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Abstract 

Sepsis is a host’s uncontrolled systemic response to an infection that results in tissue 

and organ damage. Due to the critical role of endothelial activation in sepsis mediated 

inflammatory responses and organ dysfunction, endothelial cells are nowadays 

recognized as an essential therapeutic target for treatment of sepsis. Protein kinases 

have been shown to engage in the pro-inflammatory responses in endothelial cells 

exposed to LPS. The aim of the current study was to investigate the nature and kinetics 

of activation of the protein tyrosine kinase signaling network in endothelial cells treated 

with LPS using kinase array technology. We demonstrated that a series of peptide 

substrates were phosphorylated by kinases in lysates from LPS treated endothelial cells, 

the phosphorylation profiles of the peptides being dependent on LPS exposure time. 

Based on the peptide phosphorylation profiles, several tyrosine kinases were identified 

as potentially activated in endothelial cells exposed to LPS. Three of the activated 

protein kinases, i.c., FAK1, ALK, and Axl, were chosen to further verify “on chip” and 

evaluate in pharmacological inhibition studies in HUVEC. We found that all three 

inhibitors, FAK inhibitor 14, Ceritinib, and BMS-777607, prominently reduced the 

induction of expression of adhesion molecules and pro-inflammatory cytokines in 

response to LPS stimulation. Summarizing, we show that a series of tyrosine protein 

kinases are activated in HUVEC treated with LPS, and that activation of kinases FAK1, 

ALK, and Axl are potential new targets for pharmacological inhibition to counteract LPS 

induced endothelial pro-inflammatory activation. 
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Introduction 

Sepsis is characterized by deleterious, non-resolving systemic inflammatory response 

triggered by bacterial infections, which impairs the host’s own tissues and leads to 

various degrees of organ damage (1). Clinically, sepsis is defined as a disease continuum 

from sepsis to severe sepsis, and septic shock following the increase in mortality (2). 

Based on data from the last decade, it is estimated that globally 31.5 million sepsis 

patients and 19.4 million severe sepsis patients present, of which around 5.3 million die 

from sepsis each year (3). In addition, sepsis patients who survive the sepsis trauma still 

have a high risk of death in the next few months or years (4). Understanding the 

pathophysiology of sepsis and sepsis associated organ dysfunction will help us to 

identify potential intervention strategies to reduce sepsis-related mortality.  

The vascular endothelium, as a barrier between the circulating blood and the tissues, is 

actively involved in regulating coagulation, controlling vasomotor tone, and modulating 

vascular permeability (5). The endothelium is also highly active in sensing and 

responding to the alterations in blood flow and local microenvironment induced stress, 

thereby modulating the function of the vessel wall (6). Activated endothelial cells (ECs) 

especially in the microvasculature are known to contribute to sepsis induced organ 

dysfunction, because of exaggerated endothelial inflammatory activation and loss of 

endothelial barrier integrity (7). Based on the critical role of endothelium in the 

pathophysiology of organ failure, we propose that it is an important therapeutic target.  

Lipopolysaccharide (LPS) is the primary component in the outer membrane of 

Gram-negative bacteria and one of the key mediators in the development of sepsis that 

gives rise to activation of endothelial cells (8). It activates protein kinase signaling 

pathways that are involved in the regulation of endothelial inflammatory responses. 

Three mitogen-activated protein kinase (MAPK) subfamilies, including ERK1/2, p38, and 

JNK, have been shown to contribute to LPS triggered endothelial inflammatory 

activation in HUVEC. Inhibition of ERK1/2 and p38 activation functionally reduced 

LPS-induced adhesion molecule expression in the activated endothelial cells (9). 

Furthermore, PI3K/Akt signaling was shown to attenuate LPS-mediated acute 

inflammatory responses in endotoxemia and sepsis in mice (10). In contrast, activation 

of adenosine monophosphate-activated protein kinase (AMPK) reduced circulating 
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cytokines and endothelial activation, thereby preventing sepsis associated renal damage 

(11). Thus, protein kinases and related signaling pathways play an important role in the 

disturbed endothelial responses in the pathogenesis of sepsis.  

In this study, we aim to investigate the nature and kinetics of tyrosine protein kinase 

activation in endothelial cells due to LPS stimulation. To do this, we used PamGene's 

microarray technology for kinase activity profiling to discover protein kinases that are 

involved in LPS induced endothelial activation. Potentially activated kinases identified 

based on the peptide phosphorylation profiles obtained were tested on chip and in in 

vitro cell culture inhibition studies (off chip) to validate our initial findings. In the 

discussion paragraph suggestions for further experiments are provided. 

 

Materials and methods 

Reagents 

Focal adhesion kinase 1 (FAK1) inhibitor FAK inhibitor 14 (1,2,4,5-Benzenetetraamine 

tetrahydrochloride, Catalog No. 305065) was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). ALK receptor tyrosine kinase (ALK) inhibitor Ceritinib (LDK378, 

2,4-Pyrimidinediamine, 

5-chloro-N4-[2-[(1-methylethyl)sulfonyl]phenyl]-N2-[5-methyl-2-(1-methylethoxy)-4-(

4-piperidinyl)phenyl], Catalog No. S7083) and AXL receptor tyrosine kinase (AXL) 

inhibitor BMS-777607 

(N-(4-(2-amino-3-chloropyridin-4-yloxy)-3-fluorophenyl)-4-ethoxy-1-(4-fluorophenyl)-

2-oxo-1,2-dihydropyridine-3-carboxamide, Catalog No. S1561) were purchased from 

Selleck Chemicals (Houston, Texas, USA). FAK inhibitor 14 was dissolved in water, while 

Ceritinib and BMS-777607 were dissolved in DMSO to obtain a 10 mM inhibitor stock. 

The stock was diluted in dimethyl sulfoxide (DMSO) or culture medium before use. 

Endothelial cell culture and treatment with inhibitors 

Human umbilical vein endothelial cells (HUVEC) were purchased from Lonza (Breda, 

The Netherlands) and grown on cell culture plates (Costar, Corning, New York, USA) by 

the Endothelial Cell Facility of UMCG. Endothelial cells were cultured in EBM-2 medium 

supplemented with EGM-2 MV SingleQuot Kit Supplements & Growth Factors (Lonza, 
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The Netherlands) and maintained in a humidified incubator at 37 °C and containing 5% 

CO2. For all experiments, passage 5 or 6 HUVEC were grown to confluency before 

treatment. Endothelial cells were stimulated with LPS at 1μg/ml (E.coli, serotype 

O26:B6, Sigma-Aldrich) for different time periods. 

HUVEC were pre-incubated with FAK inhibitor FAK inhibitor 14 (FAK14), ALK inhibitor 

Ceritinib, and Axl inhibitor BMS-777607 at 10μM for 30min, with DMSO 1% (v/v) as the 

vehicle control, and then treated with LPS for 2hrs.  Next, cells were harvested for gene 

expression analysis. To determine the concentration dependent effects of the FAK 

inhibitor, HUVEC were pretreated with FAK14 at 0, 1, 2, 4, 7, and 10 μM for for 30min, 

and then challenged with LPS for 2h. Cells were subsequently harvested for gene 

expression analysis. 

Lysate preparation for kinase arrays 

After treatment, cell lysates were prepared for the kinase arrays. The medium was 

removed and the cells washed twice with ice cold phosphate buffered saline (PBS). After 

washing, 130 μL of ice cold mammalian protein extraction reagent (M-Per; Thermo 

Scientific, Rockford, IL, USA) supplemented with Halt Phosphatase Inhibitor Cocktail and 

Halt Protease inhibitor Cocktail (both diluted 1:100, Thermo Scientific) was added per 1 

x 105 cells (per well of 6-well-plate). Cells were scraped from the bottom of the dishes 

and incubated on ice for 15min. The lysates were then centrifuged at maximum speed 

for 15min at 4 °C. After centrifugation, the supernatants were transferred to Eppendorf 

tubes and stored immediately at - 80 °C. Protein concentrations were determined using 

the Coomassie Plus (Bradford) Assay Kit (Pierce Chemical, Dallas, Texas, USA). We 

repeated this experiment with three separate endothelial cell isolates to obtain three 

biological replicates.  

RNA isolation and gene expression assessed by reverse transcription-quantitative 

PCR (RT-qPCR) 

For gene expression analysis, endothelial cells were lysed using RLT buffer with 1% 

β-Mercaptoethanol, and total RNA isolated using the RNeasy Mini plus Kit (Qiagen) 

according to the manufacturer’s instructions. The purity and concentration of RNA was 

determined using a NanoDrop® ND-1000 UV-Vis spectrophotometer (NanoDrop 

Technologies, Rockland, USA). All samples showed high RNA purity. cDNA was 
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synthesized and qPCR performed using  Assay-on-Demand primers as described 

previously (12). The Assay-on-Demand primers for qPCR included housekeeping gene 

GAPDH (assay ID Hs99999905_m1), CD31 (Platelet endothelial cell adhesion molecule, 

PECAM-1, assay ID Hs00169777_m1), E-selectin (assay ID Hs00174057_m1), ICAM-1 

(assay ID Hs00164932_m1), VCAM-1 (assay ID Hs00365486_m1), IL-6 (assay ID 

Hs00174131_m1), and IL-8 (assay ID Hs00174103_m1). qPCR was performed for each 

sample and the obtained threshold cycle values (CT) were averaged from duplicate runs 

for each sample. Gene expression was normalized to the expression of housekeeping 

gene GAPDH, resulting in the ∆CT value. The average mRNA levels relative to GAPDH 

were calculated by 2-∆CT. 

Tyrosine kinase activity profiling 

Tyrosine kinase activity profiling of endothelial cell lysates was performed using the 

Protein Tyrosine Kinase (PTK) PamChip 4 array on the fully automated PamStation 12 

(PamGene International, ‘s-Hertogenbosch, The Netherlands) using Evolve12 Software 

as previously described (13). An overview of PamGene array technology and the 

PamStation is shown in figure 1. Briefly, the PamChip 4 array was first blocked with 2% 

Bovine Serum Albumin (BSA) from the kit commercially obtained from PamGene. 

Meanwhile, five microgram of protein sample was diluted to 0.5 μg/μL in M-Per buffer 

with protease and phosphatase inhibitors to obtain a 10 μL sample. Thirty microliter of 

basic mix was subsequently prepared using the kinase reaction buffers from the PTK 

reagent kit (PamGene) according to the standard protocol. The composition of the 

reagent kit was 10 × protein kinase (PK) buffer, 400 mM ATP, 10 × BSA solution, 

Dithiotreitol (DTT), 10 × PTK additive and FITC-labeled antibody PY20. The 10 μL 

samples were added to 30 μL of basic mix just before application to the arrays to obtain 

a 40 μL assay mix, which was used for the kinase activity assay per array of the PamChip 

4 arrays. After blocking, the assay mix (40 μL) was subsequently loaded onto the 

PamChip arrays. During the run, the assay mix was pumped up and down through the 

pores within the array, enabling repeated peptide phosphorylation. The substrate 

phosphorylation was monitored and images taken using a CCD camera. At the end of the 

incubation, the arrays were washed and images taken at different exposure times (50, 

100, and 200 ms). 
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For on-chip drug inhibition experiments, FAK inhibitor 14 (FAK14) (at 166, 500, and 

1500 nM), Ceritinib (at 16, 50, and 150 nM), and BMS-777607 (at 83, 250, and 750 nM), 

as well as DMSO (vehicle control) were spiked into the assay mix. After adding the 

inhibitors, ATP was added and the mix was pipetted onto the PamChip 4 arrays. The 

concentration of DMSO was 2% (v/v) in inhibitor samples, DMSO was added at 2% (v/v) 

to all of the control samples, and the final concentration of ATP was 100 μM. All other 

sample and reagent concentrations and experimental procedures were the same as 

described above. 

In order to reduce the variation between chips and runs, PamChip 4 arrays from the 

same production batch were used in our study. The same 30min LPS treated samples 

were assayed in more than one run to assess the variations between experimental runs. 

Due to the large variation in analytical replicates between the combination of different 

experimental runs and biological replicates, two samples (20min and 120min LPS 

exposure) were excluded from further statistical analysis and upstream kinase analysis. 

Data analysis and statistics  

The analysis of the kinase array data was conducted using Bionavigator software 

(version 6.3, PamGene). The software evaluates the CCD camera image qualities and 

calculates the signal intensity of each spot, by subtracting the local background around 

each spot. The signal intensity after subtraction of local background was 

log2-transformed via specific algorithms in the software and named log signal and used 

for further analysis. A spot with poor signal or poor kinetic reaction was detected in the 

step of PTK kinetic QC (see Figure 2) and was removed before analysis. Heatmaps of log 

signal were shown in different colors according to signal intensity (basal kinase activity 

profiles) or log change from control (inhibition profiles). For analysis of the drug 

inhibition assays, the log-fold change (LFC) was calculated for each peptide and obtained 

from log2-transformed ratio of the signal intensities between inhibitor treated and 

control samples. The peptide intensity differences between different conditions were 

analyzed using one-way analysis of variance (ANOVA) comparison, with cut off (p-value 

< 0.05) is used. The corresponding proposed upstream protein kinases responsible for 

activated peptides on the PTK arrays were identified using the software PTK Upstream 

Kinase Analysis 86402 (PamGene). These kinases were mapped onto a kinase 

phylogenetic tree using the KinMap Web-based tool (http://kinhub.org/kinmap/).   
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For gene expression analysis, one-way ANOVA followed by Bonferroni post-hoc analysis 

was used to compare multiple conditions. Statistical analyses were performed using 

GraphPad Prism Software v.7.03 (GraphPad Prism Software Inc., San Diego, CA, USA). A 

p-value < 0.05 was considered to be significant. 

 

Results 

PamGene kinase activity profiling data acquisition technology and experimental 

setup 

The first part of this study was performed using PamGene microarray technology, which 

consists of PamChip arrays, a workstation (PamStation), and BioNavigator for data 

analysis and interpretation. The PTK PamChip 4 arrays were developed based on the 

tyrosine-containing peptide sequences that represent phosphorylation sites of the 

tyrosine kinome. This PamChip 4 array contains 196 different peptides immobilized to a 

porous membrane which allows flow-through of the sample and reaction mixture. Each 

peptide consists of a 15-amino acid sequence and corresponds to a known or putative 

phosphorylation site that acts as a tyrosine kinase substrate (Figure 1A). When the 

sample and reaction mixture are pumped through the array material, the kinases have 

the opportunity to recognize and phosphorylate their substrates, and a kinase reaction 

occurs in the aluminum oxide pores. Each round of pumping leads to further peptide 

phosphorylation, and via a fluorescently labeled anti-phospho-tyrosine antibody, a CCD 

camera in the PamStation 12 will detect the reaction and take images in a real time 

manner during the assay (14) (Figure 1A). 

To study the endothelial kinase activity profile after LPS treatment, we treated human 

umbilical vein endothelial cells (HUVEC) with LPS for 0, 5, 10, 15, 20, 30, and 45min, and 

1h, 2h, and 4h. Cell lysates were harvested using M-Per special buffer following the 

standard protocol from PamGene. Three different HUVEC isolates were used to obtain 

data from three biological replicates (Figure 1B). Protein loading is important for 

kinomic analysis. Based on our pilot studies and knowledge from PamGene, 5 μg protein 

per assay was chosen as the optimal amount to perform the kinase study. The cell 

lysates were run on the PamStation 12 using the experimental setup and layout of the 
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array for the kinase run shown in Figure 1C. When the images from the PamStation 12 

were sharp and of good quality (Figure 1C), they were used for further kinase activity 

analysis. 

 

Figure 1. Overview of PamGene kinase activity profiling technology and experimental 

setup 
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(A) Schematic description of PamGene microarray technology. Samples are added to the 

PamChip 4 arrays, one sample per array, and processed in the fully automated workstation 

PamStation 12. One array contains 196 spots; each spot has a highly porous ceramic membrane 

with one peptide substrate that is immobilised to the porous material. After applying the sample 

mix to the arrays, the phosphorylation of peptides start, and the sample mix is repeatedly 

pumped up and down through the pores to enable maximal peptide phosphorylation. The 

detection of tyrosine kinase activity (right) is based on the fluorescently labeled antibodies and a 

camera that takes images of each array. See more details in Materials and Methods. 

(B) Experimental design to study the complex of kinase activity patterns in LPS treated HUVEC. 

HUVEC were treated with LPS for 0, 5, 10, 15, 20, 30, 45min, 1h, 2h or 4h. Cell lysates were 

harvested and then run on the PamChip 4 protein tyrosine kinase (PTK) arrays according to the 

protocol from PamGene. 

(C) The pictures show the array setup and raw images captured on the PamStation 12 from one 

representative experiment. The left picture is the sample layout performed on the PamStation 

12 and shows the 10 samples from one experiment and two other samples with different colors 

that are from different experiments as positive controls. The right picture shows images from 

the PamStation 12 assay, the white dots indicate the signal intensity of the reaction of one 

particular peptide. 

 

Data analysis using BioNavigator workflow 

The images of the raw signal intensities obtained from the PamStation 12 were analyzed 

using the BioNavigator workflow (Figure 2). This software first evaluates and quantifies 

the images. During the PamStation run, the workstation measures the fluorescent signal 

every 5 cycles for 60 cycles in the pre-wash step to check the real-time kinetics. Thus, 

the signal is expected to increase when the cycle number increases. When the signal is 

not increased, the particular peptide is regarded as a bad peptide and excluded from 

further analysis by BioNavigator in the step of PTK kinetic QC (Figure 2). The data 

analysis workflow can produce visual heatmaps of signal intensity for different peptides 

from different experimental conditions, and generate maps of peptides significantly 

phosphorylated after LPS treatment using statistical analysis. In addition, upstream 

kinases can be predicted from phosphorylated peptide signatures using the Upstream 

Kinase Analysis app in this BioNavigator workflow. 
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Figure 2. Data analysis using BioNavigator workflows 

The flow chart shows how the images of raw data from the PamStation 12 generate final results 

and figures of the results via sequential steps. The data analysis workflow consists of evaluation 

and quantification of raw images, sample annotations, quality control and exclusion of bad 

reactions, statistical analysis between different conditions, data transformation and 

visualization, as well as upstream kinase prediction. All of these functions are performed using 

the BioNavigator software. See Materials and Methods for more details. *, figure 3B and 3C are 

generated from this step; #, figure 3A is generated from this step; &, figure 4 is generated from 

this step. Abbreviations: CV, coefficient of variation; QC: Quality Controls; PTK: protein tyrosine 

kinase. 
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Phosphorylation profiles of peptides after treatment of HUVEC with LPS  

The kinase phosphorylation profiles of all 10 cell lysates of one of the three biological 

replicate experiments were visualized in a heatmap (Figure 3A). The heatmap shows the 

log transformed signal intensity of 155 peptides that passed initial screening. The 

peptides were sorted by signal intensities, from high phosphorylation signal intensity 

(red) to low signal intensity (dark blue). From the heatmap we can conclude that similar 

peptides across the samples showed different signal intensities of phosphorylation. 

After treatment of HUVEC with LPS for 5, 15, 30, 45, 60, 120, and 240min, the overall 

signal intensities were obviously higher than those of the control sample, while the 

signals of peptides in the 20min LPS treated sample was similar to those in control 

sample. 

The intra-experimental technical variability was examined in a pilot experiment using 3 

chips with 12 arrays in one experimental run, which showed high technical 

reproducibility (data not shown). The reproducibility of biological replicates of different 

experimental conditions was also calculated using the coefficient of variation (CV) value. 

CV is the ratio of the standard deviation to the mean signal intensity. Due to high CV 

values (>30%), 20min and 120min LPS treated samples were excluded from further 

analysis. The statistical analysis of the peptide phosphorylation patterns of LPS 

treatment samples compared to the control sample was performed using ANOVA Post 

hoc test on the 3 biological replicates and the obtained data were visualized in the ratio 

heatmap (Figure 3B) and a volcano plot view (Figure 3C). From the heatmap, it can be 

seen that most peptides are significantly phosphorylated upon LPS activation of HUVEC 

and the activation profiles are different between samples with different LPS incubation 

periods (Figure 3B). The volcano plot revealed that a lot of peptides had a significant 

increase in phosphorylation as a consequence of LPS stimulation. More phosphorylated 

peptides were observed in endothelial cells treated with LPS for 15, 45, and 240min 

than in those treated with LPS for 10 and 60min (Figure 3C). This kinase-mediated 

phosphorylation of peptides indicated that LPS exposure induced kinase activation in 

endothelial cells with different kinetics of activation. 
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Figure 3. The phosphorylation profiles of peptides after treatment of HUVEC with LPS for 

different time periods 

(A) Heatmap of signal intensities of phosphorylated peptides in the experiment of HUVEC 

treated with LPS for 0, 5, 10, 15, 20, 30, 45min, 1h, 2hrs or 4hrs. The rows represent peptides 

sorted from high phosphorylation signal intensity (red) to low signal intensity (dark blue). One 

data set of the protein tyrosine kinase (PTK) PamChip 4 is shown here and is representative of 3 

independent biological replicate experiments. 

(B) The map of the log-ratio of the signal intensity in LPS treatment samples compared to the 

control sample. Peptides are sorted from highly significant effect (p < 0.05, -log10 (p-value) >1.3, 
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red color) by LPS treatment relative to control, to no significant difference (black). The peptides 

here are grouped in the same clusters (1,2, and 3) as shown on the y-axis. Abbreviations: MT v C, 

Multiple Treatments versus Control. 

(C) Volcano plots showing the results of LPS-treated samples versus the control samples. 

Peptides show a significant increase in phosphorylation upon LPS treatment relative to control 

when p < 0.05 or –log10 (p-value) >1.3. Log FC>0 means the intensity of a signal is higher 

compared to control. Red color means –log10 (p-value) >1.3 (significant increase), gray means 

equal to 1.3, and black less than 1.3. Abbreviations: MT v C, Multiple Treatments versus Control; 

FC: Fold change. 

 

Identification of upstream kinase that are likely activated upon LPS activation of 

endothelial cells 

The upstream kinases that are responsible for phosphorylating peptides on the PTK 

arrays can be identified using PTM databases such as HPRD, PhosphoSitePlus and 

PhosphoNET. PhosphoNET with in-silico predictions contains a large number of 

predicted kinases that are unknown from literature (15). Based on these databases, the 

putative upstream kinases for the phosphorylated peptides were obtained and mapped 

to the kinome phylogenetic tree (Figure 4). The values of the normalized kinase statistic 

above 0 indicate activation. The phylogenetic tree displays the upstream protein kinases 

that were activated after LPS treatment. We found a large number of tyrosine kinases 

that were activated upon LPS incubation, yet the specificity of these kinases was 

different. Some subfamilies of tyrosine kinases were obviously activated, while some 

subfamilies were not affected by LPS exposure. Based on the upstream kinase analysis, a 

ranking of activated kinases between different time points compared to the control was 

obtained (data not shown) and three interested kinases from the top 25 ranking kinases 

were chosen for further inhibition studies. These three kinases are Focal adhesion 

kinase 1 (FAK1), ALK receptor tyrosine kinase (ALK), and AXL receptor tyrosine kinase 

(AXL), also indicated in the phylogenetic tree in Figure 4.  
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Figure 4. Identification of upstream kinase that are possibly activated upon LPS activation 

of endothelial cells   

The map shows an upstream kinase analysis examples created by comparing the peptide 

phosphorylation patterns of LPS treated endothelial cells to those of non-treated cells (3 

biological replicates per condition). Results are mapped to a kinome phylogenetic tree using the 

KinMap Web Service, only the tyrosine kinase (TK) branch is shown. The size of the circles 

correlates with the specificity score of the corresponding kinases, colors indicate the normalized 

significant score: a red color means these kinases have a high signal compared to control 

condition (stimulation). The kinases selected for further pharmacological inhibition experiments 

are illustrated with arrows. The specificity score refers to the specificity of the Normalized 

Kinase Statistic (NKS) in terms of the set of peptides used for the corresponding kinase: NKS 

means the overall change of the peptide set that represents a kinase. The higher the score the 

less likely it is that the observed NKS is obtained from a random set of peptides.  
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On chip inhibition profiles of the three selected inhibitors on peptide 

phosphorylation status of LPS treated HUVEC samples 

To verify the activation of these three kinases, on-chip inhibitor spiking was done prior 

to running the arrays on PamStation 12. Thirty minutes LPS treated endothelial cell 

lysates were spiked with FAK1 inhibitor FAK14, ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607, at three different concentrations, DMSO was added as vehicle 

control. These lysates were subsequently run on three PamChip 4 arrays. The visualized 

heatmaps for the fold change in phosphorylated signal intensities between inhibitor 

treated samples and DMSO treated samples are shown in Figure 5A. FAK14 did not have 

obvious inhibition effects for most activated peptides at the three concentrations used. A 

clear concentration-dependent inhibitory effect of inhibitors Ceritinib and BMS-777607 

was revealed in these heatmaps. 150 nM Ceritinib and 250 nM BMS-777607 markedly 

inhibited more than half of the global kinase signaling, while 750 nM BMS-777607 

inhibited the phosphorylation of the majority of peptides (Figure 5A).  

The peptide phosphorylation inhibition data of 500 nM FAK14, 150 nM Ceritinib and 

250 nM BMS-777607 were further subjected to upstream kinase analysis. The putative 

protein kinases were top-ranked by the software and shown in the kinase score plots 

(Figure 5B, C and D). From the three plots we found that the FAK inhibitor 14 at this 

concentration did not show a suppressive effect on FAK kinase, while Ceritinib and 

BMS-777607 indeed inhibited the activation of their target kinases. Besides inhibiting 

their own targets, also inhibited the activation of other kinases (Figure 5B, C and D). The 

kinase effect profiles of the three inhibitors were also visualized using a kinome 

phylogenetic tree assessment (Figure S1). 
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Figure 5: On chip peptide phosphorylation inhibition profiles of three selected inhibitors  

(A) Heatmap of on chip inhibition using the three chosen inhibitors illustrating the changes of 

phosphorylated peptide intensity by treatment of cell lysates versus DMSO treated cell lysates. 

FAK inhibitor 14 (FAK14) (at 166, 500, and 1500 nM), Ceritinib (at 16, 50, and 150 nM), and 

BMS-777607 (at 83, 250, and 750 nM), as well as DMSO (vehicle control, same final 2% (v/v) 

was used for the inhibitors) was spiked-in with the lysates of LPS treated endothelial cells, and 

then run on PamChip 4 PTK arrays. Rows are sorted from strong inhibition ratio (blue) to low 
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inhibition ratio (red). The peptides are not in the same order in the heatmap for each inhibitor 

treatment.  

(B, C, D) These plots illustrate the upstream kinases ranked by the final score (median score) of 

each kinase obtained from the upstream kinase analysis of the on-chip inhibition experiment. In 

this experiment, the differences between cell lysates treated with 500 nM FAK inhibitor 14 (B), 

150 nM Ceritinib (C) or 250 nM BMS-777607 (D) versus DMSO were analyzed. The normalized 

kinase statistic is shown in the X-axis, and values <0 indicate inhibition compared to DMSO 

control. The color of the points represents the specificity score from the kinase analysis. The size 

of the points indicates the peptide set size used for analysis. Boxes show our three selected 

target kinases. Normalized Kinase Statistic (NKS) means the overall change of the peptide set 

that represent a kinase. Specificity score means the specificity of NKS in terms of the set of 

peptides used for the corresponding kinase: the higher the score the less likely it is that the 

observed NKS is obtained from a random set of peptides. 

 

Effects of the three inhibitors on pro-inflammatory gene expression in LPS 

challenged HUVEC 

In addition to the on chip inhibition studies, we determined the molecular consequences 

of the three inhibitors on endothelial activation by analyzing the expression of 

pro-inflammatory molecules in endothelial cells. We pre-incubated HUVEC with FAK14, 

Ceritinib, and BMS-777607 at 10 μM for 30min, and then treated the cells with LPS for 

2h. CD31 expression was unaffected by all three inhibitors (Figure 6A), while they 

significantly inhibited LPS induced E-selectin, VCAM-1, ICAM-1, IL-6 and IL-8 expression. 

After incubation with FAK14, the expression of endothelial adhesion molecules 

E-selectin, VCAM-1, ICAM-1 remained at basal levels. After Ceritinib incubation, the 

induction of E-selectin and VCAM-1 was reduced to 10% compared to LPS stimulated 

cells, the induction of ICAM-1, IL-6 and IL-8 reached around one third, while after 

BMS-777607 treatment, the induction of the pro-inflammatory molecules remained 

around 40-75% of those of LPS exposed cells (Figure 6A). These data indicate that all 

three inhibitors have anti-inflammatory effects on LPS challenged endothelial cells. 

To investigate whether the FAK inhibitor had an effect on endothelial activation in a 

concentration-dependent manner, HUVEC were incubated with FAK14 at different 

concentrations for 30min, and then treated with LPS for 2h. The results revealed that 
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FAK14 exhibited inhibitory effects on the induction of pro-inflammatory molecules in a 

concentration-dependent manner, while it did not have any effects on CD31 expression 

(Figure 6B). 
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Figure 6. Effects of the three inhibitors on pro-inflammatory gene expression in LPS 

challenged HUVEC 

(A) HUVEC were pre-incubated with FAK inhibitor FAK14, ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607 at 10μM for 30min, with DMSO as the vehicle control. Cells were 

subsequently treated with LPS for 2hrs and then harvested for gene expression analysis. Gene 

expression levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6 and IL-8 were assessed by RT-qPCR, 

using GAPDH as the house keeping gene. Bars represent the mean ± SD of 3 samples from one 

experiment and data are representative of 2 independent experiments. * p<0.05, *** p < 0.001, 

**** p < 0.0001. 

(B) HUVEC were pre-incubated with FAK14 at indicated concentrations for 30min, and then 

treated with LPS for 2hrs. Gene expression levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6 and 

IL-8 were assessed by RT-qPCR, using GAPDH as the house keeping gene. Dots represent the 

mean ± SD of 3 samples from one experiment and data are representative of 2 independent 

experiments. * p<0.05. 
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Discussion 

Sepsis is caused by uncontrolled host response to a systemic infection that leads to 

organ failure and results in a life-threatening clinical syndrome (2). To study organ 

failure in sepsis in animal and human sepsis models, LPS is ip or iv administered. LPS is 

the main structural component of the outer membrane of gram negative bacteria and a 

critical mediator in the pathogenesis of  gram negative sepsis, among others because of 

endothelial pro-inflammatory activation. The microvascular endothelium is actively 

engaged in regulating inflammatory responses in sepsis and has critical roles in the 

pathogenesis of sepsis associated organ dysfunction (7). Thus, studying the molecular 

control of LPS mediated endothelial activation will help us to find potential new 

molecular targets and design new anti-inflammatory strategies to diminish organ failure 

in sepsis. In the present study, we investigated the nature and kinetics of activation of 

protein kinases in LPS treated endothelial cells using kinase array technology. We 

observed that many peptides in the protein kinase arrays were significantly 

phosphorylated by lysates obtained from endothelial cells exposed to LPS and that 

different LPS incubation periods led to different peptide phosphorylation profiles. 

Fifteen, 45, and 240min LPS stimulation resulted in more phosphorylated peptides than 

10 and 60min LPS exposure. Three upstream protein kinases were identified as being 

activated in endothelial cells upon LPS challenge, which we could partly validate by on 

chip drug based inhibition studies. These showed that ALK inhibitor Ceritinib, and Axl 

inhibitor BMS-777607 had clear inhibition effects on the activation of their target 

kinases ALK and Axl. In addition, we demonstrated that all three inhibitors, i.c., FAK 

inhibitor 14 (FAK14), and Ceritinib, and BMS-777607 significantly inhibited LPS induced 

expression of pro-inflammatory molecules E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8. 

Taken together, our findings reveal that upon LPS stimulation, a complex series of 

tyrosine protein kinases is activated in endothelial cells, and that the inhibition of 

activation of FAK1, ALK, and Axl exhibit important anti-inflammatory effects by blocking 

LPS mediated signaling of endothelial cells.  

In this study, we concluded that LPS stimulation of endothelial cells induced broad 

kinase activation based on peptide phosphorylation profiles obtained by tyrosine kinase 

chip arrays. Different periods of LPS treatment resulted in different kinase activation 

profiles. The changes in kinetics of the peptide phosphorylation are noteworthy, as some 
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peptides were activated within 5min after the start of LPS stimulation, while less 

peptides were activated at 10min after start, and after 15min, there were again more 

phosphorylated peptides than after 5min (Figure 2B). Possibly, peptide activation at 

5min is due to TLR4 receptor signaling following LPS binding to LPS-binding protein 

(LBP) to form LPS-LBP complex, which will recruit the receptor of 

TIR-domain-containing adaptors (16). During this process, receptor tyrosine kinases are 

activated, as represented by peptide phosphorylation at an early time point (5min). The 

LPS-LBP complex possibly also binds to other trans-membrane kinase receptors and 

induce their activation at an early time. On the other hand, LPS-LBP complex can become 

internalized by scavenger receptors or TLR4 receptors, as a consequence of which 

myeloid differentiation primary-response protein 88 (MyD88) signaling and other 

signaling pathways will be activated, which then might trigger the activation of 

additional downstream kinase signaling cascades (17). This process may explain why 

somewhat later in time more phosphorylated peptides are observed in the array. 

Activation of the kinases is a rapid process that changes within minutes and as is their 

dephosphorylation by phosphatases while the signal is passed onto downstream 

molecules. That different kinases are activated at different time points was shown in a 

previous study in HUVEC, in which 15min LPS stimulation led to the activation of p38, 

ERK1/2, and JNK. The peak level of ERK1/2 activation occurred at 30min, and those of 

p38 and JNK at 60min after LPS treatment (9). Furthermore, we observed that more 

kinase activity was present in 240min LPS treated endothelial cells. The long exposure 

to LPS possibly induced the release of pro-inflammatory cytokines by the cells, such as 

IL-6 and IL-32, which in turn stimulate kinase activation by their own receptor initiated 

signaling (18, 19). 

In the current study, we demonstrated that FAK1 inhibitor FAK inhibitor 14, ALK 

inhibitor Ceritinib, and Axl inhibitor BMS-777607 have prominent inhibition effects on 

the induction of adhesion molecules (E-selectin, VCAM-1, ICAM-1) and 

pro-inflammatory cytokines (IL-6 and IL-8) expression in LPS treated endothelial cells. 

This corroborates a previous study, showing that FAK1 can trigger inflammatory 

responses in pulmonary microvascular endothelial cells (20). Another study reported 

that in endotoxemic Wistar rats, LPS injection induced FAK1 activation in myocardial 

tissue that then got involved in cardiac remodeling and cardiac function damage in heart 

(21). In addition, bacterial stimuli via toll-like receptors (TLRs), TNFα, and IL-6 can 
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induce FAK1 phosphorylation in murine macrophages or human fibroblast-like 

synoviocytes (22). ALK was shown to interact with epidermal growth factor receptor to 

induce the activation of downstream NF-κB and interferon regulatory factor 3 (IRF3) 

pathways, thereby inducing inflammatory responses in monocytes and microphages 

(23). In addition, Axl receptor tyrosine kinase is involved in a series of cellular processes, 

including cell survival, proliferation, migration, inflammation, and angiogenesis via 

regulating downstream signaling of PI3K/Akt, MAPK/ERK (24, 25). A recent study 

showed that the activation of Axl limited neuroinflammation by inhibiting the 

TLR/TRAF/NF-κB pathway after middle cerebral artery occlusion in rats (26). The 

majority of the above publications investigated the role of these three kinases in 

inflammation pathways in different cell types and in animals. Whether the molecular 

pathways in these latter studies were also active in endothelial cell signaling in the 

models used, is not known. 

To strengthen the findings of the current study, we need to perform additional 

experiments. First, cell culture kinase assay experiments are in progress, in which we 

treat cells with the inhibitors at three concentrations, then stimulate them with LPS for 

30min, and subsequently run the cell lysates on the arrays. The aim of these 

experiments is to investigate the effects of the inhibitors on the activation of the 

identified kinases in cell culture, allowing us to compare the data of on chip and off chip 

(in vitro cell culture) inhibitor assays to study similarities and differences. Second, we 

need to conduct cell viability analysis as high concentrations of these drugs affected the 

morphology of cells, and concentration–effect studies for Ceritinib and BMS-777607 to 

determine their pharmacological potential for further studies. Third, experiments with 

inhibitors will have to be performed to validate their effects at the protein level, i.c., 

expression of adhesion molecules by flow cytometry and ELISA for the secretion of 

pro-inflammatory cytokines.  The gene and protein expression levels will further 

strengthen our view on the potential role of three inhibitors for pharmacological use to 

prevent endothelial inflammatory activation. Similar kinase network studies to 

investigate the role of TNF-α on endothelial kinase activation will be performed using 

protein tyrosine kinase arrays, as TNF-α is significantly upregulated in patients with 

sepsis and in septic animals (27). Lastly, LPS and TNF-α mediated kinase activation will 

be determined using serine/threonine kinase arrays to reveal the identity and kinetics 



527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan527121-L-sub01-bw-Yan
Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018Processed on: 11-12-2018 PDF page: 150PDF page: 150PDF page: 150PDF page: 150

Chapter 5 

150 
 

of kinase activation downstream of the protein tyrosine kinases during endothelial 

inflammatory responses. 

In the on chip inhibition studies, we did not observe inhibition effects of FAK inhibitor 

14 at the three concentrations used (Figure 5), while in in vitro cell culture experiments, 

we saw a concentration dependent inhibition of LPS mediated induction of 

pro-inflammatory molecules (Figure 6). Possibly this is due to the fact that the 

concentrations used in chip were too low to inhibit the phosphorylation of peptides. In 

the on chip inhibition assay, we also found that one inhibitor can inhibit more than one 

protein kinase, not only the target one. For example, Axl inhibitor BMS-777607 did not 

only inhibit Axl activation, but also inhibited the activation of FAK1 and ALK (Figure 5D). 

No link between Axl and FAK1 has been found yet. Since the kinase signaling network is 

quite complex, maybe the kinases downstream of Axl influence the activation of kinase 

FAK1. A recently published article showed that AXL activation and 

epithelial-mesenchymal transition was important in overcoming ALK-positive non-small 

cell lung cancer (28). This study implies that there is a (direct or indirect) relationship 

between Axl and ALK in cancer, a connection that may also exist in endothelial cells.  

Here we describe the analysis of kinase activity profiles of endothelial cells using kinome 

array technology for LPS mediated activation studies to identify and validate targets that 

may have functions in endothelial activation. One advantage of the PamChip 4 protein 

tyrosine kinase arrays is their robustness and the required amount of protein is small, 

only around 5 μg proteins. This is different from other proteomics technologies, for 

which much larger amounts of protein is needed (several milligrams) (29). Another 

advantage is that the inside of the arrays consists of porous membrane structures, which 

provide a large surface area for peptide phosphorylation compared to flat arrays, and 

the continuous flow of assay mixture allows the measurement of the peptide activation 

profiles in a more sensitive and accurate way (30). The major limitation of this kinomic 

technology is the limited kinase specificity, as most of the protein kinases can 

phosphorylate more than one peptide substrate. The peptides in the arrays can be 

phosphorylated by different tyrosine kinases in the cell lysates, thus we do not know 

how each kinase exactly contributed to the phosphorylation signal of a particular 

peptide. However, using specific inhibitors the hypothesis regarding active kinases can 
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be tested in on chip inhibition analysis and eventually in endothelial cells in culture. 

Other putative activated kinases will be investigated in future studies. 

In summary, we demonstrated that LPS challenge of endothelial cells activates multiple 

kinases that are actively involved in pro-inflammatory gene expression control in 

HUVEC. Three candidate kinases FAK1, ALK, and AXL could significantly inhibit these 

endothelial inflammatory responses. In our future work, additional experiments will 

have to be performed to explore in more detail the molecular and pharmacological 

importance of these activated protein kinases and their functional effects in endothelial 

cell activation induced by LPS and in the pathogenesis of sepsis. 
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Supplementary Figure S1: On chip peptide phosphorylation inhibition by the three 

selected inhibitors  

The maps illustrate the upstream kinase analysis that comparies cell lysates treated with 500 

nM FAK inhibitor FAK14 (A), ALK inhibitor 150 nM Ceritinib (B), or Axl inhibitor 250 nM 

BMS-777607 (C) to cell lysates treated with DMSO (Control). Results are mapped to a kinome 

phylogenetic tree using the KinMap Web Service, only the TK branch is shown. The size of the 

circles correlates with the specificity score of the corresponding kinases, colors indicate the 

normalized significant score (green means more specific of inhibition). Blue arrows show kinase 

FAK1, ALK and Axl, among them ALK and Axl were inhibited after treatment with their 

corresponding inhibitors. 
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