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Rationale: Sepsis and acute lung injury (ALI) have devastatingly high
mortality rates. Both are associated with increased vascular leak,
a process regulated by complex molecular mechanisms.
Objectives: We hypothesized that integrin avb3 could be an impor-
tant determinant of vascular leak and endothelial permeability in
sepsis and ALI.
Methods:b3 subunit knockoutmicewere tested for lungvascular leak
after endotracheal LPS, and systemic vascular leak and mortality af-
ter intraperitoneal LPS and cecal ligation and puncture. Possible
contributory effects of b3 deficiency in platelets and other
hematopoietic cells were excluded by bone marrow reconstitution
experiments.Endothelial cells treatedwithavb3antibodieswereeval-
uatedfor sphingosine-1phosphate (S1P)–mediatedalterations inbar-
rier function, cytoskeletal arrangement, and integrin localization.
Measurements andMain Results: b3 knockoutmice had increased vas-
cular leak and pulmonary edema formation after endotracheal LPS,
and increased vascular leak and mortality after intraperitoneal LPS
andcecal ligationandpuncture. Inendothelial cells,avb3antibodies
inhibited barrier-enhancing and cortical actin responses to S1P. Fur-
thermore, S1P induced translocation of avb3 from discrete focal
adhesions to cortically distributed sites through Gi- and Rac1-
mediated pathways. Cortical avb3 localization after S1P was de-
creased by avb3 antibodies, suggesting that ligation of the avb3
with its extracellular matrix ligands is required to stabilize cortical
avb3 focal adhesions.
Conclusions: Our studies identify a novel mechanism by which avb3
mitigates increased vascular leak, a pathophysiologic function cen-
tral to sepsis and ALI. These studies suggest that drugs designed to
blockavb3may have the unexpected side effect of intensifying sep-
sis- and ALI-associated vascular endothelial leak.
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Sepsis and acute lung injury (ALI) are associated with high mor-
tality rates and worldwide healthcare burden (1–4). Develop-
ment of these syndromes requires complex host responses
involving multiple cell types, inflammatory mediators, and co-
agulation factors. One pathophysiologic hallmark common to
both sepsis and ALI is increased vascular leak. Increased vas-
cular leak in sepsis leads to redistribution of intravascular fluid

to extravascular compartments, hypovolemia, hemoconcentra-
tion, and stasis of blood flow. In ALI, alveolar spaces become
flooded with pulmonary edema, resulting in impaired gas ex-
change, arterial hypoxemia, and respiratory failure (4–6).

It is generally believed that increased paracellular passage of
solutes through the vascular endothelium occurs during acute
inflammatory states (7, 8). Frequently cited models suggest that
paracellular gaps form because of disrupted homeostasis be-
tween cytoskeletal, adhesive cell–cell, and cell–matrix forces
(8–10). Integrins, a large family of heterodimeric glycoprotein
receptors, are important mediators of these cellular functions
and have been shown to participate in regulation of endothelial
barrier function (11–13).

Integrin avb3 is expressed on almost all cells of mesenchy-
mal origin, including several cell types contained within the
vasculature: endothelial cells, smooth muscle cells, fibroblasts,
leukocytes, and platelets. It binds to multiple ligands, including
vitronectin, fibronectin, osteopontin, fibrinogen, and von Wille-
brand factor through interaction with the Arg-Gly-Asp motif
(14, 15). Arg-Gly-Asp–containing peptides, which inhibit
multiple members of the integrin family, have been shown to
increase permeability in endothelial cell monolayers and in iso-
lated intact coronary venules (16, 17).

b3 subunit knockout (KO) mice have increased dermal
blood vessel leak in response to vascular endothelial growth
factor (VEGF). This effect has been attributed to increased
endothelial cell expression of VEGF receptor 2 (Flk-1) and thus
exaggerated endothelial responses to VEGF (18, 19). The rele-
vance, however, of b3 deficiency in models of clinical vascular
leak has not been studied.

We report that b3 KO mice have increased mortality and
systemic vascular leak after intraperitoneal LPS and cecal liga-
tion and puncture (CLP) and increased lung vascular leak after
endotracheal LPS. In vivo blockade of VEGF after intraperito-
neal LPS had no effect on increased mortality in b3 KO mice,
and expression levels of Flk-1 between b3 KO and wild-type
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Increased vascular leak is a central pathophysiologic feature
of sepsis and acute lung injury, but the mechanisms gov-
erning this response remain unclear.

What This Study Adds to the Field

Integrin avb3 deficiency and blockade in mice increases
the intensity of vascular leak in models of experimental
acute lung injury and sepsis. avb3 blockade disrupts en-
dothelial effects of sphingosine-1 phosphate, suggesting
that avb3 plays a role in enhancing endothelial barrier
function.
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mouse endothelial cells were similar after endotracheal LPS, sug-
gesting that our findings were not specific to VEGF. Possible con-
founding effects of b3-deficiency in hematopoietic-derived cells in
the intraperitoneal LPS model were excluded with bone marrow
reconstitution experiments. In human endothelial cells, avb3
blocking antibodies increased their permeability response to mul-
tiple agonists including transforming growth factor (TGF)-b and
thrombin, in addition to VEGF. These data suggest that avb3
contributes to a common downstream pathway that normally
resists increases in endothelial permeability.

Sphingosine-1 phosphate (S1P), a potent phospholipid angio-
genic factor released by activated platelets, has been shown to en-
hance endothelial barrier resistance (20, 21). Administration of
S1P to animals in LPS- and ventilator-induced ALI is protective
against vascular leak (22, 23). S1P-induced endothelial barrier en-
hancement requires signaling through the S1P1 G-protein–coupled
receptor (24), activation of Gi, and Rac1 guanosine triphospha-
tase (GTPase)–dependent formation of cortical actin (21). S1P
regulates several other processes relevant to endothelial biology,
and some effects, including endothelial cell migration and mor-
phogenesis, have been shown to be dependent on avb3 (25).

In this study, we have identified avb3 as a novel modulator of
S1P-induced endothelial barrier enhancement. S1P-induced
barrier enhancement was inhibited by avb3 antibodies and
was associated with Gi- and Rac1-dependent translocation
of avb3 to cortical focal adhesions. These cortical focal adhe-
sions were associated with S1P-induced cortical actin and
seemed to require avb3 ligation for stabilization at cortical
sites. Rac1 activation was not affected by avb3 antibodies, sug-
gesting that effects modulated by avb3 are downstream of Rac1
signaling pathways. Taken together, our data suggest that avb3
mitigates vascular leak that contributes to sepsis syndrome and
ALI, and that this function is dependent on avb3-mediated
endothelial barrier enhancement.

METHODS

129/sv b3 Subunit KO and Wild-type Mice

b3 KO mice were a generous gift of Richard Hynes (Massachusetts
Institute of Technology, Cambridge, MA). All experiments used age-
matched female mice weighing 22 6 3 g under guidelines approved by
the University of California San Francisco Institutional Animal Care
and Use Committee.

Reagents

See the online supplement for information.

Antibodies

See the online supplement for information.

Endotracheal LPS Model

See the online supplement for information.

Lung Evans Blue Extravasation Assay

See the online supplement for information.

Pulse Oximetry

Five consecutive sustained readings for at least 30 seconds were aver-
aged using the MouseOx system (Starr Life Sciences, Oakmont, PA).

Primary Lung Endothelial Cells

Mouse lungs were perfused to clear, harvested en bloc, minced, and
digested for 25 minutes in Liberase enzyme (28 Wünsch units/ml
EBM-2 media). Cells were separated, labeled, and analyzed with an
LSRII Flow cytometer (BD, Franklin Lakes, NJ) and Flowjo v. 7.5.4
software (Tree Star, Inc., Ashland, OR).

LPS Sepsis Model

See the online supplement for information.

Organ Extravascular Permeability Assay

Thirty-six hours after intraperitoneal LPS, I125–bovine serum albumin
was administered (0.5 mCi intravenously retroorbital). After 2 hours
the mice were killed and organs harvested en bloc. I125–bovine serum
albumin tracer accumulation was measured as I125 counts per minute
(Wizard g counter; Perkin-Elmer, Waltham, MA).

Fluorescein Isothiocyanate–Dextran Localization of

Mesenteric Plasma Leakage

Thirty-six hours after intraperitoneal LPS administration, fluorescein iso-
thiocyanate (FITC)–labeled dextran was administered (60 mg/kg intrave-
nously retroorbital). After 2 hours, mesentery whole mounts were prepared
and fixed with 4% paraformaldehyde (26). FITC extravasation was imaged
using a Leica DM5000B microscope (JH Technologies, San Jose, CA).

Quantification of VEGF-induced Vascular Leak

See the online supplement for information (13).

Bone Marrow Reconstitution

The protocol is courtesy of Shaun Coughlin (University of California
San Francisco, San Francisco, CA) (see online supplement).

Mouse Platelet Isolation and Assessment of b3 Expression

The protocol is courtesy of Sanford Shattil (University of California San
Diego, San Diego, CA) (see online supplement).

CLP Sepsis Model

See the online supplement for information (27).

Cell Adhesion Assay

See the online supplement for information.

Cell Culture

See the online supplement for information.

Assay of Transendothelial Albumin Flux

See the online supplement for information.

Immunocytochemistry Epifluorescence and Total Internal

Reflection Fluorescence Imaging

Cells were grown on gelatin (0.1%)-coated glass coverslips to confluence
over 15–20 hours. The cells were serum-starved and pretreated
with antibodies for 1 hour, followed by agonists as described. The
cells were then fixed with 4% paraformaldehyde, permeabilized with
0.5% triton X-100, labeled, mounted in 4’,6-diamidino-2-phenylindole–
Fluoromount-G, and imaged using a Leica DM5000B microscope equip-
ped for epifluorescence (JH Technologies, San Jose, CA) or a Nikon
TE2000 Inverted microscope equipped for total internal reflection fluo-
rescence (TIRF) (Nikon Instruments U.S.A., Melville, NY). All images
were processed with ImagePro software (Media Cybernetics, Inc.,
Bethesda, MD) or NIS Elements (Nikon Instruments U.S.A.).

DN Rac1 Adenovirus

See the online supplement for information.

Rac1 Activation Assay

See the online supplement for information.

Cortical avb3 Staining Intensity Analysis

TIRF images were analyzed using an intensity histogram function to
identify the image panel normalization factor (minimum intensity).
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Pixel bitmap intensity was mapped in 40 circular areas of interest (250-
pixel area each) applied to cortical cell–cell junction sites. Maximum
pixel intensity for each area of interest was recorded. Normalized in-
tensity equals mean of maximum pixel intensities per areas of interest
per minimum field pixel intensity. Analysis technicians were
masked to panel identity. Images were processed with ImagePro soft-
ware (Media Cybernetics, Inc.).

RESULTS

b3 KO Mice Have Increased Lung Vascular Leak after

Endotracheal LPS

b3 KO mice had significantly increased lung vascular leak com-
pared with wild-type controls after endotracheal LPS (Figure 1A)
(28). This effect was also manifest as increased arterial hypox-
emia in b3 KO mice (Figure 1B).

b3 KO mice have increased VEGF-induced dermal vascular
leak, an effect ascribed to increased endothelial cell expression of

VEGF receptor II (Flk-1) associated with b3 deficiency, and thus
increased sensitivity to VEGF-induced effects (18, 19). We there-
fore measured Flk-1 expression on lung endothelial cells to assess
for similar differential Flk-1 expression. However, significant dif-
ferences in Flk-1 expression between cells isolated from b3 KO
and wild-type mice were not found (Figures 1C and 1D). Flk-1
expression was measured immediately after endothelial cell iso-
lation rather than from cells grown in primary culture (18, 19),
which may account for the discrepancy between those published
results and ours. Our data suggest that increased lung vascular
leak seen in b3 KO mice is not likely caused by differences in
VEGF signaling.

Previous studies have reported awide range of endothelialavb3
expression levels, from altogether undetectable, to constitutively
present in quiescent blood vessels, to very highly expressed
in proliferating vessels during angiogenesis (29–31). We
characterized lung endothelial cell expression of b3 and
found that cells isolated from vehicle control-treated wild-

Figure 1. (A) b3 knockout (KO) mice have increased lung

vascular leak after endotracheal LPS-induced acute lung

injury. b3 KO and wild-type (WT) mice received LPS
(200 mg in 50 ml water) or water control by endotracheal

instillation. Extravasation of an intravascular Evans blue

tracer into the lungs was measured at 8 days. The lung

permeability index is expressed as lung extract/serum
spectrophotometry absorbance units (620 nm) per dry

weight of total lung (g21). Data shown are the means 6
standard errors, n ¼ 10 mice per group. *P ¼ 0.007 for
LPS-treated WT versus LPS-treated b3 KO mice. (B) b3 KO

mice have increased arterial hypoxemia after endotracheal

LPS-induced acute lung injury. After endotracheal instilla-

tion of LPS (200 mg in 50 ml water) or water control, daily
pulse oximetry was performed. Reported values represent

the average of five consecutive measurements that were

sustained for at least 30 seconds. Data shown are the

means 6 standard errors, n ¼ 10 mice per group. *P ¼
0.016 for LPS-treated WT versus LPS-treated b3 KO mice

at 8 days. (C and D) Vascular endothelial growth factor

receptor II (Flk-1) expression is equivalent in b3 KO and
WT lung endothelial cells. (C) Lung cells from untreated

b3 KO and WT mice were enzymatically liberated and

labeled with dye-conjugated antibodies specific for plate-

let endothelial cell adhesion molecule (PECAM)-1, FcgRII
and III, Gr-1, and Flk-1, and a live–dead marker. The cells

were analyzed by flow cytometry and gated for live cells,

against FcgRII and III and Gr-1 expression, and for PECAM-

1. The resultant population was analyzed for Flk-1. b3 KO
and WT cells not incubated with Flk-1 antibodies served as

unstained controls. Representative contour plots of Flk-1

versus PECAM-1 expression are shown with outliers. y

axis ¼ PECAM-1 expression (mean fluorescence intensity);
x axis ¼ Flk-1 expression (mean fluorescence intensity).

(D) Mean fluorescence intensity of Flk-1 expression in

PECAM-1–expressing b3 KO and WT cells (gate Flk-11
outlined with dashed box in C). Data shown are the

means 6 standard errors, n ¼ 10 individual mouse sam-

ples per group, P ¼ 0.560 for WT versus b3 KO mouse

lung PECAM-11 cells. (E and F) b3 expression is increased
in lung endothelial cells after endotracheal LPS. (E) After

endotracheal instillation of LPS (200 mg in 50 ml water) or water control, lungs cells were enzymatically liberated and labeled with dye-

conjugated antibodies specific for PECAM-1, FcgRII and III, Gr-1, and b3, and a live–dead marker. The cells were analyzed by flow cytometry

and gated for live cells, against FcgRII and III and Gr-1 expression, and for PECAM-1. The resultant population was analyzed for b3 expression.
Cells isolated from untreated b3 KO and WT mice served as controls. Representative contour plots of b3 versus PECAM-1 expression are shown

with outliers. y axis ¼ PECAM-1 expression (mean fluorescence intensity), x axis ¼ b3 expression (mean fluorescence intensity). (F) Mean

fluorescence intensity of b3 expression in PECAM-1–expressing cells (gate b31 outlined with a dashed box in E) is shown for cells isolated from
LPS- and water-treated WT mice. Data shown are the means 6 standard errors, n ¼ 10 individual mouse samples per group. *P ¼ 0.014 for LPS-

versus water-treated WT mice.
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type mice had baseline expression that increased modestly
after endotracheal LPS (Figures 1E and 1F).

b3 KO Mice Have Increased Mortality after Intraperitoneal

LPS and CLP

b3 KO mice had dramatically increased mortality compared with
wild-type mice after intraperitoneal LPS (Figure 2A). Systemic

vascular leak, measured by extravasation of an I125-albumin
intravascular tracer into organs harvested en bloc after intraperi-
toneal LPS, was also increased in the b3 KO mice (Figure 2B).
Furthermore, extravasation of a FITC-dextran intravascular tracer
was detected in the interstitium around mesenteric blood vessels
in b3 KO mice, but not in wild-type controls (Figure 2C).

To examine the potential contribution of VEGF signaling (18,
19) to increased intraperitoneal LPS-induced mortality in b3 KO

Figure 2. (A) b3 knockout (KO) mice have in-

creased mortality after intraperitoneal LPS.
LPS was administered to b3 KO and wild-type

(WT) control mice by intraperitoneal injection

(10 mg/kg). Solid line ¼ b3 KO mice, dashed

line ¼ WT mice. Mortality data analyzed by
Kaplan-Meier survival analysis, log-rank test

difference between groups, n ¼ 10 mice per

group, *P ¼ 0.0001. (B) b3 KO mice have

increased vascular leak in small bowel and
mesentery and colon after intraperitoneal

LPS. LPS was administered to b3 KO and WT

control mice by intraperitoneal injection (10

mg/kg). Afterward, an I125–bovine serum al-
bumin (BSA) tracer was administered and the

small intestine and mesentery and colon were

harvested en bloc and analyzed for total
counts per minute (CPM). Data shown are

the means 6 standard errors, n ¼ 6 mice

per group. b3 KO versus WT control: *P ¼
0.034 for small intestine and mesentery, **P
¼ 0.042 for colon. (C) b3 KO mice have local

vascular leak around mesenteric vessels after

intraperitoneal LPS. After intraperitoneal LPS

administration (10 mg/kg), fluorescein iso-
thiocyanate–labeled dextran was adminis-

tered and mesenteric whole mounts were

prepared (26). Sites of leakage were identified
as areas of local fluorescein isothiocyanate–

dextran extravasation. Images were obtained

with a 340 dry objective. (D) In vivo suppres-

sion of vascular endothelial growth factor
(VEGF) signaling does affect increased mortality

in b3 KO mice after intraperitoneal LPS. Mice

infected with adenoviruses expressing a Flk-1–

IgG chimera (AdFlk1-Ig) (solid lines) or green fluo-
rescent protein (GFP) control (AdGFP) (dashed

lines) followed by intraperitoneal LPS. Mortality

data were analyzed by Kaplan-Meier survival
analysis, n ¼ 10 mice per group, log-rank test

difference between groups. P ¼ 0.670 for b3

KO, AdFlk-1 versus AdGFP; P ¼ 0.907 for WT,

AdFlk-1 versus AdGFP. (E) AdFlk-1 suppresses
VEGF-induced dermal vascular leak. After infec-

tion with AdFlk1-Ig or AdGFP, response to intra-

dermal VEGF (compared with saline control) was

quantified as absorbance units (620 nm) of Evans
blue extracted from skin punch biopsies. Data shown are expressed as the Permeability Index¼ (VEGF site absorbance-saline site absorbance)/saline-site

absorbance)6 standard errors, n ¼ 10 mice per group. P ¼ 0.053 for AdGFP WT versus b3 KO. (F) WT bone marrow engraftment does not rescue early

mortality in b3 KOmice after intraperitoneal LPS. Recipient b3 KO andWTmice treated with lethal irradiation were transplanted with bone marrow cells

harvested fromWT (dashed lines) and b3 KO (solid lines) mouse donors. After convalescence and confirmation of bone marrow engraftment (see Figures
E1A and E1B in the online supplement), the mice were administered intraperitoneal LPS (10 mg/kg). Mortality data were analyzed by Kaplan-Meier

survival analysis, n ¼ 10 mice per group, log-rank test difference between groups. P ¼ 0.608 for WT recipients, WT versus b3 KO donor; P ¼ 0.937 for

b3 KO recipients, WT versus b3 KO donor. (G) b3 KO mice exhibit increased hemoconcentration in LPS-induced sepsis. After intraperitoneal LPS (10
mg/kg) or water control, blood was drawn by inferior venal caval puncture and hematocrit levels measured. Data shown are the means 6 standard

errors, n ¼ 10 mice per group. *P ¼ 0.003 for WT versus WT 1 LPS, **P ¼ 0.004 for WT 1 LPS versus b3 KO 1 LPS. (H) b3 KO mice have increased

mortality in cecal ligation and puncture–induced sepsis. b3 KO and WT control mice were treated with cecal ligation and puncture. Solid line ¼ b3 KO

mice, dashed line ¼ WT mice. Mortality data analyzed by Kaplan-Meier survival analysis, log-rank test difference between groups, n ¼ 10 mice per
group, *P ¼ 0.001.
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mice the effects of in vivo blockade of VEGF were evaluated.
Mice were infected with an adenovirus expressing a soluble Flk-
1–IgG chimera designed to scavenge intravascular VEGF. Ex-
pression of the Flk-1–IgG chimera did not rescue b3 KO mice
from early mortality, nor did it prolong survival time in wild-type
mice after intraperitoneal LPS (Figure 2D). Effective VEGF
blockade after infection withAdFlk-1–Ig was demonstrated using
a dermal vascular leak assay (Figure 2E). These results, together
with findings of equivalent Flk-1 expression in b3 KO and wild-
type lung endothelial cells (Figures 1C and 1D), suggest that
increased vascular leak and mortality in b3 KO mice after endo-
tracheal and intraperitoneal LPS are not explained by amplified
effects of VEGF.

The integrin b3 subunit pairs with both av and aIIb subunits.
aIIbb3, the major integrin expressed on platelets, regulates
platelet activation, aggregation, and function. b3 is also
expressed on macrophages (32). To address confounding effects
of b3 deficiency in platelets and macrophages, mortality after
intraperitoneal LPS was measured in b3 KO mice engrafted
with wild-type bone marrow. Although all experimental groups
had earlier mortality compared with nontransplanted mice (as
shown in Figure 2A), which might reflect effects from total body

irradiation or engraftment, there was no mortality rescue in b3
KO mice engrafted with wild-type donor marrow, nor earlier
mortality in wild-type mice engrafted with b3 KO donor mar-
row (Figure 2F). Complete bone marrow reconstitution for each
mouse was confirmed by measuring b3 expression on platelets
isolated after engraftment (see Figures E1A and E1B in the
online supplement). These results suggest that b3 deficiency in
platelets and other hematopoietic cells was not a significant
contributor to the early mortality seen in b3 KO mice.

Increased vascular leak typically leads to hemoconcentration,
a result of preferential extravasation of fluid from the vasculature
and retained circulating red blood cells. In contrast, hemorrhage,
a potential consequence of platelet dysfunction, results in anemia
and hemodilution. b3 KO mice exhibited increased hemoconcen-
tration in response to intraperitoneal LPS compared with wild-
type controls (Figure 2G). These results support the conclusion
that an increase in vascular leak, rather than hemorrhage, was
associated with the early mortality observed in b3 KO mice.

We next examined the effect of b3 deficiency in a model of
CLP. CLP is an experimental model for sepsis induced by poly-
microbial peritonitis (33). b3 KO mice had increased mortality
compared with wild-type mice after CLP (Figure 2H), corrob-
orating our findings with intraperitoneal LPS (Figure 2A).

avb3 Antibodies Produce a Hyperpermeable Response

to Multiple Edemagenic Agonists and Overcome

Barrier-enhancing Effects of S1P on Endothelial Monolayers

We directly examined the functional role of avb3 in regulating
endothelial permeability by treating monolayers of human pul-
monary artery endothelial cells (HPAECs) and human umbilical
vein endothelial cells with avb3 blocking antibodies followed by
stimulation with edemagenic agonists. Monoclonal avb3 antibod-
ies were generated and characterized in our laboratory (see Fig-
ures E2A and E2B). avb3 antibodies did not affect baseline
monolayer permeability for either cell type, but dramatically
augmented their permeability responses to VEGF, TGF-b, and

Figure 3. (A and B) avb3 antibodies increase the endothelial permeability

response to inflammatory agonists. Serum-starved confluent human pul-

monary artery endothelial cell (HPAEC) (A) and human umbilical vein
endothelial cell (HUVEC) (B) monolayers were incubated with avb3 or

control antibodies (Ab) (10 mg/ml, 1 h) before stimulation with vascular

endothelial growth factor (VEGF) (30 ng/ml, 10 min), transforming
growth factor (TGF)-b (10 ng/ml, 10 min), or thrombin (10 U/ml,

5 min). C14–bovine serum albumin (BSA) flux across monolayers was

measured as counts per minute (CPM) from media collected from baso-

lateral wells. (A) HPAECs: Data shown are the means 6 standard errors,
n ¼ 4 samples per group. Control versus avb3 Ab: P ¼ 0.736 for saline,

*P ¼ 0.001 for VEGF, **P ¼ 0.001 for TGF-b, ***P ¼ 0.001 for thrombin.

(B) HUVECs: Data shown are the means6 standard errors, n ¼ 4 for each

group. Control versus avb3 Ab: P¼ 0.612 for saline, *P¼ 0.002 for VEGF,
**P ¼ 0.032 for TGF-b, ***P ¼ 0.002 for thrombin. (C) avb3 antibodies

inhibit sphingosine-1 phosphate (S1P)–induced resistance to increased

permeability effects of thrombin. Serum-starved confluent HPAEC mono-

layers were incubated with avb3 or isotype control antibodies (10 mg/ml,
1 h) before stimulation with S1P (0.5 mM, 5 min) or thrombin (10 U/ml,

5 min). C14-BSA flux across monolayers was measured as CPM collected

into basolateral wells. Data shown are the means6 standard errors, n¼ 4
samples per group. *P ¼ 0.0006 for thrombin-treated: control versus

avb3 Ab. **P ¼ 0.0007 for S1P- and thrombin-treated: control versus

avb3 Ab. (D) avb3 antibodies disrupt S1P-induced cortical actin in favor

of stress fiber formation. Confluent monolayers of HPAECs were pre-
treated with control or avb3 antibodies, then stimulated with S1P or

saline control. Cells were then fixed, permeabilized, and stained with

rhodamine-phalloidin. Images were acquired with a 340 dry objective.

◂
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thrombin (Figures 3A and 3B). VEGF, TGF-b, and thrombin
increase endothelial permeability by activating distinct receptor
families and proximal signaling pathways (34–37). These results
suggest that avb3 normally functions to facilitate resistance
against increased permeability in both pulmonary and systemic
vascular endothelium, and that these effects occur downstream
to multiple distinct signaling pathways.

S1P is an endogenous sphingolipid that increases endothelial
resistance to permeability and plays an important homeostatic
role in preventing exaggerated vascular permeability responses
(21, 38, 39). Mice lacking plasma S1P have marked increases in
induced permeability, similar to the results described in b3 KO
mice (38). The role of avb3 in SIP-induced barrier resistance
was examined by treating HPAEC monolayers with avb3 anti-
bodies, followed by S1P, and then by thrombin (Figure 3C). As
expected, S1P inhibited thrombin-induced increases in perme-
ability. avb3 antibodies caused a hyperpermeable response to
thrombin (as also shown in Figures 3A and 3B), and eliminated
S1P-induced resistance to thrombin-induced permeability.

S1P-induced endothelial resistance has been associated with
cortical reorganization of cytoskeletal actin (20, 40, 41). avb3
antibodies disrupted S1P-induced cortical actin and seemed to
simultaneously enhance formation of actin stress fibers (Figure
3D). Stress fiber formation has been implicated in facilitating
paracellular gap formation and increased endothelial mono-
layer permeability (34, 42).

S1P Induces avb3 Translocation to Focal Adhesions Located

at Peripheral Cortical Actin Sites

S1P induced translocation of avb3 from discrete focal adhesions
to circumferential clusters colocalized to the cortical actin ring
(Figure 4A). These cortical avb3 clusters represent peripherally
distributed focal adhesions, as demonstrated by colocalization
of avb3 with vinculin (Figure 4B); vinculin is a membrane-
cytoskeletal protein that is known to facilitate both integrin
clustering at focal adhesions and linkage to the actin cytoskeleton
(43). Furthermore, avb3 antibodies attenuated S1P-induced cor-
tical localization of avb3 when quantified by cortical cell–cell
junction pixel intensity analysis of TIRF images (Figures 4C and
4D); TIRF allows imaging of cell membrane and extracellular
cell substrate interactions. These data suggest that avb3 liga-
tion is required to stabilize cortically redistributed avb3 focal
adhesions, and that formation of these focal adhesions is re-
quired for S1P-induced cortical actin formation and endothe-
lial barrier enhancement.

Although S1P induced translocation of avb3 to cortical sites, it
did not induce translocation of avb5. avb5 is a closely related
integrin to avb3 that is also expressed on endothelial cells, shares
the common av subunit, and shares the extracellular matrix ligand
vitronectin (Figure 4E). These data suggest that S1P-induced
translocation of integrin focal adhesions is unique to avb3.

Figure 4. (A) Sphingosine-1 phosphate (S1P) induces translocation of

avb3 to cortical actin sites. Confluent monolayers of human pulmonary

artery endothelial cells (HPAECs) were treated with S1P or saline con-
trol. Cells were then fixed, permeabilized, and stained with avb3 anti-

bodies, rhodamine-phalloidin, and a 4’,6-diamidino-2-phenylindole

(DAPI) nuclear stain. Images were pseudocolored red for phalloidin,
green for avb3, and blue for DAPI. Images were acquired with a 363

glycerine immersion objective. (B) S1P induces colocalization of vincu-

lin and avb3 at cortical sites. Confluent monolayers of HPAECs were

treated with S1P or saline control. Cells were then fixed, permeabilized,
and stained with avb3 and vinculin antibodies. Images were acquired

with a 363 glycerine immersion objective. (C and D) S1P induces

translocation of avb3 to cortical focal adhesions, which are resolved

by total internal reflection fluorescence microscopy and inhibited by
avb3 antibodies. (C) Confluent monolayers of HPAECs were treated

with S1P (0.5 mM, 5 min) or saline control. Cells were then fixed,

permeabilized, and stained with avb3 antibodies. Images obtained

using total internal reflection fluorescence imaging with a 363 oil im-
mersion objective. (D) Cortical avb3 staining intensity was analyzed by

measuring pixel bitmap intensity in areas of interest applied to cortical

cell–cell junction sites. Normalized intensity ¼ (mean of maximum
pixel intensities per areas of interest)/(minimum field pixel intensity).

Minimum field pixel intensity was determined by histogram intensity

analysis of each panel field. Data shown are the means 6 standard

errors, n ¼ 10 panels per group with 40 areas of interest averaged
per panel, *P ¼ 0.0294 for S1P-treated: control versus avb3 Ab. (E)

S1P induces unique translocation of avb3. Confluent monolayers of

HPAECs were treated with S1P (0.5 mM, 5 min) or saline control. Cells

were then fixed, permeabilized, and stained with avb3 and avb5 anti-
bodies and a DAPI nuclear stain. Images were pseudocolored red for

avb3, green for avb5, and blue for DAPI. Images were acquired with

a 363 glycerine immersion objective.
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S1P-induced Cortical Translocation of avb3 and Cortical Actin

Formation Are Gi- and Rac1-dependent

S1P-induced endothelial barrier enhancement and cortical ac-
tin formation require signaling through the S1P1 receptor by Gi
protein coupling (21, 44). Pertussis toxin, which abolishes
Gi-dependent signaling through adenosine diphosphate ribosy-
lation of pertussis toxin–sensitive G protein substrates, inhibited
avb3 translocation to cortical actin sites (Figure 5A).

S1P-induced endothelial barrier enhancement and cortical
actin formation have been shown to be dependent on the
Rac1 GTPase (21). S1P-induced avb3 translocation to cortical
sites was inhibited by expression of a dominant negative mutant
of Rac1 (Rac N17) (Figure 5B) (green fluorescent protein ade-
noviral controls shown in Figure E3). In HPAECs, S1P induced
a pertussis toxin–sensitive and time-dependent increase in Rac1
activation, with a peak effect at 1 minute (Figures 5C and 5D).

avb3 antibodies did not affect S1P-induced Rac1 activation
(Figure 5E), suggesting that avb3 effects occur downstream
to Rac1.

DISCUSSION

In this study, b3 KO mice developed striking increases in mor-
tality and systemic vascular leak after intraperitoneal LPS and
CLP, and increased lung vascular leak after endotracheal LPS-
induced ALI. Bone marrow reconstitution experiments ruled out
significant effects caused by b3 deficiency in hematopoietic cells,
including platelet activation defects, which may have led to
bleeding diathesis and hemorrhage; changes in secretion of vaso-
active mediators from hematopoietic cells (including S1P); and
alterations in inflammatory cell function (e.g., abnormal neutro-
phil trafficking) (45). We hypothesized, therefore, that increased
susceptibility of b3 KO mice to sepsis mortality and ALI was
a manifestation of a vascular endothelial permeability defect.

Previous studies have described increased VEGF-induced
dermal vascular permeability in b3 KO mice and attributed this
effect to increased VEGF receptor 2 (Flk-1) expression in
endothelial cells (18, 19). In our study, in vivo blockade of
VEGF signaling did not alter mortality after intraperitoneal
LPS, nor was Flk-1 expression increased in newly isolated
b3 KO endothelial cells. Furthermore, avb3 antibodies pro-
duced large increases in endothelial permeability in response
to edemagenic agonists including TGF-b and thrombin, and
VEGF. These data suggest that avb3 modulates endothelial
permeability through mechanisms downstream to multiple
distinct signaling pathways.

S1P is an agonist generated at sites of increased vascular leak
and is an important regulator of endothelial permeability and ho-
meostasis in vivo (39). We found that avb3 antibodies disrupted
S1P-induced barrier enhancement and cortical actin formation

Figure 5. (A) Sphingosine-1 phosphate (S1P)–induced cortical translo-

cation of avb3 and cortical actin formation are inhibited by pertussis

toxin (PTX). Confluent monolayers of human pulmonary endothelial
cells (HPAECs) pretreated with PTX (1 mg/ml, 4 h) were treated with

S1P (0.5 mM, 5 min) or saline control. Cells were then fixed, permea-

bilized, and stained with avb3 antibodies and rhodamine-phalloidin.
Images were acquired with a 340 dry objective. (B) S1P-induced cor-

tical translocation of avb3 and cortical actin formation are Rac depen-

dent. HPAECs were infected adenoviruses expressing either a dominant

negative Rac1 mutant (N17) (AdDN Rac1) or green fluorescent protein
control (AdGFP) (15 multiplicities of infection) (see Figure E3). After

48 hours, infected cells were collected and seeded onto glass coverslips

coated with 0.1% gelatin. Confluent cells were treated with S1P

(0.5 mM, 5 min) or saline control. Cells were then fixed, permeabilized,
and stained with avb3 antibodies and rhodamine-phalloidin. Images

were acquired with a 340 dry objective. (C and D) S1P-induced Rac1

activation is inhibited by PTX. (C) Cells were treated with saline control

of S1P (0.5 mM, 5 min) for designated time points. (D) Cells pretreated
with PTX (1 mg/ml, 4 h) or vehicle control were treated with S1P or

saline control (1-min time point). Activated Rac1 was measured by p21

activated kinase 1 binding domain pulldown from total cell lysates.
Samples were Western blotted for Rac1. Loading controls consisted

of equivalent volume loading from prepulldown total lysates for each

sample. (E) S1P-induced Rac1 activation is not inhibited by avb3 anti-

bodies. HPAECs pretreated with avb3 or control antibodies were trea-
ted with S1P (0.5 mM, 5 min) or saline control (1-min time point).

Activated Rac1 was measured by total lysate pulldown with beads con-

jugated with a p21 activated kinase 1 domain that recognizes only

guanosine triphosphate–bound active Rac1. Samples were Western
blotted for Rac1. Loading controls consisted of equivalent volume load-

ing from prepulldown total lysates for each sample.
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in human endothelial cell monolayers. Furthermore, S1P in-
duced unique avb3 (compared with avb5) translocation to pe-
ripheral vinculin-containing structures resolvable by TIRF
microscopy, suggesting that avb3 is induced by S1P to form
cortical focal adhesions. avb3 antibodies inhibited formation
of these cortical focal adhesions, suggesting that stabilization
of these structures requires avb3 ligation, and that redistribu-
tion of avb3-containing focal adhesions is required for S1P-
induced cortical actin formation.

S1P-induced avb3 translocation occurred through Gi- and
Rac1-mediated pathways, which are known to be involved in
S1P-induced barrier enhancement and cortical actin formation
(21). In this study, we addressed whether avb3 effects on the
S1P-Rac1 axis could be occurring upstream of or downstream to
Rac1 activation. Previous investigations have shown that the
activation state of Rac1 and other Rho GTPases can be regulated
by integrin ligation state (46–48). These studies also suggest that
downstream effects of Rac1 activation, such as activation of Rac1
effectors, may also require effects governed by integrins (47, 48).
Therefore, it is possible for integrins to regulate both activation
state and downstream effects of Rho GTPases. This paradigm
likely varies with different cell types and states (altered integrin
ligation) and with different signaling pathways. The current study
shows that for human endothelial cell monolayers grown on a sta-
ble extracellular matrix, S1P-mediated induction of Rac1 activity
is not affected by avb3 antibodies, whereas avb3 translocation,
cortical focal adhesion formation, and cortical actin formation
are, suggesting that relevant avb3 effects occur downstream of
S1P-mediated Rac1 activation.

Several other integrins are expressed in endothelial cells, in-
cluding avb5, a6b4, and multiple b1-contatining integrins (49),
so it is surprising that there does not seem to be compensatory
support of S1P-induced barrier resistance and cortical actin for-
mation. Furthermore, the apparent specificity of our findings
to avb3 is of interest. Integrins do not possess intrinsic enzy-
matic or actin-binding activity; therefore, specificity of their
regulatory functions depends largely on interactions with addi-
tional cytoplasmic or transmembrane partners. Identification of
avb3-interacting proteins that facilitate SIP-signaling, promote
avb3 translocation and stabilization, form and stabilize corti-
cal actin, and function as Rac1 effector targets would provide
valuable clues to the mechanisms underlying these processes
and would help explain how functional specificity is conferred
to avb3.

Vinculin, which was found to colocalize with cortical avb3 in
response to S1P, does not directly bind to integrins, but is thought
to support focal adhesion assembly by indirectly coupling talin
and a-actinin to the actin cytoskeleton and by recruiting addi-
tional proteins, such as paxillin and vinexin (50). Therefore, vin-
culin could theoretically facilitate formation of cortical avb3-
containing focal adhesions and participate in stabilization of cor-
tical actin. However, because activated vinculin binds to talin (51,
52), which promiscuously binds to multiple integrin b subunit
cytoplasmic domains (53), it seems unlikely that vinculin itself
could confer specific of the observed effects to avb3.

In conclusion, we have identified avb3 as a unique integrin
regulator of barrier resistance in the vascular endothelium. avb3
is not thought to regulate normal blood vessel development
and function (18, 54, 55) (male b3 KO mice have abnormal de-
velopment of coronary capillaries [56]; our experiments used fe-
male mice exclusively); however, our study suggests that loss or
functional blockade of avb3 results in uncompensated vascular
leak in inflammatory states. Novel mechanisms that may be as-
sociated with this function include S1P-induced translocation
of avb3 to cortical focal adhesion sites and stabilization of these
cortical focal adhesions through ligation of avb3. Elucidation of

underlying mechanistic details would provide valuable insights
into how avb3 and perhaps other integrins modulate endothe-
lial barrier function in response to inflammation, and thus
identify novel therapeutic targets to treat pathologic vascular
endothelial permeability.

To the extent that endotracheal and intraperitoneal LPS and
CLP can adequately model human ALI and sepsis, our results
suggest that functional blockade of avb3 in humans may pro-
duce increased susceptibility to vascular permeability and its
associated consequences in these disease states. Drugs designed
to block avb3 are currently in various stages of clinical trials as
treatments for diseases including postmenopausal osteoporosis,
rheumatoid arthritis, and cancer. Our results, therefore, suggest
that increased intensity of vascular endothelial leak in the set-
ting of sepsis and ALI may be an important undesirable conse-
quence of otherwise promising avb3-targeted therapies.

Author disclosures are available with the text of this article at www.atsjournals.org.
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