20 nM, displaying a
150-fold selectivity for CXCR2 over CXCR1 and multiple
other G protein-coupled receptors (GPCRs) (51). The effec-
tiveness of SB225002 as a CXCR2 inhibitor is further illustrated
by the extinction of ERK phosphorylation in response to IL-8
in CXCR2-expressing HEK-293T cells (see Fig. S1 in the sup-
plemental material). Furthermore, we engineered mouse en-
dothelial cells deficient for CXCR2 by infections with lentivi-
rus containing CXCR2 shRNA together with GFP (see Fig. S2
in the supplemental material). GFP-sorted cells expressing ei-
ther a nonsilencing shRNA or two independent shRNA se-
quences for CXCR2 were then analyzed for CXCR2 protein
expression. As shown in Fig. S2 in the supplemental material,
CXCR2-deficient endothelial cells showed a markedly reduced
activation of ERK upon IL-8 stimulation, which together with
the effects of the chemical inhibitor SB225002, provides evi-
dence that IL-8 signals mainly through CXCR2 in mouse and
human vascular endothelial cells.

Moreover, the stimulation of endothelial cells with ELR�

chemokines, GRO� (CXCL1), GRO� (CXCL2), and, to a
lesser extent, GRO� (CXCL3), ENA-78 (CXCL5), and GCP-2
(CXCL6), which can act on the GPCR CXCR2 (1, 3), could
also augment endothelial permeability (Fig. 2B). This increase
in FITC-dextran passage could be hampered as well by the
CXCR2 antagonist. In addition, IL-8 elicited PAK phosphor-
ylation, as well as tyrosine and serine phosphorylation of the
endothelium-specific adhesion molecule, VE-cadherin (Fig.
2C). All of these signaling events contribute to trigger cell-cell
junction disorganization (19, 43, 48) (Fig. 1). However, short-
term IL-8 exposure did not provoke full VEGFR2 activation
(Fig. 2C), in contrast to that observed under prolonged stim-
ulation with this chemokine under multilayered endothelial
culture conditions (34). Thus, our data suggested that IL-8 and
VEGF may both modify the endothelial barrier properties
independently in an acute response.

Because the Rac/PAK signaling axis has emerged as a key
regulatory mechanism controlling endothelial barrier develop-
ment and function (18–20, 29, 43, 46), we investigated the
contribution of this biochemical route to endothelial perme-
ability downstream of IL-8 stimulation. First, we observed that,
in addition to ERK, IL-8 exposure induces Rac activation in
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endothelial cells in a CXCR2-dependent manner (Fig. 2D).
We then tested the involvement of Rac activation in endothe-
lial permeability in response to IL-8 by reducing its expression
by RNA interference, rather than by overexpression of mutant
forms of Rac, as we noted that overexpression of both active
and dominant-negative Rac mutants alters the endothelial bar-
rier properties per se (see Fig. S3 in the supplemental mate-
rial). Importantly, knocking down Rac resulted in a reduced
activation of PAK, its direct downstream target, as well as a
diminished phosphorylation of VE-cadherin on its S665 resi-
due (Fig. 2E). This effect correlated with the inability of IL-8
to enhance the passage of fluorescein-conjugated dextran
through endothelial monolayers, both when Rac expression
was reduced and when the activity of PAK was blocked (Fig.

2F). Thus, PAK may act downstream from Rac to control the
IL-8-dependent VE-cadherin phosphorylation and endothelial
permeability.

PI3K� is involved in IL-8-induced increase of endothelial
monolayer permeability. We then explored the nature of the
IL-8/CXCR2-initiated pathway leading to the Rac- and PAK-
dependent endothelial permeability. Surprisingly, whereas the
blockade of Src kinases abolished the activation of Rac and the
enhanced passage of fluorescein-conjugated dextran through
endothelial monolayers in response to VEGF (Fig. 3A) (19),
Src inhibition did not affect the stimulation of Rac and endo-
thelial permeability when stimulated by IL-8 (Fig. 3A and B).
This further suggests that the signaling pathway triggered by
IL-8 diverges from the mechanism initiated by VEGF at the

FIG. 1. VE-cadherin internalization is required for IL-8-induced endothelial monolayer permeability. (A) Three-day-old human endothelial
cell (hEC) monolayers were starved overnight and were subjected to VE-cadherin (hVE-cad) staining (green) of living cells at 4°C and then left
unstimulated (control) or exposed to IL-8 (50 ng/ml for 30 min) at 37°C. Either cells were fixed (total), or membrane-bound antibodies were
stripped away by a mild acid wash before fixation (internal). Representative confocal acquisitions of VE-cadherin staining are shown. Counter-
staining of nuclei with DAPI (4,6�-diamidino-2-phenylindole) is shown in blue. Scale bars, 10 �m. (B) Quantification of VE-cadherin uptake
expressed as a percentage of internal VE-cadherin-positive cells to total cells under control conditions or VEGF- or IL-8-treated cells (50 ng/ml
for 30 min) (n 
 300). (C and D) Subconfluent mouse endothelial cells (mEC) were transfected with human VE-cadherin WT, its nonphosphor-
ylatable S665V mutant (SV), and its phosphomimetic S665D mutant (SD) and then allowed to form a monolayer for 48 h before overnight
starvation. Mouse endothelial cells were used in order to specifically track exogenous transfected human VE-cadherin in antibody uptake assays
and similarly used in permeability assays. (C and D) VE-cadherin uptake quantification expressed as a percentage of internal VE-cadherin-positive
cells to transfected mouse endothelial cells (n 
 300 cells) (C) and permeability to FITC-dextran (D). �� and ���, P 	 0.01 and P 	 0.001,
respectively, by ANOVA.
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level of Src, while both lead to endothelial permeability
through Rac. In contrast, we observed a reduction of the
VEGF- and IL-8-induced permeability by pretreating the cells
with wortmannin, a general PI3K inhibitor (Fig. 3A). In addi-
tion, chemical inhibition of PI3K activity by LY294002 pre-
vented IL-8-induced Rac and AKT activation in endothelial
cells, as well as VE-cadherin phosphorylation, but left ERK
activation intact (Fig. 3C).

As there are multiple isoforms of PI3K catalytic subunits
which might play a distinct role downstream from GPCRs and
tyrosine kinase receptors (5, 12, 50), we explored the ability to
interfere selectively with the GPCR-initiated signaling route.
To this aim, we knocked down various PI3K catalytic subunits
using specific shRNA (Fig. 3D). The knockdown of the PI3K�
catalytic subunit prevented the activation of Akt, a direct PI3K
downstream target, as well as Rac activation and S665 VE-
cadherin phosphorylation upon IL-8 stimulation (Fig. 3E). In-
terestingly, PI3K� knockdown did not alter acute ERK activa-

tion by IL-8, suggesting that a subset of CXCR2 signaling
pathways are specifically affected by the absence of PI3K� (Fig.
3E). Importantly, we found that PI3K� knockdown strongly
diminished the IL-8-induced endothelial permeability, while
interfering with the expression of PI3K� did not alter it (Fig.
3F). Therefore, blocking either CXCR2 or PI3K� selectively
prevents the IL-8-provoked endothelial barrier disruption
without affecting the VEGF-initiated response.

PI3K� has been recently shown as an integral signaling mol-
ecule involved in inflammation responses, which might in turn
provoke vascular activation (4, 7, 24, 37, 42). Interestingly, a
PI3K�-specific inhibitor, namely AS605240, was used through-
out these studies and has proven its efficiency in specifically
blocking PI3K� activity in different cell targets (38). We there-
fore decided to assess whether AS605240 might also interfere
with endothelial monolayer remodeling upon IL-8 exposure.
First, we checked that AS605240 treatment did not modify
CXCR2 expression at the plasma membrane (Fig. 4A). Impor-

FIG. 2. IL-8 increases endothelial monolayer permeability through a CXCR2/Rac/PAK signaling axis. (A) Three-day-old human endothelial
cell monolayers were starved overnight and incubated for 45 min with SU1498 (1 �M) or SB225002 (200 nM) and then stimulated either for
permeability assays (upper panel; 30 min) or for total cell lysates (bottom panel; 5 min) with VEGF (50 ng/ml) and IL-8 (50 ng/ml). Untreated
cells were used as a control (�). Permeability was expressed as increase with respect to untreated control cells. Total cell lysates were tested for
phospho (p)-ERK1/2 and total ERK. (B) Three-day-old human endothelial cell monolayers were starved overnight and stimulated with GRO�
(CXCL-1), GRO� (CXCL-2), GRO� (CXCL-3), ENA-78 (CXCL-5), and GCP-2 (CXCL-6) (50 ng/ml for 30 min) in the presence of vehicle
control (�) or SB225002 (200 nM 45 min pretreatment) before permeability assays were performed. (C) Using conditions similar to those described
for panel A, Western blots were performed for pY1054-VEGFR2 (pVEGFR2), total VEGFR2, phosphotyrosine in VE-cadherin immunopre-
cipitates (pY-VE-cad), pS665-VE-cadherin (pS-VE-cad), total VE-cadherin (VE-cad), pT423-PAK1/pT402-PAK2 (pPAK1/2), and PAK1.
(D) Cells were stimulated by IL-8 in the presence of vehicle (�) or SB225002 (200 nM 45 min pretreatment), and protein lysates were subjected
to GST-CRIB pull-downs to affinity precipitate GTP-bound Rac. Total cell lysates were tested for pERK1/2 and total Rac. (E) Mouse endothelial
cells (EC) were treated with RNA duplexes targeting mouse Rac (Racsi) or nonsilencing sequences (nonsi) (siRNA, 50 nM). Mouse endothelial
cells were used in order to efficiently knock down mouse Rac1 by siRNA. Three days later, cell monolayers were starved overnight (�) and
stimulated with IL-8 (�; 50 ng/ml for 5 min). Western blots were performed in total cell lysates for pS665-VE-cadherin, total VE-cadherin,
pT423-PAK1/pT402-PAK2, and Rac. (F) Similarly treated cells were tested for FITC-dextran permeability. Alternatively, cells were electroporated
with plasmids encoding GFP alone or fused to the PID and stimulated 3 days later with IL-8. ���, P 	 0.001 by ANOVA.
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FIG. 3. PI3K� is involved in IL-8-induced increase of endothelial monolayer permeability. (A and B) Three-day-old human endothelial cell monolayers were
starved overnight (�) and stimulated with IL-8 (50 ng/ml). Alternatively, cells were pretreated with the Src family kinase inhibitor SU6656 (1 �M for 45 min) or
the general PI3K inhibitor wortmannin (wortm; 25 nM for 45 min). (A) Permeability assays in response to VEGF and IL-8 were performed as described
previously, and (B) total cell lysates were blotted for pS473-Akt (pAkt) and Rac. GST-CRIB pull-down fractions were blotted against Rac (Rac-GTP).
(C) Similarly, cells were treated with vehicle (�) and the PI3K inhibitor LY294002 (10 �M for 30 min) prior to IL-8 stimulation (�; 50 ng/ml for 5 min). Total
cell lysates were analyzed for pS473-Akt, Akt, pERK1/2, ERK, pS665-VE-cadherin (pS-VE-cad), VE-cadherin (VE-cad), and Rac. Rac Western blots were also
performed in GST-CRIB pull-down fractions (Rac-GTP). (D to F) Human endothelial cells were electroporated with mock (pLKO.1) or shRNA-containing
plasmid directed against PI3K catalytic units � (�1 and �2) and � (�1 and �2). (D) Five days later, total RNAs were extracted, quantified, and subjected to RT.
Real-time PCR was performed on equal quantities of cDNA using oligonucleotides for PI3K� and -� and with 18S as a housekeeping gene. Aliquots of PCRs
are shown, and the relative expression of PI3K� and -� in each shRNA-transfected cell population was assessed and is represented using arbitrary units.
qRT-PCR, quantitative RT-CR. (E) Western blots for PI3K�, p-S473-Akt, total Akt, pS665-VE-cadherin, total VE-cadherin, and Rac were performed.
GST-CRIB pull-down fractions were blotted against Rac (Rac-GTP). nonsh, non-shRNA transfected. (F) Permeability assays in response to IL-8 were
performed 5 days later. �, ��, and ���, P 	 0.05, P 	 0.01, and P 	 0.001, respectively, by ANOVA.
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tantly, the results we obtained by knocking down PI3K� in
endothelial cells were recapitulated upon pharmacological
treatment with AS605240. Indeed, IL-8-dependent Rac activa-
tion and Akt phosphorylation were prevented by AS605240 pre-

treatment, while ERK and Rho activation were not (Fig. 4B
and C). In addition, AS605240 interfered with IL-8, but not
VEGF-triggered permeability (Fig. 4D). Finally, AS605240 also
impeded the IL-8-induced serine phosphorylation of VE-cad-

FIG. 4. PI3K� activity is required for the IL-8-dependent increase in endothelial monolayer permeability. (A) Human embryonic kidney cells (HEK-293T)
were transfected with AU5-tagged CXCR2 DNA for 24 h prior overnight starvation. Cells were then treated with the PI3K� inhibitor AS605240 (1 �M for 45
min) and further stimulated with IL-8 (50 ng/ml for 30 min). Fixed samples were stained for AU5 and analyzed by confocal microscopy. Scale bar, 10 �m. no
stim., no stimulation. (B and C) Three-day-old human endothelial cell monolayers were starved overnight (�), treated with the PI3K� inhibitor AS605240 (at the
indicated concentrations or 1 �M for 45 min), and further stimulated with IL-8 (50 ng/ml for 5 min). Total cell lysates were blotted against p-S473-Akt (pAkt),
total Akt, and total Rac in panel B and pERK1/2, ERK, and Rho in panel C. GST-CRIB (B) and GST-Rhotekin (C) pull-down fractions were blotted against
Rac (Rac-GTP) and Rho (Rho-GTP), respectively. (D) Similarly AS605240-treated cells were stimulated with VEGF or IL-8 (50 ng/ml for 30 min) and tested
for permeability to FITC-dextran. (E and F) Three-day-old human endothelial cell monolayers were starved overnight (�), treated with SB225002 (200 nM for
45 min) or AS605240 (10 �M for 45 min), and then stimulated with IL-8 (50 ng/ml for 5 min). Western blots were performed in total cell lysates for
pS665-VE-cadherin (pS-VE-cad) and total VE-cadherin (VE-cad). Shown are the results of quantification of VE-cadherin uptake expressed as a percentage of
total cells, under control conditions, compared to that of IL-8-treated cells (50 ng/ml for 30 min), preincubated with vehicle (�), SB225002 (200 nM for 45 min),
and AS605240 (10 �M for 45 min) (n 
 300). �, ��, and ���, P 	 0.05, P 	 0.01, and P 	 0.001, respectively, by ANOVA.
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herin and its endocytosis (Fig. 4E and F). Together, our data
suggest that IL-8 utilizes a PI3K�/Rac/PAK pathway to pro-
mote VE-cadherin phosphorylation and endocytosis, thereby
destabilizing the endothelial junctions.

Pharmacological inhibition of PI3K� reduces IL-8/CXCR2-
induced acute vascular permeability. These findings prompted
us to investigate the involvement of IL-8 in acute vascular
permeability in vivo. For this effort, we first used a well-char-
acterized mouse model of acute permeability based on the
extravasation of EB after subcutaneous injections of proper-
meability factors (20, 40, 49). As shown in Fig. 5A, IL-8 in-

duced a robust extravasation of the EB in the surrounding
tissue, accompanied by microhemorrhages, a phenotype that
macroscopically appears more severe than those caused by
VEGF. This effect was dose dependent, and IL-8-enhanced
plasma leakage was nearly twofold greater than in response to
VEGF after 1 h of exposure (Fig. 5B). Interestingly, while both
VEGF and IL-8 converge on Rac to stimulate the PAK-de-
pendent phosphorylation of VE-cadherin to increase endothe-
lial permeability in vitro, IL-8 seems to be more potent than
VEGF in vivo, as multiple cellular targets might be involved in
the IL-8-induced vascular leakage.

FIG. 5. Pharmacological inhibition of CXCR2 and PI3K� reduces IL-8-induced acute vascular permeability. (A and B) Mice were injected with
PBS, VEGF (50 ng/250 �l), or IL-8 (50 ng/250 �l) subcutaneously shortly after EB injection in the tail vein. After 1 h, mice were sacrificed and
injected skin samples were collected and photographed. Skin samples were then incubated in formamide for 36 h at 56°C, together with a
noninjected similar skin area to serve as a background control. All samples were then filtered and read by spectrophotometry (optical density at
620 nm [OD 620]). The graph represents the ratio between the absorbance of control PBS-injected samples and that of skin of mice injected with
the indicated concentrations of VEGF or IL-8. (C and D) Skin samples were treated as in panel B, with the following injections: PBS (250 �l) or
IL-8 (50 ng/250 �l) alone or in combination with SB225002 (10 �M) and AS605240 (2 �M). Columns represent the ratio of the absorbance of skin
from mice injected with IL-8 and CXCR2 and PI3K� inhibitors to that of the control-treated skins injected with PBS. Protein extracts were
collected from fast-frozen similarly treated skin sections and analyzed by Western blotting for pS665VE-cadherin (pS-VE-cad) and total
VE-cadherin (VE-cad). (E) Anesthetized rats were injected with FITC-conjugated 500-kDa dextran in the tail vein. The right ear was used as the
PBS-injected control, while the left ear was injected with IL-8 alone (50 ng/10 �l) or with SB225002 (10 �M) or AS605240 (2 �M). After 1 h, animals
were euthanized and their ears were cut, fixed in ethanol, and embedded for frozen sections. Representative pictures of FITC-conjugated 500-kDa
dextran (green) and nucleus (blue; DAPI [4,6�-diamidino-2-phenylindole]) signals are shown. Scale bars, 50 �m. ��, P 	 0.01 by ANOVA.
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Importantly, both CXCR2 and PI3K� blockers reduced the
EB leakage caused by IL-8, as well as VE-cadherin S665 phos-
phorylation in dermal tissues (Fig. 5C and D). This effect was
fast, as judged by time-lapse two-photon imaging of the extrav-
asation of intravenously administered fluorescein-conjugated
500-kDa dextran, which is usually confined to the blood vessels
(see Movie S1 in the supplemental material). Indeed, when
IL-8 was applied locally in a small volume that does not allow
diffusion, dextran-associated fluorescence was found massively
in the surrounding tissue of the injection site in less than 10
min (Fig. 5E; see Movie S2 in the supplemental material). This
leakage was significantly prevented when IL-8 was injected
with the CXCR2 or PI3K� inhibitors (Fig. 5E). Together, our
data demonstrate that IL-8 induces acutely vascular perme-
ability in vivo, which can be impaired by blocking the CXCR2-
initiated PI3K� signaling pathway.

Pharmacological inhibition of CXCR2 and PI3K� protects
from laser-induced retinal damage. The proangiogenic and
propermeability effects of IL-8 in acute and chronic situations
and the fact that IL-8 has been shown to promote the devel-
opment of leaky blood vessels and to elicit a proinflammatory
phenotype in mouse retina (34, 37, 44, 53) prompted us to
investigate the possibility of interfering with IL-8 function in a
mouse model displaying laser-induced retinal damage. For
these studies, we therefore utilized a well-established model of
Bruch’s membrane injuries (28, 39). In this case, a leaky blood
vessel network is formed in choroidal neovascularized (CNV)
areas, associated with the recruitment and the migration of
inflammatory cells, such as macrophages and neutrophils,
which in turn release proangiogenic and propermeability che-
mokines (17, 23, 53). First, we confirmed the increased pro-
duction of VEGF-A in the CNV area 7 days after the laser-
induced injuries, compared to that in normal mouse retina
(Fig. 6A). Of interest, KC, the mouse homolog of IL-8, was
also elevated in similar areas.

To test the possible involvement of IL-8 and its cognate
receptor, CXCR2, in this pathological condition, mice were
treated with intravitreal injections of the specific CXCR2 in-
hibitor SB225002 (36, 51) or with the solvent control, twice in
each eye, on the day of the laser injuries and on day 3. After 7
days, the experiments were stopped and whole-mount choroids
were stained with isolectin B4 in order to reveal neoformed
blood vessels (Fig. 6B and C). The CXCR2 inhibitor dramat-
ically limited the size of the neovascularized ocular lesions, to
an extent comparable to that caused by the inhibition of
VEGFR2 with SU1498 (Fig. 6B and C) (47). A higher concen-
tration of the CXCR2 inhibitor allowed a more pronounced
inhibition of the CNV, suggesting the efficacy of the targeting
drug (data not shown). Of interest, the PI3K� inhibitor treat-
ment, which was administered on the day of the injury and 3
days after, showed severe reduction of the lesion size after 7
days (Fig. 6B and C). Similar results were also observed later
at 14 days, supporting a prolonged protective effect on CNV
formation, without the need for repeated procedures (data not
shown). Moreover, these laser-induced injuries showed an in-
crease in the number of macrophages, infiltrated in the outer
nuclear layer (ONL) and in the outer plexiform layer (OPL) (2,
23). Moreover, the reduction of retinal damage observed when
SU1498, SB225002, and AS605240 were injected was concomitant

with a decrease of infiltrated macrophages in the OPL, leaving
intact the basal number of resident macrophages (Fig. 6D).

Tissue staining of the eye sections showed the morphology
of the retina under normal conditions, where nuclear layers of
neuronal cells exhibited a parallel alignment and normal reti-
nal thickness (Fig. 6E). Laser injury on the Bruch’s membrane
induced the abnormal growth of choroidal blood vessels, as
indicated by the formation of fibro-vascular structures between
the choroid and the ONL (Fig. 6E). In the control vehicle-
treated group, there were large CNV areas and obvious edema
formation, as indicated by the greater retinal thickness and
hump formation and the empty spaces between the choroid
and the nuclear layers. Strikingly, this phenomenon was
strongly reduced when animals received intravitreal injections
of CXCR2 or PI3K� inhibitors, leaving only mild lesions,
mainly caused by the direct physical wound provoked by the
laser heat in the surrounding tissues (Fig. 6E). Similar results
were obtained with the VEGFR2 inhibitor, as expected, re-
flecting the efficiency of anti-VEGF therapies (21). Thus,
PI3K� and CXCR2 pharmacological inhibition can efficiently
reduce retinal damage and hyperpermeability-associated ocu-
lar lesions, with similar benefits to blocking VEGFR activity.

DISCUSSION

Emerging findings indicate that IL-8 promotes endothelial
permeability by initiating the activation of a CXCR2/PI3K�-
regulated signaling pathway and that the pharmacological
blockade of CXCR2 or PI3K� can efficiently reduce blood
vessel leakage and laser-induced ocular lesions in vivo. This
effect is likely dependent on the combined direct blockade of
vascular permeability and proangiogenic effects of the mouse
homolog of IL-8, KC, as well as on the ability to interfere with
the acute macrophage activation and recruitment to the dam-
aged retina, which may contribute together to neovasculariza-
tion by providing growth and survival factors for the vascular
bed (2, 5, 6, 23, 44, 53). Blocking CXCR2 and PI3K� activity in
vivo could significantly reduce the laser-induced hyperperme-
ability in the retina, to an extent comparable to that achieved
by blocking VEGFR2 activity. It will be important to assess in
the future whether combination of therapies designed to target
both IL-8 and VEGF might improve available treatment op-
tions for retinal hyperpermeability. Thus, the ability to inhibit
the CXCR2/PI3K� signaling network and its multiple cellular
targets may provide a novel strategy for pharmacological in-
tervention in many human diseases that involve inflammation
and enhanced vascular permeability, such as in neovascular
age-related macular degeneration.

VEGF is the most described proangiogenic and properme-
ability factor, and interference with VEGF function has elic-
ited considerable interest due to its clinical potential, in par-
ticular in the search for molecular approaches to interfere with
tumor-induced angiogenesis and ocular diseases (16, 21, 31).
However, despite clinical progress, recent reports have raised
questions about potential adverse effects of anti-VEGF anti-
bodies or its pharmacological inhibitors, as they may not only
affect aberrant vessel outgrowth but also the normal vascula-
ture (14, 15, 22) and may even induce permeability resembling
VEGF stimulation in vivo (25). Other VEGF- and platelet-
derived growth factor-related proangiogenic ligands have
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emerged as new targets in blocking blood vessel outgrowth (15,
27, 28, 41), as well as direct intracellular targets of the VEGF
propermeability pathway, such as Src kinase (39). In this con-
text, we observed that in laser-induced retinal vasculature le-
sions, IL-8 expression is increased concomitantly with VEGF
expression in the damaged and inflamed retinal regions. Our
data suggest that blocking CXCR2 might reduce vascular leak-
age and perivascular inflammation by preventing both endo-
thelial permeability and acute recruitment of immune cells to

the retinal wounds, thus halting the development of ocular
lesions.

Of interest, whereas VEGF and IL-8 converge on Rac to
stimulate the PAK-dependent phosphorylation of VE-cad-
herin to increase endothelial permeability, they both stimulate
Rac activation by a divergent mechanism. Indeed, VEGF acts
through the Src-family kinases to increase vascular leakage,
while blocking Src activity in several mouse models for human
diseases has successfully interfered with metastatic cell dissem-

FIG. 6. Pharmacological inhibition of CXCR2 and PI3K� protects against laser-induced retinal damage. (A) Mice were injured by laser shots
onto the retina as described in Materials and Methods (laser) or left untreated (normal), eyes were removed after 7 days, and frozen tissue sections
were stained for VEGF-A and KC, the mouse homolog of IL-8 (green). Nuclei are shown in blue. (B to E) Laser-injured mice were injected
intravitreally with vehicle (veh; 0.001% ethanol), VEGFR2 inhibitor SU1498 (10 �M), CXCR2 inhibitor SB225002 (10 �M), and AS605240 (50 �M)
on days 1 and 3. Seven days later, mice were sacrificed and blood vessels were labeled with isolectin B4. (B) Representative pictures of each choroid
with four neovascular areas, with higher magnification shown below. (C) Graphs represent the measure of the isolectin-positive area for each
eyecup. (D) Frozen eye sections from similarly treated mice were stained for macrophages (F4/80 marker). The graph represents the number of
positive F4/80 cells counted in the laser-injured area. Fields of similar sizes and locations were used in control retinas. (E) Eyes were extracted
at day 7, cryosectioned, and stained with hematoxylin and eosin. RGL, retinal ganglion layer; INL, inner nuclear layer; Ch, choroid. Scale bars,
200 �m. � and ��, P 	 0.05 and P 	 0.01, respectively, by ANOVA.

2478 GAVARD ET AL. MOL. CELL. BIOL.



ination, brain stroke neural damage, and neovascular ocular
lesions (33, 39, 47). Interestingly, IL-8 does not require Src
activity to stimulate Rac, but instead signals through a specific
PI3K isoform, PI3K�, to promote Rac activation, thus result-
ing in endothelial cell-cell junction dismantlement. This obser-
vation provided an opportunity to selectively target the che-
mokine-initiated pathway by blocking PI3K�. Indeed, we
obtained evidence that IL-8 induces a rapid and severe vascu-
lar leakage that can be efficiently prevented by the pharmaco-
logical inhibition of CXCR2 and PI3K� in vivo. Strikingly,
CXCR2 and PI3K� inhibition dramatically limited the size of
the ocular lesions, edema formation, and blood vessel growth,
as well as the infiltration of macrophages at the site of injuries
induced by laser burns.

Taken together, the ability to inhibit the CXCR2/PI3K�
signaling network and its multiple cellular targets may provide
a novel strategy to treat pathological neovascularization in
damaged retina and in the tumor microenvironment, as many
angiogenic mechanisms are similarly deregulated in ocular dis-
eases and tumor vascularization (11). Furthermore, the ability
to combine available FDA-approved drugs targeting VEGF-A
with new therapeutic pharmacological inhibitors of IL-8 and its
downstream signaling molecules may help identify additional
treatment options for pathological neovascularization. Indeed,
these studies may provide a rationale for the evaluation of
anti-IL-8 and CXCR2 inhibitors or antibodies, as part of new
multitargeted therapies in ocular diseases and other patholog-
ical conditions characterized by hyperpermeability of the vas-
culature.
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