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SUMMARY

Kinase inhibitors are promising drugs to stabilize the endothelial barrier following inflammatory damage.
However, our limited knowledge of how kinase signaling activates barrier-restorative pathways and the
complexity of multi-target drugs have hindered drug discovery and repurposing efforts. Here, we apply a ki-
nase regression approach that exploits drug polypharmacology to investigate endothelial barrier regulation.
A screen of 28 kinase inhibitors identified multiple inhibitors that promote endothelial barrier integrity and re-
vealed divergent barrier phenotypes for BCR-ABL drugs. Target deconvolution predicted 50 barrier-regu-
lating kinases from diverse kinase families. Using gene knockdowns, we identified kinases with a role in
endothelial barrier regulation and dissected differentmechanisms of action of barrier-protective kinase inhib-
itors. These results demonstrate the importance of polypharmacology in the endothelial barrier phenotype of
kinase inhibitors and provide promising new leads for barrier-strengthening therapies.

INTRODUCTION

Endothelial cells form a barrier between blood and tissue, main-

taining selective permeability of the barrier, and participating in

the inflammatory response (Aird, 2007; Pober and Sessa,

2007, 2015). During infection or injury, endothelial cells become

activated by inflammatory stimuli from microbial or endogenous

products, a state that allows them to appropriately participate in

host repair and immune defense. However, excessive inflamma-

tion can lead to endothelial dysfunction, vascular leak, and tissue

edema (Pober and Sessa, 2007). The loss of barrier control,

coupledwith thrombosis, can have dire consequences in diverse

conditions, such as traumatic brain injury (Chang et al., 2016),

ischemic stroke (Park-Windhol and D’Amore, 2016), sepsis

(Levi and van der Poll, 2017), and malaria (Erice and Kain,

2019; Moxon et al., 2013). While endothelial dysfunction is impli-

cated in numerous diseases, limited drugs exist to treat this con-

dition. A more comprehensive understanding of the processes

that regulate endothelial cell function could inform the develop-

ment or repurposing of drugs that protect endothelial cells

from excessive inflammation and repair vascular leak.

Endothelial barrier regulation is a complex process involving

both barrier-disruptive and barrier-restorative signaling path-

ways (Komarova et al., 2007, 2017; Mehta and Malik, 2006; Ra-

deva and Waschke, 2018). Barrier-disruptive pathways promote

actin stress fiber formation and disassembly of inter-endothelial

junctions, as well as loss of integrin-anchored focal adhesions

that tether endothelial cells to the extracellular matrix. Barrier

integrity is restored by barrier-enhancing pathways that lead to

reassembly of inter-endothelial junctions, rearrangement of actin

into cortical actin bundles, and strengthening of focal adhesions.

The barrier-disruptive and barrier-restorative pathways are

mediated in large part by kinases (Komarova et al., 2007, 2017;

Kuppers et al., 2014; Mehta and Malik, 2006; Yuan, 2002). For

instance, vascular endothelial (VE)-cadherin, the major protein

of adherens junctions, is phosphorylated by c-Src, leading to

internalization of VE-cadherin and destabilization of junctions

in the presence of inflammatory mediators (Giannotta et al.,

2013; Orsenigo et al., 2012; Wallez et al., 2007). The Src family

kinases (SFKs), of which c-Src is a member, are also activated

during barrier recovery following thrombin- and LPS-induced

permeability (Birukova et al., 2013; Han et al., 2013; Klomp

et al., 2019; Knezevic et al., 2009), and in response to barrier-

strengthening mediators, such as sphingosine-1-phosphate

(S1P) (Garcia et al., 2001; McVerry and Garcia, 2004; Vouret-

Craviari et al., 2002). Thus, SFKs play a dual role in endothelial

barrier permeability and restoration. The phosphoproteomic

identification of more than 2,000 thrombin-regulated phosphor-

ylation sites in human endothelial cells (van den Biggelaar et al.,

2014) emphasizes the complexity of kinase regulation of endo-

thelial barrier integrity.

Given the importance of phosphosignaling to barrier mainte-

nance, kinase inhibition is an attractive approach to pursue as

a barrier restoration and stabilization strategy (Glennon et al.,
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Figure 1. Three BCR-ABL-targeting kinase inhibitors with diverse polypharmacology have disparate effects on the HBMEC barrier

(A) Left: representative recordings from an xCELLigence assay showing the normalized cell index after addition of 0.5 mM bosutinib, dasatinib, and imatinib to

resting HBMECs. Right: total change in cell index is summarized as area under the curve (AUC) relative to DMSO (100%): >100%, barrier strengthening; <100%,

barrier disruption. Data are represented as mean ± SD of three independent experiments, each done in triplicate. See also Figure S1.

(B) Left: representative recordings from an xCELLigence assay showing the normalized cell index after addition of 0.5 mM bosutinib, dasatinib, and imatinib to

HBMECs pre-treated with thrombin. Right: AUC quantification of xCELLigence assays. Data are represented as mean ± SD of four independent experiments,

each in triplicate.

(A and B) Baseline: HBMECs exposed to medium only.

(legend continued on next page)
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2018; Rizzo et al., 2015). Recent evidence indicates that the

BCR-ABL-targeting kinase inhibitors, imatinib (Gleevec) and bo-

sutinib (Bosulif), attenuate vascular leakage in a murine model of

sepsis and acute lung injury, respectively (Aman et al., 2012;

Botros et al., 2020). The protective activities of imatinib and bo-

sutinib, which include strengthening of focal adhesions and pro-

moting junctional integrity, have been attributed to inhibition of

Abelson homolog 2 (ABL2; also known as ARG) in the case of im-

atinib, and ABL2 and mitogen-activated protein 4 kinase 4

(MAP4K4) in the case of bosutinib (Aman et al., 2012; Botros

et al., 2020). With over 60 kinase inhibitors approved for clinical

use and more than 200 in clinical testing (Klaeger et al., 2017;

Roskoski, 2021), there are many opportunities for drug repur-

posing. A challenge of kinase inhibitors is drug polypharmacol-

ogy, where a single drug acts on multiple kinases, both intended

and off-target (Reddy and Zhang, 2013). Here, we exploit the

polypharmacology of kinase inhibitors using a systems-based

approach known as kinase regression (KiR) (Arang et al., 2017;

Gujral et al., 2014) to identify kinases that regulate endothelial

barrier properties and to explore how drug polypharmacology in-

fluences barrier phenotypes.

RESULTS

Three BCR-ABL-targeting kinase inhibitors with diverse
polypharmacology have disparate effects on the human
brain microvascular endothelial cell barrier
Of the BCR-ABL class of kinase inhibitors, imatinib and bosutinib

have been shown to attenuate vascular leakage (Aman et al.,

2012; Botros et al., 2020; Rizzo et al., 2015), while dasatinib is

barrier disruptive (Botros et al., 2020; Fazakas et al., 2018; Han

et al., 2013). To investigate these divergent phenotypes, we

compared bosutinib, imatinib, and dasatinib against primary

human brain microvascular endothelial cells (HBMECs). We

monitored changes in theHBMECbarrier using the xCELLigence

system, which measures electrode impedance across cells and

reports a cell index—a proxy for the strength of cell-cell interac-

tions and cell adhesion to the substrate.

The three BCR-ABL kinase inhibitors had diverse phenotypes

as indicated by the dynamics of the xCELLigence traces and the

area under the curve (AUC) (Figures 1A and S1A). Under resting

conditions, bosutinib strengthened the barrier and dasatinib was

barrier disruptive, as previously reported (Botros et al., 2020;

Fazakas et al., 2018; Han et al., 2013) (Figure 1A). In contrast,

imatinib had little effect (Figure 1A). The effects of bosutinib

and dasatinib were dose dependent (Figure S1B), indicating a

robustness of their distinct barrier phenotypes. To study the ef-

fect of the kinase inhibitors on activation of HBMECs by thrombin

(a proinflammatory and barrier-disruptive stimulus), thrombin

was given 6–9 min before the kinase inhibitors, at which point

barrier disruption was already under way. Under thrombin-acti-

vated conditions, bosutinib and dasatinib again had opposing

effects; bosutinib attenuated thrombin-induced barrier disrup-

tion in a dose-dependent manner and dasatinib exacerbated it

(Figures 1B, S1C, and S1D). Imatinib had little effect. Consistent

with these results, immunofluorescence images stained for a

molecular marker of adherens junctions (VE-cadherin) and the

actin cytoskeleton, indicated fewer gaps per field at all time

points in thrombin-stimulated cells treated with bosutinib and

imatinib compared with dasatinib (Figures 1C–1E). In addition,

bosutinib-treated cells recovered more rapidly than imatinib-

treated cells and had fewer gaps than imatinib-treated cells

and the thrombin + DMSO control at the 90- and 210-min time

points (Figures 1C–1E). Conversely, dasatinib dramatically exac-

erbated thrombin-mediated permeability by inducing extreme

cell retraction, perinuclear staining of VE-cadherin and actin,

and delaying recovery of cell shape (Figures 1C–1E). We

confirmed that the barrier-disruptive effect of dasatinib was not

the result of cell death (Figures S1E and S1F). Overall, micro-

scopic analysis supported the xCELLigence data and reinforced

the opposing barrier activities of bosutinib and dasatinib, despite

being in the same family of drugs.

There are three main ways by which endothelial cells regulate

barrier properties, namely via cell-cell junctions (including adhe-

rens junctions), contractile mechanisms (involving remodeling of

the actin cytoskeleton), and cell-matrix interactions (including

focal adhesions) (Figure 1F). The protective effect of bosutinib

and imatinib has been linked to regulation of focal adhesions

and cell-cell junctions through inhibition of MAP4K4 and/or

ABL2 (Aman et al., 2012; Botros et al., 2020). However, both

kinases are also inhibited by dasatinib (barrier disruptive) (Anas-

tassiadis et al., 2011). In addition, bosutinib and dasatinib

inhibited 58 kinases and 48 kinases, respectively, by 70% or

more (Anastassiadis et al., 2011) (Figure 1G). This extensive

polypharmacology suggests that off-target inhibition and pleio-

tropic activity on multiple kinases may explain the disparate

activities of bosutinib, imatinib, and dasatinib.

Multiple kinase inhibitors alter endothelial barrier
integrity under resting and activated conditions
To study how polypharmacology may influence drug activity, we

used KiR (Gujral et al., 2014). KiR uses the results of a small-

scale screen of kinase inhibitors with partially overlapping tar-

gets to deconvolve and predict kinases that are informative for

a specific phenotype (Anastassiadis et al., 2011; Gujral et al.,

2014) (Figure 2A). Kinase predictions are made using a machine

(C) Immunofluorescence images at 15, 90, and 210 min after addition of 0.5 mM imatinib, bosutinib, and dasatinib to thrombin-treated HBMECs. Cells are labeled

with anti-VE-cadherin (green), phalloidin (red), and DAPI (blue). Shown are representative images from one of three independent experiments. Arrowheads

highlight gaps. Scale bars: 50 mm.

(D and E) ImageJ quantification of immunofluorescence images showing intercellular gaps per field (D) and cell aspect ratio (major/minor axis) (E). Three fields

were quantified per condition from three independent experiments. Bars indicate the median and interquartile range. Statistical significance between thrombin

and all other groups was evaluated using Kruskal-Wallis and Dunn’s multiple comparison test.

(F) Diagram illustrating the three principal means of endothelial barrier regulation. Two targets of bosutinib and imatinib implicated in their barrier-strengthening

activity (ABL2 and MAP4K4) are highlighted.

(G) Heatmap showing the residual biochemical kinase activity after inhibition of each of 300 kinases by 0.5 mM imatinib, bosutinib, and dasatinib. The data are from

Anastassiadis et al. (2011). ABL2 and MAP4K4 are highlighted.
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Figure 2. Multiple kinase inhibitors alter endothelial barrier integrity under resting and activated conditions

(A) Steps involved in kinase regression approach.

(B) AUC quantification of xCELLigence kinase inhibitor screens performed at 0.5 mM in resting HBMECs. Shown is the mean ± SD of three independent ex-

periments, each in triplicate. Asterisks indicate kinase inhibitors in human clinical use. See also Table S1 and Data S1.

(C) Representative recordings from xCELLigence kinase inhibitor screen in resting HBMECs.

(D) Temporal AUC analysis of resting HBMECs + kinase inhibitors.

(E) Description of the temporal barrier-strengthening activity of four kinase inhibitors.

(F) Representative recordings from xCELLigence screen in HBMECs treated with thrombin followed by 0.5 mM kinase inhibitors. See also Figure S2.

(G) Temporal AUC analysis of HBMECs treated with thrombin followed by kinase inhibitors.

(legend continued on next page)
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learning model, which is based on the residual activity of kinases

after treatment with kinase inhibitors. We screened primary

HBMECs with 28 kinase inhibitors, including bosutinib, imatinib,

dasatinib, and four additional kinase inhibitors in human clinical

use (lapatinib, sorafenib, tofacitinib, and vandetanib) (Table

S1). The 28 kinase inhibitors have broad and partially overlap-

ping kinase specificity to inform themachine learning predictions

(Anastassiadis et al., 2011; Gujral et al., 2014).

Like bosutinib, the kinase inhibitors K252a, RNA-dependent

protein kinase (PKR) inhibitor, and SB 218078 had a barrier-

strengthening effect, causing the cell index to rise significantly

above baseline (Figures 2B and 2C). Other kinase inhibitors,

such as TWS119 and staurosporine, caused a significant drop

in the cell index indicative of a barrier-disruptive effect (Figures

2B and 2C), although the effects of staurosporine could be

partially attributed to apoptosis (Figures S1E and S1F). Many ki-

nase inhibitors did not alter barrier properties (Figure 2B). Among

the barrier-strengthening kinase inhibitors, we observed varying

patterns of cell index changes (Figure 2C), which were quantified

by measuring the AUC across three time blocks (Figure 2D).

K252a, PKR inhibitor, and bosutinib had an early barrier-

strengthening effect with a peak cell index within the first

30min. However, they differed in the extent and decline of barrier

strengthening (Figures 2D and 2E). By comparison, SB 218078

had a delayed barrier-strengthening effect that built gradually

over the first 30 min and then was sustained (Figures 2D and

2E). The varying temporal dynamics suggest different mecha-

nisms of action.

Next, we assessed the 28 kinase inhibitors on HBMECs pre-

treated with thrombin for 6–9 min ahead of the kinase inhibitors.

There were striking similarities in the classification of barrier-

strengthening and barrier-protective kinase inhibitors under

resting and thrombin-activated conditions (Figures 2B and

S2A) in both AUC measurements of kinase activity as well as

the rate of recovery to baseline (Figures S2A and S2B). The

two exceptions were glycogen synthase kinase 3 (GSK-3) inhib-

itor IX (BIO) and cyclin-dependent kinase 2 (CDK2) inhibitor IV;

neither perturbed the barrier under resting conditions; however,

GSK-3 inhibitor IX exacerbated thrombin-induced barrier disrup-

tion, while CDK2 inhibitor IV was barrier protective under

thrombin challenge (Figures 2B and S2A).

We found that barrier-strengthening kinase inhibitors either

blunted thrombin’s barrier-disruptive effect and/or increased

the rate of barrier recovery back to baseline, relative to

thrombin + DMSO-treated cells (Figures 2F and 2G). The activity

of K252a, PKR inhibitor, SB 218078, and bosutinib on thrombin-

activated HBMECs mirrored their temporal activity on resting

HBMECs. When added to thrombin-treated cells, K252a, PKR

inhibitor, and bosutinib rapidly halted the descent of the cell in-

dex, consistent with the early barrier-strengthening effect of

these kinase inhibitors under resting conditions (Figures 2C

and 2F). In addition, K252a promoted faster recovery of the

endothelial barrier (Figure 2F). Conversely, SB 218078, with its

delayed activity, had a negligible effect on the extent of

thrombin-induced barrier disruption but promoted faster recov-

ery of the barrier to baseline (Figure 2F). In a second experi-

mental design, the four barrier-protective kinase inhibitors

were given a 15-min head start before addition of thrombin. Pre-

treatment of HBMECs with the four protective kinase inhibitors

blunted, but did not eliminate, the barrier-disruptive effect of

thrombin (Figure S2C). Together, the observed barrier-strength-

ening activity on resting cells and barrier-protective activity on

thrombin-perturbed cells are reminiscent of natural products,

such as S1P, that have physiological roles in barrier restoration

after inflammation (Garcia et al., 2001). Conversely, barrier-

disruptive kinase inhibitors, such as dasatinib, exacerbated

thrombin-induced barrier disruption and prolonged barrier

recovery. The strong correlation between kinase inhibitor pheno-

types under resting and thrombin-activated states (Pearson r =

0.957, p < 0.0001; Figure 2H) suggests that, under both cellular

conditions, the kinase inhibitors may engage similar signaling

pathways.

A subset of kinase inhibitors were tested on resting and

thrombin-activated primary human umbilical vein endothelial

cells (HUVECs). HUVECs had a similar response as HBMECs

to K252a, SB 218078, PKR inhibitor, bosutinib, and dasatinib,

except that the effect of K252a on resting HUVECs was sus-

tained (Figures 2I and 2J). Moreover, the temporal activity of

the four barrier-strengthening kinase inhibitors, K252a, PKR

inhibitor, SB 218078, and bosutinib, followed a similar trend (Fig-

ures 2I–2K). Overall, there was a remarkably high correlation be-

tween the response of HUVECs and HBMECs to the five kinase

inhibitors in the presence and absence of thrombin.

Kinase inhibition modulates HBMEC barrier integrity
under proinflammatory conditions
To gain additional mechanistic insight into kinase inhibitor activ-

ity, we assessed changes in the thrombin-treated HBMEC bar-

rier by monitoring VE-cadherin and actin. At the 15-min time

point, K252a had already substantially inhibited and repaired

gaps induced by thrombin (p = 0.0001, Thr + DMSO versus

Thr + K252a), compared with the slower-acting SB 218078 (Fig-

ures 3A and 3B). At 90 min, while gaps remained in thrombin-

treated HBMECs, there were virtually none in cells treated with

K252a (p < 0.0001) and SB 218078 (p = 0.001), and only a small

percent in monolayers treated with PKR inhibitor (Figures 3A and

3B). Interestingly, the cell aspect ratio of thrombin- and SB

218078-treated cells was smaller in comparison with DMSO-

treated cells and K252a-treated cells at 15 min, indicating a

roundness associated with cell retraction that reflects the extent

of gap formation (Figure 3C). Altogether, themicroscopy findings

and the xCELLigence analysis underscored the differential

(H) Correlation between the AUC of kinase inhibitor-treated HBMECs in the resting state or with thrombin activation. The Pearson correlation coefficients and

associated p values are indicated.

(I and J) Representative recordings from xCELLigence assays with HUVECs treated with 0.5 mM kinase inhibitors under resting conditions (I) and after thrombin

treatment (J).

(K) Temporal AUC analysis of HUVECs treated with thrombin, then kinase inhibitors.

(C, F, I, and J) Baseline: cells exposed to medium only. (D, G, and K) Data are represented as mean ± SD of three (D and K) or four (G) independent experiments,

each in triplicate.
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Figure 3. Kinase inhibition modulates HBMEC barrier integrity under proinflammatory conditions

(A) Representative images of thrombin-treated HBMECs at 15, 90, and 210 min after addition of 0.5 mM kinase inhibitors. Cells are labeled with anti-VE-cadherin

(green), phalloidin (red), andDAPI (blue). Arrowheads highlight gaps. Scale bars: 50 mm. Images are representative of three independent experiments and are from

the same experiment in Figure 1C.

(B and C) Quantification of images of thrombin-treated HBMECs at 15, 90, and 210 min after addition of 0.5 mM kinase inhibitors showing intercellular gaps per

field (B) and cell aspect ratio (major/minor axis; C). The median and interquartile range are shown. Three fields were analyzed per condition in each of three

experiments. Statistical significance between thrombin and all other groups was evaluated using Kruskal-Wallis and Dunn’s multiple comparison tests. Data for

DMSO and thrombin control groups are identical to that in Figures 1D and 1E.

(legend continued on next page)
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temporal dynamics and activities of the protective kinase inhib-

itors on the HBMEC barrier.

The inflammatory cytokine tumor necrosis factor alpha (TNF-a)

is often increased in vascular inflammatory diseases (Levi and van

der Poll, 2010, 2017). Therefore, we assessed kinase inhibition in

HBMECs in the context of TNF-a pretreatment. HBMECs treated

with TNF-a + thrombin responded similarly to HBMECs treated

with thrombin only (Figures 3D, 3E, 2F, 2G, S2A, and S2D).

K252a, SB 218078, PKR inhibitor, and bosutinib were strongly

barrier protective, while dasatinib was the most barrier-disruptive

kinase inhibitor tested. Furthermore, like thrombin-treated

HBMECs, but unlike resting HBMECs, GSK-3 inhibitor IX (BIO)

exacerbated thrombin-induced barrier disruption. However, un-

der TNF-a activation, but not in other conditions, CDK4 inhibitor

was barrier protective. Overall, there was a strong correlation of

HBMEC responses to the 28 kinase inhibitors under resting and

inflammatory conditions with thrombin alone or in combination

with TNF-a (Figures 3F and S2E). The barrier phenotypes of the

seven kinase inhibitors in human clinical use were consistent

across the different conditions and ranged from protective (bosu-

tinib) or weakly protective/neutral (imatinib, tofacitinib), to weakly

disruptive (lapatinib, sorafenib, and vandetanib) or strongly barrier

disruptive (dasatinib) (Figure 3E).

KiR identifies kinases that are important in HBMEC
barrier regulation
The data from the 28-kinase inhibitor screens of resting and acti-

vated HBMECs (Data S1) were used to train the KiR machine

learning model (Figure 2A; Data S2; see also supplemental infor-

mation), which predicted 50 kinases from a pool of 300 kinases

as important in regulating HBMEC barrier properties (Figures

4A and 4C; Table S2). Some kinases were predicted to play a

role under multiple conditions, others under a single condition.

Unsupervised hierarchical clustering of the residual activity of

the 50 predicted kinases against the 28 kinase inhibitors (Anas-

tassiadis et al., 2011) revealed four clusters that largely sepa-

rated barrier-disruptive kinase inhibitors (cluster 3, Figures 4A

and 4B) from barrier-protective kinase inhibitors (cluster 4, Fig-

ures 4A and 4B). Interestingly, bosutinib clustered separately

from the other barrier-protective kinase inhibitors. Nevertheless,

many of the kinases targeted by the barrier-protective kinase in-

hibitors in cluster 4 were also inhibited by bosutinib (Figure 4A).

The barrier-disruptive inhibitor staurosporine was also present in

cluster 4 and shared kinase targets with both barrier-disruptive

and barrier-strengthening inhibitors (Figure 4A), suggesting

that the complex combinatorial action of kinase inhibitors deter-

mined their barrier phenotypes. In a similar vein, ABL2 was

strongly inhibited by both barrier-protective (e.g., bosutinib)

and barrier-disruptive (e.g., dasatinib, staurosporine) kinase in-

hibitors (Figure 4A), reinforcing that there were non-additive ef-

fects on barrier phenotypes, as has been observed from growth

factor signaling (Janes et al., 2005).

Notably, 20 (40%) of the predicted kinases had previous evi-

dence for involvement in endothelial barrier regulation (Figures

4D; Table S2). Several of these could be classified according

to the barrier regulatory process they are implicated in, with

some kinases, such as TGFBR1, being found in more than one

category (contractile mechanisms, positive regulation of stress

fibers, and VE-cadherin-associated; Figure 4D). Of the 50 pre-

dicted kinases, 30 had no previous association to endothelial

barrier regulation (Figures 4D; Table S2), illustrating the discov-

ery potential of KiR.

The multiplicity of kinase targets implicates a broad range of

kinase signaling pathways in endothelial barrier regulation. As

specific examples, the KiR model predicted multiple informative

kinases in the RAF pathway and the signaling hub centered on

LIMK1, a kinase involved in the positive regulation of actin stress

fibers (Figure 4E). In addition, megakaryocyte-associated tyro-

sine kinase (MATK; also known as CHK or CTK), one of two

negative regulators of SFKs known to mediate both barrier-pro-

tective and barrier-disruptive pathways (Chong et al., 2005;

Okada, 2012), was predicted under all conditions tested (Figures

4E; Table S2).

Multiple uncharacterized kinases contribute to
endothelial barrier integrity
We selected 11 kinases to validate by lentiviral-mediated short

hairpin RNA (shRNA) knockdown (Figure 5A; Table S3). Five ki-

nases, serine/threonine-protein kinase A-Raf (ARAF), calcium/

calmodulin-dependent protein kinase IV (CAMK4), Never in

mitosis A-related kinase 11 (NEK11), serine/arginine-rich pro-

tein-specific kinase 2 (SRPK2), and MATK have not previously

been shown to be involved in endothelial barrier regulation.

Furthermore, MATK was predicted to be important under all

conditions tested (Table S2). While not predicted, we included

C-terminal Src kinase (CSK) because together with MATK it

negatively regulates SFKs (Chong et al., 2005; Okada, 2012),

a gene family that has been implicated in both barrier-disrup-

tive and barrier-restorative pathways. Similarly, Nemo-like ki-

nase (NLK) was included because it is a negative regulator of

the Wnt/b-catenin signaling pathway, which has been impli-

cated in regulation of brain endothelial barrier integrity (Gal-

lego-Delgado et al., 2016). In addition, we selected ephrin

type-A receptor 4 (EPHA4) because it was previously reported

to regulate barrier properties (Woodruff et al., 2016). The last

three kinases, serine/threonine-protein kinase MRCK alpha, G

protein-coupled receptor kinase 2 (GRK2/ADRBK1), and

serine/threonine-protein kinase B-Raf (BRAF) are known to be

involved in barrier regulatory processes, but have not been

investigated in HBMECs. Of the three kinases, BRAF is the

best characterized; ablation of endothelial BRAF in mice atten-

uates VEGF-induced barrier permeability in vivo and in vitro by

promoting the formation of barrier strengthening cortical actin

and stabilizing adherens junctions (Dorard et al., 2019).

(D) Representative recordings from xCELLigence 0.5 mM kinase inhibitor screen in TNF-a-activated HBMECs treated with thrombin. Baseline: cells exposed to

medium only. See also Figure S2.

(E) Heatmap showing median AUC values from three to four xCELLigence kinase inhibitor screens (each in triplicate) in the resting state or with thrombin ± TNF-a

activation.

(F) Pearson correlation coefficients and the associated p values are shown for a comparison of the AUC of kinase inhibitor-treated HBMECs in the resting state

and with thrombin ± TNF-a activation.
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Figure 4. Kinase regression identifies kinases that are important in HBMEC barrier regulation

(A) Heatmap based on unsupervised hierarchical clustering of the residual activity of 50 predicted kinases targeted by the 28 kinase inhibitors used in HBMEC

screens. Residual kinase activity data are from (Anastassiadis et al., 2011). Kinases were predicted by elastic net modeling based on kinase inhibitor screens in

HBMECs under resting conditions and thrombin ± TNF-a activation. See also Data S1 and S2.

(B) Barrier phenotypes of the 28 kinase inhibitors based on the median AUC from screens of thrombin-activated HBMECs.

(C) Distribution of predicted kinases in each experimental condition.

(D) Pie chart showing predicted kinases not previously linked to barrier regulation (unknownmechanisms) as well as functional classification of predicted kinases

implicated in barrier regulation. Some kinases fall into multiple categories. See also Table S2.

(E) Examples of pathways involved in barrier regulation with predicted kinases highlighted in orange. The LIMK1 hub was built based on PhosphoSitePlus

v.6.5.9.3 (Hornbeck et al., 2012).
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Lentiviral-mediated shRNA knockdown of ten kinases

decreased mRNA expression to levels ranging from undetected

(MATK) to 40.0% ± 15.3% (BRAF), relative to expression of ki-

nases in a non-targeting scrambled shRNA control (Figure S3A;

Table S4). ARAF knockdown cells were not viable, so we could

not investigate its role in endothelial barrier regulation using this

approach.

Under resting conditions, knockdowns of GRK2, CAMK4,

SRPK2, EPHA4, NLK, and CSK had a lower cell index by

xCELLigence comparedwith the scrambled control (Figure S3B).

By microscopy, GRK2, CAMK4, and CSK knockdown cells

formed amostly confluent monolayer with very small gaps, while

SRPK2, EPHA4, and NLK knockdowns had larger gaps per field

(p < 0.0001; Figures S3C and S3D), suggesting a role for these

Figure 5. Multiple uncharacterized kinases contribute to endothelial barrier integrity

(A) Classification of kinases selected for shRNA knockdown. *CSK and NLK were not predicted by the KiR model.

(B) Effect of kinase knockdown on thrombin-treated HBMECs as determined by xCELLigence assays and represented as AUC, 50% recovery and maximum

disruption. Scrambled control is set to 100%. Data are represented as mean ± SD of three to eight independent experiments, each in triplicate. See also Figures

S3 and S4.

(C) CSK and MATK are negative regulators of Src family kinases.

(D) Recordings from an xCELLigence assay showing thrombin-treated CSK knockdown, MATK knockdown, and scrambled control cells. Baseline is the

respective cell line without thrombin treatment.

(E) Images of CSK knockdown, MATK knockdown, and scrambled control cells in the resting state or 40 min after addition of thrombin. Arrowheads highlight

gaps. Scale bars: 50 mm. Images are representative of three to four independent experiments.

(F) Quantification of images of thrombin-treated HBMECs at 40 min after addition of thrombin. Three fields were analyzed per experimental condition in each of

three to four independent experiments. Black circles represent each field. Box and whisker plots show the median, 25th and 75th percentiles. Statistical

significance between scrambled and knockdown cells in the presence or absence of thrombin was evaluated using Kruskal-Wallis and Dunn’s multiple com-

parison tests.
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six kinases in endothelial barrier integrity. To assess the effect of

kinase knockdown on cellular morphology, wemeasured the cell

aspect ratio. Knockdown of CAMK4, SRPK2, and CSK resulted

in more elongated or spindle-shaped cells, while MATK knock-

down cells were larger and wider than the scrambled control

cells (Figure S3C and S3D), suggesting these kinases play a

role in regulating cell shape.

Next, xCELLigence assays were performed to study the effect

of kinase knockdown on the thrombin response. To account for

baseline differences in knockdown HBMECs relative to the

scrambled control (Figure S3B), we set the resting state of

each knockdown cell line as the baseline for the response of

that cell line to thrombin, and then determined the AUC, recovery

to baseline, and the cell index atmaximal disruption (Figure S4A).

By all three metrics, EPHA4, NLK, NEK11, and MATK knock-

downs exacerbated thrombin-induced barrier disruption,

whereas CSK knockdown substantially attenuated the effect of

thrombin (Figure 5B). The only other kinase knockdown that

blunted thrombin-induced barrier disruption was SRPK2,

although the cells did not fully return to baseline (Figures 5B

and S4A). The remaining knockdowns of BRAF, MRCKa,

GRK2, and CAMK4 did not significantly alter thrombin’s effect

(Figures 5B and S4A). These findings by xCELLigence were

consistent with microscopic examination of gap formation in

thrombin-treated cells (Figure S4C).

Notably, knockdown of the two negative regulators of the

SFKs (CSK and MATK) had opposing effects in the response

of HBMECs to thrombin (Figures 5B–5D). The presence of

modest gaps in the resting state in CSK knockdown cells (Fig-

ures 5E and 5F)makes protection against thrombin-induced bar-

rier disruption even more striking. To investigate the opposing

activities of CSK and MATK, we monitored VE-cadherin and

actin remodeling by microscopy. Under resting conditions,

CSK knockdown cells displayed a waviness in VE-cadherin

staining, while MATK knockdown cells had a thicker, reticulated

phenotype (Figure 5E). Under thrombin treatment, MATK

knockdown cells had slower recovery of VE-cadherin at the

cell periphery, compared with the scrambled control and CSK

knockdown cells, which retained the wavy VE-cadherin pattern

(Figure 5E). In addition, CSK did not prevent thrombin-induced

actin stress fiber formation, even though there were fewer

thrombin-induced gaps at 40 min (Figures 5E and 5F). Overall,

the CSK and MATK knockdowns had distinct cellular pheno-

types, despite both being negative regulators of the SFKs.

CSK andMATK knockdowns have distinct effects on the
acute and sustained barrier-strengthening activity of
kinase inhibitors
The four protective kinase inhibitors, K252a, bosutinib, PKR in-

hibitor, and SB 218078, affect many kinase targets and conse-

quently, phosphosignaling networks. They also act with different

temporal dynamics, conferring acute, delayed, or sustained

barrier-strengthening activity. To investigate their barrier-

strengthening activity, we explored how perturbation of the

cellular state alters their activity. To this end, we knocked

down CSK and MATK in HBMECs and assessed the temporal

activity of K252a, bosutinib, PKR inhibitor, and SB 218078 on

knockdown cells under resting conditions. Whereas MATK

knockdown highly attenuated the early barrier-strengthening ac-

tivity of bosutinib, it had little or no effect on the early activity of

K252a and PKR inhibitor, or the slightly delayed activity of SB

218078 (Figures 6A, 6B, and S5). Conversely, CSK knockdown

attenuated the early barrier-strengthening activity of PKR inhib-

itor and truncated the early activity of K252a but had limited

effect on bosutinib. Furthermore, CSK knockdown largely abol-

ished the sustained barrier-strengthening activity of K252a, PKR

inhibitor, and SB 218078 (Figures 6A, 6B, and S5). MATK knock-

down similarly abolished to a large extent the sustained

barrier-strengthening activity of PKR inhibitor but only partially

attenuated the late barrier-strengthening activity of K252a and

SB 218078 (Figures 6A, 6B, and S5). Together, these findings

suggest that MATK and CSK signaling pathways make distinct

kinetic contributions to the activity of the four barrier-protective

kinase inhibitors. They further highlight the disparate mecha-

nisms of barrier strengthening of each of the four protective

kinase inhibitors.

DISCUSSION

Efforts to understand the mechanisms that regulate endothelial

permeability have revealed the centrality of phosphosignaling

to this process. Nevertheless, we still lack a complete under-

standing of barrier maintenance and of how to translate our

knowledge into effective barrier-restorative therapies. Here, we

used a KiR approach to investigate kinase regulation of barrier

function and to identify kinase inhibitors that can modulate

endothelial barrier integrity. In doing so, we took advantage of

polypharmacology to survey a significant portion of the human

kinome, enabling a systems-level analysis of endothelial barrier

regulation.

The KiR machine learning model predicted 50 kinases in the

regulation of brain endothelial barrier integrity under resting

and inflammatory conditions, of which 40% of the predicted ki-

nases are known to play a role in endothelial barrier regulation,

providing independent validation of the KiR approach. Of the

predicted kinases not previously associated with barrier regula-

tion, we demonstrated that NEK11, SRPK2, NLK, and MATK

alter thrombin-induced barrier disruption, functionally linking

these kinases to endothelial barrier regulation. For other kinases,

such as EPHA4, known to be involved in barrier regulation but for

which functional characterization is limited, we confirmed a role

in barrier function and specifically demonstrated their involve-

ment in the response to thrombin in endothelial cells.

Our study provides evidence that cells depleted of CSK and

MATK, the two negative regulators of the SFKs, have contrasting

responses to thrombin-induced barrier disruption and differen-

tially alter the activities of four barrier-strengthening kinase inhib-

itors. The lack of a simple dichotomy between the roles of CSK

and MATK in the early and late phases of activity of four bar-

rier-protective kinase inhibitors further emphasizes the complex

relationship between kinase targets and the signaling cascades

they propagate. SFKs are known to contribute to both barrier

disruption and barrier strengthening (Birukova et al., 2013; Han

et al., 2013; Klomp et al., 2019; Knezevic et al., 2009; Mehta

andMalik, 2006; Vouret-Craviari et al., 2002). Thus, one possibil-

ity is that CSK andMATK regulate different SFKmembers, which

differentially influences barrier-disruptive and barrier-strength-

ening signaling. Alternatively, they may have SFK-independent
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roles. Indeed, CSK and MATK bind to different sets of phospho-

tyrosine-containing proteins via their Src homology 2 domain,

which may facilitate recruitment to different cellular locations,

thereby allowing for the distinct modulation of the activity of

CSK and MATK (Ayrapetov et al., 2005).

BCR-ABL drugs have emerged as potential modulators of

vascular permeability (Aman et al., 2012; Botros et al., 2020;

Rizzo et al., 2015). However, the pleiotropic effect of kinase

inhibitors on multiple kinase targets makes it challenging to

disentangle their mechanism of action. Consistent with previous

findings, ABL2 was one of the 50 kinases predicted by KiR to

regulate barrier properties. However, our analysis suggests

that ABL2 and MAP4K4 are insufficient to fully explain barrier

phenotypes, suggesting that off-targets play an important role

in the barrier-neutral (imatinib), barrier-strengthening (bosutinib),

and barrier-disruptive (dasatinib) activity. The fact that all three

BCR-ABL drugs target multiple, non-overlapping kinases that

are known to play a role in barrier regulation (Anastassiadis

et al., 2011; Haguet et al., 2018) likely explains their different bar-

rier activities and may contribute to their distinct safety profiles.

Whereas imatinib has minimal side effects, long-term use of da-

satinib is sometimes associated with pleural effusion (Masiello

et al., 2009) and thrombosis (Haguet et al., 2018). Dasatinib not

only disrupted the endothelial barrier, but also exacerbated

thrombin-induced barrier disruption, raising the possibility that

theremay be adverse interactions between dasatinib and inflam-

matory processes. Our screen also identified other kinase inhib-

itors that promote barrier strengthening, including K252a, PKR

inhibitor, and SB 218078. The divergent polypharmacology

they exhibit (Anastassiadis et al., 2011) likely contributes to their

varying temporal activities for barrier strengthening and protec-

tion. Overall, our findings suggest that single classes of drugs

may not have equal beneficial effect and that polypharmacology

may modify the barrier activity of compounds.

This study has potential limitations. First, the KiR model is built

on data where kinase inhibitors were assayed at 0.5 mM against

300 recombinant human kinases (Anastassiadis et al., 2011) and

KiR is susceptible to false-negative and false-positive assign-

ments (Gujral et al., 2014). It remains to be determined how

differing concentrations may influence barrier phenotypes and

the prediction of informative kinases. In addition, endothelial

cell monolayer assays do not fully replicate the complexity of

Figure 6. The SFK negative regulators CSK and MATK knockdowns have distinct effects on the acute and sustained barrier-strengthening

activity of kinase inhibitors

(A) Phenotypes of CSK knockdown, MATK knockdown, and scrambled control HBMECs treated with 0.5 mMkinase inhibitors or DMSO. Shown are xCELLigence

traces from one of four independent experiments. Baseline is each respective cell type + DMSO. CSK and MATK dependence during early and late phases of

barrier strengthening are indicated.

(B) Temporal effect of protective kinase inhibitors on barrier properties of CSK knockdown and MATK knockdown cells, relative to the scrambled control.

Data are represented as mean AUC ± SD of four independent experiments, each in triplicate. Negative cell index values were considered to be zero when

determining the AUC. The scrambled control + each kinase inhibitor is set to 100%. Within the 60–120 min time period (middle graph) where the scrambled

control + K252a had negative cell index values for biological replicates three and four, they were omitted from AUC analysis. Gray circles represent biological

replicates three and four.

See also Figure S5.
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microvasculature in vivo but, encouragingly, two of the barrier-

protective kinase inhibitors that we identified have previously

been shown to be protective in animal models of disease. PKR

inhibitor has been shown to be neuroprotective in a neonatal

rat model of hypoxia-ischemia injury (Xiao et al., 2016), while bo-

sutinib attenuates vascular leak in mouse models of acute lung

injury (Botros et al., 2020) and intracerebral hemorrhage, respec-

tively (Ma et al., 2017). Finally, it is also possible that kinase inhib-

itors, such as imatinib, may be protective in vivo, even though

they have limited barrier-strengthening activity in vitro potentially

due to the experimental conditions used in vitro. In summary, our

study supports the potential of BCR-ABL drugs and other kinase

inhibitors as therapeutic modulators of endothelial barrier integ-

rity and highlight the importance of polypharmacology in the

mechanism of drug activity.

SIGNIFICANCE

Vascular leak is a pathological feature of a range of devas-

tating conditions, including cerebral malaria and sepsis.

Yet, there are limited strategies to repair and stabilize the

endothelial barrier under inflammatory conditions. Drug re-

purposing of kinase inhibitors holds therapeutic promise

because of the critical role of phosphosignaling in endothe-

lial barrier regulation, but most kinase inhibitors lack selec-

tivity, a feature termed polypharmacology. In this study, we

used a systems-based, kinase regression (KiR) approach

to study kinase regulation of the endothelial barrier and to

explore how polypharmacology influences the barrier activ-

ity of kinase inhibitors. We demonstrated that three clinical

BCR-ABL drugs have distinct barrier phenotypes attribut-

able to their divergent combinatorial action on multiple ki-

nases. Machine learning analysis predicted 50 kinases as

being important in endothelial barrier regulation, including

many previously uncharacterized kinases. We validated a

role for multiple kinases in modifying the effect of thrombin

on the endothelial barrier and observed opposing pheno-

types of two negative regulators of SRC family kinases.

Our work highlights the importance of polypharmacology

in both the barrier activity of kinase inhibitors and how

they interact with thrombin, a clotting factor implicated in

vascular leak syndromes. These findings provide mecha-

nistic insights into endothelial barrier regulation and have

significant implications for the use of kinase inhibitors to

therapeutically modulate endothelial barrier integrity in

disease.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Joseph D.

Smith (joe.smith@seattlechildrens.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This manuscript includes all kinase inhibitor screen datasets (Data S1) and Kinase Regression code (Data S2) generated or analyzed

during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Primary HBMECs (Cell Systems Cat# ACBRI 376) were maintained on attachment factor (Cell Systems Cat# 4Z0-201) or 4-5 mg/cm2

collagen (Corning Cat# 354236) in HBMEC culture media (Lonza Cat# CC-3202 or PromoCell Cat# C-22121) at 37�C and 5% CO2.

HBMECs were used until passage 10. Primary HUVECs (Lonza Cat# CC-2519) were cultured on attachment factor or 4-5 mg/cm2

collagen in HUVEC culture media (Lonza Cat# CC-3124 or PromoCell Cat# C-22120) at 37�C and 5% CO2. HUVECs were used until

passage 9. We do not have access to gender information on the commercially purchased primary endothelial cells. HEK293-FT cells

(Arang et al., 2017) were maintained in DMEM (Corning) supplemented with 10% FBS, 10 mM HEPES, 6 mM L-glutamine, 2 mM

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-VE-cadherin Abcam Cat#ab33168; RRID: AB_870662

Goat anti-rabbit IgG secondary antibody Alexa fluor 488 Thermo Fisher Scientific Cat#A-11008; RRID: AB_143165

Chemicals, Peptides, and Recombinant Proteins

Kinase inhibitors; see Table S1 Selleck Chemicals See Table S1

Thrombin from human plasma Sigma-Aldrich Cat#T6884; CAS 9002-04-4

Tumor necrosis factor alpha (TNFa) Sigma-Aldrich Cat#T0157

Experimental Models: Cell Lines

Human: Primary HBMECs Cell Systems Cat#ACBRI 376

Human: Primary HUVECs Lonza Cat#CC-2519

Oligonucleotides

qPCR primers for human kinases and controls;

see Table S4

https://pga.mgh.harvard.edu/

primerbank/

See Table S4

Recombinant DNA

MISSION� shRNA human kinase vectors; see Table S3 Sigma-Aldrich See Table S3

Software and Algorithms

Seaborn (Python 3.7.6) https://seaborn.pydata.org/ https://github.com/mwaskom/seaborn

Glmnet (Python 3.7.6) https://web.stanford.edu/�
hastie/glmnet_python/

https://github.com/bbalasub1/glmnet_python

PhosphoSitePlus v6.5.9.3 Hornbeck et al., 2012 https://www.phosphosite.org/

homeAction.action

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

Other

Alexa Fluor 647 Phalloidin Thermo Fisher Scientific Cat#A22287; RRID:AB_2620155
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sodium pyruvate (Gibco), 1x non-essential amino acids (Gibco), 2.5% penicillin/streptomycin (Gibco) and fungizone (HyClone) at

37�C and 5% CO2.

METHOD DETAILS

Kinase inhibitor xCELLigence assays
xCELLigence plates were seeded with HBMECs or HUVECs at 10,000-12,000 cells/well and grown to confluency for 3-4 days during

which time growth wasmonitored with cell index readings every 2-4 h. On the day of the assay, for the kinase inhibitor screen without

thrombin, kinase inhibitors (Selleck Chemicals; Table S1) previously made up to 1 mM in DMSO were added to triplicate wells at a

final concentration of 0.5 mM (dilutions in media without FBS; serum-free culture media). Recordings were taken every minute for

30 mins and then every 5 min for 1.5 h. A similar experimental setup was used for the dose titration (0.03 mM to 2 mM) of bosutinib,

dasatinib and imatinib on resting cells. For the kinase inhibitor screen with thrombin, cells were equilibrated in serum-free culture

media for 1-2 h, after which, thrombin (Sigma-Aldrich Cat# T6884; CAS 9002-04-4) was added to wells at a final concentration of

5 nM. Recordings were taken every minute for 6 mins, then kinase inhibitors were added to triplicate wells at a final concentration

of 0.5 mM. The cell index was measured every minute for 2 h and then every 5 min for 4 h. A similar experimental setup was used

for the dose titration (0.13 mM to 2 mM) of bosutinib, dasatinib and imatinib on thrombin-treated cells. Conversely, for assays to deter-

mine how kinase inhibitors alter thrombin treatment, kinase inhibitors were added to HBMECs 15 min before addition of thrombin.

Recordings were taken every minute during kinase inhibitor treatment and for the first 2 h of thrombin treatment, followed by record-

ings every 5 min for 4 h. The TNFa + thrombin + kinase inhibitor screen was performed identically to the thrombin + kinase inhibitor

screen, except that HBMECs were activated with 10 ng/ml TNFa (Sigma-Aldrich Cat# T0157) for ~22 h before media equilibration on

the day of the assay. Cells exposed to media only were set as the baseline in each instance. Control samples were cells treated with

DMSO (assays of resting cells), thrombin + DMSO (assays of thrombin-activated cells) or TNFa + thrombin + DMSO (assays of

TNFa + thrombin-activated cells).

Kinase regression
We applied the elastic net regularization approach for drug target deconvolution (Gujral et al., 2014), which, by reducing the dimen-

sion of a relatively large data space (i.e. 28 kinase inhibitors x 300 kinases), can robustly extract themost informative kinases involved

in barrier regulation. Using the normalized AUC values from xCELLigence HBMEC kinase inhibitor screens as phenotypic readouts

for barrier integrity (Data S1), along with the biochemical profiles of the kinase inhibitors against 300 recombinant protein kinases

(Anastassiadis et al., 2011), the linear regression algorithm downselected a subset of 50 kinase targets that are more influential in

driving the observed HBMEC barrier phenotypes. To enhance the performance of model selection, a condition-specific cross-

validation strategy was used. Glmnet package in Python 3.7.6 (https://github.com/bbalasub1/glmnet_python) was used to fit the

generalized linear models via penalized maximum likelihood, with the elastic net mixing parameter a of 0.8, which confers relative

stringency. The regularization path was computed for elastic net penalty at a grid of values for the regularization parameter l of

103. The kinases with non-zero coefficients were predicted to be informative for the measured barrier phenotypes. See also Data S2.

Apoptosis assays
HBMECs were seeded in 6-well plates at 80,000 cells/well and grown to confluency for 3 days. On the day of the assay, kinase in-

hibitors (Selleck Chemicals; Table S1) were added to wells at a final concentration of 0.5 mM for 6 h under culture conditions. Cells in

suspension together with cells detached by trypsinization were then labeledwith Annexin V-FITC and propidium iodide (PI) according

to the manufacturer’s protocol (Miltenyi Biotec Cat# 130-092-052). The relative Annexin V/PI fluorescence was measured by flow

cytometry on an LSRII flow cytometer (BD Biosciences). Data were analyzed using FlowJo v10.5.3 (BD).

Preparation of lentivirus
10 cm2 tissue culture-treated dishes were seeded with 3 x 106 HEK293-FT cells. The following day, cells were transfected at 70-80%

confluency with 1.5 mg of pCMV-VSV-G envelope plasmid, 3 mg of psPax2 packaging plasmid and 6 mg of pLKO.1 plasmid harboring

shRNA against a kinase of interest (MISSION shRNA vectors (Sigma-Aldrich; Table S3) or with a non-targeting scrambled shRNA

(Sigma-Aldrich). 21 ml of 1 mg/ml polyethylenimine MAX (Polysciences Inc) was mixed with pCMV-VSV-G, psPax2, pLKO.1 in

serum-free DMEM and incubated for 10 min. Transfection mixtures were added dropwise to HEK293-FT cells. Media was changed

the following day. Culture supernatant containing lentiviral particles was harvested approximately 24 h after the media change and

stored at -80�C until needed.

shRNA knockdown of host kinases
Lentivirus transduction of HBMECs for knockdown of host kinases was performed directly in the vessels in which the effect of the

knockdown was to be measured and at the time of cell seeding. For immunofluorescence assays, collagen type I-coated chamber

slides were seeded with HBMECs at 10,000 cells/well and with 125 ml lentivirus. For xCELLigence assays, plates were seeded with

HBMECs at 6,000 cells/well and with 50 ml lentivirus. For measuring the extent of kinase knockdown, 6-well or 12-well plates were

seeded with HBMECs at 80,000 cells/well or 40,000 cells/well and with 1000 ml or 500 ml lentivirus, respectively. HBMECs were

transduced with 1 mg/ml polybrene. 24 h post-transduction, transductants were selected with 2 ug/ml puromycin. Cells were grown
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under puromycin selection for 2-3 days at which time cells in the 6-well or 12-well plates were harvested for RNA extraction and

xCELLigence assays and immunofluorescence assays were performed.

qRT-PCR quantification of kinase expression
RNAwas extracted from TRIzol (Thermo Fisher) homogenates by chloroform-based separation. Briefly, 0.2ml chloroformwas added

for every 0.75 ml of TRIzol Reagent used. Samples were shaken vigorously, incubated at room temperature for 10 min and then

centrifuged at 3000 RPM at 4�C for 30 min. RNA contained in the aqueous upper phase was purified using the RNeasy Mini kit

(Qiagen) according to the manufacturer’s protocol. cDNA was prepared from equal amounts of DNase-treated RNA of each sample

using multi-scribe reverse transcriptase and random hexamers with incubation for 10 min at 25�C, 30 min at 48�C and 5 min at 95�C.
qPCR was performed using Power SYBR Green PCRMaster Mix (Applied Biosystems, Life Technologies) and host-specific primers

(Primer Bank: https://pga.mgh.harvard.edu/primerbank/; Table S4). Samples were run on an Applied Biosystems 7500 with the

following amplification conditions: 95�C for 10 min, 40 cycles of 95�C for 15 sec and 60�C for 1 min, followed by a melt curve stage.

Relative transcript abundance was determined by normalization to the housekeeping gene, beta actin, followed by normalization to

kinase expression in the scrambled control sample according to the 2-DDCT method.

Immunofluorescence microscopy
Collagen type I-coated chamber slides (Corning BioCoat�) were seededwith HBMECs at 10,000 cells/well and grown to confluency.

After treatment according to experimental conditions, the cells were fixed in 3.7% paraformaldehyde for 20 min and washed three

times with PBS. The cells were then incubated in Background Buster (Innovex) for 30 min, followed by blocking buffer (2% bovine

serum albumin (BSA), 0.1% Triton X-100 in PBS) for 1 h. Cells were incubated overnight with rabbit anti-VE-cadherin antibody

(1:200, Abcam Cat# ab33168, RRID: AB_870662) and Alexa Fluor 647 phalloidin (1:50, Thermo Fisher Scientific Cat# A22287,

RRID:AB_2620155) diluted in blocking buffer. After washing four times in PBS, cells were incubated in goat anti-rabbit Alexa Fluor

488 antibody (1:200, Thermo Fisher Scientific Cat# A-11008, RRID: AB_143165) and 8 mg/ml DAPI (Sigma Aldrich) diluted in

PBS-2%BSA-5% goat serum. Cells were washed four times in PBS after which ProlongTM Gold antifade mounting medium (Thermo

Fisher Scientific) was added. Images were acquired at 200x magnification using a Nikon Ti-E inverted fluorescence microscope at

1024 x 1280 pixels (328.73 x 410.91 mm) or at 400xmagnification on a DeltaVision Elite Deconvolution microscope at 976 x 976 pixels

(155.66 mm x 155.66 mm) and 15-25 Z stacks with a z-step distance of 0.1 mm.

Image analysis
All image analysis was done using ImageJ v1.50e (NIH; https://imagej.nih.gov/ij/) (Schneider et al., 2012). Three representative

images acquired at 200x magnification on the Nikon Ti-E inverted fluorescence microscope were chosen from each condition for

analysis. The cell number was recorded using the ‘‘cell counter’’ plugin. Gaps were defined as areas outside a cell lacking any

VE-cadherin staining. Gaps were measured by increasing the brightness of the FITC channel and consequently, VE-cadherin stain-

ing, so that the contrast between each cell (the interior and boundaries) and the background was clear. The threshold tool, with

default settings for a dark background, was used to highlight the zero-to-low intensity pixels outside the cells, until the gaps alone

were completely selected (see Figure S4B). The aspect ratio was determined by using the line tool to measure the length of the long

and short axis of each cell in the field. Across the three independent experiments for kinase inhibition assays, aspect ratio was deter-

mined for 204 to 376 cells, with a median cell number of 300. For kinase knockdown images, aspect ratio was determined for 121 to

484 cells, with a median cell number of 184. Final images presented here were edited using ImageJ by adjusting each color channel

linearly using the ‘‘Brightness/Contrast’’ tool.

xCELLigence assays of kinase knockdowns
After HBMEC transductions, growth was monitored with readings every 1-2 h. On the day of the assay, cells were equilibrated in

serum-free media for 1-2 h, and then thrombin or kinase inhibitors were added to triplicate wells at a final concentration of 5 nM

(thrombin) or 0.5 mM (kinase inhibitors). Recordings were taken every minute for 2 h and then every 5 min for 4 h. Control wells for

each kinase knockdown cell type received serum-free media and became the baseline against which the effect of thrombin or kinase

inhibitors was measured.

Analysis of xCELLigence assays
For analysis of xCELLigence assays, the cell index was normalized to baseline at the timepoint just before addition of either kinase

inhibitors or thrombin. AUC values were normalized by subtraction of the control AUC value and then linearly transformed. The most

minimum normalized AUC value in a dataset for a single experiment was set to zero, while the normalized value for the control sample

was set to 100%. For temporal analysis of kinase inhibitor screens, these fixed numbers were set for each time interval, making it

possible to compare transformed AUC values within, but not across time intervals. For temporal analysis of kinase knockdown cells

treated with barrier-strengthening kinase inhibitors, negative cell index values were considered as zero, and the resulting AUC was

normalized to the AUC for control cells (scrambled + kinase inhibitor). In instances where the AUC of control cells was zero, the

normalized AUC for experimental samples was undefined and thus omitted from further analysis. The 50% recovery cell index

was defined as the cell index of thrombin + kinase inhibitor-treated cells or thrombin-treated kinase knockdown cells at the time point

at which control cells have recovered by 50% (see Figure S2B). Maximum disruption was defined as the most negative cell index for
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each sample in an assay. 50% recovery andmaximum disruption values were transformed by subtraction of the cell index for control

cells and exponentiation of this number to base 10.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed using GraphPad Prism version 8.1.0. Differences between the control and experimental groups

were evaluated using Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparisons test for image analyses, and one-

way ANOVA followed by Dunnett’s multiple comparisons test for apoptosis assays. Statistical significance was considered as

P < 0.05. Correlations between variables were assessed using Pearson correlation analysis. Heatmaps were generated using the

statistical data visualization library seaborn in Python 3.7.6 (https://github.com/mwaskom/seaborn). Additional statistical details

of experiments including biological and technical replicates, dispersion and precision measures are indicated in figure legends.
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