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Abstract  
Endothelial barrier disruption and vascular leakage importantly contribute to organ dysfunction during 
inflammation in conditions like sepsis and acute respiratory distress syndrome. We recently identified the 
kinase Abl-related gene (Arg/ABL2) as mediator of endothelial barrier disruption, but its relevance in vivo and 
the mechanisms by which Arg mediates endothelial barrier disruption remain largely unknown.   
Here, we report that Arg is activated in the endothelium during inflammation, both in pulmonary 
microvessels of septic patients, and in cultured endothelial cells exposed to barrier-disruptive 
agents. Genetic depletion of Arg in vivo (Arg-/- mice) and in vitro (siRNA-mediated silencing) strongly 
attenuated vascular leak and endothelial barrier disruption upon exposure to inflammatory conditions, 
without affecting monolayer integrity under resting conditions. Mechanistically, Arg is involved 
in internalization and spatial distribution of α5β1 integrin, as Arg-depleted endothelial cells show 
enhanced expression of α5β1 integrin at the cell membrane, which is predominantly located at the cell 
periphery, close to cell-cell contacts. The α5β1 redistribution is paralleled by reduced force development 
at the cell-matrix interface and reduced cell retraction, thus limiting intercellular gap formation.  
Collectively, this study shows that Arg is a key mediator of inflammation-induced endothelial barrier 
disruption. This study identifies a novel Arg-driven mechanism of endothelial barrier disruption, in 
which Arg-mediated internalization of peripheral α5β1 matrix adhesions contributes to cell retraction 
and gap formation. As several Abl kinase inhibitors are clinically available, Arg inhibition may form a 
suitable strategy to target vascular leak.
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Introduction  
Endothelial barrier dysfunction and vascular leak are hallmarks of inflammation. Vascular leak importantly 
contributes to morbidity and mortality of critically ill conditions like sepsis and acute respiratory distress 
syndrome (ARDS).1–3 Despite the serious adverse clinical outcome associated with vascular leak, no 
treatment is currently available to reverse endothelial barrier dysfunction.4 We previously demonstrated 
that the tyrosine kinase inhibitor imatinib (Gleevec®) preserved endothelial barrier integrity by 
inhibition of the tyrosine kinase Abl-related gene (Arg/ABL2) in preclinical studies,5 corroborated 
by first clinical reports which demonstrated that imatinib reverses vascular leak and pulmonary 
edema.6–8 These data pointing towards Arg as potential target for treatment of vascular leak.   
 The role of Arg in vivo and the mechanisms by which Arg mediates endothelial barrier 
function remain unknown. Studies in other cell types (neurons, fibroblasts, tumor cells) have 
shown that Arg is a central regulator of cell shape and motility (for review see: Bradley et al. 
9), and as a non-receptor tyrosine kinase localizes in the cytoplasm,10 where it binds actin-rich 
structures,11 and focal adhesions.12 Extracellular signals (e.g. ligation of extracellular matrix 
proteins or occupation of growth factor receptors) activate Arg,9 which in turn results in adaptation 
of cell shape by changes in among others cell-matrix interaction.13,14    
 Regulation of the endothelial barrier takes place via changes in cell-cell junctions, actomyosin 
contractility and in cell-matrix interaction.15 In contrast to cell-cell junction integrity and actomyosin 
contractility the role of cell-matrix interaction in endothelial barrier regulation remains poorly understood, 
in particular the role of integrin. Integrins are heterodimeric transmembrane receptors, that mediate 
adhesion of the cell to extracellular matrix ligands.16 The integrins α5β1 and αvβ3 have been most 
intensively studied in the endothelium. The α5 and β1 subunit are indispensable for vascular stability, and 
blocking of the interaction between α5β1 integrin and its ligand fibronectin by Arg-Gly-Asp peptides17 
or integrin functional blocking antibodies18 disrupt the endothelial barrier. Although these studies 
demonstrate that integrin-mediated cell-matrix adhesion contributes to endothelial barrier function, 
they fail to elucidate whether this is a static property of the endothelial barrier or whether dynamic 
regulation of integrin adhesions forms part of the mechanisms underlying barrier disruption.   
 As cell studies have shown that Arg is a central regulator of cell-matrix interaction, we 
hypothesized that Arg mediates endothelial barrier disruption by altering integrin-mediated cell 
adhesion. In the current study we demonstrate that Arg, being indispensable for endothelial monolayer 
integrity under resting conditions, enhances barrier breakdown upon exposure to barrier-disruptive 
agents and inflammation. Arg enhances breakdown of the endothelial barrier via spatial redistribution 
and internalization of α5β1 integrin, which results in reduced cell-matrix interaction and a weaker 
barrier. 
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Materials and methods      
Reagents, antibodies and RNAs  
For in vitro experiments imatinib (free base) was purchased from ChemieTek (Indianapolis, IN) and 
dissolved in dimethylsulphoxide (DMSO) to a stock concentration of 10mM. The Src inhibitor PP2 
was from Enzo Life Sciences (Farmingdale, NY). Thrombin, chlorpromazine and Dynasore were 
purchased from Sigma Aldrich (Zwijndrecht, The Netherlands); VEGF from Invitrogen (Camarillo, 
CA). 8-pCPT-2’-O-Me-cAMP (007) was from Biolog (Bremen, Germany), manganese chloride was 
from Merck (Darmstadt, Germany). E.coli-derived lipopolysaccharide was from Sigma Aldrich.   
 The following antibodies were used: anti-c-Abl (#2862), anti-pSer18/Thr19 myosin light 
chain (#3671), anti-myosin light chain (#3672), anti-pTyr207 CrkL (#3181), and anti-CrkL (#3182) from 
Cell Signaling Technologies (Danvers, MA), mouse anti-human α5 integrin (BD Biosciences, San Jose, 
CA), anti-α5β1 integrin complex (Clone MAB1999, Chemicon/Millipore, Billerica, MA), anti-α5 subunit 
PE-labeled (Clone IIA1, BD Bioscience), anti-Arg (NBP1-18875, Novus Biologicals, Littleton, CO).  
      Small interference RNAs (siRNAs) were 
from Dharmacon / Thermoscientific (Waltham, MA): GAA AUG GAG CGA ACA GAU A + GAG CCA AAU 
UUC CUA UUA A + GUA AUA AGC CUA CAG UCU A + GGA GUG AAG UUC GCU CUA A (siARG.Smart 
Pool), GAA AUG GAG CGA ACA GAU A (siARG #1), GAG CCA AAU UUC CUA UUA A (siARG #2), and from 
Santa Cruz (c-Abl siRNA).  

Immunohistochemistry staining of human lung tissue  
Paraffin embedded lung tissue of septic patients were provided by the Department of Pathology of 
our hospital (VU University Medical Center, Amsterdam, The Netherlands). Lung tissue of critically 
ill, non-septic patients served as control. Lung tissue of septic and non-septic patients was obtained 
by autopsy and embedded in paraffin. Paraffin slices (5µm) were deparaffinized with xylene and 
incubated with H2O2 to block endogenous peroxidase. After antigen retrieval (TRIS/EDTA 10mM pH 
9.0, 15min at 100°C), slices were incubated with primary antibody against pTyr207 CrkL (overnight 
at 4°C). Detection of primary antibody was performed with Powervision® (Immunologic, Duiven, 
The Netherlands), according to the manufacturers protocol. After counterstaining with hematoxylin, 
slices were evaluated with a Leica DMRB light microscope (Leica Microsystems, Wetzlar, Germany) 
at 20x (air, NA 0.40) and 40x (air, NA 0.65) magnification. For imaging, a Nikon D50 digital camera 
(Nikon Corporation, Tokyo, Japan) was used. The local medical ethical committee waived the need for 
informed consent for use of the tissue. 

In vivo measurement of vascular leakage  
ARG knockout mice with mixed 129/SvJ x C57BL/6J background were kindly provided by A. 
Koleske (Yale University, New Haven, Connecticut).19 Heterozygous mice were bred to obtain 
homozygous knockout mice and wild-type littermates for experiments. Genotyping was 
performed with reverse transcriptase PCR, using the following ARG primers (sequence provided 
by A. Koleske): AAG GGC ATC TCT AAT TGT AAG GAG GAA GG (Primer 1), CTG CAG TGC AAC CCA 
CGT GTG GGG A (Primer 2), AAT TGA CCT GCA GGG GCC CTC GAC G (Primer 3). For experiments 
10-24weeks old (20-40gr) mice were used, male and female in equal properties per group.   
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 For measurement of vascular leakage in the skin45 mice were anesthetized with 
fentanyl, midazolam and acepromazine (intraperitoneal injection). Evans Blue dye (0.5% in PBS, 
150µL), which binds to albumin, was injected via the tail vein, and left circulating for 30min. 
After 30min mice were shaved and saline or VEGF (20ng and 50ng) was injected intradermally 
in the back skin. Thirty minutes after injection of VEGF, mice were sacrificed and the back skin 
was isolated. Pictures were taken and circular skin patches (ø 8mm) from the injection sites 
were incubated in formamide for 48 hours. Concentrations of Evans Blue and hemoglobin 
in the formamide were measured spectrophotometrically at 610 and 740 nm, respectively.  
 For measurement of vascular leakage in the lungs, were anesthetized with isoflurane (4% 
vol/vol in air during induction and 1.5%–2% maintenance) and oxygen 0.5 L/min. The trachea was 
exposed by small incision of the skin, and orotracheal cannulation was performed under view, followed 
by intratracheal administration of lipopolysaccharide (Escherichia coli 0127:B8) 2.5mg/kg dissolved in 
50µL saline, or saline only. Mouse were kept upright and mildly agitated to ensure that LPS or saline 
reached peripheral parts of the lungs. After closure of the skin by a single suture. After 17h mice 
received 100µL 1% Evans Blue via tail vein injection, which was allowed to circulate for 1h. 18 hours 
after administration of LPS or vector, mice were sacrificed under anesthesia (fentanyl, midazolam and 
acepromazine) by cutting the lower aorta and saline perfusion of the lungs via cannulation of the 
right ventricle. Evans Blue was extracted from the right lung by incubating in 300µL formamide at 
55°C. After 48 hours the lungs were removed; the remaining formamide was centrifuged (13 500 
rpm for 5 minutes) and analyzed spectrophotometrically at 610 nm (Evans Blue) and 740 nm (overlap 
of hemoglobin in the Evans Blue range). The corrected Evans Blue absorbance was calculated by 
the following formula: OD610-[1.426 x OD740 + 0.03], and compared to an Evans Blue standard to 
calculate Evans Blue concentration in µg/mL. The lungs were air-dried at 90C to determine dry weight, 
and vascular leak was represented as µg Evans Blue / mg lung dry weight. The left lung was snap frozen 
for tissue analysis. All animal experiments were approved by the local ethical committee for animal 
welfare, according to national guidelines.

Endothelial cell culture  
For the isolation of human umbilical vein endothelial cells (HUVEC), umbilical cords from healthy donors 
were obtained from the Amstelland Ziekenhuis, Amstelveen. Cells were isolated and characterized as 
previously described.46 Cells were cultured in M199 medium (Biowhittaker/Lonza, Vervier, Belgium), 
supplemented with penicilline 100U/mL and streptomycin 100µg/mL (Biowhittaker/Lonza), heat-
inactivated human serum 10% (Sanquin Blood Supply, Amsterdam, The Netherlands), heat-inactivated 
new-born calf serum 10% (Gibco, Grand Island, NY), crude endothelial cell growth factor 150μg/mL 
(prepared from bovine brains), L-glutamine 2mmol/L (Biowhittaker/ Lonza), and heparin 5U/mL (Leo 
Pharmaceutical Products, Weesp, The Netherlands). Cells were cultured at 37⁰C and 5% CO2, with a 
medium change every two days. Cells were cultured up to passage 2, for experiments passage 1-2 cells 
were used. Human pulmonary microvascular endothelial cells were freshly isolated and cultured as 
described before.47
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Transfection with small interfering RNA  
Subconfluent passage 1 cells (80% confluency) were transfected with 1mL 10%NBCS/M199, containing 
2µL DharmaFECT transfection reagent Type 1 (Dharmacon/Thermoscientific) and indicated amounts 
of scRNA or siRNA per 2.5x105 cells. Twenty-four hours after transfection, cells were refreshed with 
culture medium. Experiments with transfected cells took place 48h after transfection. Transfection 
efficiency was evaluated by Western Blot analysis of protein expression and qPCR analysis of mRNA 
levels.

Endothelial barrier function measurements

Endothelial barrier function was measured by Electrical Cell-substrate Impedance Sensing 
(ECIS). Confluent cells were seeded in 1:1 density (5x104 cells/cm2) on gelatin-coated ECIS arrays, 
containing 8 wells with 10 gold electrodes/well (Applied Biophysics, Troy, NY). Culture medium was 
renewed 24h after seeding, while experiments were performed 48h after seeding. For thrombin 
stimulation, cells were incubated with M199 containing 1% human serum albumin (HSA). After 60-
90min of preincubation, thrombin was added to the wells for a final concentration of 1U/mL.    
 Endothelial permeability for macromolecules was measured by passage of horse radish 
peroxidase over human endothelial monolayers. In short, confluent HUVECs were seeded 1:1 on top 
of microporous Costar Transwell filters (Costar polycarbonate filters pore-size 3.0µm, Corning, Lowell, 
MA), and cultured in supplemented M199 medium (see Endothelial Cell Culture) with a medium 
change every other day. After five days, the upper compartment was incubated with MnCl2 1.0mM 
dissolved in 1% human serum albumin (HSA)/M199 for 60minutes. For stimulation, the pretreatment 
medium was replaced by 1%HSA/M199 containing MnCl2, HRP 5µg/mL (Sigma Aldrich, Zwijndrecht, 
the Netherlands) and thrombin 1 U/mL (Sigma Aldrich). 1%HSA/M199 was added to the lower 
compartment. At various intervals, the lower compartment was sampled, and the HRP concentration 
was detected using TMB/E (Upstate/Millipore, Temecula, CA).

Protein & mRNA analysis  
For protein analysis of cultured endothelial cells, cells were seeded in 5cm2 culture wells for a final 
density of 5x104 cells/cm2, and grown to confluence with a change of culture medium every other day. 
For experiments, cells were incubated with the designated inhibitors dissolved in dissolved in 1%HSA/
M199 or culture medium (long term imatinib stimulation). After preincubation, thrombin was added 
for a final concentration of 1U/mL. Cells were once washed with ice-cold PBS, and whole-cell lysates 
were obtained by scraping the cells in the presence of protein lysis buffer. For protein analysis of mouse 
organ tissue, organs were snap frozen after sacrificing the animal. Snap frozen tissue was processed 
to tissue lysates by mincing 50mg of snap frozen tissue in 500µL of tissue lysis buffer (containing 
RIPA, PMSF, phosphatase inhibitors and protease inhibitors). Protein concentrations were measured 
using Bradford reagents, and leveled at 2µg/µL. Protein samples were loaded on 8% or 12% SDS gels 
at 20-30µg/lane, electrophoresed and transferred to nitrocellulose membranes. Protein analysis 
was performed by incubation of the nitrocellulose membranes with designated antibodies.   
 For mRNA analysis of cultured endothelial cells, cells were washed with ice-cold PBS, and 



Arg mediates endothelial barrier disruption by impairing integrin α5β1-mediated cell adhesion - 129

5

RNA isolation was performed using a Quiagen RNeasy Microkit (Quiagen, Hilden, Germany), according 
to the manufacturers protocol. For mRNA analysis of mouse lung tissue, lungs were snap frozen in 
liquid nitrogen directly after sacrificing the animal. RNA was isolated from 30mg of snap frozen lung 
tissue, using a Quiagen RNeasy Minikit (Quiagen), according to the manufacturers protocol. Isolated 
mRNA was used for cDNA synthesis, using iScript reaction mix and iScript reverse transcriptase. cDNA 
was used for quantitative analysis of gene expression (qPCR). Primers were designed with PubGene 
and PrimerBlast, and qPCR conditions were optimized targeting at a primer efficiency of 80-120%. 
Primers used for qPCR analysis are provided in Suppl. Table I. For qPCR analysis of cultured endothelial 
cells β2-microtubulin was used as reference gene, for qPCR analysis of mouse tissue RSP15.

Traction force experiments   
Polyacrylamide (PA) gel substrates of 4 kPa with 0.5-µm-diameter pink caroxylate-modified fluorescent 
microspheres (Invitrogen, Eugene, OR) for the traction force microscopy were prepared according to 
a previously described method.22 A 3mm polydimethylsiloxane (PDMS) micropattern was added in the 
center of each gel, in which a collagen solution was added to create a round collagen coated pattern. 
Subsequently, primary human umbilical vein endothelial cells (HUVECs) in passage 2 were trypsinized 
and added to center of the collagen pattern. Cells were transfected with indicated siRNAs 48 hours 
before the experiments, or the dishes were randomly distributed for 1 hour pretreatment with 10µM 
imatinib or vector (0.1% DMSO). Images of the fluorescent microspheres, directly underneath the 
cells, and phase contrast images of the micropatterned cell monolayer, were taken after stimulation 
with 1 U/ml of thrombin. The displacements of the fluorescent microspheres were converted into 
monolayer tractions using constrained Fourier transform traction microscopy.48

Immunofluorescence imaging of cultured endothelial cells  
Cells were seeded on 2cm2 glass coverslips (5x104 cells/cm2), coated with gelatin, fibronectin or collagen, 
as indicated. Cells were grown to confluence in 48h with a medium change the day after seeding. 
For experiments, culture medium was replaced with 1%HSA/M199. After 60min of preincubation, 
thrombin was added to the medium for a final concentration of 1U/mL. Cells were fixated with 
prewarmed 4% paraformaldehyde (Sigma Aldrich) and put on ice for 15min. The paraformaldehyde 
was washed away with phosphate-buffered saline. Subsequently, cells were permeabilized with 0.4% 
Triton (Sigma Aldrich) in PBS and stained with primary antibodies against α5β1 integrin (mouse, 1:100 
in 0.1%HSA/PBS) and/or β-catenin (rabbit, 1:200) overnight at 4°C. After washing, cells were incubated 
with FITC- or Cy3-labeled secondary antibodies (anti-mouse or anti-rabbit, 1:100) (Invitrogen, Paisly, 
United Kingdom) or rhodamine/phalloidine (direct F-actin staining, 1:100) (Invitrogen). Coverslips were 
mounted with Vectashield mounting medium, containing DAPI (Vector Laboratories Inc, Burlingham, 
CA). Imaging was performed with an Axiovert 200 MarianasTM inverted wide-field fluorescence 
microscope, using a 63x Zeiss oil objective (NA 1.4). Images were analyzed with Slidebook software 
(Intelligent Imaging Innovation, Denver, CO) and ImageJ (National Institutes of Health).
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Immunofluorescence imaging of isolated mice femoral arteries  
Femoral artery segments (1-2mm) were freshly isolated from sacrificed mice and mounted to glass 
canulae. After saline perfusion under pressure, vessels were fixated with 4% paraformaldehyde (Sigma 
Aldrich) for 15min at room temperature. Fixated vessel segment were cut in the length, opened and 
mounted to a silicon underground with tungsten wire at the four corners. Subsequently segments 
were washed with saline and stained with primary antibodies against α5β1 integrin (1:100 in 0.1%HSA/
PBS) and VE-cadherin (rabbit, 1:200) overnight at 4°C. After washing, cells were incubated with FITC- 
and Cy3-labeled secondary antibodies (anti-mouse and anti-rabbit, 1:100) (Invitrogen, Paisly, United 
Kingdom). Finally, vessel segments were mounted on glass coverslips with Vectashield mounting 
medium, containing DAPI (Vector Laboratories Inc, Burlingham, CA). Imaging was performed as 
described for cultured endothelial cells.

α5β1 integrin internalization protocol  
Human umbilical vein endothelial cells were isolated and cultured as described before, transfected with 
scRNA or Arg siRNA, and seeded on ibiTreat 8-well μ-slides (IBIDI GmbH, Munchen, Germany), coated 
with gelatin and cross-linked with glutaraldehyde. The assay was performed 48h after transfection. 
Measurement of α5β1 internalization was performed according to the protocol described by.34we 
determined if exposure of calf pulmonary artery endothelial monolayers to TNF-(alpha In short, cells 
were incubated with 1%HSA/M199 for 1 hour at 37C, and subsequently stimulated with thrombin 
(1U/ml) or vector for 15 minutes. After 15 minutes of stimulation, cells were washed with 10%NBCS/
M199, and incubated with anti-α5β1 integrin (mouse Clone MAB1999, 1:200 in 10%NBCS/M199) or IgG 
control (mouse IgG, Millipore, 1:200 in 10%NBCS/M199) for 30min at 4C. After 30 minutes, cells were 
washed twice with 10%NBCS/M199, and incubated with anti-mouse Alexa477 secondary antibody for 
30 minutes at 4C. After 30 minutes, cells were washed twice 1%HSA/M199 and incubated for 30min 
at 37C to allow for internalization. As a control, we also included a condition in which cells were not 
re-exposed to 37C. Cells were then put on ice and washed three times with a mild acid buffer (pH 2.5, 
glycine 50mM, NaCl 150mM) to remove all antibody remaining on the cell surface. The internalized 
α5β1 integrin was detected by immunofluorescence imaging at four fixed positions of the chamber 
slide. The immunofluorescence signal was quantified, using SlideBook mask statistics. 

Statistical analysis  
Data are presented as mean and range, unless indicated otherwise. For in vitro studies, N refers to 
the number of experiments performed with endothelial cells from different donors, unless indicated 
otherwise. P-values < 0.05 were considered statistically significant. 
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Results   
Arg is activated in the endothelium during inflammation in septic patients  
To evaluate the relevance of Arg-induced signaling for clinical disease, we performed 
immunohistochemistry staining for phosphorylation of CrkL at Tyr207 (a downstream target of Arg) 
on lung slices from critically ill septic patients. Critically ill non-septic patients served as control. In 4 
out of 5 septic patients positive staining for pY207 CrkL was found in the lung, compared to 1 out of 4 
patients in the control group (Fig.1A-B, Suppl.Fig.I). In septic patients, positive pY207CrkL staining was 
found predominantly in the endothelium of microvessels (Fig.1A, 40x magnification).

Arg mediates endothelial barrier disruption and vascular leak in vivo  
Subsequently we explored the role of Arg in vascular leak during inflammation in 
vivo, using Arg knockout (Arg-/-) versus wild-type (WT) littermates from Arg+/- x Arg+/- 
crossbreedings (Suppl. Fig.IIA).        
 As reported before, Arg-/- mice develop normally,19 and do not show signs of edema or 
spontaneous bleeding (data not shown). To evaluate the role of Arg in inflammation-induced pulmonary 
vascular leak, WT and Arg-/- mice (mixed male and female) were exposed to intratracheal instillation 
of lipopolysaccharide for 18 hours.20 Vascular leak was measured by injection of Evans Blue one hour 
before sacrifice, the inflammatory response was measured by qPCR of inflammatory genes. Under 
control conditions no differences were observed between WT and Arg-/- mice (Fig.1C). Instillation of LPS 
resulted in a substantial increase in pulmonary vascular leak in the WT mice (1C). Pulmonary vascular 
leak was significantly reduced in Arg-/- mice compared to WT mice, almost reaching values found in 
control mice (Fig.1C-D). A normal inflammatory response, as measured by markers of macrophage 
activation and cytokine production, was observed in Arg-/- exposed to LPS (Fig.1E-F). In addition, no 
significant difference was observed in the number of cells in the bronchoalveolar lavage fluid from WT 
versus Arg-/- mice (Suppl. Fig.II B), indicating that Arg regulates endothelial barrier function independent 
from inflammation and leucocyte extravasation. To test this, WT versus Arg-/- mice were subjected to 
a model of isolated vascular leak, in which vascular leak is evaluated by measuring extravasation of 
circulating Evans Blue dye upon injection of vascular endothelial growth factor (VEGF) or vector in 
murine back skin. Under non-stimulated conditions, no difference in Evans Blue extravasation was 
observed between WT and Arg-/- mice (Suppl. Fig.II B), while the VEGF-induced Evans Blue extravasation 
was significantly lower in Arg-/- mice (Fig.1G-H), demonstrating that Arg mediates vascular leak.  
 Together, these data show that Arg is a pivotal mediator of endothelial barrier disruption 
and vascular leak during inflammation. Deletion of Arg attenuates vascular leak without impairing the 
inflammatory response, indicating a specific role for Arg in vascular barrier integrity.
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Figure 1 – Arg is activated in the human pulmonary vascular endothelium during sepsis, and mediates inflamma-
tory vascular leak in vivo. A) Representative immunohistochemistry staining of Tyr207 CrkL, the downstream tar-
get of Arg, in paraffin lung slices of septic versus non-septic patients. Brown staining indicates a positive staining for 
Tyr207 CrkL, against a blue background of hematoxillin staining. The 40x magnification images that the Tyr207 CrkL 
staining is predominantly localized in the endothelial layer. Representative pictures of staining from n = 5 septic and 
n = 4 non-septic patients. Scale bars represent 50µm (20x magn) or 25µm (40x magn). B) Proportion of patients 
showing positive Tyr207 CrkL staining in the group of septic versus non-septic patients. C) Macroscopic images of 
vascular leak of mouse lungs exposed to intratracheal LPS for 18h, with Evans Blue illustrating sites of vascular leak. 
D)  Quantification of extravasated Evans Blue in the skin. After formamide extraction the Evans Blue concentration 
was determined spectrophotometrically (OD 610nm), and normalized for dry lung weight. Mean ± SEM of n = 4-6 
mice per group. * P < 0.05, ** P < 0.01 in Tukey post-hoc analysis of one way ANOVA. E) qPCR analyses of mRNA 
expression of macrophage activation markers in lung lysates of WT versus Arg-/- mice exposed to intratracheal LPS. 
* P < 0.05, ** P < 0.01, NS = not significant in Tukey post-hoc analysis of one way ANOVA. F) Inflammatory cytokine 
mRNA expression in lung lysates of WT versus Arg-/- mice exposed to intratracheal LPS. * P < 0.05, NS = not signif-
icant in Tukey post-hoc analysis of one way ANOVA. G) Vascular leakage of albumin-bound Evans Blue in the skin 
after intracutaneous administration of PBS or VEGF in wild-type versus Arg-/- mice. H) Quantification of extravasated 
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Figure 1 – Arg is activated in the human pulmonary vascular endothelium during sepsis, and 
mediates inflammatory vascular leak in vivo. A) Representative immunohistochemistry staining of 
Tyr207 CrkL, the downstream target of Arg, in paraffin lung slices of septic versus non-septic patients. 
Brown staining indicates a positive staining for Tyr207 CrkL, against a blue background of 
hematoxillin staining. The 40x magnification images that the Tyr207 CrkL staining is predominantly 
localized in the endothelial layer. Representative pictures of staining from n = 5 septic and n = 4 non-
septic patients. Scale bars represent 50µm (20x magn) or 25µm (40x magn). B) Proportion of patients 
showing positive Tyr207 CrkL staining in the group of septic versus non-septic patients. C) 
Macroscopic images of vascular leak of mouse lungs exposed to intratracheal LPS for 18h, with Evans 
Blue illustrating sites of vascular leak. D)  Quantification of extravasated Evans Blue in the skin. After 
formamide extraction the Evans Blue concentration was determined spectrophotometrically (OD 
610nm), and normalized for dry lung weight. Mean ± SEM of n = 4-6 mice per group. * P < 0.05, ** P 
< 0.01 in Tukey post-hoc analysis of one way ANOVA. E) qPCR analyses of mRNA expression of 
macrophage activation markers in lung lysates of WT versus Arg-/- mice exposed to intratracheal LPS. 
* P < 0.05, ** P < 0.01, NS = not significant in Tukey post-hoc analysis of one way ANOVA. F) 
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Evans Blue in the skin. After formamide extraction the Evans Blue concentration was determined spectrophoto-
metrically (OD 610nm). Evans Blue concentrations were normalized to the PBS condition to determine the VEGF 
effect. Mean ± SEM of n = 4 mice per group. ** P < 0.01 in Bonferroni post-hoc analysis of two way ANOVA. LPS = 
lipopolysaccharide, PBS = phosphate-buffered saline, VEGF = vascular endothelial growth factor, WT = wild-type.

Arg is present in human endothelial cells and activated upon exposure to 
barrier-disruptive agents       
Evaluating primary human endothelial cell types, we found that Arg is present in human 
umbilical vein endothelial cells (HUVECs) and human pulmonary microvascular endothelial 
cells (HPMVECs), albeit at higher levels in pulmonary microvascular endothelial cells 
(Fig.2A). Both endothelial cell types are important in barrier function, as HPMVECs 
form the vascular half of the alveolo-capillary membrane, while HUVECs mimic the 
postcapilary venule. In vivo, Arg was shown to be highly expressed in lung tissue (Fig. 2A).   
 To evaluate the role of Arg in the endothelium we optimized siRNA-mediated silencing 
of Arg. HUVECs were transfected with a smartpool or two single siRNAs against Arg. Although 
use of the smartpool resulted in efficient Arg knockdown at protein level (> 90%, Suppl. Fig.
III A), we also observed knockdown of the related kinase c-Abl (Suppl. Fig.III B). The use of 
single siRNAs gave a similar efficiency in Arg knockdown, both at protein and mRNA level 
(Fig.2B, Suppl. Fig.III C), without impairing c-Abl expression (Suppl. Fig.III B,D). All subsequent 
experiments were therefore performed with single siRNAs (siArg #1 and siArg #2).   
 Arg-silenced HUVECs were characterized by an elongated cell shape (Fig. 2D), with a significant 
increase in cell length/width ratio (Fig. 2E). As Arg-deficient cells grow in normal monolayers (Fig.2D), 
these data suggest that Arg determines structural properties of the cell, but is dispensable for monolayer 
formation. To evaluate Arg activity and downstream signaling in endothelial cells during inflammation, 
we measured Tyr207 CrkL phosphorylation in lysates of HUVECs stimulated with thrombin. Exposure 
of wild type HUVECs to thrombin resulted in a time-dependent increase in CrkL phosphorylation 
with a maximum at 5 min of thrombin stimulation (Fig.2F). The thrombin-induced increase in CrkL 
phosphorylation was absent in Arg-depleted HUVECs, indicating that CrkL protein phosphorylation 
during inflammation completely depends on Arg. The Src kinase family has been suggested as an 
activator of Arg,13 and is activated swiftly (1-2 min) upon thrombin stimulation (Fig.2G). Pretreatment of 
HUVECs with the Src inhibitor PP2 indeed blocked the thrombin-induced CrkL phosphorylation (Fig.2H), 
indicating that Arg is activated downstream from the thrombin receptor PAR-1 via the Src kinase family.  
 Together, these data show that Arg is abundantly present in endothelial cells as a  determinant 
of endothelial cell shape. Upon endothelial exposure to inflammatory mediators, Arg kinase activity is 
enhanced in Src-dependent manner. 
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Figure 2 – Biology of Arg in cultured endothelial cells. A) Westernblot analysis of Arg protein expression in hu-
man umbilical vein endothelial cells (HUVEC) and human pulmonary microsvascular endothelial cells (HPMVEC), 
as shown in upper blot. Protein expression of Arg in various murine organs. B) Arg depletion from human umbilical 
vein endothelial cells (HUVEC) with two single siRNAs) at various concentrations. Indicated amounts of siRNA / 
scRNA were used for 2.5x105 cells. Representative blots of n = 5 experiments with cells from different donors. C) 
c-Abl expression in HUVECs transfected with scRNA or different Arg siRNAs. D) Phase-contrast images, showing 
cell morphology of scRNA- versus siArg-treated HUVECs in a confluent, resting monolayer 48h after transfection. 
E) Quantification of cell elongation by means of length/width ratio.  Mean ± SEM of n = 8 experiments with cells 
from different donors. Per donor the length/width ratio of at least 20 cells was measured. ** < P < 0.01 in unpaired 
t-test. F) Phosphorylation of CrkL at Tyr207 in control versus Arg-depleted HUVECs under basal conditions and 
during thrombin (1U/mL) stimulation. Representative blots of n = 3 experiments. G) Src activation, as determined 
by Tyr416 Src phosphorylation in HUVECs during short-term thrombin stimulation (1U/mL). Representative blots of 
n = 2 experiments. H) Tyr207 CrkL phosphorylation in HUVECs treated with or without the Src inhibitor PP2 under 
basal and thrombin-stimulated conditions. Representative blots of n = 3 experiments. scRNA = scrambled RNA, 
siRNA = small interfering RNA. scRNA = scrambled RNA, siRNA = small interfering RNA.

Role of Arg in cell-cell junction dynamics or actomyosin contractility  
To evaluate the involvement of Arg in endothelial barrier regulation, electrical resistance measurements 
were performed in wild type versus Arg-depleted HUVECs under resting and stimulated conditions. 
Silencing of Arg strongly with either siRNA resulted in attenuation of endothelial barrier disruption 
by thrombin (Suppl. Fig.IV A). The protective effect of Arg knockdown could be separately repeated in 
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HUVECs isolated from 19 different donors, which showed a slight enhancement in basal barrier function 
(Fig.3A-B), but a profound reduction in the thrombin-induced barrier disruption (Fig. 3A,C).   
 In search for mechanisms by which Arg mediates endothelial barrier disruption, we first 
evaluated whether Arg silencing has a direct effect on cell-cell junction integrity and actomyosin 
contractility. Silencing of Arg did not affect the expression of the adherens junction proteins 
VE-cadherin and β-catenin, both in vitro (Fig.3D, Suppl. Fig.IV B,C) and in vivo (Suppl. Fig.IV D). 
Evaluating adherens junction morphology, Arg silencing did not induce major changes in adherens 
junction morphology (Fig.3E), although the zipper-like contour of the VE-cadherin staining suggest 
increased pulling at the junctions under basal conditions (Fig.3E zoom), yet without effect on 
barrier function (Fig. 3B). In line with functional barrier measurements, less and smaller gaps were 
formed in Arg silenced endothelial monolayers (Fig.3E, arrows). These experiments render improved 
adherens junction stability as mechanism behind the protective effects of Arg inhibition unlikely.  
 As thrombin-induced intercellular gaps were smaller in Arg-depleted monolayers compared 
to wild-type monolayers, we hypothesized that Arg contributes to gap formation by mediating cell 
retraction. Upon thrombin stimulation the contractile response develops via Ca2+-RhoA-ROCK-
myosin light chain (MLC) signaling. To evaluate whether Arg is a mediator in this pathway, we 
performed immunofluorescence staining of filamentous actin (F-actin) and phosphorylated MLC, 
together with Westernblot analysis of MLC phosphorylation. Under non-stimulated conditions Arg-
silenced endothelial cells show a peripheral distribution of F-actin (cortical actin ring), comparable 
to control cells (Fig. 3F). Thrombin stimulation induces actin polymerization with formation of large 
contractile fibers (stress fibers). No differences in stress fiber formation were observed between 
control and Arg silenced endothelial cells. Similarly, Arg-silenced cells displayed undisturbed 
MLC phosphorylation (Suppl. Fig.IV E,F) and undisturbed localization of phosphorylated MLC 
to stress fibers (Fig. 3F). These data match our previous observations that Arg inhibition with 
imatinib protects the endothelial barrier independent of Ca2+ influx and RhoA activation.5  
 These data show that Arg is dispensable for formation of adherens junctions and for the 
development of actomyosin contraction upon thrombin stimulation. Therefore the data point towards 
an Arg-driven mechanism on top of the canonical mechanisms of endothelial barrier regulation (cell-
cell junction regulation and actomyosin contraction).
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Figure 3 – Arg mediates endothelial barrier disruption independent of adherens junction composition and ac-
tomyosin contractility. A) Electrical resistance of confluent HUVEC monolayers 48h after transfection with scRNA 
versus Arg siRNA. Mean ± SEM of n = 19 experiments with cells from different donors. B) Effect of Arg silencing on 
barrier function of HUVECs under non-stimulated conditions. Mean ± SEM of n = 19 experiments with cells from 
different donors. ** P < 0.01 in unpaired t-test. C) Thrombin-induced endothelial barrier disruption in scRNA versus 
siArg-treated HUVECs. The thrombin-induced decrease was calculated by normalizing endothelial resistance to the 
resistance before addition of thrombin. Mean ± SEM of n = 19 experiments with cells from different donors. ** P < 
0.01 in unpaired t-test. D)  Expression of the adherens junction proteins VE-cadherin and β-catenin in scRNA versus 
siArg treated HUVECs. Representative blots of N = 6 experiments. E) Immunofluorescence imaging of adherens 
junction morphology in scRNA versus siArg treated HUVECs, under resting conditions and after thrombin stimula-
tion. Representative images of n = 3 experiments. Scale bars represent 10μm. D) F-actin rearrangement and pSer19 
MLC distribution upon thrombin stimulation in scRNA versus siArg treated HUVECs. Scale bars represent 10μm. 
MLC = myosin light chain, scRNA = scrambled RNA, siRNA = small interfering RNA.

Arg regulates endothelial barrier function via internalization of α5β1 integrin  
Alternatively, impaired cell retraction may be explained by enhanced adhesion to the 
extracellular matrix, as cell-matrix adhesion forms an additional tethering force next to cell-cell 
junctions. Arg has been shown to regulate spatial distribution of cell-matrix adhesions.12,14actin 
polymerization promotes protrusion of the leading edge, whereas actomyosin contractility 
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powers net cell body translocation. Although they promote F-actin\u2013dependent protrusions 
of the cell periphery upon adhesion to fibronectin (FN Yet, little is known about contribution of 
cell-matrix adhesion, and particularly integrins, in endothelial barrier regulation. 21  
 To explore whether Arg is involved in the regulation of endothelial integrins, we screened 
for the membrane expression of endothelial integrins in wildtype versus Arg-silenced endothelial 
cells. Arg-silencing resulted in a significant increase of α5 (which exclusively dimerizes with β1 to 
form the α5β1 heterodimer) at the membrane (Fig.4A), without affecting membrane expression of 
avB3 or avB5 (Suppl. Fig.V a-b). The enhanced expression of a5 at the membrane was observed 
under control conditions and during thrombin stimulation (Fig.4A). Arg silencing or knockdown did 
not affect the expression of the a5 subunit at protein or mRNA level in vitro (Fig.4B-C) or in vivo 
(Suppl. Fig.V c-d). Although these data point toward a role for Arg in α5β1 inside-out signaling, the 
changes in integrin α5β1 may as well be secondary to Arg-induced changes in extracellular matrix 
composition. For this reason we performed qPCR and IF imaging to evaluate the expression 
and spatial distribution of the α5β1 integrin ligand fibronectin-1 (FN-1). In vivo, no difference 
in FN-1 mRNA expression was observed between WT and Arg-/- mice (Suppl. Fig.VI a). In vitro, no 
differences in FN-1 deposition were observed between WT and Arg-depleted HUVECs, although 
FN-1 deposition was higher under HUVECs grown on collagen (Suppl. Fig.VI b), indicating that 
HUVECs produce their own fibronectin network within 48h after seeding. These data show that the 
enhanced membrane expression of α5 results from an Arg-driven (inside-out) relocalization of α5β1 
(altered trafficking), rather than altered integrin production/degradation or changes in ECM.   
 As fibroblast studies have shown that Arg is required for focal adhesion turnover,12actin 
polymerization promotes protrusion of the leading edge, whereas actomyosin contractility powers 
net cell body translocation. Although they promote F-actin\u2013dependent protrusions of the 
cell periphery upon adhesion to fibronectin (FN we hypothesized that Arg mediates integrin 
internalization. To test this, we performed a pulse-chase experiment using an antibody against the 
α5β1 heterodimer complex (clone MAB1999). In short, wildtype versus Arg-silenced endothelial 
cells were exposed to control conditions or thrombin stimulation, followed by antibody labelling 
at 4°C, internalization at 37°C, acid wash for removal of antibody at the exterior of the cell, and 
paraformaldehyde fixation. Internalization was measured by quantification of α5β1 containing vesicles. 
Exposure of endothelial cells to thrombin resulted in a 87% increase in α5β1 internalization compared 
to control conditions. Both under control conditions and during thrombin stimulation, Arg silencing 
resulted in a significant reduction in α5β1 internalization. No α5β1 containing vesicles were detected 
when using IgG control antibody or when the internalization step at 37°C was omitted (Fig. 4D). 
These data show that there is increased internalization of α5β1 upon exposure of endothelial cells to 
barrier-disruptive agents, and that Arg plays a central role in α5β1 internalization.   
 To find out whether α5β1 internalization contributes to endothelial barrier disruption, 
we evaluated the effect of pharmacological inhibition of integrin internalization on endothelial 
barrier disruption. Endothelial cells were pretreated with Dynasore or chlorpromazine to 
inhibit dynamin-dependent and clathrin-dependent internalization processes, respectively, 
and subsequently exposed to thrombin. Dynasore did not affect barrier function either 
under basal (Suppl. Fig.VI c) or under thrombin-stimulated conditions (Fig. 4E). Although 



138 - Chapter 5

chlorpromazine slightly reduced basal barrier function (Suppl. Fig.VI c), the thrombin-induced 
drop in endothelial resistance was significantly reduced by chlorpromazine (Fig. 4F), indicating 
that inhibition of clathrin-mediated internalization mediates endothelial barrier disruption.  
 Together, these data show that Arg mediates α5β1 internalization and that α5β1 internalization 
contributes to endothelial barrier disruption during exposure on the endothelium to barrier-disruptive 
agents.
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Figure 4 – Arg regulates membrane expression α5β1 integrin in endothelial cells. A) Flow cytometry analysis of 
presence of α5 at the cell membrane. Values were normalized against fluorescence intensity of control. Mean ± 
SEM of n = 4 experiments.  ** P < 0.01 versus control (0min thrombin, scRNA), ## P < 0.01 versus control + throm-
bin (15min thrombin, scRNA). B) Effects of Arg depletion on α5 integrin expression in HUVECs. Indicated amounts 
of siRNA / scRNA were used for 2.5x105 cells. Representative blots and quantification with mean ± SEM of n = 8 
experiments with cells from different donors. * P < 0.05 in unpaired t-test. C) qPCR analysis of ITGA5 gene expres-
sion in HUVECs treated with scRNA or siArg, with β2-microtubulin serving as loading control. Mean ± SEM of n = 
4 experiments. NS = not significant in one way ANOVA. D) Immunofluorescence imaging of pulse chase assay for 
α5β1 internalization, using MAB1999 antibody against the α5β1 heterodimer. Further details of the protocol can be 
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found in the Methods section. Representative images and quantification with mean ± SEM of n = 4-6 experiments 
with cells from different donors. Scale bars represent 10μm. E-F) Thrombin-induced endothelial barrier disruption 
as measured by electrical resistance in HUVECs pretreated Dynasore, an inhibitor of dynamin-mediated internal-
ization (E), or chlorpromazine, an inhibitor of clathrin-dependent endocytosis (F), in increasing concentrations. The 
thrombin-induced decrease was calculated by normalizing endothelial resistance to the resistance before addition 
of thrombin. Mean ± SEM of n = 4 experiments with cells from different donors. * P < 0.05, NS = not significant in 
one-way ANOVA. CP = chlorptomazine, Dyna = Dynasore, scRNA = scrambled RNA, siRNA = small interfering RNA.

Arg depletion leads to accumulation of α5β1 at the cell periphery  
To elucidate the role of Arg-mediated α5β1 internalization in endothelial barrier disruption, we 
studied the subcellular distribution of the α5β1 integrin complex under resting conditions and 
during endothelial barrier disruption with thrombin.      
Arg-depleted endothelial cells were characterized by redistribution of α5β1 integrin to the periphery 
of the endothelial cells (Suppl. Fig.VII A, arrows). Whereas wildtype cells demonstrated round or rod-
shaped focal adhesions mainly at the center of the cell, Arg-depleted HUVECs demonstrated more 
continuous α5β1 staining close to and in the cell-cell junctions, as evidenced by partial co-staining 
with the AJ proteins β-catenin (Fig.5A) and VE-cadherin (Suppl. Fig.VII B). Ex vivo staining of mice 
femoral arteries demonstrated similar redistribution of α5β1 to the cell periphery in Arg-/- mice (Fig. 
5B). Quantification of the fluorescence signal for α5β1 at the basolateral part of the endothelial 
layer demonstrated indeed increased presence of α5β1 at the basolateral cell membrane (Fig. 5B, 
graph). These data show that inhibition of Arg leads to accumulation of α5β1 at the periphery of the 
endothelial cell, close to cell-cell contacts.   The spatial relation between α5β1 
integrin and adherens junctions was further studied using high resolution imaging of endothelial 
cells seeded on different substrates. Previous experiments already demonstrated that endothelial 
cells produce a fibrinogen matrix when grown on both gelatin and collagen (Suppl. Fig.VI B). High 
resolution imaging of α5β1and VE-cadherin demonstrated that Arg-silenced endothelial cells form 
α5β1 clusters at the cell periphery, directly under cell-cell junctions (Fig. 5C), with the in focus plane 
of the α5β1 clusters being on average 0.3μm basolateral from the in focus plan of the VE-cadherin 
containing junctions (data not shown). These clusters were even more pronounced under thrombin 
stimulated conditions, and observed in cells grown on gelatin and collagen (Fig. 5C).     
 Thus, besides regulating the presence of α5β1 at the cell membrane, Arg is also involved 
in spatial distribution of α5β1 integrin at subcellular level. These data show that the enhanced α5β1 

integrin at the cell membrane of Arg-depleted endothelial cells, clusters near the cell-cell contacts at 
the periphery of the cell. 
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Figure 5 – Silencing of Arg changes spatial distribution of α5β1 integrin. A) Evaluation of α5β1 integrin (green) distri-
bution in scRNA versus Arg siRNA treated HUVECs counterstained for the adherens junction protein β-catenin (red). 
The focal plane of the microscope was set at the abluminal side of the cell for staining of focal adhesion complexes. 
Representative images of n = 3 experiments. B) α5β1 integrin (green) distribution in whole-mounted femoral arter-
ies of WT versus Arg-/- mice, counterstained for the adherens junction protein VE-cadherin (red). Representative 
images and quantification of vessel segments of n = 3-4 mice per group. Scale bars represent 10μm. C) Super res-
olution imaging of the interrelation between α5β1 and VE-cadherin at cell-cell junctions. Scale bars represent 5μm.

Arg-mediated α5β1 redistribution prevents traction force development at cell- 
matrix interface and enhances cell attachment to the ECM  
Finally, we hypothesized that the α5β1 integrin stabilization as observed in Arg-depleted endothelial 
cells is sufficient to protect against endothelial barrier disruption. To test this hypothesis we 
evaluated the functional consequences of the changed α5β1 distribution in Arg-depleted HUVECs, by 
analyzing force development at the cell-matrix interface, and by artificially activating integrins.   
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 Traction force experiments were performed with endothelial cells seeded on collagen 
gels containing fluorescent beads. Time-laps images of the beads under resting and thrombin-
stimulated conditions yields bead displacement map, which are used for calculation of force 
development at the cell matrix interface.22 Pretreatment of endothelial cells with the pharmacological 
Arg inhibitor imatinib strongly reduced traction force development (Fig.6A-B). In Arg-depleted 
HUVECs force development was completely absent, as compared to wildtype endothelial cells 
(Fig.6C). In contrast, knockdown of c-Abl enhanced the traction force development (Fig.6C), 
indicating that the protective effect of imatinib is due to inhibition of Arg and not of c-Abl.   
 Adhesion to the extracellular matrix was significantly stronger in Arg-inhibited HUVECs, 
as evidenced by reduced cell detachment of Arg-depleted HUVECs upon trypsin (data not shown). 
In addition, improved cell-matrix interaction upon Arg inhibition was shown by a reduction in gap 
area and cell detachment during thrombin stimulation (Suppl. Fig.VIII A,B). These data suggest that 
α5β1-dependent cell-matrix interaction importantly determines endothelial barrier function. To test 
whether integrin stabilization per se is sufficient to protect against agonist-induced endothelial 
barrier disruption, HUVECs were pretreated with the integrin activator manganese (Mn2+) and 
subsequently exposed to thrombin (Suppl. Fig.VIII C). Manganese pretreatment dose-dependently 
enhanced endothelial barrier function under resting conditions with an optimal concentration at 
1.0mM (Fig.6D), and robustly attenuated thrombin-induced endothelial barrier disruption (Fig.6E), 
in a similar fashion as observed for Arg knockdown (compare Fig. 3A-C). Similarly, macromolecule 
passage over endothelial monolayers was strongly attenuated in endothelial monolayers pretreated 
with manganese, as compared to vector-treated endothelial monolayers (Fig. 6F).  
 Thus, Arg is a central regulator of α5β1 adhesion in endothelial cells. By mediating 
internalization of α5β1 integrin, predominantly at the periphery of the cell Arg contributes to cell 
retraction and barrier dysfunction.
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Figure 6 - Force development at the cell-matrix interface. A) Overlays of traction force microscopy heatmaps and 
phase contrast images of HUVECs pretreated with DMSO 0.1% versus imatinib 10μM, before and during thrombin 
(1U/mL) stimulation. The color spectrum in the heat maps indicates variation from low (blue) to high (red) contrac-
tile forces in the endothelial monolayer. B) Longitudinal recording of normalized RMS traction force development 
during thrombin (1U/mL) stimulation, calculated from the heat maps shown in A. Mean ± SEM of n = 12-18 experi-
ments with cells from 3 different donors. *** P < 0.001 in repeated measures ANOVA. C) Normalized RMS traction 
force development during thrombin stimulation in cells treated with scrambled RNA, or siRNAs against c-Abl or 
Arg. *** P < 0.001 versus scRNA, # P < 0.05, ## P < 0.001 versus c-Abl siRNA in Bonferroni posthoc test of repeated 
measures ANOVA. RMS = Root Mean Square. D) Effects of pharmacological stabilization of the integrin-matrix 
interaction with manganese (MnCl2) on the barrier function of resting HUVEC monolayers. * P < 0.05, ** P < 0.01 
compared to control in one way ANOVA with Tukeys posthoc analysis.  E) Thrombin-induced endothelial barrier 
disruption in HUVECs pretreated with MnCl2 or vector. Thrombin-induced decrease was calculated by normalizing 
endothelial resistance to the resistance before addition of thrombin. Mean ± SEM of n = 3 experiments. * P < 0.05 
compared to control in unpaired t-test. F) Macromolecule passage (horse radish peroxidase) over HUVEC monolay-
ers treated with manganese chloride 1.0mM versus vector, under resting and thrombin-stimulated conditions. ** 
P < 0.01, NS = not significant in one way ANOVA with Bonferroni posthoc analysis.
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Discussion  
Here, we show that Arg is a pivotal mediator of inflammatory vascular leak, which acts by internalizing 
peripheral cell matrix adhesions. Depletion of Arg protects against endothelial barrier disruption in 
vivo and in vitro, without impairing immunological responses like cytokine production and leucocyte 
traficking. Arg-depleted endothelial cells show enhanced expression of α5β1 integrin at the cell 
membrane, which localizes predominantly at the cell periphery close to cell-cell junctions. This 
change in α5β1 integrin constitution results in improved cell adhesion and reduced force development 
at the cell-matrix interface. We propose a novel mechanism in which Arg-driven internalization of 
α5β1 facilitates cell retraction, and contributes to endothelial barrier disruption under inflammatory 
conditions. 

The central finding in this study is that Arg mediates endothelial barrier disruption by impairing α5β1-
mediated cell-matrix interaction, thereby providing  important new mechanistic and 
pharmacotherapeutic insights for inflammatory vascular leak. This study reveals two novel mechanisms 
involved in endothelial barrier regulation:  
 First we show that in endothelial cells Arg regulates cell-matrix interaction via internalization 
and spatial distribution of α5β1 integrin. Although this is the first study showing that Arg is involved in 
spatial distribution of α5β1 integrin, previous fibroblast studies have shown that Arg regulates the 
spatial distribution of focal adhesions.12,14actin polymerization promotes protrusion of the leading 
edge, whereas actomyosin contractility powers net cell body translocation. Although they promote 
F-actin\u2013dependent protrusions of the cell periphery upon adhesion to fibronectin (FN In line 
with the current study, Peacock and colleagues have shown that knockdown of Arg in fibroblasts leads 
to redistribution of focal adhesions to the cell periphery,12,14actin polymerization promotes protrusion 
of the leading edge, whereas actomyosin contractility powers net cell body translocation. Although 
they promote F-actin\u2013dependent protrusions of the cell periphery upon adhesion to fibronectin 
(FN which was paralleled by reduced focal adhesion dissociation. At this point there is a clear distinction 
in the function of Arg and c-Abl, as c-Abl-depleted fibroblasts showed enhanced focal adhesion at 
central parts of the cell.14focal adhesion (FA As focal adhesion dissociation is required for cell retraction, 
Arg-depleted fibroblasts exhibited decreased cell retraction at the trailing edge.12actin polymerization 
promotes protrusion of the leading edge, whereas actomyosin contractility powers net cell body 
translocation. Although they promote F-actin\u2013dependent protrusions of the cell periphery upon 
adhesion to fibronectin (FN Interestingly, both the C-terminus and the kinase domain of Arg are 
required focal adhesion dissociation, indicating a combined effect of Arg activity and structure. The 
observation that the effect of C-terminal depletion on focal adhesion distribution and turnover was 
larger than depletion of the kinase domain,12actin polymerization promotes protrusion of the leading 
edge, whereas actomyosin contractility powers net cell body translocation. Although they promote 
F-actin\u2013dependent protrusions of the cell periphery upon adhesion to fibronectin (FN may line 
up with our current observation that efficient knockdown attenuates endothelial barrier disruption 
more potently (Fig.1B,D) than pharmacological kinase inhibition.5   
 Although studies in neurons, fibroblasts and tumor cells have shown that Arg mediates 
outside-in signaling (via β1-Arg-p190RhoGAP signaling) during the formation of new focal contacts,23–
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25Rac1, and Cdc42 are essential effectors of integrin-mediated cell attachment and spreading. Rho 
activity, which promotes formation of focal adhesions and actin stress fibers, is inhibited upon initial 
cell attachment to allow sampling of the new adhesive environment. The Abl-related gene (Arg this 
mechanism is less likely to play a role here, because no changes in extracellular matrix composition (in 
particular the α5β1 ligand fibronectin-1) were observed, and because interference with Arg expression 
or function (by siRNA or imatinib, respectively) did not affect RhoA activity5 or MLC phosphorylation 
(Fig. 3D). Therefore, our study together with mentioned fibroblast studies strongly point toward an 
involvement of Arg in inside-out integrin signaling via internalization and spatial redistribution of α5β1 
integrin. Arg-depleted cells show decreased internalization of α5β1 integrin and decreased dissociation 
of focal adhesions at the peripheral parts of the cell, leading to accumulation of α5β1 at the cell 
periphery.   
 A point of interest here is how Arg is linked to α5β1 internalization. Although many factors 
have been identified as mediator of integrin internalization or recycling,26 very few of these can be 
linked to Arg function. Concerning internalization, Α5Β1 integrin internalization may be either clathrin-
dependent27,28 or caveolin-dependent.29 Although c-Abl is known to phosphorylate caveolin upon 
during endothelial barrier disruption with H2O2,30 and phosphorylated caveolin is found in focal 
contact sites upon cellular exposure to H2O2,31 no such mechanism has been described for Arg. 
Further studies are required to elucidate the role of Arg in integrin internalization and degradation. 
 
 As a second mechanism, we show that weakening of cell matrix interaction forms a part of 
the barrier disruptive mechanisms during inflammation, as evidenced by the observations that 1) Arg 
knockdown leads to increased membrane expression of α5β1 integrin and redistribution towards the 
cell periphery, and 2) that stimulating integrin-mediated adhesion by integrin activation per se is 
sufficient to attenuate agonist-induced endothelial barrier disruption.    I n 
comparison to adherens junction regulation and actomyosin contractility, evidence on the role of cell-
matrix adhesion in endothelial barrier regulation is scarce. A number of studies have shown that 
integrins are required for stability of the endothelium under resting conditions, and that disruption of 
the integrin-ECM interaction leads to loss of barrier integrity.17,18,32in confluent human umbilical vein 
endothelial cell (EC A recent study has shown that β1 integrins are required for stabilization of the 
adherens junction.33 Although exposure of endothelial cells to TNF-α was shown to change α5β1 
integrin-mediated adhesion,34we determined if exposure of calf pulmonary artery endothelial 
monolayers to TNF-(alpha these changes may have resulted from changes in the extracellular 
fibronectin network, that is degraded upon prolonged TNF-α exposure.35 These studies demonstrate 
that integrin-based cell matrix adhesion is a prerequisite for endothelial barrier integrity, but relatively 
little is known about inside-out signaling of integrins as part of endothelial barrier regulation under 
barrier-disruptive conditions like inflammation.   
 Our study shows that Arg depletion leads to increased expression of α5β1 integrin and 
redistribution towards the cell periphery in vitro and in vivo. Peripheral redistribution of focal 
adhesions may protect the endothelial barrier in several ways. First, cell shape critically depends on 
the balance between internal tension (developed by actomyosin contraction) and extracellular 
distension by amongst others extracellular adhesions (cell-cell contacts and cell-matrix adhesions).36,37 
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Peripheral cell-matrix adhesions, together with cell-cell junctions maintain the spread endothelial cell 
shape required for an intact monolayer. If cell-matrix adhesions are only present at the center of the 
cytosol, cells retract and round up.36 Thus, in conjunction with cell-cell junctions, cell-matrix adhesions 
form a tethering force to prevent cell retraction and rounding up under resting conditions. When cell-
cell junctions are disrupted, as occurs during inflammation, cell-matrix adhesions may remain the only 
tethering force to maintain spread cell shape. The presence of cell-matrix adhesions at the cell 
periphery thus determines the extent of cell retraction and gap size. In this mechanism, Arg facilitates 
cell retraction by decreasing peripheral cell matrix adhesion. In addition, cell-matrix adhesions at the 
cell periphery may directly stabilize cell-cell contacts. Previous studies have shown that peripheral cell-
matrix adhesions support the cortical actin belt,38 and stabilize cell-cell junctions.33,39 Older studies 
suggest that α5β1 integrin may be even present in the cell-cell junctions itself, contributing to cell-cell 
adhesion via homologous interaction,32 although antibody specificity and lack of high resolution 
imaging may have confounded these observations. Third, redistribution to and increased expression 
of α5β1 at the cell periphery may not only maintain cell shape, but also increase matrix adhesion of the 
cell as a whole. Elineni et al. demonstrated that fibroblasts seeded on an annular fibronectin island 
show stronger adhesion to the extracellular matrix compare to cells seeded on a solid, circular island 
with smaller diameter but similar adhesive area.40 In the current study we show that Arg depletion 
results in better adhesion of endothelial cells to the extracellular matrix. Loss of cell-matrix adhesion 
may contribute to more severe endothelial damage via dissociation of parts of endothelial cells41 or 
dissociation of whole endothelial cells (Suppl. Fig.VII D) leaving large parts of the extracellular matrix 
uncovered, which, in turn may give rise to thrombotic phenomena and endothelial cell apoptosis. As 
such, impairment of cell-matrix interaction may aggravate vascular injury. Although this latter type of 
endothelial damage has been poorly defined, studies have shown that cell detachment takes place in 
the lung capillaries during inflammation.41 The clinical relevance of such a mechanism was suggested 
by a recent clinical study, which demonstrated that the number of circulating, mature endothelial cells 
directly relates to the severity of lung injury and to mortality in patients with sepsis-induced acute 
respiratory distress syndrome.42

Synopsis of mechanisms  
We propose a model in which Arg mediates endothelial barrier disruption via the mechanism illustrated 
in Figure 7. Arg is activated in a Src-dependent manner upon endothelial exposure to inflammatory 
agents. Arg weakens the adhesion of the peripheral parts of the endothelial to the extracellular matrix 
via α5β1 integrin internalization. Arg-induced α5β1 internalization contributes to endothelial disruption 
barrier as peripheral cell-matrix adhesions support cell-cell junctions and form a tethering force that 
withstands cell retraction when cell-cell junctions are disrupted. Arg inhibition, in contrast, leads to 
accumulation of α5β1 integrin adhesion at the cell periphery, and protects the endothelial barrier by 
improved cell-matrix interaction, reduced cell retraction and gap formation, and less cell detachment 
(Fig.7). 
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Figure 7 – Proposed mechanism of action. Left panel: Activation of the thrombin receptor leads to Src-mediated 
activation of Arg. Activation of Arg leads to internalization of α5β1, resulting in loss of peripheral cell anchorage by 
α5β1 integrin, which allows for cell retraction and gap formation. Arg depletion, in turn, reduces α5β1 integrin inter-
nalization, leading to peripheral accumulation of α5β1 integrin. Right panel: Peripheral α5β1 integrin accumulation 
in Arg depleted ECs, prevents vascular leak by both preventing cell retraction due to peripheral anchorage and by 
supporting the adherens junctions.  

Clinical Perspectives  
The observation that Arg activity is increased in the pulmonary vasculature of septic patients illustrates 
the relevance of Arg in inflammatory disorders associated with endothelial barrier dysfunction 
and vascular leak. The discovery of ARG as central mediator of endothelial barrier disruption may 
therefore carry important clinical implications. As this study shows that Arg is indispensable for the 
mature endothelium, Arg is activated upon endothelial stimulation, and inhibition of Arg potently 
attenuates endothelial barrier disruption and vascular leak, and as three generation of Abl kinase 
inhibitors have shown that Arg is a suitable target for pharmacological inhibition (both in terms of 
safety and efficacy),43 pharmacological inhibition of Arg may be a suitable strategy for therapy of 
clinical syndrome characterized by vascular leak. Furthermore, acute respiratory distress syndrome 
and sepsis are associated with endothelial apoptosis41,44 induced by amongst others dissociation of 
cells from the extracellular matrix,15subendothelium, and interacting cells. The endothelial cell is able 
to dynamically regulate its paracellular and transcellular pathways for transport of plasma proteins, 
solutes, and liquid. The semipermeable characteristic of the endothelium (which distinguishes it 
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Src-mediated activation of Arg. Activation of Arg leads to internalization of α5β1, resulting in loss of 
peripheral cell anchorage by α5β1 integrin, which allows for cell retraction and gap formation. Arg 
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from the epithelium pointing towards more severe vascular injury that follows initial endothelial 
hyperpermeability. As Arg contributes to dissociation of endothelial cells, Arg may mediate this 
transition from well-regulated hyperpermeability to sustained vascular injury.

Conclusion  
Altogether, this study identifies a novel signaling pathway regulating endothelial barrier dysfunction, 
in which Arg mediates weakening of cell-matrix adhesion at the peripheral parts of the endothelial 
cell by internalization of α5β1 integrin, which facilitates and amplifies cell retraction, leading to larger 
interendothelial gaps and even dissociation of endothelial cells. Thus Arg may mediate the transition 
from short-lasting and self-limiting endothelial hyperpermeability to more severe vascular injury. As 
Arg is indispensable for barrier function of the mature endothelium, and is proven to be a ‘druggable’ 
target, pharmacological Arg inhibition may form an eminent strategy to combat syndromes like sepsis 
and ARDS.
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Supplementary table

Human primers

ABL1 F: CCAGGTGTATGAGCTGCTAGAG

R: GTCAGAGGGATTCCACTGCCAA

ABL2 F: TTCTGGGCAGAGGTATGGTC

R: CTGCCTCCAGTCTTGTCTCC

β2-microtubulin * F: TTTCATCCATCCGACATTG

R: CGGCAGGCATACTCATCTTT

FN-1 F: ACCGCATTGGAGATCAGTGG

R: CATTGGTCGACGGGATCACA

ITGA5 F: TGGCCTTCGGTTTACAGTCC

R: CTTGGAGACACCGTTCAGGG

VE-cadherin F: CGGCGCCAAAAGAGAGATTG

R: CACGCTTGACTTGATCTTGCC

Mouse Primers

Il-1β F: TGCACTACAGGCTCCGAGAT

R: AGGCCACAGGTATTTTGTCGT

Il-6 # F: CCGGAGAGGAGACTTCACAG

R: TTGCCATTGCACAACTCTTTT

ITGA5 F: CCAAGGTGACAGGACTCAGC

R: TGGCTTCAGGGCATTTCAGA

RPS15 * F: CGGAGATGGTGGGTAGCATGG 

R: CGGGTTTGTAGGTGATGGAGAAC

TNF-α # F: TAGCCCACGTCGTAGCAAAC

R: ACAAGGTACAACCCATCGGC

Supplementary Table 1 – Primer sequences * Reference gene. # Sequence kindly provided by C. Britto (Yale 
University, New Haven).
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Supplementary Figure I. Immunohistochemistry staining of Tyr207 CrkL in paraffin lung slices of all 
septic versus non-septic patients included in the study. Brown staining indicates a positive staining 
for Tyr207 CrkL, against a blue background of hematoxillin staining. 
 

 
Supplementary Figure II. A) Gel electrophoresis of PCR-amplified ABL2 DNA from wild-type (-/-), 
heterozygous (+/-) or homozygous (-/-) Arg knock-out mice. B) Total cell count in broncho-alveolar 
lavage fluid of mice exposed to intratracheal LPS. Bronchoalveolar lavage was performed 18h after 
LPS exposure. Mean ± SEM of n = 4-6 mice per group. * P < 0.05, NS = not significant in Kruskal-Wallis 
test with Dunn posthoc analysis because of unequal distribution of data. C) Vascular leakage of Evans 
Blue in mice back skin under non-stimulated conditions (intracutaneous injection of phosphate-
buffered saline). After formamide extraction, the amount of extravasated Evans Blue extravasation 
was determined by spectrophotometry (OD 610nm). NS = non-significant in repeated measures 
ANOVA with Bonferroni posthoc test, n = 4 mice per group.  
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(+/-) or homozygous (-/-) Arg knock-out mice. B) Total cell count in broncho-alveolar lavage fluid of mice exposed 
to intratracheal LPS. Bronchoalveolar lavage was performed 18h after LPS exposure. Mean ± SEM of n = 4-6 mice 
per group. * P < 0.05, NS = not significant in Kruskal-Wallis test with Dunn posthoc analysis because of unequal 
distribution of data. C) Vascular leakage of Evans Blue in mice back skin under non-stimulated conditions (intracu-
taneous injection of phosphate-buffered saline). After formamide extraction, the amount of extravasated Evans 
Blue extravasation was determined by spectrophotometry (OD 610nm). NS = non-significant in repeated measures 
ANOVA with Bonferroni posthoc test, n = 4 mice per group. 
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Supplementary Figure III. A) ARG depletion from human umbilical vein endothelial cells (HUVEC) with Smart Pool 
siRNA at various concentrations. Indicated amounts of siRNA / scRNA were used for 2.5x105 cells. Representative 
blots of n = 2 experiments. B) qPCR analysis of Abl2 gene expression in cell lysates of HUVECs treated with scRNA 
versus siArg, with β2-MT serving as loading control. Mean ± SEM of n = 4 experiments. * P < 0.05 compared to 
control (scRNA), ○ indicates outlier (defined by > 3x SD away from mean). C) qPCR analysis of Abl1 gene expression 
in cell lysates of HUVECs treated with scRNA versus siArg, with β2-microtubulin serving as loading control. Mean ± 
SEM of n = 4 experiments. β2-MT = β2-microtubulin, scRNA = scrambled RNA, siRNA = small interfering RNA.
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Supplementary Figure IV. A) Longitudinal resistance recording, demonstrating the effect of Arg depletion on 
thrombin-induced endothelial barrier disruption in HUVECs. Thrombin was added to the cells at the indicated time 
point (arrow). Mean ± SEM of n = 6-10 experiments with cells from 3 different donors. B) Quantification of Western 
Blot analysis of the adherens junction proteins VE-cadherin and β-catenin in scRNA versus siArg-treated HUVECs 
(blots shown in Fig.3D). Mean ± SEM of n = 6 experiments. NS = not significant in unpaired t-test. C) qPCR analysis 
of VE-cadherin gene expression in cell lysates of HUVECs treated with scRNA versus siArg, with β2-MT serving as 
loading control. Mean ± SEM of n = 4 experiments. NS = not significant in unpaired t-test. D) Western Blot analysis 
and quantification of VE-cadherin protein content in lung lysates of WT versus Arg-/- mice. Mean ± SEM of n = 6-8 
mice per group. NS = not significant in unpaired t-test. E) Western Blot analysis of MLC phosphorylation at Ser19 
during thrombin stimulation (1U/mL). Representative blot of n = 3 experiments with cells from different donors. 
F) Quantification of MLC phosphorylation (pSer19 MLC), as detected by immunofluorescence staining. Separate 
data points and averages of n = 4 experiments with cells from different donors. Quantification of pictures shown in 
Fig. 3F. β2-MT = β2-microtubulin, MLC = myosin light chain, scRNA = scrambled RNA, siRNA = small interfering RNA.
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Supplementary Figure IV. A) Longitudinal resistance recording, demonstrating the effect of Arg 
depletion on thrombin-induced endothelial barrier disruption in HUVECs. Thrombin was added to the 
cells at the indicated time point (arrow). Mean ± SEM of n = 6-10 experiments with cells from 3 
different donors. B) Quantification of Western Blot analysis of the adherens junction proteins VE-
cadherin and β-catenin in scRNA versus siArg-treated HUVECs (blots shown in Fig.3D). Mean ± SEM of 
n = 6 experiments. NS = not significant in unpaired t-test. C) qPCR analysis of VE-cadherin gene 
expression in cell lysates of HUVECs treated with scRNA versus siArg, with β2-MT serving as loading 
control. Mean ± SEM of n = 4 experiments. NS = not significant in unpaired t-test. D) Western Blot 
analysis and quantification of VE-cadherin protein content in lung lysates of WT versus Arg-/- mice. 
Mean ± SEM of n = 6-8 mice per group. NS = not significant in unpaired t-test. E) Western Blot 
analysis of MLC phosphorylation at Ser19 during thrombin stimulation (1U/mL). Representative blot 
of n = 3 experiments with cells from different donors. F) Quantification of MLC phosphorylation 
(pSer19 MLC), as detected by immunofluorescence staining. Separate data points and averages of n = 
4 experiments with cells from different donors. Quantification of pictures shown in Fig. 3F. β2-MT = 

β2-microtubulin, MLC = myosin light chain, scRNA = scrambled RNA, siRNA = small interfering RNA. 
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Supplementary Figure V. A-B) Flow cytometry analysis of presence of αvβ3 (A) or αvβ5 (B) at the cell membrane. 
Values were normalized against fluorescence intensity of control. Mean ± SEM of n = 3 experiments. NS = not signif-
icant in one-way ANOVA. C) Western Blot analysis of protein content of the α5 subunit in lung lysates of WT versus 
Arg-/- mice. NS = not significant in unpaired t-test. D) Protein content of α5 subunit in HUVECs treated with imatinib 
10µM for short-term Arg inhibition (upper blot), and in HUVECs exposed to thrombin (1U/mL) at increasing in-
tervals (lower blot). E) qPCR analysis of ITGA5 gene expression in lung lysates of untreated WT versus Arg-/- mice, 
with RPS15 serving as loading control. Mean ± SEM of n = 4 mice/group. P = 0.08 in unpaired t-test. MFI = mean 
fluorescence intensity, RPS15 = ribosomal protein S15, scRNA = scrambled RNA, siRNA = small interfering RNA.
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Supplementary Figure V. A-B) Flow cytometry analysis of presence of αvβ3 (A) or αvβ5 (B) at the cell 
membrane. Values were normalized against fluorescence intensity of control. Mean ± SEM of n = 3 
experiments. NS = not significant in one-way ANOVA. C) Western Blot analysis of protein content of 
the α5 subunit in lung lysates of WT versus Arg-/- mice. NS = not significant in unpaired t-test. D) 
Protein content of α5 subunit in HUVECs treated with imatinib 10µM for short-term Arg inhibition 
(upper blot), and in HUVECs exposed to thrombin (1U/mL) at increasing intervals (lower blot). E) 
qPCR analysis of ITGA5 gene expression in lung lysates of untreated WT versus Arg-/- mice, with 
RPS15 serving as loading control. Mean ± SEM of n = 4 mice/group. P = 0.08 in unpaired t-test. MFI = 
mean fluorescence intensity, RPS15 = ribosomal protein S15, scRNA = scrambled RNA, siRNA = small 
interfering RNA. 
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Supplementary Figure VI. A) qPCR analysis of FN-1 gene expression in lung lysates of untreated WT versus Arg-

/- mice, with RPS15 serving as loading control. Mean ± SEM of n = 4 mice/group. NS = not significant in unpaired 
t-test. B) Confocal imaging of immunofluorescence staining of fibronectin-1 under confluent HUVEC monolayers, 
transfected with scRNA versus siArg and grown on various substrates (gelatin 1%, gelatin 1% + fibronectin 5µg/cm2, 
collagen) for 48h. Scale bars represent 10µM. C-D) Effect of increasing concentrations os chlorpromazine (C) or Dy-
nasore (D) on barrier function of HUVECs under non-stimulated conditions. Mean ± SEM of n = 4 experiments with 
cells from different donors. NS = not significant, ** P < 0.01 in unpaired t-test. CP = chlorpromazine, Dyna = Dyna-
sore, FN-1 = fibronectin-1, RPS15 = ribosomal protein S15, scRNA = scrambled RNA, siRNA = small interfering RNA.
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Supplementary Figure VI. A) qPCR analysis of FN-1 gene expression in lung lysates of untreated WT 
versus Arg-/- mice, with RPS15 serving as loading control. Mean ± SEM of n = 4 mice/group. NS = not 
significant in unpaired t-test. B) Confocal imaging of immunofluorescence staining of fibronectin-1 
under confluent HUVEC monolayers, transfected with scRNA versus siArg and grown on various 
substrates (gelatin 1%, gelatin 1% + fibronectin 5µg/cm2, collagen) for 48h. Scale bars represent 
10µM. C-D) Effect of increasing concentrations os chlorpromazine (C) or Dynasore (D) on barrier 
function of HUVECs under non-stimulated conditions. Mean ± SEM of n = 4 experiments with cells 
from different donors. NS = not significant, ** P < 0.01 in unpaired t-test. CP = chlorpromazine, Dyna 
= Dynasore, FN-1 = fibronectin-1, RPS15 = ribosomal protein S15, scRNA = scrambled RNA, siRNA = 
small interfering RNA. 
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Supplementary Figure VII. A) Subcellular distribution of α5β1 integrin in resting, confluent HUVEC monolayers treat-
ed with scRNA versus siArg. Arrows indicate localization of α5β1 integrin at the cell periphery, close to cell-cell 
contacts. The focal plane of the microscope was set at the abluminal side of the cell for staining of focal adhesion 
complexes. B) Costaining of α5β1 (red) with the adherens junction protein VE-cadherin (green) in scRNA versus ARG 
siRNA treated HUVECs during increasing intervals of thrombin stimulation (1U/mL). The focal plane of the micro-
scope was set at the abluminal side of the cell for staining of focal adhesion complexes. Scale bars represent 10µm. 
Representative images of n = 3 experiments. scRNA = scrambled RNA, siRNA = small interfering RNA.
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Supplementary Figure VII. A) Subcellular distribution of α5β1 integrin in resting, confluent HUVEC 
monolayers treated with scRNA versus siArg. Arrows indicate localization of α5β1 integrin at the cell 
periphery, close to cell-cell contacts. The focal plane of the microscope was set at the abluminal side 
of the cell for staining of focal adhesion complexes. B) Costaining of α5β1 (red) with the adherens 
junction protein VE-cadherin (green) in scRNA versus ARG siRNA treated HUVECs during increasing 
intervals of thrombin stimulation (1U/mL). The focal plane of the microscope was set at the 
abluminal side of the cell for staining of focal adhesion complexes. Scale bars represent 10µm. 
Representative images of n = 3 experiments. scRNA = scrambled RNA, siRNA = small interfering RNA. 
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5Supplementary Figure VIII. A) Longitudinal recording of electrical resistance over confluent HUVEC monolayers 
pretreated with increasing concentrations of manganese chloride (MnCl2), and subsequently stimulated with 
thrombin (1U/mL, arrow). Curve represents average values of n = 3 experiments with cells from different donors. 
B) Gap formation in endothelial monolayers during thrombin stimulation. Gaps were manually drawn in stills of 
phase contrast time lapse series. Total gap area was calculated and given as percentage of the whole field of view. 
Mean ± SEM of n = 7-8 experiments with cells from 3 different donors. ** P < 0.01 in unpaired t-test. C) Number of 
detaching cells captured during phase contrast time lapse series of endothelial monolayer stimulation with throm-
bin 1U/mL. Mean ± SEM of n = 7-8 experiments with cells from 3 different donors. * P < 0.05 in unpaired t-test.
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Supplementary Figure VIII. A) Longitudinal recording of electrical resistance over confluent HUVEC 
monolayers pretreated with increasing concentrations of manganese chloride (MnCl2), and 
subsequently stimulated with thrombin (1U/mL, arrow). Curve represents average values of n = 3 
experiments with cells from different donors. B) Gap formation in endothelial monolayers during 
thrombin stimulation. Gaps were manually drawn in stills of phase contrast time lapse series. Total 
gap area was calculated and given as percentage of the whole field of view. Mean ± SEM of n = 7-8 
experiments with cells from 3 different donors. ** P < 0.01 in unpaired t-test. C) Number of 
detaching cells captured during phase contrast time lapse series of endothelial monolayer 
stimulation with thrombin 1U/mL. Mean ± SEM of n = 7-8 experiments with cells from 3 different 
donors. * P < 0.05 in unpaired t-test. 
 

 

 






