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Summary statement 

Combined inhibition of Arg and mitogen-activated protein kinase 4 (MAP4K4) by 

bosutinib enhances turnover of integrin-based focal adhesions. This provides robust 

protection against inflammation-induced vascular leakage. 
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ABSTRACT 

Aims: Endothelial barrier dysfunction leads to edema and vascular leak, carrying 

high morbidity and mortality. Previously, Abl kinase inhibition was shown to protect 

against vascular leak. Using the distinct inhibitory profiles of clinically available Abl 

kinase inhibitors, we aimed to provide a mechanistic basis for novel treatment 

strategies against vascular leakage syndromes.  

Methods & Results: Bosutinib most potently protected against inflammation-induced 

endothelial barrier disruption. In vivo, bosutinib prevented LPS-induced alveolar 

protein extravasation in an acute lung injury mice model. Mechanistically, Mitogen-

activated Protein 4 Kinase 4 (MAP4K4) was identified as important novel mediator of 

endothelial permeability, which signals via ezrin, radixin and moesin proteins to 

increase turnover of integrin-based focal adhesions. The combined inhibition of 

MAP4K4 and Arg by bosutinib preserved adherens junction integrity and reduced 

turnover of focal adhesions, which synergistically act to stabilize the endothelial 

barrier during inflammation. 

Conclusion: MAP4K4 was identified as important regulator of endothelial barrier 

integrity, increasing focal adhesion turnover and disruption of cell-cell junctions 

during inflammation. Inhibiting both Arg and MAP4K4, the clinically available drug 

bosutinib may form a viable strategy against vascular leakage syndromes. 
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ABBREVIATIONS 

AJ   Adherens Junctions 

AKI   Abl Kinase Inhibitor 

ARDS  Acute Respiratory Distress Syndrome 

Arg   Abl-Related Gene 

BALF   Broncho-Alveolar Lavage Fluid 

DMSO  Dimethyl Sulfide Oxide 

ECIS®  Electrical Cell-substrate Impedance Sensing 

ECM   Extracellular Matrix 

ERM   Ezrin Radixin Moesin 

FA  Focal Adhesions 

GFP   Green Fluorescent Protein 

HRP   Horse Radish Peroxide 

HUVEC  Human Umbilical Vein Endothelial Cell 

IL-6  Interleukin-6 

LPS   Lipopolysaccharide 

MAPK  Mitogen-Activated Protein Kinase 

MAP4K4  Mitogen-Activated Protein Kinase Kinase Kinase Kinase 4 

MLC   Myosin Light Chain 

PMVEC  Pulmonary Microvascular Endothelial Cell 

TIRF   Total Internal Reflection Fluorescence 

TNFα   Tissue Necrosis Factor α 

VE-cadherin  Vascular Endothelium Cadherin 
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INTRODUCTION 

The vascular endothelium controls the transport of proteins and solutes from 

the blood to the tissues (Mehta and Malik, 2006, Komarova et al., 2017). 

Dysregulation of the endothelial barrier leads to capillary leakage and edema as seen 

in pathological conditions such as acute respiratory distress syndrome (ARDS) and 

sepsis (Lee and Slutsky, 2010, Komarova et al., 2017). Inflammatory mediators open 

endothelial cell junctions, enhancing vascular permeability (Wessel et al., 2014). 

Despite increased understanding of endothelial barrier regulation at the molecular 

level (Filewod and Lee, 2019), only supportive care with oxygen supplementation and 

lung-protective ventilation are available, but do not target the underlying 

inflammation-induced structural defects in the endothelium (Lee and Slutsky, 2010, 

Matthay et al., 2019). 

Adherens junctions (AJ) comprise transmembrane proteins that form dynamic 

interactions between adjacent cells and play an important role in maintaining the 

integrity of the vascular endothelial monolayer and in the regulation of its barrier 

function (Dejana and Giampietro, 2012, Gavard, 2013). The main AJ protein is 

vascular-endothelial (VE) cadherin, a single span transmembrane, homotypic 

adhesion molecule which connects intracellularly to the cortical F-actin cytoskeleton 

(Dejana and Giampietro, 2012). In the presence of pro-inflammatory stimuli, 

intracellular signalling leads to phosphorylation, destabilization and internalization of 

VE-cadherin (Gavard, 2013). In parallel, activation of RhoGTPases induces acto-

myosin based contraction, following the phosphorylation of myosin light chain (MLC), 

which lead to contractile stress fibres, exertion of force on the junctional complexes 

and finally retraction of the cell membrane (Mehta and Malik, 2006, Huveneers et al., 

2012).  

We have previously demonstrated that the Abl kinase inhibitor (AKI) imatinib 

reverses pulmonary edema (Aman et al., 2013) and protects against endothelial 

barrier disruption by inhibition of Abl-related gene (Arg) (Aman et al., 2012). The 

inhibition of Arg resulted both in enhanced cell–cell interactions and enhanced cell–

matrix adhesion. Mechanistically, we showed that imatinib-mediated inhibition of Arg 

increased the activity of Rac1 and the stabilization of peripheral, β1-integrin 

containing, focal adhesions (FA). FA are multi-protein structures that link the 
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cytoskeleton to the extracellular matrix (ECM) (Hynes, 2002). Within FA, integrins 

play a pivotal role both in cell-matrix adhesion and in bidirectional signaling across 

the plasma membrane (Shattil et al., 2010). Similar to cadherins, the intracellular 

domains of integrins are dynamically connected to the actin cytoskeleton through a 

large variety of adapter and signaling proteins. As a result, integrin stability and 

adhesive function is subject to regulation by signaling from within the cell (‘inside-out’ 

signaling). Conversely, integrins probe the extracellular environment where their 

adhesive interactions with the ECM trigger subsequent intracellular (‘outside-in’) 

signaling (Shattil et al., 2010, Hynes, 2002).  

Integrins are essential for endothelial barrier stability, cell migration and 

proliferation (Shattil et al., 2010, Yamamoto et al., 2015, Song et al., 2017) and there 

is growing evidence for a role of FA and β1-integrins in blood vessel stability and 

barrier function (Pulous et al., 2019, Hakanpaa et al., 2018, Yamamoto et al., 2015). 

Integrin-containing FA have shown to stabilize and localize VE-cadherin at cell-cell 

junctions (Pulous et al., 2019, Yamamoto et al., 2015), although the underlying 

mechanism remains unclear. The involvement of integrins in endothelial barrier 

regulation is diverse and is dependent on the availability of different integrin subtypes 

and their cellular distribution (Su et al., 2012, Su et al., 2007, Hakanpaa et al., 2018).   

Next generation AKIs have been developed to treat imatinib-resistant forms of 

chronic myeloid leukemia (Khoury et al., 2012) that show different kinase inhibition 

and safety profiles. We hypothesized that inhibition of a favorable combination of 

kinases (as provided by next generation AKIs), provides greater potential for the 

treatment of vascular leakage syndromes. In the current study, we made use of the 

distinct inhibitory profiles of clinically available AKIs to provide a mechanistic basis for 

novel treatment strategies against vascular leakage syndromes (Gover-Proaktor et 

al., 2018). We identified the clinically available AKI bosutinib as robust protector of 

vascular permeability both in vitro and in vivo, which exerts its protective effect 

through combined inhibition of Arg and Mitogen-activated Protein Kinase 4 

(MAP4K4). 
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RESULTS 

Bosutinib provides full protection against thrombin-induced endothelial barrier 

disruption 

Previously, we identified the kinase inhibitor imatinib as a compound which 

protects against agonist-induced loss of barrier function (Aman et al., 2012). In 

search for novel, more effective barrier-protecting compounds, we tested three 

generations of Abl-kinase inhibitors on endothelial barrier function in HUVECs (Fig 

1A,B, Fig S 1A,B). In these studies, we challenged stable endothelial monolayers 

with the protease thrombin, which represents a well-established model for 

inflammation induced loss of endothelial integrity. Similar to other G-protein-coupled 

receptor agonists, the loss of barrier function induced by thrombin is acute and 

reversible (Fig S1B). Our screen showed that the synthetic quinolone 

derivate bosutinib demonstrated the strongest protection to thrombin-challenged loss 

of endothelial barrier function. This was observed both in macromolecule passage 

assays (Fig. 1A&S1A) and in transendothelial electrical resistance assays (Fig. 

1B&S1B). Validation experiments further confirmed that bosutinib increased basal 

barrier function, (Fig. S1C), and that bosutinib protected against thrombin and 

histamine-induced endothelial barrier disruption (Fig. 1C,D&S1D) at an optimal 

concentration of 1μM (Fig. S1E,F). Cell viability assays showed no cell toxicity at this 

concentration (Fig. S1G). Similar protective effects were observed in PMVECs (Fig. 

1E) showing that barrier protection by bosutinib is neither agonist nor endothelial cell-

type specific. These experiments demonstrate a strong protective effect of bosutinib 

against inflammation-induced endothelial barrier loss. 

Subsequent immunofluorescent studies showed that bosutinib in both 

PMVECs and HUVECs protected against thrombin-induced intercellular gap 

formation,(Fig. 1F,G; S1H,I) and increased VE-cadherin intensity at cell-cell junctions 

(Fig. 1F,H; Fig S1H,J). Moreover, bosutinib increased the number of β1-integrin-

positive FAs (Fig. 1F, I, Fig S1H,K). Bosutinib did not reduce F-actin stress fiber 

formation or Ser18/Thr19-phosphorylation of MLC (Fig. S1L), indicating that bosutinib 

does not inhibit actomyosin contractility. Total, VE-cadherin or vinculin levels did not 

change after bosutinib treatment in Western blot (Fig. S1M-N). These results suggest 

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



that bosutinib protects against endothelial barrier disruption by enhancing VE-

cadherin-containing adherens junctions and reinforcing β1-integrin-containing FAs. 

Inhibition of Mitogen-activated protein kinase 4 (MAP4K4) by bosutinib 

stabilizes endothelial barrier function 

Our previous studies showed that imatinib prevents endothelial barrier 

dysfunction and edema via inhibition of Arg (Aman et al., 2012). As bosutinib had 

stronger barrier-protective effects than imatinib (Fig 1A,B), we hypothesized that 

combined inhibition of multiple kinases favors endothelial barrier preservation under 

inflammatory conditions. To understand which kinases could be involved, bosutinib 

and imatinib were profiled by measuring the inhibitory activity against 369 kinases at 

a single concentration in competition binding assays. Thresholds for kinase inhibition 

of ≥75% at 10nM bosutinib and ≤50% at 10μM imatinib were chosen to select 

candidate kinases that may account for the differential effects of these two inhibitors 

on endothelial barrier function (Fig 2A). Interestingly, bosutinib showed specificity 

against several mitogen-activated protein family of kinases (MAP4K4, MAP4K5, 

MAP4K6, MAP4K7). Since bosutinib showed highest specific kinase inhibition 

against MAP4K5, siRNA-mediated knockdown of MAP4K5 was tested in ECIS and 

compared to knockdown of MAP4K4, a kinase known to regulate focal adhesion and 

barrier function (Yue et al., 2014, Vitorino et al., 2015, Roth Flach et al., 2015). 

siRNA-mediated knockdown of MAP4K4 resulted in specific and efficient (>80%) 

depletion of MAP4K4 (Fig S2A,B). To our surprise, depletion of MAP4K4, but not 

MAP4K5, significantly attenuated thrombin-induced barrier disruption (Fig. 2B& S2C). 

Simultaneous knockdown of both MAP4K4 and MAP4K5 did not further improve 

barrier protection (Fig. 2B,C). Different siRNAs for MAP4K4 displayed a similar 

degree protective effect during thrombin stimulation (Fig. S2D). 

As prolonged knockdown may result in compensatory upregulation of 

redundant pathways, we evaluated the effect of a pharmacological MAP4K4 inhibitor 

(PF-6260933) that inhibits the trio of MAP4K4, 6 and 7 (Ammirati et al., 2015, Roth 

Flach et al., 2015). Treatment with PF-6260933 increased basal monolayer 

resistance and significantly attenuated the thrombin-induced loss of barrier function 

(Fig. 2C). MAP4K4 shares greater than 90% amino acid identity with MINK/MAP4K6 

and TNIK/MAP4K7 (Chuang et al., 2016) and redundancy and overlapping functions 
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have been described for these kinases (Baumgartner et al., 2006, Chuang et al., 

2016). Knockdown of MAP4K6 and 7 did not improve endothelial barrier function and 

combined knockdown of the trio MAP4K4/6/7 gave similar results compared to 

siMAP4K4 alone (Fig. 2D, S2E). Knockdown efficiency and specificity is depicted in 

Fig. S2A&F-H, showing that MAP4K5 had some cross-reactivity with MAP4K6/7.  

As Arg is inhibited by both bosutinib and imatinib, we hypothesized that 

combined inhibition of Arg and MAP4K family of kinases, results in a similar 

protective effect as bosutinib treatment. To test this, macromolecule passage was 

measured under basal conditions, showing significant reduction of macromolecule 

passage in siMAP4K4 (Fig. S2I), in line with the barrier stabilizing effect of bosutinib 

(Fig. 1C). Knockdown of MAP4K4 either alone or combined with the loss of Arg 

effectively reduced thrombin-induced HRP passage, although this effect did not 

mimic the protective effect of bosutinib completely (Fig. S2J). Likely, acute kinase 

inhibition by bosutinib is more effective in barrier protection as compared to the 

siRNA-mediated loss of cognate kinase expression quantified only after 72 hrs.  

Notably, knockdown of Arg combined with PF-6260933 completely mimicked 

the positive effect of bosutinib on basal endothelial barrier function as well as 

thrombin-induced loss of integrity (Fig. 2D&S2K,I). Together, these data show that 

combined kinase inhibition of Arg and MAP4K4 can account for the protective effects 

of bosutinib on endothelial barrier function. 

To evaluate the effect of MAP4K4 on cell-cell junctions and cell-ECM 

interaction, immunostaining for VE-cadherin, active β1-integrin and F-actin was 

performed after treatment with siMAP4K4, siArg and PF-6260933 (Fig. 3A). VE-

cadherin intensity was unaltered under basal conditions (Fig S3A,B). After thrombin 

stimulation, MAP4K4 knockdown or its inhibition completely prevented intercellular 

gap formation (Fig. 3A,B). In line with this, thrombin-induced loss of VE-cadherin 

intensity at the cell periphery was fully preserved after PF-6260933 treatment (Fig. 

3C). Similar to bosutinib treatment, the number of FAs increased after inhibition or 

loss of MAP4K4 under basal conditions (Fig S3C) as well as in thrombin stimulated 

cells (Fig 3D). Peripheral focal adhesions were increased with bosutinib treatment, 

PF-6260933, siMAP4K4 and siArg with PF-6260933 (Fig 3E). Since the total number 
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of FA also increased, the ratio remained unaltered in all conditions except bosutinib 

treatment (Fig. 3F). 

In line with the effects of bosutinib on the F-actin cytoskeleton (Fig S1H), stress fiber 

formation was not affected by the loss or inhibition of Arg or MAP4K4 (Fig. S3A), 

indicating that increased acto-myosin-based contraction is not sufficient for 

intercellular gap formation. Together, these data provide further evidence that 

MAP4K4 and Arg both negatively regulate the stabilization of FAs and adherens 

junctions, and that combined loss or inhibition of these kinases might recapitulate the 

strong barrier protective effects of bosutinib. 

MAP4K4 increases focal adhesion turnover 

As recent studies pointed to a role for β1-integrin activation in maintaining VE-

cadherin at AJs(Yamamoto et al., 2015, Pulous et al., 2019, Hakanpaa et al., 2018) 

and bosutinib enhanced β1-integrin localization in peripheral FAs (see Fig.1F,I & 

Fig.3D-F), we tested if MAP4K4 inhibition may have an additional effect via FA 

reorganization. The involvement of MAP4K4 in FA dynamics was analyzed using live-

cell imaging of primary human endothelial cells expressing GFP-vinculin (Movie 1-3, 

Online Supplement). Time lapse images of GFP-vinculin expressing endothelial cells 

show basal FA dynamics after treatment with bosutinib or PF-6260933, followed by 

thrombin stimulation, in line with the data in Fig. 3B. Both bosutinib and PF-6260933 

increased the abundance of FAs in unstimulated and in thrombin-treated cells. (Fig. 

4A). We next quantified FA turnover, which showed that FA assembly and 

disassembly were decreased by bosutinib and PF-6260933 under basal and 

thrombin-stimulated conditions (Fig. 4B,C). This results in increased FA lifetime (Fig. 

4D). In further support of a FA-stabilizing effect, bosutinib increased cell spreading as 

measured by ECIS (Fig. S3D-E) and by microscopy (Fig. 4E) without changing F-

actin levels or MLC phosphorylation (Fig. S1L). 

Because MAP4K4 inhibition induced stabilization of both FA and AJ, we 

evaluated whether the observed FA stabilization contributes to AJ stabilization and 

endothelial barrier protection by bosutinib. We therefore used peptides that block 

integrin adhesive function (GRGDSP; GRGDNP) to evaluate whether bosutinib still 

protects the endothelial barrier in the absence of functional integrins and FA. 

GRGDSP is described to bind αvβ5 and α5β1 but preferential binding to αvβ3. 
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GRGDNP also blocks adhesion by αvβ3 and α5β1 with similar specificity but 

preferential binding to α5β1 (Kapp et al., 2017). As measured by transendothelial 

resistance, the simultaneous addition of GRGDSP and/or GRGDNP induced a loss of 

endothelial integrity in a concentration-dependent manner (Fig. S3F). No differences 

were observed between the different peptides when tested individually (Fig. S3G-H). 

Using an integrin-β1 blocking peptides in a low concentration at which the basal 

barrier function was not compromised (450μM), we found that bosutinib no longer 

rescued the thrombin-induced drop in barrier function (Fig. 4F,G & S3I). These 

results indicate that functional integrins are required for the barrier-protective effects 

of bosutinib and help to stabilize the endothelial barrier during thrombin-induced 

actomyosin contraction. 

The MAP4K4-ERM pathway drives focal adhesion turnover during 

endothelial barrier disruption 

Since MAP4K4 enhances FA turnover via phosphorylation of the ezrin, radixin 

and moesin (ERM) group of proteins (Vitorino et al., 2015), and since MAP4K4 

directly binds the N-terminus of moesin (Baumgartner et al., 2006), we hypothesized 

that MAP4K4 signals via ERM proteins to stabilize FAs and barrier function. In 

immunofluorescence studies, siMAP4K4 or PF-6260933 reduced junctional 

localization and intensity of phosphorylated ERM (Fig. 5A,B). Moreover, bosutinib 

treatment significantly decreased total phosphorylation of ERM proteins in western 

blot upon thrombin stimulation at several time points (Fig. 5C). This was not seen in 

cells treated with siMAP4K4, siArg or PF-6260933 (Fig. 5D&S4A)).  

To test whether ERM proteins act downstream MAP4K4 during thrombin-

induced barrier disruption, we compared the effect of silencing ezrin and moesin 

(siEzrin+siMoesin), both expressed in endothelial cells (Adyshev et al., 2013) with 

loss of MAP4K4 on thrombin-induced barrier disruption (see Fig. S4B for knockdown 

efficiency). Although siMAP4K4 and siEzrin+siMoesin attenuated the thrombin-

induced drop in endothelial barrier function to a similar extent, combined 

siEzrin+siMoesin and siMAP4K4 had an additive protective effect (Fig. 5E&S4C). 

This can be explained by the fact that we observed restoration of VE-cadherin 

junctional intensity after thrombin stimulation in siEzrin+siMoesin treated cells, but 

not in siMAP4K4 treated cells (Fig. 5F,G). Furthermore, siMAP4K4 and 
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siEzrin+siMoesin increased the number of FA to a similar extent, whereas the triple 

knockdown had no additive effect (Fig. 5H). Together, these data indicate that ERM 

proteins act downstream of MAP4K4 in stabilization of β1-integrin-based FA, 

whereas ERM proteins stabilize junctional VE-cadherin in a MAP4K4-independent 

manner. 

Bosutinib treatment attenuates LPS-induced pulmonary vascular leakage 

Bosutinib is currently in clinical use for the treatment of chronic myeloid 

leukemia (Khoury et al., 2012, Kong et al., 2017). Repurposing bosutinib for 

prevention of vascular damage and edema would have large clinical benefit. We 

therefore tested the vascular barrier protective effects of bosutinib in a clinically 

relevant mouse model for pulmonary vascular leakage. Lung inflammation and 

edema were induced via intranasal administration of LPS in mice concomitantly 

treated with bosutinib (20 mg/kg) or saline (control) injection as previously described 

(Tuinman et al., 2013) (Fig. 6A). Lung vascular leakage, measured by the lung 

weight/body weight ratio and protein concentration in BALF, was significantly 

increased in the LPS treated animals and this effect was prevented by bosutinib (Fig. 

6B,C). As an additional measure of vascular leakage, 0.5% Evans Blue was 

administered intravenously five hours after the induction of lung injury, and organs 

were harvested one hour after Evans Blue administration. Evans Blue extravasation 

was significantly increased in lungs and kidneys of LPS-treated mice, an effect that 

was prevented in bosutinib-treated mice (Fig. S5A-C).  

Inflammation, measured by total cell count, percentage neutrophils together 

with IL-6 levels in BALF were markedly increased after LPS administration and 

significantly attenuated by bosutinib treatment (Fig. 6D-F), although active trans-

endothelial neutrophil migration over pulmonary endothelial cells was not affected by 

bosutinib (Fig. S5F). TNF-α concentration in BALF was increased after LPS 

exposure, however, no significant reduction was observed with bosutinib treatment 

(Fig. S5D). A systemic inflammatory cytokine response measured by circulating IL-6 

in plasma was not observed (Fig. S5E). As an additional measure of direct lung 

injury, the LPS-treated mice showed a significantly higher histopathology score in 

endothelialitis, edema, interstitial inflammation and hemorrhage in the lungs, whereas 

bosutinib significantly reduced edema and hemorrhage scores (Fig. 6G). These data 
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demonstrate that repurposing the clinically available drug bosutinib, effectively 

reduces inflammation-induced lung vascular leakage.  

DISCUSSION 

While the molecular basis of endothelial integrity is extensively studied, 

compounds that provide effective protection against vascular leak, strongly associated 

with inflammatory disease, remain to be identified. Here we show that the AKI bosutinib 

provides full protection against agonist-induced endothelial- and vascular permeability 

in vitro and in vivo. We identified MAP4K4 as an important regulator of endothelial 

barrier function, contributing to adherens junction dissociation and signaling via ERM 

to increase FA turnover, with subsequent cell retraction and barrier disruption (Fig. 7). 

Our data support a model in which the turnover of peripheral, 1-integrin containing 

FAs contributes to the loss of VE-cadherin mediated cell-cell contact (Fig. 7) (Pulous 

et al., 2019, Pulous and Petrich, 2019). While we previously showed that the first 

generation AKI imatinib provides partial protection from vascular leak by inhibiting Arg, 

bosutinib is more effective due to its additional effect on MAP4K4, a kinase only 

moderately targeted by imatinib (Fig 2A).  

Identification of MAP4K4 as regulator of endothelial barrier function 

The regulation and function of individual serine/threonine MAP4K family of 

kinases is largely unknown, although MAP4K4 has repeatedly emerged as regulator 

of cell migration, adhesion and FA stabilization (Yue et al., 2014, Huang et al., 2004, 

Tripolitsioti et al., 2018, Machida et al., 2004). MAP4K4 activation by TNFα regulates 

important inflammatory responses including cytokine production as well as 

atherosclerosis and insulin resistance (Ammirati et al., 2015, Roth Flach et al., 2015, 

Huang et al., 2014). Divergent findings regarding a role for MAP4K4 in endothelial 

barrier function have been reported. Vitorino et al found no role for MAP4K4 in basal 

endothelial permeability using siRNA-mediated knockdown. On the other hand, 

others report that depletion of MAP4K4 increased basal barrier resistance 

(Pannekoek et al., 2013) and macromolecule permeability reduced in MAP4K4-

silenced monolayers basally, and after TNF-α-mediated inflammation in vitro (Roth 

Flach et al., 2015). A role for MAP4K4 for barrier function has been suggested by the 

observations that inhibition of MAP4K4 reduces cholesterol accumulation in aorta of 

mice and knockdown of MAP4K4 increased basal endothelial barrier function (Roth 
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Flach et al., 2015, Pannekoek et al., 2013). Family members of the serine/threonine 

MAP4K4 kinase family MAP4K6 and MAP4K7 share a common function in regulating 

cell shape and migration and show greater than 90% amino acid identity 

(Baumgartner et al., 2006). Despite this structural similarity only knockdown of 

MAP4K4, but not 6 and 7 protected against endothelial barrier disruption during 

inflammation.  

Focal adhesion distribution by bosutinib and MAP4K4 is mediated by ERM  

We observed that bosutinib and MAP4K4 inhibition stabilized FA dynamics, 

leading to increased spreading of endothelial cells to the ECM. Since we found 

imatinib to increase predominantly peripheral FA through Arg inhibition (Aman et al., 

2012, Rizzo et al., 2015), we propose that bosutinib exerts an additional effect on FA 

dynamics by increasing β1 integrin and FA stability and longevity through MAP4K4 

inhibition. Indeed, loss of MAP4K4 and moesin increased the number of both central 

and peripheral FA (Vitorino et al., 2015). Moesin is the most abundant ERM protein in 

endothelial cells and the individual ERM proteins show functional redundancy 

(Adyshev et al., 2013, Fehon et al., 2010). ERM proteins control cell shape through 

crosslinking the actin cytoskeleton to the plasma membrane (Tachibana et al., 2015, 

Baumgartner et al., 2006, Adyshev et al., 2013) and phosphorylation of ERM after 

thrombin stimulation induces its translocation to the cell periphery, modulating AJ 

integrity and promoting gap formation (Adyshev et al., 2013, Amsellem et al., 2014). 

pERM were previously also detected in endothelial retraction fibers, linking ERM-

phosphorylation to the induction of contraction (Vitorino et al., 2015). In line with 

these observations, the present study demonstrates that ERM proteins act 

downstream of MAP4K4 to regulate β1 integrin activity and FA turnover during 

inflammation. As MAP4K4 inhibition increased cell adhesion and spreading, the 

MAP4K4/ERM pathway appears as an important mediator of decreased cell-ECM 

binding of endothelial cells under inflammatory conditions, although we cannot 

exclude a role for ERM protein in endothelial barrier regulation independent from 

MAP4K4.  
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Interaction between focal adhesions and adherens junctions in endothelial 

barrier regulation 

The protective effects of bosutinib were paralleled by improvement of AJ 

integrity and FA stability. Whereas the contribution of the AJ to endothelial barrier 

integrity is undisputed, the functional role of FA, and specifically integrins, is more 

controversial. We showed that peptides blocking the adhesive function of integrins 

αvβ5, α5β1 and αvβ3 counteracted the protective effect of bosutinib, indicating that 

FAs are functionally involved in endothelial barrier regulation and required for a 

functional barrier. It is known that β1-integrin interacts directly with talin (Giancotti, 

2000) and that β1-integrins stabilize cell-cell contacts (Yamamoto et al., 2015, Pulous 

et al., 2019, Song et al., 2017). Although it is reported that integrin engagement leads 

to disruption of VE-cadherin containing AJ via the activation of Src kinase (Wang et 

al., 2006) and that β1-integrin-inhibiting antibodies decrease LPS-induced vascular 

leakage in murine endotoxemia (Hakanpaa et al., 2018), our data demonstrate that 

bosutinib decreases FA turnover and enhance cell adhesion to impair cell retraction, 

even in the presence of intact acto-myosin contraction. Although previous studies 

have shown that intact FA are essential for a mature endothelial barrier (Song et al., 

2017, Pulous et al., 2019, Yamamoto et al., 2015) the present study is the first to 

demonstrate that active regulation of FA turnover contributes to the hyperpermeability 

response in vitro and in vivo. Inhibition of Arg and MAP4K4 simultaneously with 

ERM-mediated reinforcement of the AJ, leads to barrier stabilization. This 

mechanism aligns well with the suggestion in previous studies that peripheral FA 

reinforce AJ integrity (Hakanpaa et al., 2018, Pulous et al., 2019).  

Perspective 

Bosutinib attenuated vascular leakage, protein extravasation and inflammation 

in a murine acute lung injury model, in line with previous research on virus induced 

vascular leakage in human pulmonary endothelial cells (Gorbunova et al., 2011) and 

recovery of lung inflammation in an animal model for silicosis (Carneiro et al., 2017). 

In addition, in our study LPS and bosutinib were administered simultaneously 

preventing the development of lung edema. Active neutrophil migration remained 

unchanged in vitro, therefore we could not exclude a direct effect of bosutinib on 

neutrophil migration. As a clinically available drug, bosutinib is orally administered 
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and well tolerated (Cortes et al.), with milder cardiac hypertrophy and fewer vascular 

adverse events compared to several other AKIs (Heyen et al., 2013, Gover-Proaktor 

et al., 2018). Moreover, only low-grade gastrointestinal toxicity is reported after 

bosutinib treatment (Kong et al., 2017). Based on these drug characteristics, the fact 

that bosutinib inhibits endothelial MAP4K4 during inflammation, and the protective 

effects of bosutinib on vascular endothelial integrity identified in this study, 

repurposing bosutinib as novel treatment for clinical syndromes associated with 

vascular leak is a suitable option. 

Conclusion 

During inflammation, Arg and MAP4K4 signal to increase turnover of integrin-

based peripheral FAs, which is required for the loss of VE-cadherin mediated cell-cell 

contact. This study identifies MAP4K4/ERM signaling as important pathway that 

mediates stimulus induced FA dissolution and adherens junction dissociation. Since 

the clinically available drug bosutinib inhibits both Arg and MAP4K4/ERM signaling, 

bosutinib may be a viable strategy against vascular leakage. 

 

 

METHODS AND MATERIALS  

Reagents, antibodies and siRNAs 

For all experiments bosutinib was purchased from Selleck chemicals (s104) and 

dissolved in dimethylsulphoxide (DMSO) in a concentration of 1μM. Imatinib (free 

base) was purchased from ChemieTek (Indianapolis, IN) and dissolved in DMSO in a 

concentration of 10μM. All tyrosine kinases used in the screen were provided by 

GlaxoSmithKline (GSK, Stevenage, UK) and used in their optimal concentration: 

GNF2 10μM, Nilotinib 10μM, Nintedanib 1μM, Erlotinib 10μM and Dasatinib 0.1μM, 

as determined by concentration series in ECIS (data not shown). PF-6260933 

(Selleckem) was dissolved in sterile water in a concentration of 3μM. 

The following antibodies were used: α-MAP4K4(HGK, #3485 1:1000), α-VE-cadherin 

XP (D87F2,#2500 1:200-1000), α-phospho-Ezrin(Thr567)/Radixin(Thr564) 

/Moesin(Thr558) (#3141S 1:500-1000), α-Ezrin/Radixin/Moesin (#3142 1:500-1000), 
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pMLC (#3671 1:2000), α-P44/42 MAP Kinase (ERK)(#9102 1:2000) vinculin (#4650 

1:5000) all Cell Signaling, α-VE-cadherin (SC-6458, Santa Cruz 1:500-1000), α-

integrinβ1 (12G10, ab30394, Abcam 1:200-500), α-ABL2 (M09, clone 5C6, Abnova 

1:500-1000). The following small interference RNAs (siRNAs) were purchased: ON-

TARGET plus non-targeting pool (siNT), GAG CCA AAU UUC CUA A (siARG #2) 

GACCAACUCUGGCUUGUUA ON-TARGET plus human MAP4K4 (siMAP4K4 #10, 

11, 12, 13 or pool), ON-TARGET plus human MINK1 pool (siMAP4K6), ON-Target 

plus human TNIK pool (siMAP4K7) (All GE-Healthcare/Dharmacon). Human Moesin 

siRNA (sc-35955) and Human Ezrin siRNA (sc-35349) both Santa Cruz 

biotechnology Inc.  

Endothelial cell culture 

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased from Lonza or 

freshly isolated from umbilical cords of healthy donors. Cells were isolated and 

characterized as previously described (Jaffe et al., 1973). Human pulmonary 

microvascular endothelial cells (PMVECs) were isolated and cultured from healthy 

donors, approved by the institutional review board of the VU University Medical 

Center following principles outlined in the Declaration of Helsinki and consent was 

given. Isolation and culturing of human pulmonary microvascular endothelial cells 

(PMVECs) from healthy donor lungs was described by our group previously(Szulcek 

et al., 2016). HUVECs were cultured in M199 medium supplemented with penicillin 

100U/ml and streptomycin 100μg/mL, L-glutamine 2 mMol/L (all Biowhittaker/Lonza, 

Verviers, Belgium), 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) and heparin 5U/mL (Leo pharmaceutical products, Weesp, The 

Netherlands), cultured at 37°C and 5% CO2, with a medium change every other day. 

Cells were used for experiments in passage 1-2.  

Transfection with small interfering RNAs 

Subconfluent HUVECs (80% confluency) were transfected with 10% NBCS/M199 

containing 25nM Dharmafect 1 (Dharmacon/GE-healtcare) and 25nM of siRNA. After 

16 hours of transfection, medium was changed to regular culture medium to avoid 
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toxicity. Experiments were done 72 hours after transfection. Efficiency of transfection 

was evaluated by western blot analysis or PCR of whole cell lysates  

Endothelial barrier function assays 

Endothelial barrier function was measured by Electrical Cell-substrate Impedance 

Sensing (ECIS) or macromolecule passage assay. HUVECs were seeded to 

immediate confluency on gelatin-coated ECIS arrays (Applied Biophysics, Troy, NY). 

Culture medium was renewed 24 hours after seeding, while experiments were 

performed 48 hours after seeding. Before thrombin stimulation, cells were incubated 

with EBM medium containing 1% Human Serum Albumin (HSA, Sanquin CLP) and 

the compounds in designated concentrations. After 60-90 minutes of pre-incubation, 

thrombin was added to the wells in a final concentration of 1U/mL (Sigma Aldrich). 

HUVECs were transfected 24 hours after seeding using Dharmafect 1 and siRNAs 

for 16 hours, followed by medium change.  

For analyzing cell-adhesion cells were serum starved and pre-incubated with DMSO 

or bosutinib (1μM) for 1 hour in m199 containing 1% HSA after which cells were 

detached by trypsin and counted. A final number of 10.000 cells per well was seeded 

on gelatin-coated ECIS arrays and resistance was measured during the adhesion-

and growth phase for two hours. 

After pre-incubation with DMSO (0.01%) or bosutinib (1μM) in 1% HSA for 90 

minutes, integrin blocking peptides GRGDNP (AS-62049 AnaSpec) and GRGDSP 

(AS-22945 AnaSpec) dissolved in 1% HSA were added in increasing concentrations 

of 0-4mM on primary HUVEC monolayers in ECIS. After 60 minutes a plateau-phase 

was reached and thrombin 1 U/mL was added. When the concentration of the 

peptides exceeded 500μM the barrier could not recover over time and we therefore 

used an optimal concentration of 450μM in subsequent experiments. 

Macromolecular passage  

HUVECs were seeded to confluency on top of 0.33cm2 gelatin-coated ThinCerts® cell 

culture inserts (Greiner Bio-one) with a pore-size of 3.0µm and cultured in EGM-2 

medium with a medium change every other day. When a solid barrier was formed, 

defined as the absence of medium leak, cells were pre-incubated for 1 hour with 

EBM medium containing 1% HSA and the compounds in designated concentrations. 
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For stimulation, medium in the upper compartment was replaced by 1% HSA/EBM 

containing horse radish peroxide (HRP) 5μg/ml and thrombin 1U/mL or a vehicle 

control. Also 1% HSA/EBM was added to the lower compartment. Samples were 

taken from the lower compartment for HRP quantification at several time points.  

Cells were transfected 24 hours before transfer to 1% gelatin-coated ThinCerts®. 

HRP was quantified by measuring absorption after adding tetramethylbenzidine 

(Upstate/Millipore) and sulfuric acid to stop the reaction. 

Kinase Binding Assay 

In vitro kinase binding assay was performed by GSK following standard procedures. 

In short, base reaction buffer was prepared, containing 20 mM Hepes (pH 7.5), 

10mM MgCl2, 1mM EGTA, 0.02% Brij35, 0.02 mg/ml BSA, 0.1mM Na3VO4, 2mM 

DTT and 1% DMSO. The indicated kinase was mixed with substrate solution and 

compounds were delivered into the kinase reaction mixture by Acoustic technology 

(Echo550; nanoliter range). To initiate the kinase binding reaction, 33P-ATP was 

added, incubated for 2 hours at room temperature and reactions were spotted onto 

P81 ion exchange paper. Kinase activity against 396 kinases was detected by filter-

binding method. Thresholds for kinase inhibition of ≥75% at 10nM bosutinib and 

≤50% at 10μM imatinib were chosen to select candidate kinases. 

Protein analysis 

For protein analysis, cells were seeded in 5 or 10 cm2 culture wells and possibly 

transfected as described above. When cells reach confluency they were washed with 

ice-cold PBS and whole-cell lysates were collected by scraping the cells in 2x 

concentrated SDS sample buffer. Protein samples were separated on 8 or 12.5% 

SDS page gels or 4-12% precast gels (Biorad) by electrophoresis and transferred to 

nitrocellulose membranes. Protein analysis was performed by incubation of the 

nitrocellulose membranes with the designated antibodies. Bands were visualized with 

enhanced chemiluminescence (Amersham/GE-healthcare) on a AI600 machine 

(Amersham/GE-healthcare) and intensity was quantified using ImageQuant TL 

software (GE-healthcare). 
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Immunofluorescent imaging of cultured endothelial cells 

Cells were seeded on 2cm2 and 12mm glass coverslips (Menzel), coated with 1% 

gelatin and crosslinked with 0.5% glutaraldehyde (Sigma Aldrich). Transfected cells 

were seeded approximately 24 hours after the start of transfection. Untransfected 

cells were seeded and grown to confluence in 48 hours with a medium change the 

day after seeding. Cells were pre-incubated with 1% HSA/M199 for 1 hour with 

bosutinib (1μM) or DMSO, thrombin was added to the wells in a final concentration of 

1U/mL. After 2-15 minutes, cells were fixated with warm (37°C) 4% 

paraformaldehyde (Sigma Aldrich) and put on ice for 15 minutes. Cells were 

permeabilized with 0,2% triton X-100 in PBS (Sigma Aldrich) and blocked for 30 

minutes with 0.1% HSA. Subsequently, coverslips were stained with primary 

antibodies (in 0.1% HSA/PBS) for 1-2 hours at room temperature. After washing 3 

times, the cells were incubated with FITC or Cy5-labeled secondary antibodies (Anti-

rabbit or anti-mouse 1:100 in 0.1% HSA/PBS) and F-actin was visualized using 

labeled phalloidin (in 0,1% HSA/PBS (Tebu bio)) at room temperature for 1-2 hours. 

After washing, the cells were incubated with DAPI (Thermo Fisher scientific) at room 

temperature for 30 minutes. Coverslips were mounted with Mowiol4-88/DABCO 

solution (Calbiochem, Sigma Aldrich). Confocal scanning microscopy was performed 

on a Nikon A2R confocal microscope (Nikon). Images were analyzed and processed 

using ImageJ. Gap area was quantified using the freehand selection tool in VE-

cadherin staining. The density and number of focal adhesions in total and at the 

periphery relative to the cell were quantified using ImageJ. In short, images were 

converted to 8-bit grayscale, foreground/background colors were inverted, and 

threshold-adjusted. The analyze particles function was used to select and measure 

focal adhesions. FA were considered peripheral when present at >2/3 of the distance 

from nucleus to cell membrane. Number of FA was counted and corrected for the 

number of nuclei. VE-cadherin intensity was quantified using line-measurement from 

cytosol to cell membrane using ImageJ. Individual peak intensity was divided by 

individual cytosolic intensity from four positions per pictures, five pictures per 

condition and averaged in four separate experiments. 
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Live fluorescence microscopy of FA dynamics 

HUVECs were transduced with third generation lentivirus derived from pRRL-

Vinculin-GFP plasmid as previously described(Huveneers et al., 2012). Cells were 

plated in a density of 50.000 cells/mL on Lab-Tek chambered 1.0 borosilicated 

coverglass slides coated with 3 mg/ml fibronectin. The next day, cells were imaged 

using Total Internal Reflection Fluorescence (TIRF) microscopy. Immunofluorescent 

VE-cadherin antibody (BD biosciences 647 anti-human CD144 Cat: 561567) was 

added 30 minutes before imaging in movie 3 to illustrate cell responses in a 

monolayer. After 60-90 minutes of DMSO or bosutinib treatment, thrombin was 

added and imaging continued for 30 minutes with intervals of 30 seconds. Cells were 

imaged using a NIKON Eclipse TI equipped with a 60x Apo TIRF oil objective (NA 

1.49) and an Andor Zyla 4.2 plus sCMOS camera. An Okolab cage incubator and 

humidified CO2 gas chamber set to 37°C and 5% CO2 were used during the imaging 

process. Original data of single cells without VE-cadherin staining in movie 1&2 was 

uploaded on the FA analysis server (http://faas.bme.unc.edu/)(Berginski et al., 2011, 

Berginski and Gomez, 2013) for quantification of FA dynamics. Images were 

enhanced for display with an unsharp mask filter and by adjusting brightness and 

contrast settings. In brief, FAs were identified based on GFP-vinculin positivity within 

thresholded images. Dynamic properties ((dis)assembly rate and longevity) of FA 

was obtained by the tracking of changes in intensity of the fluorescence from single 

adhesions through subsequent image frames. 9-16 images per condition were 

imaged and analyzed out of 2 experiments. Please note that in movie 3 the VE-

cadherin intensity was equalized and enhanced against bleaching. 

MTT cell viability assay 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2Htetrazolium bromide) was 

purchased from Abcam ab211091 lot number GR3285654-2. HUVECs were grown 

as previously described on 1% gelatin coated 96-wells flat bottom plates in a density 

of 50.000cells/ well. After 48 hours, cells were incubated with 0, 0.1μM, 1 μM and 10 

μM bosutinib in serum starved medium, or 500uM H2O2 as positive control for 

120min. MTT reagent and MTT solvent were added following manufacturers protocol. 

Absorbance was read at 590nm. Percentage cell viability was calculated as (sample-

background) / control * 100.  
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PCR 

RNA was isolated and cDNA was generated using RNA-isolation Kit (Zymo Research 

Direct-zol MiniPrep R2050) and iScript cDNA synthesis kit (Bio-Rad, #170-8891) 

according to manufacturer’s instructions. For PCR reactions FAST SYBR Green 

Master Mix (Thermo Fisher Scientific, 4385612) was used. qPCR was then 

performed to quantify the expression of MAP4K4, MAP4K5, MAP4K6 and MAP4K7. 

GAPDH and TBP were used as housekeeping genes to normalize for the amount of 

total RNA per sample. Gene expression was determined by the LightCycler 480 

Instrument II (Roche Applied Science, Penzberg, Germany), and the reactions were 

prepared using Light Cycler SYBR Green IMaster (Roche Applied Science). 

MAP4K4_F1 AAGATGTACGGCCACCTCAC R1 ATTCCGTTTCACCATTGCTC 

MAP4K5 F1 GCAGCCAGCAGTTAGATTCC R1 TCCAGAAAGCCAACACACTG  

MAP4K6_F1 GAGAACAGCAAAGGCCAAAG_R1 TGACCACAGAACCCTTCCTC  

MAP4K7 F1 TCACCTGCACCAGCATAAAG   R1 TGCCATCCAGTAGGGAGTTC 

TBP-c472-01F AGTTCTGGGATTGTACCGCA  

TBP-c610-01R TCCTCATGATTACCGCAGCA 

Animals  

The Ethical Committee for Animal Experiments of the Academic Medical Center 

(Amsterdam, The Netherlands) approved all animal protocols (LEICA-132AE) 

conform to the guidelines from Directive 2010/63/EU of the European Parliament on 

the protection of animals used for scientific purposes. Experiments were performed in 

42 male C57/Bl6 mice with a mean ± SD bodyweight of 23.5 ± 1.7 gram purchased 

from Charles River Laboratories (The Netherlands). Animals were handled one week 

before the experiment to diminish stress activation. Housing took place in a specific-

pathogen free facility on a 12/12 hour light/dark cycle and animals were allowed to 

take food and tap water ad libitum. Animals were randomized into a control group 

(NaCl n=6), LPS group (n = 9), and LPS + bosutinib group (n=9). For the additional 

experiment assessing Evan’s blue extravasation, each group consisted out of n=6.  

Direct lung injury model 

At baseline, mice were weighed and labelled, followed by intranasal administration of 

lipopolysaccharide (LPS; 5 mg/kg, E. Coli, serotype: 0127:B8, Sigma Aldrich, St. 

Louis, MO, USA) diluted in 50µl NaCl 0.9 % (NaCl, Braun, Germany) or 50µl NaCl 
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0.9% (NaCl group) under isoflurane anaesthesia (2–4 %). Concomitantly, mice 

received either bosutinib (Selleck chemicals s104, 20 mg/kg dissolved in a solution 

buffer (2% DMSO, 30% PEG, 5% Tween in MQ) or solution buffer only (control and 

LPS group) in a total volume of 500uL intraperitoneally (i.p.). After six hours, all 

animals were sacrificed under general anaesthesia (KDA mix: 1.26 mL 100 mg/mL 

Ketamine (Anesketin, EuroVetAnimal Health B.V., Bladel, The Netherlands) + 0.2 mL 

0.5 mg/mL Dexmedetomidine (Pfizer Animal Health, B.V., Capelle a/d Ijssel, The 

Netherlands) + 1mL 0.5 mg/mL Atropine (Pharmachemie, Haarlem, The Netherlands) 

in 5mL 0.9 % NaCl by exsanguination via the vena cava inferior. Whole blood was 

collected a heparin-coated syringe and centrifuged for 10 minutes at 4000 rpm at 4 

°C (Eppendorf, microcentrifuge). Plasma was obtained and stored at –80 °C for 

further analyses. Bronchoalveolar Lavage Fluid (BALF) was obtained from the left 

lung. The superior and inferior lobe of the right lung were excised for histopathologic 

examination. The two middle lobes were used for the lung weight / body weight ratio.   

Assessment of lung injury 

After ligating the hilum of the right lung, the trachea was cannulated and the left lung 

was washed three times with 0.3mL saline to obtain BALF. BALF was centrifuged for 

10 minutes at 2000 rpm at 4 °C (Eppendorf, microcentrifuge) and stored at –80°C for 

further analyses. The superior and inferior lobe of the right lung were excised, 

instilled with 4 % paraformaldehyde and embedded in paraffin for histopathological 

assessment. The two middle lobes were removed and weighed together directly after 

resection followed by incubation in a 37 °C stove for determination of the dry weight 

after seven days. Total protein content in BALF was determined using the Lowry 

method. Total cell counts in BALF were evaluated with the Beckman Coulter 

(Fullerton, CA, USA). Differential cell counts were performed on cytospin 

preparations (Shandon CytospinR 4 Cytocentrifuge; Thermo Electron Corporation) 

and stained with a modified Giemsa stain (DiffQuick, Dade Behring AG, Duedingen, 

Switzerland). The inflammatory cytokine Interleukin (IL)–6 was assessed in plasma 

and BALF and tumor necrosis factor (TNF)–α was measured in BALF using a mouse-

specific ELISA kit (R&D systems; Minneapolis, MN, USA) according to 

manufacturer’s instructions. Histologic evidence of lung injury was assessed from 

hematoxylin and eosin-stained lung sections by using an established histopathologic 

score from 0 (no injury) to 3 (severe injury). This score consists of endothelialitis, 
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bronchitis, edema formation, interstitial inflammation and hemorrhage which was 

scored by a blinded pathologist.  

Evans blue extravasation 

Lung permeability was determined by assessing tissue accrual of Evans blue (EB) 

(Sigma Chemical Co.) as previously described(Green et al., 1988). Lung injury was 

induced and treatment administered as described above. After five hours, mice were 

anesthetized with isoflurane and 200μL of 0,5% Evans blue was administered via the 

penile vein. One hour later, animals were anesthetized as described above and 

sacrificed through blood collection from the heart. 5 ml of 0.9% NaCl was injected in 

the inferior vena cava to rinse the circulation. The right lung was collected, 

snapfrozen in liquid nitrogen and stored at -80°C. The left lung, kidneys and heart 

were placed in 300uL formamide at 55°C to extract the Evan’s blue from the tissue. 

After 48 hours, the organs were placed in an incubator at 90°C for 24 hours to 

calculate and correct for dry weight. Evans blue concentration in supernatants was 

quantified by a dual wavelength spectrophotometric method at 620 nm and 740 nm 

absorbance and corrected for the dry weight.  

Neutrophil isolation  

Polymorphonuclear neutrophils (PMNs) were isolated from whole-blood derived from 

healthy donors. All volunteers signed an informed consent, under the rules and 

legislation in place within the Netherlands and maintained by the Sanquin Medical 

Ethical Committee. The rules and legislations are based on the Declaration of 

Helsinki and guidelines for Good Clinical Practice. Whole blood was diluted (1:1) with 

5% (v/v) TNC in PBS. Diluted whole blood was pipetted carefully onto 12.5 ml Percoll 

(room temperature) 1.076 g/ ml. Tubes were centrifuged (Rotanta 96R) at 800G, slow 

start, low brake for 20 min. Bottom fraction containing PMNs was further processed 

by erythrocyte lysis in ice-cold isotonic lysis buffer (155 mM NH4CL, 10 mM KHCO3, 

0.1 mM EDTA, pH7.4 in Milli-Q(Millipore). PMNs were centrifuged at 500G for five 

minutes at 4 °C and incubated again with lysis buffer for 5 min on ice. After another 

centrifugation at 500G for 5 min at 4 °C, PMNs were washed once with PBS and 

centrifuged again at 500G for 5 min at 4 °C before resuspension in HEPES medium 

(20 mM HEPES, 132 mM NaCl, 6 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 1.2 mM 

K2HPO4, 5 mM glucose (all from Sigma-Aldrich) and 0.4 % (w/v) human serum 
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albumin (Sanquin Reagents), pH7.4). PMNs count and purity was determined by cell 

counter (Casy) and cells kept at room temperature for no longer than 4 h before use. 

Trans-endothelial migration of neutrophils 

Primairy lung microvascular endothelial cells (PMVECs) were cultured on fibronectin-

coated ibidi slides in a density of 0.5*105 per channel (μ-slide VI0.4, Ibidi). After 72 

hours, cells were stimulated for 4h with 100 ng/mL of LPS (Sigma-Aldrich) and 1 μM 

DMSO or bosutinib. Freshly isolated PMNs were suspended in HEPES medium and 

activated by 30 min incubation at 37°C. Flow channels were connected to a perfusion 

system and exposed to 0.5 mL/min HEPES medium pH 7.4, shear flow (0.8 dyn/cm2) 

and 1*106 cells/channel heat-activated PMN were injected. Leukocyte-endothelial 

interactions were recorded for 20 min at 0.2 frames/s by a Zeiss Observer Z1 

microscope. All live imaging was performed at 37°C in the presence of 5% CO2. 

Transmigrated PMNs were distinguished from those adhering to the apical surface of 

the endothelium by their transition from bright to phase-dark morphology. Number of 

transmigrated PMNs was manually quantified using ImageJ. 

Statistical analysis 

Data are represented as mean ± SD. Comparison of 2 conditions were tested by 

student t-test. Comparison of more than 2 conditions were tested by 1-way ANOVA 

or repeated measures ANOVA. Dunnet’s posthoc test was used when conditions 

were compared to one control, bonferroni posthoc test was used when multiple 

conditions were compared to multiple conditions unless indicated otherwise. P-values 

were considered statistically significant if p<0.05. Analysis was performed using 

Graphpad prism software. 
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Figures 

 

 

 

Figure 1 – Bosutinib provides robust protection against inflammation-induced 

endothelial barrier dysfunction 

A) Macromolecule passage over HUVEC monolayers after 2 hours of thrombin stimulation 

with second and third generation tyroinse kinase inhibitors in their optimal concentration 
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(n=5-6). Imatinib 10μM, GNF2 10μM, Nilotinib 10μM, Bosutinib 1μM, Nintedanib 1μM, 

Erlotinib 10μM and Dasatinib 0.1μM. B) Quantification of the thrombin response by 

calculating the maximal drop in endothelial resistance (%) as measured by ECIS. * compared 

to DMSO control and & compared to imatinib (n=6-8). C-D) Absolute endothelial resistance in 

HUVECs and quantification of the thrombin and histamine response by calculating the 

maximal drop in resistance (%) (n=3-4). E) Absolute endothelial resistance in PMVECs and 

quantification of the thrombin response by calculating the maximal drop in resistance (%) 

(n=3). F) Immunofluorescent staining of active integrin β1 (green) and VE-cadherin (red) in 

control versus bosutinib treated PMVECs counterstained with DAPI (blue). Scale bar 

represents 50 μm. Representative images of n=3 experiments. G) Gap area in control versus 

bosutinib treated PMVECs after 15 minutes of thrombin stimulation (n=3). H-I) VE-cadherin 

intensity (membrane/cytosol ratio) and number of integrin β1-containing FA in control versus 

bosutinib treated PMVECs stimulated with thrombin (n=3). *P<0.05, **P<0.01***P<0.001, 

****P<0.0001. All data is represented as mean ± SD. Comparison of 2 conditions was tested 

by student t-test. Comparison of more than 2 conditions was tested by 1-way ANOVA or 

repeated measures ANOVA. 

  

Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

 

Figure 2 – Inhibition of MAP4K4 by bosutinib enhances endothelial barrier function 

A) Comparison of the kinase inhibitory activity of Abl-tyrosine kinase inhibitors bosutinib and 

imatinib. At a threshold of ≥75% inhibition at 10nM bosutinib and ≤50% at 10μM imatinib 13 

kinases were identified to be inhibited by 1μM bosutinib but not by 10μM imatinib (shown in 

green), including mitogen-kinase activated family of kinases (MAP4K4/5/6/7). B) 

Quantification of the thrombin response by calculating the maximal drop in resistance after 

siMAP4K4 and siMAP4K5 (%) (n=3-5). C) Absolute endothelial resistance of HUVEC 

monolayers and percentage drop during thrombin stimulation with 3μM pharmacological 

MAP4K4 inhibitor PF-6260933 (n=3). D) Quantification of the thrombin response by 

calculating the maximal drop in resistance after bosutinib treatment, PF-6260933 and the 

knock down of MAP4K4/6/7 (n=3). Quantification of the thrombin response by calculating the 

maximal drop in resistance after knock down and inhibition of MAP4K4 with knock down of 

Arg (%) (n=5). *P<0.05 **P<0.01 ***P<0.001 ****P<0.0001 compared to NT control. #P<0.05 

##P<0.01 ###P<0.0001 compared to siMAP4K4. All data is represented as mean ± SD. 

Comparison of 2 conditions was tested by student t-test. Comparison of more than 2 

conditions was tested by 1-way ANOVA. 
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Figure 3 – MAP4K4 inhibition increases endothelial barrier integrity 

A) Immunofluorescent stainings of active integrinβ1 (green), actin (white) and VE-cadherin 

(red) under basal and thrombin stimulated conditions and counterstained with DAPI (blue). 

Treatment with bosutinib was compared with PF-6260933, siMAP4K4 and siArg. Scale bar 

represents 50μm. Representative images of n=4 experiments. B) Quantification of the gap 

area after 15 minutes of thrombin stimulation (n=3). C) Quantification of VE-cadherin 

intensity at the membrane divided by the intensity in the cytosol (n=3) D) Quantification of FA 

count using active integrinβ1 staining (n=3). E) Quantification of peripheral FA count per cell 

F) ratio of peripheral / total FA *p<0.05 **P<0.01 ***P<0.001 ****P<0.0001 compared to 

thrombin response. &P<0.05 &&P<0.01 &&&& P<0.0001 thrombin compared to basal 
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conditions. #P<0.05 ##P<0.01 compared to siMAP4K4. All data is represented as mean ± 

SD. Comparison of 2 conditions was tested by student t-test. Comparison of more than 2 

conditions was tested by 1-way ANOVA. 
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Figure 4 - MAP4K4 enhances FA turnover 

A) Representative images of movies on vinculin-containing FA imaged by TIRF microscopy 

every 30 seconds in control (DMSO), bosutinib or PF-6260933 treatment. Thrombin was 

added after 90 minutes. Scale bar represents 50μm. (B-D) Live-cell imaging analysis of 

single adhesions, including assembly rate (B), disassembly rate (C) and longevity (D) of 

GFP-vinculin under control (1 hour imaging) and thrombin stimulated (30-45 minutes 

imaging) conditions with bosutinib or PF-6260933 treatment (n=9-16 positions in 2 

experiments). E) Quantification of single cell area after bosutinib and PF-6260933 under 

basal conditions and after 90-105 minutes of thrombin stimulation. F) Absolute endothelial 

resistance of HUVEC monolayers with thrombin stimulation. Control (black), bosutinib 

treatment (green), control with addition of 450μM peptides that block the adhesive function of  

integrins αvβ5, α5β1 and αvβ3 (red) and bosutinib treatment with addition of 450μM peptides 

that block the adhesive function of  integrins αvβ5, α5β1 and αvβ3 (blue) (n=3). G) 

Quantification of maximal drop in resistance (%) after αvβ5, α5β1 and αvβ3 integrin blocking 

peptides (n=3) *P<0.05 **P<0.01 ***P<0.001 ****P<0.0001 compared to control. & P<0.05 

&&& P<0.01 &&&& P<0.001 compared to thrombin stimulation. All data is represented as 

mean ± SD. Comparison of 2 conditions was tested by student t-test. Comparison of more 

than 2 conditions was tested by 1-way ANOVA. 
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Figure 5 - The MAP4K4-ERM pathway drives FA turnover during endothelial barrier 

disruption 

A) Phospho Ezrin (Thr567)/ Radixin (Thr564)/ Moesin (Thr558) (green) counterstained with 

dapi (blue) in basal conditions and with 5 minutes of thrombin stimulation in siNT, 

siNT+bosutinib, siNT+PF-6260933nhibitor, siARG, siMAP4K4 and siARG+siMAP4K4 or 

siArg+ PF-6260933 (representative images of n=3) scale bar represents 50μm. B) 

Quantification of phospho Ezrin (Thr567)/ Radixin (Thr564)/ Moesin (Thr558) intensity in 

immunofluorescent stainings (n=3). C) Western blot analysis of phospho Ezrin (Thr567)/ 
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Radixin (Thr564)/ Moesin (Thr558)  after thrombin stimulation at 0-2-5-15 minutes compared 

to total ERM (n=3). D) Western blot analysis of phospho Ezrin (Thr567)/ Radixin (Thr564)/ 

Moesin (Thr558)  after thrombin stimulation for 5 minutes compared to total ERM (n=3) E) 

Quantification of maximal drop in resistance in ECIS (%) after thrombin with bosutinib 

treatment, siMAP4K4 and PF-6260933 (n=3-4) F) Immunofluorescent staining for active 

integrin β1 (green), VE-cadherin (red) and counterstained with DAPI (blue) under basal 

conditions and with thrombin stimulation for 15 minutes in siNT, siMAP4K4, siE+siM and the 

combination. Representative images of n=4 experiments, scale bar represents 50μm. G) 

Quantification of VE-cadherin intensity (membrane/cytosol ratio) after 15 minutes of thrombin 

stimulation (n=3-5). H) Quantification of FA number after 15 minutes of thrombin stimulation 

(n=4-5). *P<0.05 **P<0.01 ***P>0.001 ****P>0.001 compared to control, &&P<0.01 

&&&P<0.001 thrombin response compared to unstimulated condition. # compared to 

siMAP4K4. All data is represented as mean ± SD. Comparison of 2 conditions was tested by 

student t-test. Comparison of more than 2 conditions was tested by 1-way ANOVA. 
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Figure 6 - Bosutinib treatment attenuates LPS-induced pulmonary vascular leakage 

A) Lung injury was induced in 42 male C57/BL6J mice by intranasal inoculation of LPS to 

assess the effect of bosutinib on direct LPS induced lung-injury. B-C) Vascular leakage was 

determined by calculating the ratio of lung weight divided by the body weight and by 

measuring protein concentration in BALF (n=6-9 per group). D-F) Inflammation in BALF 

measured by total cell count, percentage neutrophils and IL-6 concentrations in BALF (n=6-9 

per group). G) Acute lung injury score quantified blind in histological coupes of right lungs 

(n=6-9 per group).  *P<0.05 **P<0.01 ***P<0.001 ****P<0.0001. All data is represented as 

mean ± SD.Comparison of 2 conditions was tested by student t-test. Comparison of more 

than 2 conditions was tested by 1-way ANOVA. 
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Figure 7 – Proposed mechanism 

A) Under basal conditions, Arg is not active and minor MAP4K4 activity results in minimal 

FA turnover. During inflammation, for example in thrombin stimulated conditions, 

MAP4K4 and Arg signal to increase FA turnover, reducing cell-matrix adhesion. MAP4K4 

either phosphorylates part of the ERMs at a specific location in the cell and / or affects 

the translocation of phosphorylated ERM as indicated by a transparent arrow, disrupting 

AJs.  

B) Bosutinib (indicated as white-green tablet), inhibits several kinases including Arg and 

MAP4K4, enhancing basal barrier integrity. During inflammation, for example in thrombin 

stimulated conditions, bosutinib prevents FA turnover through Arg and MAP4K4 

inhibition. Bosutinib inhibits ERM activity directly, as through a MAP4K4-inhibiting effect. 

This results in junctional reinforcement and increased cell-cell contact. Stable FA further 

signal to AJs, to increase endothelial barrier integrity.  
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Figure S1 

A) Macromolecule passage over HUVEC monolayers after 90 minutes of pre-
incubations during thrombin stimulation (n=5-6) with second and third generation 
tyroinse kinase inhibitors in their optimal concentration (n=5-6). Imatinib 10μM, GNF2 
10μM, Nilotinib 10μM, Bosutinib 1μM, Nintedanib 1μM, Erlotinib 10μM and Dasatinib 
0.1μM B) Absolute endothelial resistance of HUVEC monolayers in ECIS after 90 
minutes of pre-incubations with several AKIs (n=3). C) Absolute endothelial 
resistance of HUVEC monolayers under basal conditions after 90 minutes of 
bosutinib treatment (n=4). D) HRP passage over HUVEC monolayers with bosutinib 
compared to control conditions. Dotted line unstimulated condition, continuous line 
for thrombin treatment (n=3). E) Absolute endothelial resistance of HUVEC 
monolayers after increasing concentrations of bosutinib incubation (0.1-1.0-10μM) 
and thrombin stimulation (n=3). F) Quantification of the thrombin response (%) by 
calculating the maximal drop in resistance after increasing concentrations of 
bosutinib incubation (0.1-1.0-10μM) (n=3). G) Cell viability assay as measured by 
conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). 
The number of viable cells was measured at an absorbance of OD 590 nm 
(background corrected) and calculated as OD sample / control * 100. H) 
Immunofluorescent staining of active integrin β1 and VE-cadherin and F-actin in 
control versus bosutinib treated HUVECs counterstained with dapi (blue). Scale bar 
represents 50 μm. (Representative images of n=4 experiments). I) Gap area in 
control versus bosutinib treated HUVECs after 15 minutes of thrombin stimulation 
(n=4). J-K) VE-cadherin intensity (membrane/cytosol ratio) and number of integrin 
β1-containing FA in control versus bosutinib treated HUVECs stimulated with 
thrombin (n=4) L-N) Western blot analysis of Ser18/Thr19 myosin light chain (MLC) 
phosphorylation, total VE-cadherin and vinculin after thrombin stimulation (n=3). 
Represenative blots of n=3*P<0.05 **P<0.01 ***P<0.001 ****P<0.0001 compared to 
control. &&&&P<0.0001 compared to imatinib. &&&P<0.001 compared to thrombin. 
All data is represented as mean ± SD. Comparison of 2 conditions was tested by 
student t-test. Comparison of more than 2 conditions was tested by 1-way ANOVA or 
repeated measures ANOVA. 
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Figure S2 

A) mRNA quantity of MAP4K4 measured by qPCR. B) Western blot analysis of Arg 
and MAP4K4 expression after 72 hours of knockdown. ERK was used as loading 
control. Representative image of n=3. C) Absolute endothelial resistance of HUVEC 
monolayers during thrombin stimulation after knockdown of MAP4K4 and MAP4K5 
(n=3-5). D) Quantification of the thrombin response by calculating the maximal drop 
in resistance (%) after different siRNAs for MAP4K4. E) Absolute endothelial 
resistance in HUVECs after bosutinib treatment, PF-6260933 and knockdown of 
MAP4K4/6/7 and thrombin stimulation (n=3-4). F-H) mRNA quantity of MAP4K5/6/7 
measured by qPCR. I) Macromolecule passage over HUVEC monolayers with 
siMAP4K4, siArg or the combination or 90 minutes of pre-incubation with bosutinib 
(n=3-4). J) Macromolecule passage over HUVEC monolayers with siMAP4K4, siArg 
or the combination or 90 minutes of pre-incubation with bosutinib during 2 hours of 
thrombin stimulation (n=3-4). K) Absolute endothelial resistance of HUVEC 
monolayers after bosutinib treatment, PF-6260933 and knockdown of MAP4K4 and 
Arg and thrombin stimulation (n=4-5). L) Absolute endothelial resistance of HUVEC 
monolayers under basal conditions with bosutinib treatment, PF-6260933 and 
knockdown of MAP4K4/5/6/7 or Arg (n=4) *P<0.05 **P<0.01 ***P<0.001 
****P<0.0001 compared to siNT. All data is represented as mean ± SD. Comparison 
of 2 conditions was tested by student t-test. Comparison of more than 2 conditions 
was tested by 1-way ANOVA 
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Supplemental Figure 3
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Figure S3 

A) Immunofluorescent stainings of active integrinβ1 (green), actin (white) and VE-
cadherin (red) under basal conditions and counterstained with dapi (blue). Scale bar 
represents 50μM. (Representative images of n=4 experiments). B) Quantification of 
VE-cadherin intensity at the membrane divided by the intensity in the cytosol under 
basal conditions (n=4). C) Quantification of number of FA under basal conditions in 
active integrin β1 staining (n=4). D) Increase in endothelial barrier resistance at 
several time points after 90 minutes of bosutinib pre-incubation (n=3) E) Absolute 
endothelial resistance of HUVEC monolayers during barrier formation directly after 
seeding after 90 minutes of bosutinib pre-incubation (n=3). F) Quantification of drop 
in resistance (%) after addition of increasing concentrations GRGDNP and GRGDSP 
peptides. Concentrations below 450μM combined peptides showed no disruptions of 
the basal barrier, whereas concentrations exceeding 450μM did not show recovery 
of the barrier over time (n=3). G-H) % Drop in endothelial resistance with Integrinβ1 
blocking peptide GRGDNP (blocking the adhesive function of integrins αvβ3 and 
α5β1) and GRGDSP (blocking the adhesive function of integrins αvβ3, αvβ5 and 
α5β1) in a total concentration of 450μM (n=3). I) % Drop in endothelial resistance 
after addition of the combined integrin blocking peptides GRGDNP and GRGDSP in 
a total concentration of 450 μM (n=3). *P<0.05 **P<0.10 ***P<0.001 ****P<0.0001 
compared to control. All data is represented as mean ± SD. Comparison of 2 
conditions was tested by student t-test. Comparison of more than 2 conditions was 
tested by 1-way ANOVA. 
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Figure S4 

A) Western blot analysis of phosphorylated ERM expression over total ERM 
expression after bosutinib or PF-6260933 treatment, siMAP4K4, siArg or the 
combination B) Western blot analysis of ezrin and moesin expression after 72 hours 
of knockdown. ERK was used as loading control. C) Absolute endothelial resistance 
of HUVEC monolayers transfected with siMAP4K4 and siEzrin+siMoesin or the 
combination and stimulated with thrombin (n=4).  
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A
Supplemental Figure 5
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Figure S5 

A-C) Vascular leakage of 0.5 % Evans Blue into lungs, kidneys and heart was 
measured by photospectrometry corrected for Evans Blue in plasma compared 
between NaCl (control group), LPS and LPS + bosutinib treated mice at T=6 hours 
(n=6 per group). D) TNFα concentration in BALF (n=6-9 per group). E) IL-6 
concentration in plasma (n=6-9 per group). F) Migration of neutrophils over 
pulmonary microvascular endothelium pre-incubated with or without bosutinib per 
field of view (FOV).  *P<0.05 **P<0.01 compared to NaCl control group. All data is 
represented as mean ± SD and 1-way ANOVA was used. 
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Movie 2: Time-lapse confocal imaging of GFP-vinculin in control-or PF-6260933 
treated HUVEC under basal conditions 30 minutes, and after thrombin addition 15 
minutes. Frame rate 12 frames/s. 

 
 
 

Movie 3: Time-lapse confocal imaging of GFP-vinculin with immunofluorescent VE-
cadherin in control-or bosutinib treated HUVEC under basal conditions 30 minutes, 
and after thrombin addition 15 minutes. Frame rate 12 frames/s. 

Movie 1: Time-lapse confocal imaging of GFP-vinculin in control- or bosutinib-treated 
HUVEC under basal conditions for 30 minutes, and after thrombin addition 15 
minutes. Frame rate 12 frames/s. 
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