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GGENERAL INTRODUCTION  
 

Sepsis is a complex disorder that is caused by a dysregulated host response to 

infection [1], which accounts for an estimated 2.8 million deaths per year [2]. 

Besides antibiotics, supportive therapies such as fluid and vasopressor 

administration aiming to restore the function of vital organs are the current 

mainstay of sepsis therapy [3]. Ideally, broad-spectrum antibiotics are 

administered within the first hour of sepsis recognition [4], although identity and 

source of infection remains unknown in 40% of patients with sepsis [5]. Even when 

the source is known, every hour of delay in antibiotic administration to resolve the 

underlying infection is associated with a 7% increase in risk of death in patients 

with sepsis [6]. The current management of sepsis does not effectively halt sepsis 

progression and eventually cause vital organs to fail [7]. Sepsis criteria scoring 

strategy such as Sequential Organ Failure Assessment (SOFA) is used to assess 

disruption in the function of vital organs, of which score of 2 points or more is 

associated with an in-hospital mortality greater than 10% [1]. If the patients 

eventually recover, 5-year mortality rate is as high as 81% [8], and most suffer 

long-term sequelae related to physical, psychological, and cognitive abilities [8]. 

 

Sepsis-related organ dysfunction 

Sepsis-related organ dysfunction is the condition in which organs fail as a result of 

dysregulated host response to infection [1,9]. Any organ can fail because of sepsis, 

and the failure of one organ can lead to the dysfunction of another organ due to 

organ cross-talk [10], leading to multiple organ dysfunction syndrome (MODS). 

Sepsis-associated MODS is linked to higher mortality than sepsis without organ 

injury [11]. Many factors can contribute to the severity of sepsis and consequently 

MODS, such as type of pathogen, source of infection, route of administration, co-

morbidities, co-medication, age, and genetic makeup [12]. Sepsis-related organ 

dysfunction is represented by clinical symptoms that can appear alone or 

collectively as a sign of failing of specific organs in patients. Therefore, it is difficult 

to establish whether organs will fail once sepsis symptoms become manifest, and 

when they do, which organ will fail first.  
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1 
Microvascular disturbances are known to play an important role in organ 

dysfunction [13]. Tissue oedema [12], leukocyte infiltration [14], and microthrombi 

[15] are common findings in the microvasculature of failed organ in sepsis patients, 

though presence of all these abnormalities at the same time is not a pre-requisite 

for sepsis-related organ failure. The degree of vascular permeability, leukocyte 

infiltration, and coagulation impairment varies depending on organ, and the organ 

can fail even in the absence of one or more pathological manifestation(s) mentioned 

[12]. Failing lung shows fluid accumulation, while dysfunctional kidney is 

characterized by deteriorating glomerular sieving function leading to reduced 

glomerular filtration rate [16] and anuria [12]. Similarly, leukocyte infiltration is 

massive in failing lung, while kidney on the verge of failing can show minimal 

leukocyte infiltration [14]. Microthrombi are mostly found in the microvascular beds 

of sepsis-associated dysfunctional lung, but not as extensively in any of the other 

failing organs [17].  

While studies in living sepsis patients are impossible, studies in mice are 

commonly used to investigate kinetics of cellular responses of different organs in 

sepsis [18]. The endotoxemia model is commonly used to study exaggerated 

inflammatory response related to early sepsis [19,20]. In this model, 

lipopolysaccharide (LPS) or endotoxin injection into mice results in organ-specific 

increase in vascular permeability [12,21], leukocyte recruitment [21], and pro-

inflammatory responses, which are all processes that are also happening in human 

sepsis [22]. Some manifestations of endotoxemia such as systemic arterial 

hypotension, lactic acidosis, impaired myocardial contractility, and increased levels 

of circulating TNF-  and IL-6 resemble the clinical features in human sepsis [18]. 

Despite some resemblance with the systemic inflammatory response seen in clinic 

[23], LPS endotoxemia does not fully recapitulate the essence of the complex 

pathophysiology of human sepsis. Cecal ligation and puncture (CLP), a procedure 

of releasing faecal material into the peritoneal cavity by perforating the cecum [24], 

is considered to be the ‘gold standard’ experimental sepsis model that recapitulates 

human sepsis better [25]. CLP produces immune, hemodynamic, and biochemical 

responses [23] similar to that of intraperitoneal sepsis in human patients [26,27]. 

Studies done to assess efficiency of TNF- [28] and IL-1 receptor 

antagonist [29] showed comparable results with clinical trial findings [18], which 

implies some extent of face validity of CLP model in studying human sepsis. 
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Endothelial dysfunction in sepsis 

The vasculature consists of a continuous network of blood vessels that supplies 

nutrients and oxygen to organs and are all covered by endothelial cells (EC). In 

organs, the blood vessels are comprised of arterioles, capillaries, and venules, 

which are collectively termed as the ‘microvasculature’ (Figure 1). By acting as 

‘gatekeepers’ between blood and tissues [30], EC form a selective barrier along the 

microvasculature of organs and maintain homeostasis by regulating vascular 

permeability [31] and coagulation [30]. EC are also active responders to 

proinflammatory stimuli [32–35]. During sepsis, EC become activated, leading to 

impaired barrier permeability [12], leukocyte recruitment into organs [14], and 

dysregulated coagulation [17].  

EC respond to LPS, a component of Gram negative bacteria found in the blood 

of sepsis patients [36], and various other sepsis-related proinflammatory stimuli, 

by expressing adhesion molecules such as P-selectin, E-selectin, vascular cell 

adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1). 

The increased expression of these molecules promotes tethering, rolling, and 

adhesion of leukocytes to activated endothelial surface. Additionally, EC release 

various inflammatory cytokines and chemokines that enable recruitment of more 

leukocytes into the microvascular beds. Some of the recruited leukocytes will 

undergo trans-endothelial migration into the tissues either via the transcellular or 

paracellular route [37]. Adhesion molecules, such as cluster of differentiation 31 

(CD31) [38], ICAM-1, and ICAM-2 [39,40] facilitate trans-endothelial migration 

(also called ‘diapedesis’) of leukocytes into the tissues. The endothelial expression 

of these proinflammatory molecules is among the earliest signals that promotes 

adhesion of leukocytes to the blood vessel walls, and thereafter influx of leukocytes 

into the tissue of organs, which further contributes to impairment of organ function 

in sepsis. 

The endothelial barrier is maintained by tight regulation of endothelial 

adherens junctions and tight junctions. Gap junctions, which are made up of 

molecules mainly of the connexin family, are important in regulating cell-to-cell 

communication [41]. VE-cadherin, the main endothelial adherens junctional 

molecule, is important in regulating junctional integrity between EC of the 

microvasculature of all organs, particularly in heart [42], kidney [43], and lung 

[42,44]. Apart from adherens junction, tight junctional molecules such as occludins 
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1 
[45], claudin-5 [46], and junctional adhesion molecules (JAMs) [47] also function 

in maintaining vascular integrity in an organ-specific manner [12,46]. During 

sepsis, VE-cadherin [48] and claudin-5 [49]-regulated endothelial barriers are 

impaired, thus allowing the entry of fluid and leukocytes from the blood vessels into 

organs. VE-cadherin facilitates the exit of leukocytes from the microvasculature, 

evidenced by strong inhibition of leukocyte extravasation in cremaster, skin, and 

lung microvascular beds after the insertion of VE-cadherin- -catenin fusion 

construct in mice [50]. Additionally, in sepsis, EC release coagulation factors 

including von Willebrand factor (vWF), which initiate the coagulation cascade, 

leading to thrombus formation in the organ microvasculature. Next to its platelet-

activating properties, vWF promotes the adhesion of leukocytes to the EC [51]. vWF 

plasma levels were found to be higher in non-survivor septic patients with acute 

lung injury compared to sepsis survivors [52], while soluble VE-cadherin levels were 

increased in plasma of sepsis patient with acute kidney injury (AKI) [48]. 

 

A. Heterogenous endothelial response in sepsis 

Endothelial cells are structurally and functionally diverse [53], which is partly 

attributed to microenvironmental factors [54] and epigenetic control [55,56]. 

Following inflammatory stimulation, the extent of endothelial activation varies 

depending on EC location [53] and the type of stimulus [53,57]. While it is 

established that EC between organs are phenotypically different in health and 

disease [53,58,59], the microvasculature within an organ also has EC with different 

identities that respond to inflammation to different extents [53,59]. The kidney 

microvascular segments are comprised of arterioles, capillaries (glomerulus and 

peritubular), and post-capillary venules [60]. In the kidney of mice injected with 

TNF- [33] or LPS [21], E-selectin expression was shown to be more restricted to 

the glomerular segments, while VCAM-1 expression predominated in extra-

glomerular microvascular segments [21,33]. Our research group showed that in the 

kidney of mice injected with TNF- -1 expression in the 

glomerulus was associated with high mIR-126 expression [33]. This observation 

implies the existence of microvascular bed-specific molecular control of endothelial 

responses to inflammation, which still largely remains elusive. Understanding 

molecular signatures of the microvascular segments of kidney and other organs 
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that are susceptible to sepsis is key in understanding the differential roles of 

microvascular EC in the pathogenesis of sepsis-related organ dysfunction. 

 

 
Figure 1. Endothelial cells (EC) cover the microvasculature lining of organs in the body. 

Figure above shows microvascular beds of lung and kidney, which are stained for CD31 (CD31; a pan-

endothelial marker). Lung microvasculature is consisted of arterioles (‘a’), pulmonary capillaries (‘c’), 

and venules (‘v’), while kidney microvasculature is consisted of arterioles (‘a’), two form of specialized 

capillaries namely glomeruli (‘g’) and peritubular capillaries (‘p’), and venules (‘v’). 
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B. Endothelial-leukocyte interaction in sepsis 

As described above, in sepsis, EC become activated leading to leukocyte 

recruitment to specific sites of inflammation. Neutrophils are the most common 

leukocyte subset found in the organs from sepsis patients [14,61] and in organs of 

animals in experimental models of sepsis [62]. Apart from neutrophils, 

macrophages are commonly found in sepsis kidney biopsies, particularly in the 

glomerular compartment [14]. Recruitment of leukocytes involves multiple steps, 

which includes transient rolling of leukocytes and subsequent adherence of 

leukocytes to the endothelial cell surface. The rolling of leukocytes is regulated by 

endothelially expressed selectins (P-selectin, E-selectin), and leukocyte-expressed 

selectin ligands (P-selectin ligand, E-selectin ligand, and CD44) [63]. In the 

glomerular compartment of the kidney, recruitment of leukocytes is mediated by 

platelet-derived P-selectin [64]. In vivo studies in cremaster, mesenteric, and skin 

tissues [65] showed that the ‘conventional’ recruitment of leukocytes occurs mainly 

in the post-capillary venules. This process was initially thought to be the same in 

all organs. However, intravital microscopy studies in liver, lung, and kidney [65], 

have shown that leukocyte recruitment is an organ- and microvascular bed-specific 

process [61,66,67]. Leukocyte recruitment in the sinusoidal capillaries of the liver 

is selectin-dependent and accounts for up to 70-80% of leukocyte recruitment 

compared to that in post-capillary venules of inflamed liver [66]. In contrast, 

blocking of E-selectin in a glomerulonephritis rat model did not affect glomerular 

leukocyte recruitment [68]. These studies imply that leukocyte recruitment in 

organs is stimulus- and microvascular compartment-specific, which could be 

attributed to remarkable heterogeneity of EC in different microvascular beds of 

organs. The mapping that connects the unique ‘configuration’ of endothelial 

molecular signatures in different microvascular segments of organs susceptible to 

sepsis such as kidney and lung, to recruitment of specific subset of leukocyte during 

sepsis, is yet to be established. 

 

C. Lipopolysaccharide-driven endothelial signal transduction 

Recognition of LPS by the innate immune system is among the earliest key event 

that leads to the inflammatory host response [69]. Endothelial cells recognize LPS 

via Toll-like receptor (TLR) 4 [70] and Retinoic inducible gene (RIG)-I [35]. LPS 
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interacts with LPS binding protein (LBP), and the internalized complex then binds 

to the TLR4-myeloid differentiation protein 2 (MD2) complex and CD14, further 

activating TLR4-mediated downstream signalling [71]. RIG-I recognizes LPS 

independent of TLR4 involvement and responds by activating its downstream 

signalling pathways via protein adaptor mitochondrial antiviral signalling proteins 

(MAVS) [35]. The activation of TLR4- and RIG-I- [35] mediated pathways result in 

downstream signalling cascades via p38 MAPK and NF- B, leading to the expression 

of the proinflammatory molecules introduced above [72] (Figure 2).  

Tyrosine kinases (TK) are important enzymes in signal transduction to 

maintain essential cellular activities, also in endothelial cells [73]. Additionally, TK 

are important components of Toll-like receptor-mediated signalling pathways, and 

are therefore critical in inflammation [74]. TK such as Pyk2 and Src were shown to 

control LPS-mediated inflammatory responses in endothelial cells via TLR4 [75–77]. 

Treatment with tyrosine kinase inhibitors was shown to increase survival and 

prevent lung oedema in mice exposed to LPS [78], and reduce the production of 

inflammatory mediators by LPS-activated human endothelial cells in vitro 

[76,79,80], and in murine experimental sepsis [81]. This underscores the 

importance of TK signalling in endothelial cellular response to sepsis and highlights 

the potential of TKs as druggable targets in alleviating sepsis-mediated 

inflammation.  

 

 

AIM AND OUTLINE OF THE THESIS 

 

As highlighted above, the pathophysiology of sepsis-related organ dysfunction is 

still not completely known, which hinders the development of effective therapies for 

sepsis. In health, EC keep vascular integrity, coagulation, and inflammation in 

check, but during sepsis, these processes are all compromised to different degrees. 

This is partly due to dysfunction of EC, leading to organ dysfunction. Organs fail 

differently in sepsis despite being exposed to the same insult, which suggests that 

impaired endothelial-regulated processes are distinctively controlled both at organ 

and at microvascular segment levels. The precise molecular control of inflammatory 

response of different microvascular segments of sepsis-affected organs remains 



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 17PDF page: 17PDF page: 17PDF page: 17

 
Introduction and Aims of the thesis 

 

17 
 

1 
elusive. The questions that are fundamental to this thesis are, 1) how do endothelial 

cells respond to sepsis-related inflammatory insults?; 2) what are cellular and 

molecular differences between EC in different organs and microvascular segments?; 

and 3) what molecules regulate these cellular or molecular differences?  

 
Figure 2. Schematic overview of LPS-mediated signalling transduction in endothelial cells. 

TLR4- and RIG-I-mediated signalling pathways are known to activate p38 MAPK and NF- B pathways, 

leading to the expression of proinflammatory molecules (E-selectin, VCAM-1, ICAM-1, and cytokines). 

 

 

To address the first two questions, the first aim of this thesis was to 

investigate heterogenous response of EC to sepsis-related inflammatory stimuli and 

the underlying molecular mechanism that may contribute to these differences. 

Additionally, as tyrosine kinases (TK) are essential components in inflammatory 

signalling including such as observed in EC in sepsis, the next aim of this thesis was 

to identify which TK are involved in endothelial inflammatory signalling and 

investigate whether these kinases can be pharmacologically targeted to attenuate 

the inflammatory response. 
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In chapter 1, I introduced the concept of microvascular dysfunction which 

leads to impaired vascular permeability, coagulation, and inflammation. In failing 

organs, these processes are affected, albeit to different extents. Kidney and lung 

are the two organs that are most commonly affected in sepsis. In chapter 2, we 

reviewed the clinical manifestations of sepsis-associated acute kidney injury 

(sepsis-AKI) and sepsis-associated acute respiratory distress syndrome (sepsis-

ARDS). The focus was on the phenotypic differences in microvascular endothelial 

responses between lung and kidney which may contribute to the distinct clinical 

manifestations seen in both organs. We summarized the relevant in vivo and in 

vitro studies showing cell type- and stimulus-specific heterogenous endothelial 

responses associated with organ-specific failure in patients with sepsis. 

EC respond differently to external stimuli depending on their location, and 

the type of stimuli [53]. Microvascular bed-specific endothelial responses have been 

shown in vivo [21,33], but the ramification of this heterogenous response for the 

recruitment of specific leukocyte subsets is not known. Using cecal ligation and 

puncture (CLP), the ‘gold standard’ model of experimental sepsis, in chapter 3, we 

therefore investigated the nature, kinetics, and location of activation of 

microvascular EC in lung and kidney in mice during CLP-induced sepsis 

development. We investigated to what extent activation was associated with 

leukocyte recruitment within the lung and kidney of CLP mice. 

Since LPS exposure resulted in organ- and microvascular segment-specific 

heterogenous expression of endothelial inflammatory molecules in mouse 

endotoxemia [21], we hypothesized that LPS activated different intracellular 

mechanisms leading to differential expression of inflammatory molecules. In 

chapter 4, we investigated LPS-activated EC subpopulations based on their E-

selectin and VCAM-1 expression. Using siRNA interference and pharmacological 

approaches, we investigated the role of TLR4 and RIG-I, as well as NF- B and p38 

MAPK, in the formation of LPS-activated EC subpopulations and propose a molecular 

mechanism that regulates LPS-induced phenotypic heterogeneity in endothelial 

inflammatory activation. 

Based on the knowledge generated in chapter 4, we hypothesized that LPS-

activated EC subpopulations are regulated by specific regulatory mechanisms 

leading to their distinct heterogenous profile of LPS-induced expression of 

inflammatory molecules. In chapter 5, we designed an experimental approach to 
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1 
compare gene expression profiles of two LPS-activated subpopulations sorted based 

on their E-selectin and VCAM-1 expression. The two subpopulations were the 

‘Quiescent’ E-sel-/VCAM-1- cells (a subset of cells exposed to LPS that did not 

express E-selectin and VCAM-1) and the E-sel+/VCAM-1+ (LPS-exposed cells with 

the expression of both E-selectin and VCAM-1). I discuss the experimental 

strategies used to characterize these different LPS-activated EC subpopulations, 

preliminary data obtained so far, the expected outcomes, and thereafter potential 

challenges. 

We hypothesized that TK are crucial in endothelial LPS-mediated signalling 

transduction, and that inhibition of TK activity can reduce LPS-induced endothelial 

inflammatory activation. Therefore, in chapter 6, we characterized the TK network 

that regulates LPS-mediated signalling in endothelial cells and identified 58 TK that 

can potentially serve as targets. Using siRNA and tyrosine kinase inhibitors (TKIs), 

we further investigated three TK for their roles in EC inflammatory signal 

transduction and then investigated whether pharmacologically targeting them could 

diminish LPS-induced inflammatory activation in HUVEC. 

Finally, in chapter 7, I summarize the findings of the research presented in 

my thesis and discuss them within the context of our current knowledge and recent 

literature, and I discuss the implication of my thesis for future studies. 
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ABSTRACT  
 

Sepsis, a dysregulated host response due to infection is 

associated with high morbidity and mortality which is a 

result of multiple organ dysfunction syndrome (MODS). 

There are currently no therapeutic treatments available 

for patients with sepsis which is partly attributed to our 

incomplete understanding of why and how organs fail in 

patients with sepsis. Clinical manifestations of organ 

failure differ from one organ to the other despite a 

systemic pathogenic insult. The lungs become leaky with 

extensive neutrophil accumulation, while the kidney 

function is impaired despite minimal morphological 

changes and limited leukocyte infiltration. Despite 

initially seen as bystander, endothelium is gaining 

increasing attention due to its crucial role in maintaining 

organ homeostasis, vascular barrier, coagulation, and 

inflammation. All these processes are disrupted in failing 

organs, yet this occurs heterogeneously within and 

between organs.  

In this review, we summarize recent advances in our 

understanding of heterogeneous endothelial responses 

which may mediate organ-specific failure phenotypes in 

patients with sepsis. We have focussed on heterogeneity 

in endothelial behaviour in sepsis-associated acute 

kidney injury (sepsis-AKI) and acute respiratory 

dysfunction syndrome (ARDS) and how this information 

might guide microvasculature targeted therapy for 

patients with sepsis and multiple organ failure. 

Keywords:  
 

Sepsis;  
endothelial cells (EC);  

endothelial 
heterogeneity;  

acute kidney injury 
(AKI);  

acute respiratory 
dysfunction syndrome 

(ARDS);  
endothelial 

permeability; 
endothelial activation; 

and inflammation. 
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BACKGROUND 
 

Sepsis is a life-threatening condition characterized by an overwhelming, 

heterogeneous, and progressive host response to infection [1]. Despite recent 

advances in early sepsis recognition and prompt antibiotic administration protocols, 

sepsis continues to be the leading cause of death among critically ill patients in 

intensive care units (ICU) worldwide [2]. The fatal outcome of patients with sepsis 

is due to multiple organ dysfunction syndrome (MODS), with mortality being directly 

associated with the number of failing organ systems and the degree of organ 

damage [3].  

The pathophysiological mechanisms driving organ injury and failure in 

patients with sepsis is poorly understood. For a long time, decreased oxygen 

delivery and a dysregulated immune system were thought to be the main drivers 

of organ failure. However, three decades of clinical trials targeting these defective 

responses have failed to improve patient outcome [4]. The complexity of sepsis, 

the heterogeneity between patients, and the relatively late diagnosis underlie poor 

outcome and failure of multiple one-size-fits-all clinical trials [5]. Despite years of 

research, we still do not know exactly why and how organs fail in patients with 

sepsis. Likewise, why some patients develop MODS while others do not. 

Predisposing factors that increase sepsis susceptibility such as age, having 

comorbid disease, immunodeficiency, and genetic factors all likely contribute.  

Intriguingly, the clinical manifestations of sepsis-associated organ 

dysfunction differ from one organ to the other despite a similar systemic pathogenic 

insult (Figure 1). Lungs become drowned in fluids with massive neutrophil 

sequestration primarily due to ‘leaky’ microvasculature [6], while the kidney 

appears to shut down with minimal morphological alterations and limited neutrophil 

infiltration [7–9]. In other words, each organ responds differently to the same 

systemic insult. These clinical and histopathological observations have led us to 

question what regulates organ-specific responses in sepsis. Is there a common cell-

type and response which dictates the way an organ fails in sepsis? If there is, how 

do these cellular processes differ between organs? And more importantly, how will 

these organ-specific responses influence treatment options for patients with 

multiple organ failure? 
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Figure 1. Organ-specific failure phenotypes in sepsis. The clinical features, pathophysiology, and 

current treatment options for patients with failing organs as a result of sepsis are summarized. 

 

 

When patients with sepsis enter the ICU, multiple cellular cascades encompassing 

inflammation, coagulation, and metabolic changes run in parallel in various cells 

within different organs leading to impaired function [3]. One cell type which is 

common to all organs is the endothelium, which is known to play an important role 

in maintaining organ homeostasis [10]. While aberrant endothelial responses have 

been shown to predict mortality in critically ill patients [11], endothelial cells (ECs) 

phenotypically differ between organs and within microvascular compartments of the 

same organ, and even between adjacent ECs within the same vessels [12]. Different 

pathogens and inflammatory stimuli can initiate endothelial inflammatory 

activation, leukocyte infiltration, endothelial permeability, and coagulation yet this 

occurs to different extents within and between organs. Hence, what is the 

contribution of the inter- and intra-organ endothelial heterogeneous response to 

sepsis on the specific way organs fail in patients with multiple organ failure? 
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The aim of this review is to summarize recent advances in our understanding 

of inter-organ heterogeneous endothelial responses that may mediate organ-

specific failure phenotypes in patients with sepsis. Implications for patient care and 

potential directions for future treatment strategies will also be discussed.  

 

 

ENDOTHELIAL CELL STRUCTURE AND FUNCTION 
1. Endothelial cell function 

The endothelial lining maintains organ homeostasis by regulating various functions 

including the trafficking of fluid, solutes, hormones, and macromolecules [13]. As 

EC phenotypes are organ- and microvascular bed- specific[10], how each organ 

determines the functional properties of its endothelium is currently not well 

understood. Endothelial properties are to a certain extent dependent on the 

surrounding microenvironment such as the interactions with adjacent specialized 

cells (i.e., pericytes, podocytes, epithelial cells) and blood flow dynamics. Most, but 

not all organ-specific EC gene signatures are rapidly lost when they are removed 

from their in vivo microenvironment and put into culture [14,15]. However, certain 

heterogeneous gene expression profiles have also been observed in cultured organ-

specific ECs suggesting that epigenetic control may mediate at least certain EC 

properties [16–18]. 

 

2. Glycocalyx  

The endothelial barrier is comprised of inter-endothelial junctions and various non-

cellular components, such as the glycocalyx and extracellular matrix [19]. 

Glycocalyx is composed of macromolecules like proteoglycans and sialoprotein 

[20,21], but the exact make-up of the endothelial glycocalyx is organ- and vascular 

bed specific [20] -galactose carbohydrates, 

- and -N-

acetylgalactosamine carbohydrates [21]. Experimental evidence shows that 

damage of the glycocalyx in sepsis compromises the endothelium by promoting 

permeability [22]. Additionally, excessive fluid resuscitation in patients with sepsis 

degrades the endothelial glycocalyx [23]. The exact mechanisms regulating 

glycocalyx degradation are not yet fully understood but may be organ and vascular 
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bed-specific [24]. Therapeutic strategies aiming to preserve glycocalyx integrity so 

far have failed to improve the outcome of patients with sepsis [25].  

 

3. Barrier integrity 

The gap between ECs are sealed by tight and adherens junctions, which are both 

functionally coupled to the cell-matrix complex [26] to provide ECs with mechanical 

strength and stability [27,28]. Additionally, tight junction proteins such as Claudin-

5 are only expressed in peripheral endothelium [29]. Gap junctions, containing 

connexins (i.e. Cx43, Cx40, and Cx37) mainly function to regulate cell-to-cell 

communication [30]. The Angiopoietin/Tie2 receptor system is also involved in the 

maintenance of barrier function. Angiopoietin 1 (Ang1) and Angiopoietin 2 (Ang2) 

ligands bind to the Tie2 receptor [31]. In quiescent conditions, Ang1 is released by 

pericytes and binds to the Tie2 receptor ensuring barrier maintenance [32]. 

However, during inflammation, endothelial-released Ang2 competitively binds to 

the Tie2 receptor disrupting the vascular barrier [33]. Disruption of the multiple 

systems controlling vascular barrier integrity will lead to vascular leakage resulting 

in oedema, and leukocyte transmigration. The expression of endothelial junction 

molecules needed to maintain endothelial integrity, VE-cadherin, Occludin, and 

Claudin-5 are expressed to different extents in various mouse organs [34] (Figure 

2). Hence, endothelial phenotypes and junction molecule composition varies 

between different microvascular beds in different organs which can have an impact 

on of vascular permeability.  

 

4. Coagulation 

ECs also maintain the fluidity of the blood by governing factors that are involved in 

coagulation and fibrinolysis, such as tissue factors (TFs), endothelial protein C 

receptor (EPCR), plasminogen activator inhibitor Type 1 (PAI-1), and von 

Willebrand factor (vWF) [10]. Endothelial coagulation factors are stored in Weibel-

Palade bodies until needed [35] (Figure 2). vWF is heterogeneously distributed, 

with higher expression noted in larger vessels such as veins, compared to the 

capillaries [36,37]. Moreover, vWF is mosaically expressed within individual vessels 

[37]. Although it is now established that coagulation plays an important role in 

sepsis-induced organ dysfunction, it is not completely clear why specific organs 

such as the kidney and lung are more susceptible to developing (micro)vascular 
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thrombosis than other organs such as the heart or liver [35]. Not only does 

inflammation lead to activation of coagulation, coagulant activation can also turn 

on inflammation. Pro-inflammatory cytokines activate the coagulant system and 

concomitantly downregulate anticoagulant pathways. A detailed overview of organ-

specific responses of the coagulant system has been reviewed elsewhere [35]. A 

combination of different extracellular signals and EC signaling mechanisms in 

different vascular beds may explain why pro- and anti-coagulant EC responses differ 

between organs [38].  

 

5. Proinflammatory endothelial activation  

ECs are well equipped for recognising and responding to hostile or toxic components 

in the blood stream. In sepsis, ECs recognise damage-associated molecular patterns 

(DAMPs) and pathogen associated molecular patterns (PAMPs) by pattern 

recognition receptors. Lipopolysaccharide (LPS) is a major component of the Gram-

negative bacteria cell wall found in the blood of patients with sepsis [39]. The 

molecular mechanisms regulating LPS-mediated EC activation were long thought to 

be controlled via similar mechanisms as those described for leukocyte activation 

[39]. However, our recent studies have identified RIG-I as an additional receptor 

controlling LPS-mediated endothelial inflammatory activation together with TLR4 

[40,41].  

 During inflammation, the endothelium becomes activated and expresses 

adhesion molecules, such as E-selectin, VCAM-1, and ICAM-1 which facilitates 

leukocyte rolling, adhesion, arrest, and transmigration [42,43]. Leukocytes bind to 

endothelial VCAM-1 and ICAM-1 via leukocyte integrin, such as very late antigen-4 

(VLA-4) and lymphocyte function-associated antigen (LFA-1), which results in 

leukocyte arrest and adhesion [44]. Once the EC-leukocyte interaction is robust, it 

can undergo paracellular or transcellular transmigration [45]. Most studies have 

focused on endothelial responses to endotoxin such as LPS or proinflammatory 

cytokines such as TNF- . Previous studies have assumed that LPS and TNF-  

signalling downstream of their receptors converge into similar pathways. However, 

this may not be the case [40,46]. Additionally, distinct EC subpopulations of HUVEC 

and lung microvascular EC in vitro were identified each having distinct inflammatory 

phenotypes that were controlled by different regulatory signalling mechanisms 

[12]. Moreover, a subpopulation of cells was identified which remained quiescent 
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despite exposure to LPS [12]. Why these cells remain quiescent is currently 

unknown. Understanding the molecular mechanisms controlling this quiescent 

phenotype may be exploited for therapeutic strategies to inhibit endothelial 

activation in sepsis. 

 

 
 

Figure 2. Regulation of endothelial permeability. (A) Microvascular endothelial cells in close 

association with supporting pericytes play a crucial role in regulating barrier integrity which is 

disrupted in organs of sepsis patients. Vascular permeability is controlled by tight junctions (Occludin, 

Claudin-5, Junction adhesion molecules (JAMs), Nectin) and adherens junctions (VE-cadherin). In 

addition, both the Ang/Tie2 (angiopoietin/Tie2 system) and the VEGF-A/VEGFR1-VEGFR2 (Vascular 

Endothelial Growth Factor A and its receptors VEGF receptor 1, VEGFR1, also known as Flt-1) and 

VEGF receptor 2 (VEGFR2, also known as KDR) regulate vascular leakage. Angiopoietin-1 (Ang1) is 

constitutively produced by pericytes and promotes EC integrity. During stress, endothelial cells release 

Angiopoietin-2 (Ang2) from intracellular Weibel Palade Bodies. Ang2 is a competitive Tie2 antagonist 
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and promotes vascular leakage. Platelet endothelial cell adhesion molecule 1 (PECAM-1), also known 

as CD31, and endomucin are involved in leukocyte trafficking. (B) Basal gene expression levels of 

endothelial permeability regulating molecules in healthy mouse kidney and lungs normalized to the 

highest expressed gene (VEGF-A in kidney and VE-cadherin in lungs). Figure adapted from Aslan et 

al., Shock (2017);48(1):69-77 (copyright permission obtained). 

 

 

 The endothelium can be exposed to different types of sepsis-associated 

pathogenic bacteria, fungi, or viruses. The impact of these pathogens on endothelial 

activation has not been extensively studied. However, our recent work showed that 

some pathogens such as S. pneumoniae and C. albicans induce endothelial 

activation indirectly [47]. These pathogens likely interact with leukocytes initiating 

the release of proinflammatory mediators which subsequently activate the 

endothelium. It remains to be elucidated whether this also happens in vivo. 

Interestingly, EC responses initiated by mediators released from leukocytes 

stimulated with different pathogens were pathogen type-independent [47]. These 

results indicate that when endothelial receptors against specific pathogens are 

lacking, EC can still be activated by humoral factors released by leukocytes. 

However, the extent of endothelial activation to these humoral factors in different 

microvascular beds, and the consequential effect of this microvascular bed-specific 

response to the (dys)function of an organ in sepsis is still unclear. 

 

Organ-specific failure phenotypes in sepsis and the role of the 

endothelium 

A role for aberrant endothelial behaviour and leukocyte influx promoting organ 

failure in sepsis is well-established [48], yet the precise mechanisms and organ-

specific responses are poorly understood. Endothelial inflammatory activation [15] 

and leukocyte recruitment is organ- and stimulus-specific [49–51] (Figure 3). Each 

organ has specialized capillaries in which EC-leukocyte interactions can take place. 

Both the kidney and lungs are particularly vulnerable in patients with sepsis which 

often leads to Acute Kidney Injury (AKI) and Acute Respiratory Distress Syndrome 

(ARDS) respectively. Examination of post-mortem organs from patients with sepsis 

and multiple organ failure revealed some sequestration and aggregation of 

neutrophils in renal microvascular compartments [9,52–54] yet major infiltration of 

neutrophils was found within the pulmonary microvasculature and alveoli of patients 
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[54]. The role of the endothelium in mediating kidney and lung failure phenotypes 

will be discussed further in more detail.  

 

 

SEPSIS-ASSOCIATED ACUTE KIDNEY INJURY 

(SEPSIS-AKI) 
Renal endothelial activation, inflammation, and leukocyte infiltration 

Approximately 50% of patients with sepsis admitted to the intensive care develop 

AKI which is associated with high mortality [55]. Recent advances in our 

understanding of sepsis-AKI have identified that aberrant renal microvascular 

responses play a major role in driving renal failure in patients [56]. The kidney 

microvasculature is composed of arterioles, venules, and two capillary networks, 

namely the glomerulus and the peritubular capillary plexus [57] that regulate blood 

flow within the kidney and mediate inflammation, permeability, and coagulation. 

Glomerular ECs are highly fenestrated and covered by a rich glycocalyx layer that 

allow filtration of water and small solutes as well as supporting podocyte structure 

[58,59]. The peritubular capillaries are also fenestrated and contribute to tubular 

reabsorption as well as supporting renal tubule cell function [60] (Figure 4).  

In sepsis, the renal microvascular endothelial compartments express 

adhesion molecules from the selectin family (P-selectin and E-selectin), and integrin 

family (VCAM-1 and ICAM-1) that mediate leukocyte tethering, rolling, adherence, 

transmigration, and subsequent infiltration into the tissues [61]. However, an 

association between leukocyte adherence and the distinct adhesion molecule 

expression profiles in specific renal microvascular compartments is difficult to 

establish [62–64]. Although not extensive, leukocytes, predominantly neutrophils, 

guided by endothelial activation, were found to localize predominantly in the 

glomerular and peritubular capillaries [9,65,66]. In mice, LPS and TNF-  induced 

expression of E-selectin was mainly found in the glomeruli and to a lesser extent in 

the arterioles [12]. In contrast, VCAM-1 is highly expressed in the arterioles and 

venules, while expressed to a lesser extent in the glomeruli [12,62,63]. Despite 

high VCAM-1 expression in the arterioles during sepsis, comparable to levels in the 

venules, leukocyte adherence to the surface of renal arterioles rarely occurs 

(Figure 3). In a mouse model of experimental sepsis, cecal ligation and puncture 
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(CLP), E-selectin and P-selectin expression was found in the glomeruli and 

peritubular capillaries. ICAM-1 expression was observed in the peritubular 

capillaries but not in the glomeruli [67]. Our recent work showed distinct 

inflammatory response of neighbouring ECs within a specific renal microvascular 

compartment[12]. The molecular mechanisms controlling renal heterogeneous 

inter- and intra-vascular endothelial activation in vivo are currently poorly 

understood but may involve regulatory non-coding RNAs, such as miR-126 that is 

implicated in the regulation of TNF-  induced VCAM-1 expression in the renal 

microvasculature [63]. Blocking E-selectin, P-selectin or both in septic mice 

diminished neutrophil infiltration into the kidney and preserved kidney morphology 

[67]. Moreover, neutrophil depletion was found to protect CLP-induced renal injury 

in mice [67], Monocytes aggregated within the glomerular, cortical, and medullary 

capillaries of patients with sepsis-AKI, which was not observed in critically ill trauma 

patients with systemic inflammation [7,9].  

 Activated ECs also produce cytokines and chemokines that can initiate and 

orchestrate inflammation. In a rat model of acute renal microvascular injury, in situ 

hybridization of renal tissue revealed co-localization of endothelially produced IP-

10/CXCL10 mRNA with infiltrating T lymphocytes in the tubulointerstitial 

compartment [68]. In the same kidney, glomerular IP10/CXCL10 expression was 

absent, while MCP-1/CCL2 was detectable and associated with monocyte infiltration 

[68]. In CLP mice, monocytes were found to undergo CX3CR1-dependent crawling 

6 hours post-CLP, yet no monocytes were found to transmigrate into the 

parenchyma. Interestingly, monocyte inhibition exacerbated CLP-induced renal 

injury suggesting that monocytes may mediate anti-inflammatory effects [69]. 

Organ-specific inflammatory models showed that leukocyte activation and 

recruitment differs between the kidney and lung and that endothelial activation is 

differentially regulated in these organs, which contradicts assumptions that 

leukocyte recruitment into organs is similarly regulated [70]. Together these studies 

imply that the interaction of distinct leukocyte subsets with the endothelium is 

mediated by EC that exert heterogeneous expression of adhesion molecules and 

specific chemokine signals within different renal microvascular compartments 

(Figure 4). Moreover leukocyte-endothelial interactions do not necessarily 

promote inflammation causing functional and structural failure but may have an 

important role in the resolution of inflammation as well.  
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Figure 3. Lung and kidney microvascular compartment specific endothelial responses and 

implications for leukocyte adhesion. Endotoxemia results in a rapid inter-organ and intra-organ 

heterogeneous expression of endothelial adhesion molecules. E-selectin is the molecule that facilitates 

rolling of leukocytes while VCAM-1 is an integrin that promotes leukocyte endothelial adhesion in 

arterioles, venules, and capillaries in both lung and kidney. Notably, leukocytes are predominantly 

found in renal venules and glomerular and peritubular capillaries but not the arterioles. In contrast, 

leukocytes are mostly located in the capillaries and venules but also in the arterioles of the lung. 

g=glomeruli, pc=peritubular capillaries. 
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Figure 4. Microvascular compartments in the kidney in normal quiescent conditions and 

during sepsis. Glomerular and peritubular capillaries are fenestrated and covered by glycocalyx 

which help sieving of the glomerular filtration barrier respectively the reabsorption and secretion of 

fluids from neighbouring tubular epithelial cells. The arterioles and venules comprise of a continuous 

endothelial layer connected by tight and adherens junctions. During sepsis, the renal microvasculature 

becomes inflamed and expresses endothelial adhesion molecules promoting leukocyte adhesion and 

influx. The expression of these adhesion molecules differs between the microvascular compartments. 
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Renal vascular barrier dysfunction 

As mentioned above, minimal histological changes were observed in renal biopsies 

from septic patients, likewise in the kidneys from experimental sepsis mice [71], 

which corroborates the observation that the microvascular barrier in the kidney of 

sepsis patients is uncompromised [34]. However, loss of the glycocalyx leads to 

functional impairment of the glomerular barrier in sepsis [72]. In CLP rats, an 

increase in urine albumin was correlated with a decrease in glycocalyx components, 

syndecan-1, hyaluronic acid, and sialic acid [73]. Likewise, loss of the glycocalyx 

was observed in LPS- and TNF- -challenged mice [74]. TNF-/- mice were found to 

be resistant to LPS-induced glomerular permeability and were not able to induce 

heparanase expression in response to LPS injection therefore protecting the barrier 

from heparan sulphate degradation [74], a common glycocalyx degradation 

pathway [20]. The interaction of TNF-  and syndecans leads to structural 

rearrangement of ECs that increases paracellular permeability, allowing 

extravasation of macromolecules, such as albumin [75].  

 In healthy mice, the expression levels of tight junction molecules Occludin and 

Claudin-5 were 20-fold and 100-fold higher in the lungs compared to kidney, 

respectively [34], which implies that endothelial barrier is differentially regulated in 

the lung compared to kidney under quiescent conditions. Moreover, Occludin and 

Claudin-5 expression was increased in the kidney, and to a lesser extent in the 

lungs of LPS-challenged mice. Additionally, the expression of adherence junction 

molecule VE-cadherin was increased early in the kidney, but remained unaltered in 

the lungs until 24 hr after LPS challenge where it decreased [34]. VE-cadherin 

plasma protein levels are associated with AKI in septic patients [76]. 

 Renal Ang1 mRNA levels were lower in human sepsis patient biopsies 

compared to control patients therefore disturbing the local Ang2/Ang1 balance [77]. 

Loss of plasma Ang1 in patients with sepsis is associated with poor outcome [78]. 

Moreover, plasma Ang1 levels and the Ang2/Ang1 ratio have recently been 

identified to characterize AKI and ARDS patient phenotypes [79,80]. In mice, kidney 

and lung Tie2 mRNA and protein was diminished in response to LPS challenge [62]. 

However, the temporary loss of both Tie2 mRNA and protein was not associated 

with major changes in glomerular function which suggests that other factors 

regulate glomerular microvascular integrity [59]. Structurally, fenestrations in the 

glomerular EC contribute to permeability. In sepsis, fenestrated surface is reduced 
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leading to reduced glomerular EC permeability. VEGF, a molecule known to increase 

endothelial permeability, is increased during sepsis [81]. Additionally, VEGF 

produced in the kidney is suggested to play a role in the regulation of glomerular 

permeability [82]. Moreover, VEGF release in sepsis-AKI may also contribute to 

distant organ injury and multiple organ failure [25]. In summary, loss of the 

glycocalyx, altered fenestrations, altered expression of junction molecules, a 

dysbalanced Ang/Tie2 system all likely contribute to impaired endothelial integrity 

in the kidney associated with sepsis. Renal failure is associated with functional loss 

rather than major structural damages. 

 

 

SEPSIS-ASSOCIATED ACUTE RESPIRATORY 
DYSFUNCTION SYNDROME (ARDS) 

Lung endothelial activation, inflammation, and leukocyte infiltration 

The primary function of the lungs is gas exchange for which it is equipped with a 

large surface of epithelial cells separated from the blood stream by ECs. Compared 

to other organs, the lungs have the highest abundance of ECs relative to the total 

cell population. ARDS is characterized by disrupted lung endothelial integrity. 

Approximately 40% of septic patients suffer from ARDS or acute lung injury 

(ALI), which is associated with poor outcome [83]. In ARDS, gas exchange is 

hampered due to acute inflammation, thickening of the alveolar membrane and 

flooding of inflammatory cells, and platelets and protein-rich exudate into the 

alveolus (Figure 5). These events, together with the activation of coagulation and 

disruption of the alveolar capillary membrane, lead to oedema, hypoxia, and 

hypercapnia [84]. Patients with ARDS and sepsis often need to be ventilated. The 

force exercised by mechanical ventilation can aggravate lung inflammation and is 

therefore also detrimental to the lungs. Ultimately, the lung fails due to decreased 

ventilation and gas diffusion which cannot be compensated for by increased inspired 

oxygen fraction and supportive mechanical ventilation.  

Infiltration of leukocytes is a hallmark of sepsis-induced ARDS [85,86]. In 

sepsis, various leukocyte subtypes, predominantly neutrophils, were shown to 

infiltrate lung tissues. The expression of endothelial adhesion molecules and 

associated infiltrating neutrophils correlated with organ function impairment in lung 
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biopsies from patients with ARDS [87]. Leukocytes tend to adhere to the post-

capillary venules, but some studies have indicated that the lung capillaries are the 

preferred site of adherence and extravasation [49]. Neutrophils located in the 

capillaries of 2-15 m diameter were retained longer allowing the neutrophils to be 

in direct physical contact with ECs yet contact alone does not initiate neutrophil 

transmigration [49,88]. Neutrophils were shown to migrate across inflamed ECs via 

their interaction with platelets in murine models of Escherichia coli-, Klebsiella- and 

LPS-induced pneumonia. Platelets and inflamed vascular endothelium communicate 

and attract neutrophils via interactions between P-selectin on platelets and P-

selectin ligand (PSGL-1) on neutrophils [89–91]. Platelet depletion reduced 

neutrophil accumulation in lung tissue indicating that neutrophils require 

aggregation with activated platelets to establish an interaction with ECs during 

bacterial infection [92]. A large pool of neutrophils normally reside in the lung 

parenchyma [93] which upon bacterial challenge extravasated immediately, 

forming extravascular clusters that co-localized with monocytes in the parenchymal 

area. Correspondingly, monocyte depletion resulted in reduced neutrophil 

recruitment and trans-endothelial migration [93]. How neutrophils are recruited and 

the role of the adhesion molecules seems to be inflammatory stimulus-dependent 

[88]. Leukocyte infiltration into the lungs as a result of sepsis differs from other 

organs mainly due to differences in the microvascular make-up, with EC 

heterogeneity playing a major role [88].  

 

Lung vascular barrier dysfunction  

The clinical presentation of lungs ‘drowning’ with fluids in sepsis is a clear indicator 

of a compromised vascular barrier integrity. Plasma from septic patients increases 

pulmonary EC permeability in vitro [33]. Vascular barrier integrity is regulated by 

endothelial junctional molecules. During sepsis, leukocytes interact with the 

glycocalyx, resulting in its degradation [20] leading to pulmonary oedema [94]. The 

endothelial glycocalyx is pivotal in regulating the alveolar endothelial integrity. In 

an LPS-induced murine model, lung ECs express high levels of heparanase, which 

mediates degradation of the glycocalyx in the lung microvascular beds, resulting in 

increased vascular leakage [24]. In human biopsies, low levels of heparanase are 

found in normal healthy lung vascular beds yet were increased at sites of pulmonary 

injury [20]. A heparanase inhibitor was found to attenuate pulmonary endothelial 
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hyperpermeability in CLP-induced mice [20]. Inhibition of gap junction molecule 

connexin43 (Cx43) induced EC permeability in an experimental lung injury model 

[95]. Basal VE-cadherin expression in mice is 200 times higher in the lungs 

compared to the kidney which was reduced late after LPS injection, while it was 

increased the kidney [34]. Endocytosis of VE-cadherin induces gaps between ECs 

in the lungs, leading to increased permeability [96]. High mobility group protein B1 

(HMGB1) was also shown to disrupt the lung EC barrier [97], and is implicated in 

sepsis-associated ARDS [98]. In summary, in ARDS pulmonary function loss is due 

to massive fluid and leukocyte influx in the alveolus and the parenchyma, physically 

impairing ventilation and diffusion. 

 

 

CLINICAL CHALLENGES  
 

Understanding the characteristics of different microvascular compartments between 

and within organs in the disease setting will enhance our understanding of why the 

microvasculature of different organs behaves in a specific manner upon a similar 

pathogenic insult. Therapeutic strategies designed to attenuate endothelial 

inflammatory activation will prevent leukocyte adhesion and transmigration leading 

to diminished organ failure in patients with sepsis. However, differences in 

endothelial glycocalyx shedding, activation, inflammation, permeability, 

coagulation, and epigenetic make-up all contribute to the organ-specific endothelial 

responses in sepsis. This heterogeneous response is part of the explanation why 

organs fail in phenotypically different ways. One of the consequences of these 

phenotypically different endothelial responses is that therapeutic intervention 

targeting the microvasculature will have different effects in different organs, such 

as being beneficial in one organ yet detrimental in another. Future studies, which 

include the identification of regulatory elements that control endothelial 

microvascular-specific response, are needed to fully understand endothelial 

responses in the setting of sepsis, if we want to identify targeted organ-specific 

therapeutic options to counteract the aberrant endothelial responses driving organ 

failure in patients with sepsis. 
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Figure 5. Alveolus in normal quiescent conditions and during sepsis. Acute respiratory distress 

syndrome (ARDS) arises from direct pulmonary infection or indirectly by infection elsewhere in the 

body. Recruitment of inflammatory cells, as a host response to the infection releases proinflammatory 

cytokines that damage the alveolar-capillary barrier. The glycocalyx is damaged and the capillary 

endothelium becomes activated, expressing endothelial adhesion molecules. Formation of 

microthrombi and platelet-leukocyte aggregates further disrupts loss of alveolar-capillary barrier 

function. Microvascular leakage furthermore leads to pulmonary oedema and lung injury. 
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ABSTRACT 
 

Acute kidney injury (AKI) and acute respiratory distress 

syndrome (ARDS) are prevalent in sepsis leading to 

morbidity and death. Leukocyte infiltration, a process 

controlled by endothelial cells (EC), is commonly found 

in the kidney and lungs of patients with AKI and ARDS. 

Leukocyte recruitment occurs via the interaction of 

endothelial adhesion molecules, such as E-selectin and 

VCAM-1, with leukocyte ligands. This interaction initiates 

tethering, rolling, and adhesion of leukocytes onto the 

activated vascular endothelium. This process was initially 

assumed to occur similarly in all organs, yet recent 

studies suggest that endothelial activation and 

subsequent leukocyte infiltration occur in an organ- and 

microvascular bed-specific manner. How endothelial 

activation patterns regulate specific leukocyte infiltration 

in the different microvascular beds and how that 

compares between organs is still unclear. Here, we 

describe the kinetics and location of E-selectin and 

VCAM-1 expression in kidney and lung of mice that 

underwent cecal ligation and puncture (CLP), a murine 

model to study polymicrobial sepsis. We furthermore 

investigated the extent of neutrophil infiltration in the 

different microvascular beds of the kidney and lung. 

Neutrophil infiltration was microvascular bed-dependent 

in the kidney and lung in CLP sepsis and did not 

necessarily coincide with E-selectin and/or VCAM-1 

expression in the respective microvascular 

compartments. Moreover, neutrophil infiltration was 

more extensive in the lung than in the kidney. These 

findings warrant further investigation into other 

endothelial molecules that may guide microvascular-

Keywords:  
 

Cecal ligation and 

puncture (CLP);  

endothelial cells (EC); 

endothelial 

inflammatory 

activation; and  

neutrophil infiltration. 
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specific infiltration of neutrophils during sepsis. Follow-

up studies using laser microdissection (LMD) can be used 

to determine transcriptional profiles of microvascular 

bed-specific signature molecules. The outcome of these 

studies will give molecular and possibly mechanistic 

insights into microvascular bed-specific regulation of 

neutrophil recruitment in sepsis-AKI and sepsis-ARDS. 

 

 

INTRODUCTION 
 

Sepsis is a complex condition in which the host response inflicts self-injury to its 

tissues leading to organ dysfunction [1,2]. The kidney and lung are two organs that 

often fail in patients with sepsis resulting in sepsis-associated acute kidney injury 

(sepsis-AKI) or sepsis-associated acute respiratory distress syndrome (sepsis-

ARDS). AKI affects 50% of critically ill patients with sepsis [3], while ARDS occurs 

in almost 40% sepsis patients [4] and can result from indirect pulmonary infections 

or injuries [5]. Since the pathophysiology of both sepsis-AKI and sepsis-ARDS is 

still not completely understood, no specific therapies are available to prevent the 

onset of sepsis-AKI or sepsis-ARDS, leading to unacceptably high morbidity and 

mortality [6,7].  

Leukocyte infiltration is a known hallmark of sepsis-AKI [8,9] and sepsis-

ARDS [10–12], and occurs to different extents in the lung and kidney [9,13,14], 

yet both are associated with the activation of microvascular endothelial cells (EC) 

[15]. During sepsis, activated EC respond to inflammatory stimuli [16,17] initiating 

the expression of inflammatory adhesion molecules such as E-selectin, VCAM-1, 

and ICAM-1 [18–20]. These molecules interact with leukocyte-specific ligands to 

facilitate the tethering, rolling, and arrest of leukocytes [21,22] such as neutrophils 

[23,24], which subsequently transmigrate across the vascular endothelium into 

tissues [24]. 

Leukocyte recruitment cascades have been described to include the above-

mentioned steps, yet do not occur similarly in different organs [23,25] and in the 

microvasculature of organs [25–27] that are affected by sepsis. Organ 

microvasculature, hereafter referred to as ‘microvascular beds’, is comprised of 
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arterioles, capillaries, and venules. EC line these microvascular beds, and they 

respond to sepsis-related inflammatory stimuli in an organ- and microvascular bed-

specific manner [18,28]. Kidney microvascular beds are known to express E-

selectin and VCAM-1 differently upon recognition of sepsis-related inflammatory 

stimuli, such as lipopolysaccharide (LPS) [29] and TNF- [18]. The association of 

the differential expression of these molecules to leukocyte recruitment in 

microvascular beds of the kidney in sepsis induced by CLP is not completely known. 

In the lung, the expression of endothelial adhesion molecules and neutrophil 

infiltration is associated with respiratory failure in ARDS patients [30]. Therefore, 

understanding how endothelial activation facilitates leukocyte recruitment per 

organ and microvascular beds is important to elucidate the role of specific 

microvascular beds in the pathophysiology of sepsis. 

Hence, we here aimed to investigate the nature and kinetics of endothelial 

activation in different microvascular beds of the kidney and lung of mice that 

underwent cecal ligation and puncture (CLP), a procedure to induce intra-abdominal 

polymicrobial sepsis [31]. We investigated the kinetics of mRNA expression of E-

selectin and VCAM-1 and the localization of these proteins in the microvascular beds 

of the kidney and lung in mice after CLP surgery. As the leukocyte recruitment is 

guided by EC, next we investigated the kinetics and extents of leukocyte 

recruitment in the two organs by assessing the expression of CD45 gene and 

myeloperoxidase (MPO) protein. We subsequently investigated the effect of CLP on 

neutrophil infiltration in the microvascular compartments of the kidney and lung 

over the time course of CLP studied. 

 

 

MATERIALS AND METHODS 
Animals 

Eight- to twelve-week old C57BL/6 OlaHsd male mice (20-30 g) were obtained from 

Envigo (Horst, The Netherlands). Mice were maintained at 24 °C and light-dark 

cycle of 12 h and had access to food and water ad libitum. All experimental 

procedures were approved and performed in accordance with the University of 

Groningen ethical committee for the use of experimental animals and the national 

and European guidelines for animal care and use. 
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Cecal Ligation and Puncture Model (CLP) 

Mice were anesthetized by isoflurane inhalation and subcutaneously injected with 

0.1 mg/kg Buprenorphine (Buprecare, ASTFarma, Oudewater, The Netherlands) 

prior to laparotomy. The cecum was exposed and 1 cm of the cecal tip was ligated 

using 5.0 silk suture (5-0 Safil, Braun, Rubí, Spain) and punctured once with an 18-

gauge needle. The cecum was gently squeezed until 3 mm of faecal material was 

extruded. The cecum from mice in the sham-operated (sham) group was exposed 

without ligation and puncture. After the surgical procedure, the mice were 

subcutaneously injected with 0.5 mL saline on each abdominal side. Mice were 

allowed to recover in individual, heated cages for 30 minutes and subsequently 

placed in normal housing conditions with water and food provided ad libitum. CLP 

mice that were sacrificed at time points later than 7 h were treated with a single 

dose of Imipinem/Cilastatin (25 mg/kg) and Buprenorphine (0.1 mg/kg) s.c. ten 

hours after the surgical procedure. Mice were randomly assigned to their respective 

groups prior to the start of the experiment. Treatment groups included control mice 

(untreated; n=8 per group); sham mice (sacrificed at 4, 7, 24, or 72 hours after 

sham procedure; n=10 per group) and CLP mice (sacrificed at 4, 7, 24, or 72 hours 

after CLP procedure; n=13 per group) (Figure 1). At the terminal endpoints, 

organs including kidneys and lungs were harvested, and either snap frozen on liquid 

nitrogen and stored at - -fixated, paraffin-

embedded, and stored at room temperature until further analyses.  

 

Gene Expression Analysis by Quantitative RT-PCR  

Frozen kidneys and lungs were sectioned at 10 m using a Leica cryostat. Total RNA 

was isolated from 10 and 25 kidney respectively lung sections using the RNeasy 

Mini plus Kit (Qiagen, Westburg, Leusden, The Netherlands) according to the 

manufacturer's instructions. RNA concentrations were measured using a 

NanoDrop® ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE), 

and RNA integrity was determined by agarose gel electrophoresis. RNA was reverse-

transcribed using SuperScript® III reverse transcriptase (Invitrogen, Breda, The 

Netherlands) and random hexamer primers (Promega, Leiden, The Netherlands). 

Subsequently, cDNA was used for quantitative polymerase chain reaction (qPCR) 

using a ViiA 7 real-time PCR System (Applied Biosystems, Nieuwerkerk aan den 

IJssel, The Netherlands). The Assays-on-Demand primers (Applied Biosystems) 
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used in the qPCR analysis are listed in Table 1. Samples were analyzed in duplicate 

and cycle threshold (CT) values were obtained and averaged. Gene expression was 

normalized to the expression of the housekeeping gene GAPDH, resulting in the 
- . 

 

Primers Assay ID 

GAPDH Mm99999915_g1 

E-selectin Mm00441278_m1 

VCAM-1 Mm00449197_m1 

CD45 Mm01293577_m1 

CD31 Mm00476702_m1 

Table 1: Assay-on-demand primers used in this study for qPCR-based determination of 

mRNA levels of genes of interest. 

 

Tissue section preparation and immunohistochemical staining  

Four- m cryosections of frozen or zinc-fixated paraffin embedded tissues were 

sectioned using a Leica cryostat (CM1950, Leica, Wetzlar, Germany) respectively a 

microtome (Reichert Jung 2055, Leica, Wetzlar, Germany). The cryosections were 

fixed with acetone for 10 min prior to immunohistochemical staining. Paraffin-

embedded tissues were deparaffinized with xylene and rehydrated in ethanol 

according to standard deparaffinization and rehydration procedures. 

To determine the expression of CD31, E-selectin, and VCAM-1, kidney and 

lung cryosections were fixed with acetone for 10 min and incubated with H2O2 

(#1072090250, Merck Millipore, Darmstadt, Germany) for 30 min at RT. Next, 

cryosections were incubated with rat anti-mouse antibody against CD31 (0.03 

-

clone no. MES-1, kind gift from Dr. Derek Brown, UCB Cell Tech, Belgium), and 

VCAM-

FCS in PBS (#F6765, Sigma-Aldrich, St. Louis, MO, USA) for 1 h. After washing with 

PBS, the sections were incubated with secondary rabbit anti-rat IgG (H+L) (3.33 

-4001, Vector Laboratories, Burlingame, CA, USA) in 5% FCS/PBS (v/v) 

and 1% normal mouse serum (v/v, NMS, Sanquin, Amsterdam, The Netherlands) 

in PBS for 45 min at RT. Next, the sections were washed and incubated with anti-

rabbit-labelled polymer HRP (#K4003, Dako, Santa Clara, CA, USA) for 30 min at 
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RT. The tissues were then incubated with 3-amino-9-ethylcarbazole (AEC) substrate 

(#A6926, Sigma-Aldrich, St. Louis, MO, USA), and counterstained with Mayer's 

hematoxylin (#109249, Merck Millipore, Darmstadt, Germany). Isotype controls 

were used in all immunohistochemical studies and always resulted in no staining. 

Tissues were mounted with Aquatex (Merck Millipore), and the slides were scanned 

using a Hamamatsu Nanozoomer 2.0 HT (Hamamatsu Photonics, Hamamatsu, 

Japan).  

Paraffin-embedded tissue sections were immunohistochemically stained to 

determine the expression of Ly6G (neutrophil surface marker). To retrieve Ly6G 

antigens, the tissue slides were immersed in 0.1M Tris-HCl pH 9 and boiled 

overnight in an oven at 70oC. The tissue slides were subsequently blocked with 

0.0375% H2O2 in PBS (v/v), for 20 min, and were then incubated with rat anti-

mouse antibody against Ly6G (3.33 g/mL, #NBP2-00441, Novus Biologicals, 

Briarwood Avenue, USA) diluted in 5% FCS in PBS for 1h at RT. After washing with 

PBS, all subsequent staining steps were performed as described above. 

 

Morphometric analysis and scoring 

Single-blinded morphometric analyses of CD31, E-selectin, and VCAM-1 

expression was performed using Aperio Imagescope positive pixel analysis v9.1 

algorithm (Leica Wetzlar, Germany). The morphometric analysis of kidney and lung 

scans was performed by manually annotating the whole area of the kidney and the 

lung. Glomerular VCAM-1 expression was performed by manual annotation of the 

glomeruli in each kidney section. The extent of staining was quantified by 

determining the percentage of positive pixels in each kidney or lung sections. 

Staining artefacts were manually excluded from the analysis.  

Single-blinded scoring of neutrophil infiltration in the kidney 

microvasculature was performed by manually counting the number of infiltrated 

neutrophils in arterioles, glomeruli, peritubular capillaries, and post-capillary 

venules of each kidney section. The scoring of neutrophil infiltration in the lung 

microvasculature was performed by scoring the extent of neutrophils infiltration in 

different lung microvascular beds (arterioles, capillaries, and venules) using a score 

of 0 to 5. The scoring criteria used were as follows: 0 (low or no infiltration); 1 

(some infiltration); 2 (medium infiltration in less than 50% of microvessels); 3 

(medium infiltration in more than 50% of microvessels); 4 (high infiltration in less 
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than 50% of microvessels); and 5 (medium infiltration in more than 50% of 

microvessels). All areas throughout the sections were assessed at 200x 

magnification. Staining artefacts were manually excluded from the analysis. 

 

 
Figure 1. Schematic overview of the experimental approach. The mice were subjected to cecal 

ligation puncture (CLP) or sham surgery as described in the Materials and Methods section and 

sacrificed at different time points. The control group consists of healthy mice of same age and gender 

as the CLP and sham mice. Kidney and lung microvascular compartments were investigated for 

endothelial inflammatory activation and leukocyte infiltration. Microvascular compartments of the 

kidney consist of arteriole ‘a’, glomerulus ‘g’, peritubular capillary ‘pc’, and post-capillary venule ‘v’. 

Microvascular compartments of the lung consist of arteriole ‘a’, pulmonary capillary ‘c’, and post-

capillary venule ‘v’. 
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Immunofluorescence double staining 

Kidney and lung cryosections were acetone-fixed for 10 min and blocked with 3% 

bovine serum albumin (BSA, Sigma-Aldrich) in PBS for 30 min. The slides were 

subsequently incubated with primary antibody against VCAM-1 (hybridoma 

supernatant M/K1.9, ATCC, Manassas VA, USA) for 1 h at RT. Next, the sections 

were incubated with secondary rabbit anti-rat IgG (H+L) (3.33 g/mL, #AI-4001) 

in 5% FCS (v/v) and 1% NMS (v/v) in PBS for 45 min at RT. Subsequently, the 

slides were stained with goat anti-rabbit Alexa Fluor®555 (8 g/mL, Thermo Fisher 

Scientific, Carlsbad, CA, USA). For the sequential second primary antibody 

incubation, the sections were washed and blocked again with 3% (w/v) BSA in PBS 

for 30 min. The second primary antibody, rat anti-mouse CD31 (0.15 g/mL, 

#550274, BD Pharmingen) was added to the sections for 1 h at RT. Next, the 

sections were incubated rabbit anti-rat antibody Rat IgG (H+L) (Vector 

Laboratories) in 5% FCS (v/v) and 1% NMS in PBS for 45 min at RT, and 

subsequently with goat anti-rabbit Alexa Fluor®488 (8 μg/mL, Thermo Fisher 

Scientific) / DAPI (1.5 μg/mL; Thermo Fisher Scientific) in 5% FCS in PBS for 45 

min, washed, and mounted with Aqua/polymount (Polysciences Inc, Warrington, 

PA, USA). Fluorescence images were taken with a Leica DM/RXA fluorescence 

microscope with equal exposure time. Single staining controls were performed by 

exposing VCAM-1 or CD31-incubated tissues with subsequent staining of Alexa 

Fluor®488 respectively Alexa Fluor®555, which resulted in clean single staining. 

Isotype controls always resulted in negative staining (data not shown). 

 

Myeloperoxidase (MPO) ELISA 

Ten-

buffer (0.1% SDS (w/v), 1% (v/v) IGEPAL, 0.5% (v/v) Na deoxycholate, 50 mM 

Tris pH 8.0, 100 mM NaCl) containing phosphatase inhibitors (#04 906 845 001) 

and protease inhibitor cocktail (#04 693 124 001, both from Roche, Almere, The 

Netherlands). Protein quantification was performed using a protein assay kit (#500-

0115, Bio-Rad) according to manufacturer’s instructions. The amount of 

Myeloperoxidase (MPO) in the kidney and lung tissue lysates was determined using 

an MPO ELISA kit (#HK210-02, Hycult Biotechnology, Uden, The Netherlands) 

according to the manufacturer’s instructions. 
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Statistical analyses 

Data were analyzed using one-way analysis of variance (ANOVA) followed by 

Bonferroni post-hoc comparison for selected pairs. All statistical analyses were 

performed using Graphpad Prism v8.3 software (GraphPad Prism software Inc., San 

Diego, CA, USA). The differences were considered statistically significant when 

p<0.05. 

 

 

RESULTS 
E-selectin and VCAM-1 mRNA is upregulated in the kidney and lung 

of CLP mice in a time- and microvascular bed-specific manner 

To investigate the effects of CLP sepsis on endothelial activation in the 

microvascular beds of the kidney and the lung in time, we determined the 

expression of E-selectin and VCAM-1 in these two organs over the time course of 

72 h in sham and CLP-treated mice. The mRNA expression of E-selectin was low in 

control kidney and lung, while CLP resulted in the upregulation of mRNA expression 

of E-selectin at 4 h in the kidney, and at 4 and 7 h in the lung (Figure 2A). 

Immunohistochemical detection revealed that in the kidney, CLP induced the 

expression of E-selectin predominantly in glomeruli, and to a lesser extent in the 

post-capillary venules, at 4 and 7 h. E-selectin expression in the glomeruli had 

diminished at 24 h and was absent at 72 h of CLP (Figure 2B). In the lung, E-

selectin was mainly expressed in the arterioles and venules but not in the capillaries 

until 24 h after CLP and had diminished to undetectable levels in all microvascular 

beds at 72 h after CLP (Figure 2C). Scant E-selectin expression was occasionally 

found in the arterioles and venules of sham mice (Figure 2C). The amount of E-

selectin protein, determined by morphometric analysis, was increased at 4 and 7 h 

post-CLP (Figure 2D, 2E). The mRNA and protein expression of CD31, a pan 

endothelial marker, did not differ in the kidney of CLP-treated mice at all time points 

studied. In the lung, However, in the lung CLP resulted in 30-50% decline of CD31 

gene expression in the first 24 h after CLP surgery, while protein expression 

remained unaffected (Figure S1). 

VCAM-1 gene and protein expression in the kidney of CLP mice did not differ 

compared to sham mice at any time points studied (Figure 3A, 3D, 3E). 
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Immunohistochemical detection of VCAM-1 revealed widespread expression mainly 

in the renal arterioles, peritubular capillaries, and post-capillary venules in both 

sham and CLP-treated mice at all time points studied (Figure 3B). In contrast, 

while VCAM-1 expression was absent in the glomeruli in the first 24 h after sepsis 

initiation, its expression became apparent at 72 h (Figure 3B, 4A). This finding 

was further supported by the increase in the percentage of positive pixels for VCAM-

1 staining which co-localized with CD31 within the glomerular compartments of CLP 

mice at 72 h (Figure 4B, 4C). 

In the lung, CLP resulted in a 40% increase in VCAM-1 gene expression at 4 

h and a 50% decline in VCAM-1 mRNA level at 72 h in CLP-treated mice compared 

to sham mice (Figure 3A). Immunohistochemical detection showed localization of 

VCAM-1 protein principally in the lung arterioles and venules with scant expression 

in smaller capillaries of both sham and CLP-treated mice at all time points studied 

(Figure 3C). Moreover, the amount of VCAM-1 protein expression was unaffected 

by CLP (Figure 3E).  

Taken together, these findings demonstrate that E-selectin and VCAM-1 

expression in the kidney and lung are regulated in a time-dependent manner. E-

selectin gene and protein were transiently increased in both organs in early sepsis, 

and the expression mainly occurred in the renal glomerular microvascular bed and 

pulmonary arterioles and the venules early after CLP. While protein expression of 

VCAM-1 was unaffected in the kidney and lung, the gene expression in the lung was 

upregulated in early sepsis but was downregulated later as sepsis progresses. In 

the kidney, VCAM-1 is expressed in extra-glomerular compartments, which is not 

affected by CLP sepsis, while in the glomeruli VCAM-1 expression became apparent 

only at 72 h post-CLP. We furthermore showed that CLP-induced upregulation of 

VCAM-1 in the lung mainly happens in the arterioles and the venules early after 

CLP. 
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Figure 2. Kinetics of E-selectin expression in kidney and lung in CLP and control conditions. 

(A) mRNA expression of E-selectin in the kidney and lung of untreated control ‘C’, sham, and CLP 

mice at 4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. (B) 

Immunohistochemical detection of E-selectin protein in the kidney and (C) lung. Black arrows indicate 

staining. The images are representative of 8-13 mice per group. (D) E-selectin protein expression 

assessed as the number of total positive pixels (%) quantified by morphometric analysis of the kidney 

and (E) lung. *p<0.05 in (A), (D), and (E). 
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Figure 3. Kinetics of VCAM-1 expression in kidney and lung in CLP and control conditions. 

(A) mRNA expression of VCAM-1 in kidney and lung of untreated control ‘C’, sham, and CLP mice at 

4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. (B) 

Immunohistochemical detection of VCAM-1 in the kidney and (C) lung. Black arrows indicate staining. 

The images are representative of 8-13 mice per group. (D) VCAM-1 protein expression represented 

by the number of total positive pixels (%) quantified by morphometric analysis in the kidney and (E) 

lung. *p<0.05 in (A), (D), and (E). 
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Figure 4. Renal microvascular VCAM-1 expression patterns during CLP-induced sepsis 

initiation and progression. (A) Immunohistochemical detection of VCAM-1 protein demonstrated 

widespread expression in the peritubular capillaries, while expression in the glomeruli remained limited 

until 72 h after CLP. Black arrows show positive staining in the glomeruli. The images are 

representative of 8-13 mice per group. (B) The number of total positive pixels (%) by morphometry 

analysis in immunohistochemical staining of VCAM-1 in glomerular area from whole kidney sections. 

*p<0.05. (C) Immunofluorescence staining of CD31 and VCAM-1 in kidney of sham and CLP mice 72 

h after surgery. White arrows indicate overlapped VCAM-1 and CD31 staining. The images are 

representative of 3 mice per group. 
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Kinetics of CLP-induced leukocyte infiltration in kidney and lung  

After establishing that endothelial inflammatory activation occurred in an organ-

specific manner, we hypothesized that different endothelial activation would 

influence leukocyte infiltration into the different microvascular beds of the kidney 

and lung. In the kidney, the mRNA expression of pan-leukocyte marker CD45 [32], 

was increased in CLP mice at 72 h compared to sham mice (Figure 5A), while in 

the lung, its expression increased temporarily between 4 and 7 h after CLP surgery 

compared to sham mice. These findings suggest that in the kidney, leukocyte influx 

occurs at a later time point than in lung. In the lung, significantly more leukocytes 

infiltrated at earlier time points after CLP compared to that of in the kidney. 

 Neutrophils are innate immune cells that respond early to infection by 

releasing myeloperoxidase (MPO) [29]. We next investigated the presence of 

neutrophil activity by assessing the level of MPO in the kidney and the lung of sham 

and CLP mice in time. We found increased amounts of MPO in the kidney of CLP 

mice compared to sham mice at all time points (Figure 5B). In contrast, MPO levels 

were increased only at 4 and 7 h after CLP surgery in the lung compared to sham 

mice. While in the kidney MPO levels remained consistently high for up to 72 h post-

CLP, the MPO levels in the lungs returned to levels comparable to those in sham 

mice at later time points post-CLP (Figure 5B). Of note, the protein concentration 

of MPO in lungs in control and CLP conditions was consistently at least 50 times 

higher than that of in the kidney (Figure 5B).  

 Taken together, these results demonstrate that the temporal leukocyte 

infiltration differs in both the kidney and lung in CLP mice, and that these infiltrating 

leukocytes are partly comprised of MPO-releasing leukocytes, likely the neutrophils. 
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Figure 5. Leukocyte infiltration in kidney and lung during CLP sepsis initiation and 

progression. (A) mRNA expression of CD45 in kidney and lung of CLP mice and controls (‘C’= 

controls without surgical intervention, sham= controls that underwent surgery) in time as determined 

by RT-qPCR. (B) Myeloperoxidase (MPO) protein level in kidney and lung of sham and CLP mice at 4, 

7, 24, and 72 h as determined by ELISA. *p<0.05 in (A) and (B). 

 

 

Neutrophil infiltration in the kidney is glomerular compartment-

specific in CLP mice 

To investigate the location of neutrophil infiltration in the microvascular beds of the 

kidney, we immunohistochemically stained renal tissues for Ly6G, a neutrophil 

surface marker [30]. Ly6G+ neutrophils were found in the glomeruli and peritubular 

capillaries in both sham and CLP mice at all time points studied (Figure 6A, 6B). 

We found increased neutrophil infiltration in the glomeruli at 4 h and unaffected 
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neutrophil numbers in peritubular capillaries of CLP mice compared to sham controls 

(Figure 6B). Ly6G+ neutrophils were also found in the arterioles and post-capillary 

venules of the kidney of CLP-treated mice. The numbers in the latter compartments 

were low and comparable to those in sham mice (data not shown).  

 These data suggest that neutrophil infiltration into the glomerular 

compartment occurs early in the pathophysiological process of sepsis. 

 

Neutrophil infiltration occurs early in all microvascular beds of the 

lungs and remained enhanced in the capillaries at later stage of 

sepsis 

Next, we investigated whether neutrophils infiltration occurred in specific 

microvascular beds in the lungs of CLP mice. We found that Ly6G+ neutrophils 

localized in the arterioles of CLP mice at 4 h (Figure 7A), corroborating the 

increased Ly6G+ neutrophil numbers in the arterioles (Figure 7B). Neutrophils 

were absent in the arterioles of CLP mice at other time points as well as sham mice 

(Figure 7A). CLP resulted in infiltration of visibly more neutrophils in the capillaries 

of the lungs at 4 h and 72 h (Figure 7C). Moreover, aggregation of neutrophils in 

the venules of the lungs was observed at 4 and 7 h post-CLP (Figure 7E). 

Consistent with the immunohistochemical observations, semi-quantitative Ly6G+ 

infiltration scores were also increased at 4 and 72 h of CLP in the capillaries (Figure 

7D), and at 4 h of CLP in the venules (Figure 7F), compared to their respective 

sham controls.  

 Together these data suggest that neutrophil infiltration into the arterioles, 

capillaries, and venules of the lung occurs within the first four hours after CLP 

surgery, whereas at later time points of CLP neutrophils remain to be accumulating 

only in the lung capillaries.  
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Figure 6. Neutrophil infiltration in renal microvascular beds during CLP sepsis initiation and 

progression. (A) Immunohistochemical staining of Ly6G+ cells in the glomeruli of sham and CLP 

mice at different time points. The images are representative of 8-13 mice per group. (B) Scoring of 

Ly6G+ cells infiltration by counting the number of Ly6G+ cells in the glomerular compartments of the 

kidney. The images are representative of 8-13 mice per group. (C) Immunohistochemical staining of 

Ly6G+ cells in the peritubular capillaries of sham and CLP mice at different time points after start of 

CLP sepsis. The images are representative of 8-13 mice per group. (D) Scoring of Ly6G+ cells by 

counting the number of Ly6G+ cells in peritubular capillaries of the kidney. Black arrows show Ly6G+ 

cells. The images are representative of 8-13 mice per group. *p<0.05 in (B) and (D). 
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Figure 7. Neutrophil infiltration in lung microvascular beds during CLP sepsis initiation and 

progression. (A) Immunohistochemical staining of Ly6G+ cells in the arterioles of sham and CLP 

mice at different time points. The images are representative of 8-13 mice per group. (B) Scoring of 

neutrophils infiltrating arterioles of the lung. (C) Immunohistochemical staining of Ly6G+ cells in the 
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pulmonary capillaries of sham and CLP mice at different time points. The images are representative 

of 8-13 mice per group. (D) Scoring of neutrophils in the pulmonary capillaries of the lung. (E) 

Immunohistochemical staining of Ly6G+ cells in the venules of sham and CLP mice at different time 

points. The images are representative of 8-13 mice per group. (F) Scoring of Ly6G+ cells in the 

pulmonary venules of the lung. The scoring method used in (B), (D), and (F) is described in the 

Materials and Methods section. *p<0.05 in (B), (D), and (F). 

 

 

DISCUSSION 
 

Leukocyte infiltration into organs is a crucial event that partly defines the 

pathophysiology of AKI and ARDS. Leukocytes are recruited following endothelial 

activation, resulting in tissue injury [33] and subsequently organ dysfunction in 

sepsis [34]. Upon recognition of sepsis-related inflammatory stimuli or pathogens, 

endothelial cells (EC) express E-selectin and VCAM-1 which mediate leukocyte 

arrest and facilitate the adhesion and transmigration of these leukocytes into 

tissues. Endothelial inflammatory activation in sepsis is organ- and microvascular 

compartment-specific [18,29] by which leukocyte recruitment is dependent on EC 

guidance. E-selectin functions to facilitate the slow rolling of leukocytes, while 

VCAM-1 is required to firmly establish leukocytes adhesion onto EC. Hence, we 

hypothesized that in vivo leukocyte recruitment patterns depend on E-selectin and 

VCAM-1 expression in the different microvascular compartments of organs in 

response to sepsis.  

In this study, we defined the time course of E-selectin and VCAM-1 

expression and investigated the pattern of leukocyte infiltration in the microvascular 

beds of the kidney and lung following sepsis induced by CLP. E-selectin was mainly 

expressed in the glomerular compartment and was highest at 4 h after CLP, which 

coincided with increased neutrophil infiltration observed in this glomerular 

compartment. In a murine model of glomerulonephritis, infiltration of neutrophils 

in the glomeruli was shown to be E-selectin-dependent [35]. Neutrophils are 

equipped with PSGL-1, ESL-1, and CD44, which are E-selectin ligands required to 

establish initial endothelial-neutrophil contact [36]. Glomerular EC are affected in 

sepsis [37] leading to reduced glomerular filtration rate [38], which is partly 

attributed to leukocyte infiltration [39]. Inhibition of E-selectin in CLP mice resulted 

in reduced neutrophil infiltration and preserved organ function in the kidney [40]. 
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Therefore, it is interesting to investigate whether blocking E-selectin can reduce 

corresponding neutrophil recruitment in the glomeruli of CLP mice. 

In our study, leukocyte infiltration was also observed in the post-capillary 

venules, consistent with previous findings which demonstrated increased neutrophil 

adhesion in the post-capillary venules of CLP-treated mice at 8 h [40]. However, in 

contrast, we observed unchanged number of neutrophils adhering to the post-

capillary venules of CLP mice at all time points post-CLP. The discrepancy between 

these observations might be due to the different time course and/or the use of 

different methods to quantify neutrophils in the microvascular beds of the kidney. 

By immunohistochemical scoring, we were able to quantify neutrophil infiltration in 

the different microvascular beds only at fixed time points. Advanced microscopy 

techniques, such as intravital microscopy is capable of capturing the real-time 

intricate dynamics of endothelial-leukocyte interactions in a temporal and spatial 

manner [41], which renders this technique to be more informative in investigating 

microvascular-specific recruitment of leukocytes. 

Total renal VCAM-1 expression was not altered by CLP. VCAM-1 was mostly 

expressed in arterioles and peritubular capillaries and absent in glomeruli in the 

first 24 h after sepsis has started. Our present data raises the possibility that VCAM-

1 may not be involved in glomerular recruitment of neutrophils within the 72 h after 

CLP surgery. Interestingly, VCAM-1 was expressed in the glomeruli 72 h post-CLP. 

Previous work from our laboratory demonstrated that TNF- -induced expression of 

VCAM-1 in the glomerulus was post-transcriptionally repressed by miRNA-126 [18]. 

As we here show that at 72 h time point VCAM-1 expression is located in glomerular 

EC, one possible explanation for this is that the repressive activity of miRNA-126 

on VCAM-1 protein translation diminished after 72 h of CLP, possibly due to miRNA 

degradation [42]. Moreover, whether the increase in VCAM-1 in the glomeruli is 

associated with exaggerated glomerular inflammation and infiltration of leukocytes 

other than neutrophils requires further study. 

MPO levels, a measure of the extent of neutrophil infiltration [43] and 

neutrophil bacterial-clearing activity [44] in the kidney was consistently high at all 

time points of CLP, which did not correspond to the number of neutrophils infiltrated 

in the kidney. One possible explanation for this is that this neutrophil population 

consists of cells differing in MPO contents, and neutrophils that highly express MPO 

are retained in the kidney until late CLP sepsis. MPO synthesizes reactive oxygen 
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species [33], that can cause collateral damage to tissues. In patients with sepsis, 

MPO levels were shown to correlate with systemic organ failure and it was shown 

to be elevated independent of neutrophil count [44]. It remains to be elucidated 

whether the subset of neutrophils that highly expresses MPO is guided to infiltrate 

a specific microvascular compartment in sepsis. Another possible explanation for 

high MPO but low number of neutrophils is that this MPO is released by leukocytes 

other than neutrophils, such as macrophages [45,46], which warrants further 

investigation. 

Neutrophils are the predominant infiltrating leukocyte in sepsis-ARDS 

patients [47]. In our study, we found that E-selectin was expressed in the arterioles 

and venules of the lung within the first 7 h of CLP, which coincided with neutrophil 

infiltration observed in arterioles, capillaries, and venules. These findings 

corroborate previous findings showing arterioles [48], pulmonary capillaries, and 

venules to be adherence sites of leukocytes in the inflamed lung [48,49] although 

these studies only focused on investigating the role of leukocyte ligands. Although 

VCAM-1 protein level did not change in the lung upon CLP-induced injury, the 

protein localized predominantly in the arterioles and venules. Capillaries expressed 

scant VCAM-1 and independent of E-selectin expression but at the same time 

showed infiltration of a high number of neutrophils within the first 4 h of CLP. This 

implies the recruitment of neutrophils by CLP-activated capillaries in the lung to be 

E-selectin-independent, although this speculation has to be further investigated. 

Neutrophil infiltration induced by Streptococcus pneumoniae was not reduced in E-

selectin-deficient mice [50]. Additionally, inhibition of PSGL-1, a selectin-specific 

leukocyte ligand, reduced leukocyte trapping in the pulmonary capillaries [51] 

despite absence of E-selectin in the pulmonary capillaries of CLP mice, suggesting 

leukocyte infiltration occurring here also in an E-selectin-independent manner. 

Rather than depending on endothelial selectin or integrin involvement, neutrophil 

infiltration in the lung of LPS-induced mice was shown to be CXCL2-dependent 

[52,53]. In our study, neutrophil infiltration resolved rapidly in arterioles and the 

venules of the lung in CLP mice, while neutrophil infiltration in the capillaries 

increased at 72 h despite low levels of total MPO in the lung. How this seemingly 

coordinated response is regulated by endothelial responses in the lung requires 

further investigation.  
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Taken together, here we describe the renal and pulmonary kinetics of two 

endothelial inflammatory molecules involved in leukocyte recruitment and 

associated neutrophil infiltration in mice exposed to sepsis by CLP. We show that in 

the arterioles, capillaries, and venules of the kidney and lung, E-selectin and VCAM-

1 are differentially expressed in CLP mice. We additionally revealed distinct spatial 

and temporal increases in leukocyte infiltration in the kidney and lung during CLP 

sepsis development, which is partly consisting of neutrophils. Neutrophil infiltration 

is more extensive in the lung than in the kidney. Neutrophil infiltration in the kidney 

is glomerular-compartment specific, yet it is widespread in the microvasculature of 

the lung in early CLP, and in pulmonary capillaries in late CLP. While the expression 

of E-selectin and VCAM-1 in the kidney and lung is microvascular bed-dependent, 

the presence of either one or both molecules is not necessary to recruit neutrophils 

in any of the microvascular beds. This finding adds to the evidence that endothelial-

guided neutrophil recruitment is a microvascular bed-dependent process which 

likely is mediated by a complex interaction of molecules beyond E-selectin and/or 

VCAM-1 involvement. To elucidate the involvement of other (possibly novel) 

endothelial-regulated molecules in microvascular-bed specific neutrophil 

recruitment, follow-up studies using techniques such as laser microdissection (LMD) 

combined with RNA sequencing can be performed to determine the transcriptomic 

profiles of microvascular bed-specific molecules [54]. The outcome of these studies 

will assist in providing mechanistic insights into microvascular bed-specific 

regulation of neutrophil infiltration in sepsis-AKI and sepsis-ARDS.  
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SUPPLEMENTARY DATA 

 

Supplemental Figure 1. Kinetics of CD31 expression in kidney and lung in CLP and control 

conditions. (A) mRNA expression of CD31 in kidney and lung of untreated control ‘C’, sham, and CLP 

mice at 4, 7, 24, and 72 h as determined by RT-qPCR. The number of mice was 8-13 per group. 

*p<0.05. (B) Immunohistochemical images of anti-CD31 staining in the kidney and (C) lung. The 
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images are representative of 8-13 mice per group. (D) CD31 protein expression as determined by the 

number of total positive pixels (%) quantified by morphometric analysis in the kidney and (E) lung. 
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ABSTRACT  
 

Sepsis is a life-threatening condition caused by a 

dysregulated host response to infection. Endothelial cells 

(EC) are actively involved in sepsis-associated 

(micro)vascular disturbances and subsequent organ 

dysfunction. Lipopolysaccharide (LPS), a Gram-negative 

bacterial product, can activate EC leading to the 

expression of pro-inflammatory molecules. This process 

is molecularly regulated by specific receptors and 

distinct, yet poorly understood intracellular signalling 

pathways. LPS-induced expression of endothelial 

adhesion molecules E-selectin and VCAM-1 in mice was 

previously shown to be organ- and microvascular-

specific. Here we report that also within renal 

microvascular beds the endothelium expresses different 

extents of E-selectin and VCAM-1. This heterogeneity 

was recapitulated in vitro in LPS-activated human 

umbilical vein EC (HUVEC). Within 4 h after LPS 

exposure, four distinct HUVEC subpopulations were 

visible by flow cytometric analysis detecting E-selectin 

and VCAM-1 protein. These encompassed E-selectin-

/VCAM-1- (-/-), E-selectin+/VCAM-1- (E-sel+), E-

selectin+/VCAM-1+ (+/+), and E-selectin-/VCAM-1+ 

(VCAM-1+) subpopulations. The formation of 

subpopulations was a common response of endothelial 

cells to LPS challenge. Using fluorescence-activated cell 

sorting (FACS) we demonstrated that the +/+ 

subpopulation also expressed the highest levels of 

inflammatory cytokines and chemokines. The differences 

in responsiveness of EC subpopulations could not be 

explained by differential expression of LPS receptors 

TLR4 and RIG-I. Functional studies, however, 
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demonstrated that the formation of the E-sel+ 

subpopulation was mainly TLR4-mediated, while the 

formation of the +/+ subpopulation was mediated by 

both TLR4 and RIG-I. Pharmacological blockade of NF- B 

and p38 MAPK furthermore revealed a prominent role of 

their signaling cascades in E-sel+ and +/+ subpopulation 

formation. In contrast, the VCAM-1+ subpopulation was 

not controlled by any of these signaling pathways. 

Noteworthy is the existence of a ‘quiescent’ 

subpopulation that was devoid of the two adhesion 

molecules and did not express cytokines or chemokines 

despite LPS exposure. Summarizing, our findings suggest 

that LPS activates different signalling mechanisms in EC 

that drive heterogeneous expression of EC inflammatory 

molecules. Further characterization of the signalling 

pathways involved will enhance our understanding of 

endothelial heterogeneous responses to sepsis related 

stimuli and enable the future design of effective 

therapeutic strategies to interfere in these processes to 

counteract sepsis-associated organ dysfunction. 

 

 

INTRODUCTION 

 

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated 

host response to infection [1]. Despite diagnostic advances in early recognition, 

sepsis often escalates to multiple organ dysfunction syndrome (MODS), leading to 

poor outcome. Sepsis affects around 30 million people yearly worldwide, resulting 

in 6 million deaths [2]. Although several mechanisms have been suggested to 

contribute to the pathophysiology of sepsis, it is still incompletely understood, 

thereby hindering the development of successful treatment options for patients with 

sepsis and sepsis-induced multiple organ dysfunction syndrome. 

Endothelial cells (EC) line all blood vessels and are one of the first cells to 

respond to microbial product such as Lipopolysaccharide (LPS) [3]. During sepsis, 
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EC respond to LPS via the activation of pattern recognition receptors (PRRs), 

producing pro-inflammatory cytokines, chemokines, and adhesion molecules [4]. 

Adhesion molecules such as E-selectin, VCAM-1, and ICAM-1 facilitate endothelial 

cell-leukocyte interactions, resulting in leukocyte recruitment into inflamed tissues 

leading to subsequent impairment of organ function [5]. Therapeutic strategies 

designed to attenuate EC production of these inflammation associated molecules to 

prevent leukocyte adhesion and transmigration, may lead to diminished organ 

failure in patients with sepsis. 

Previous studies from our laboratory have shown that in mice, LPS or TNF-  

exposure results in organ and microvascular compartment specific expression of 

adhesion molecules [6–8]. Within the kidney, at the microvascular compartment 

level, TNF-  induced expression of E-selectin is abundant in glomeruli, but low in 

the arterioles. In contrast, VCAM-1 is highly expressed in the arterioles, while 

expressed to a lesser extent in the glomeruli [6,7]. Our knowledge on inter- and 

intra-organ endothelial heterogeneity has expanded in recent years, yet how these 

heterogeneous responses are molecularly controlled following LPS challenge still 

remains elusive. 

Toll-Like Receptor 4 (TLR4) [9] and the more recently identified retinoic acid 

inducible gene-I (RIG-I) [10] are pattern recognition receptors which have been 

shown to drive endothelial responses to LPS. The recognition of LPS via these 

receptors results in the induction of endothelial adhesion molecules, cytokines, and 

chemokines via several downstream signaling pathways, that include NF- B [10–

12], and p38 MAPK [12,13]. Although both NF- B and p38 MAPK have been 

implicated in controlling LPS-mediated inflammatory responses, it is unknown 

whether one, the other, both, or other signaling pathways regulate individual EC 

responses at a cellular level. Likewise, and of interest in relation to the 

microvascular compartment specific responses of the endothelium to LPS challenge 

in vivo, whether all EC are equipped with similar downstream signalling machinery 

remains to be elucidated. 

Here, we investigate the molecular control of the early stages of EC activation 

by LPS in relation to the previously reported heterogeneous EC responses found in 

vivo. We focused on LPS induced expression patterns of E-selectin and VCAM-1 

within mouse renal microvascular compartments in vivo and their patterns in 

HUVEC in vitro using immunofluorescent staining and flow cytometry, respectively. 
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Based on the outcome we next investigated in vitro whether different stages of cell 

division could explain the observed heterogeneous subpopulations formed, and 

whether these subpopulations behaved differently because of differential expression 

of LPS signalling machinery components. Additionally, we used pharmacological 

tools to examine the activity of different kinase signaling pathways to explain 

heterogeneous subpopulation formation in HUVEC upon LPS exposure. 

 

 

MATERIALS AND METHODS 
Mice 

Male C57BL/6 mice purchased from Envigo (Horst, The Netherlands) and housed in 

a specific pathogen-free facility, maintained on chow and water ad libitum, and 

housed in temperature-controlled chambers (24oC) with a 12 h light/dark cycle. 

Mice were challenged with intraperitoneal (i.p) injection of 1 mg/kg LPS (E. coli, 

serotype O26:B6 (15,000 EU/g), Sigma-Aldrich, St. Louis, MO, USA) as described 

elsewhere (14). Control mice were i.p administered with the same volume of 0.9% 

NaCl. Mice were terminated under isoflurane anaesthesia 4 h after LPS challenge. 

Blood was subsequently drawn via cardiac puncture and the organs harvested, 

snap-frozen on liquid nitrogen and stored at -80oC until further analysis. All 

experiments were performed in compliance with the animal ethics committee of the 

University of Groningen. 

 

Endothelial cell culture and stimulation 

Human umbilical vein endothelial cells (HUVEC) and human lung microvascular 

endothelial cells (HMVEC-L) were purchased from Lonza (Lonza, Breda, the 

Netherlands) and cultured in EBM-2 medium supplemented with EGM-2 MV Single 

Quot Kit Supplements & Growth factors (Lonza) at 37°C with 5 % CO2/95% air 

conditions until passage 5 at the UMCG Endothelial Cell Facility. Additionally, HUVEC 

were isolated from umbilical cords and cultured on 1% gelatin coated plates with 

RPMI 1640 medium (Lonza) supplemented with 20 % heat inactivated FCS, 2mM 

L-glutamine, 5U/ml heparin, 50 g/ml endothelial growth factor, and antibiotics 

(100IE/penicillin and 50 g/ml streptomycin). HUVEC and HMVEC-L were seeded in 

6 or 12 well plates. HUVEC were 70% confluent on the day of siRNA transfection 
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while they were confluent when treated with LPS (E. coli, serotype O26:B6; E. coli, 

serotype O111:B4, Sigma Aldrich, St. Louis, MO) at 1 g/mL for 4 h unless indicated 

otherwise.  

 

Cryosection immunofluorescence staining 

Five-micrometer cryosections from snap-frozen mouse kidneys were fixed in 

acetone for 10 min. The sections were blocked with 0.00125% H2O2 (Merck, 

Darmstadt, Germany) in demineralized H2O for 10 min, and subsequently blocked 

with 3% bovine serum albumin (BSA) in phosphate buffered saline (PBS) (w/v) for 

30 min. Kidney sections were incubated at room temperature (RT) for 1 h with 

primary rat-anti-mouse E-selectin antibody (10 g/mL, clone MES-1, kindly 

provided by Dr. D Brown, UCB Celltech, Brussels, Belgium) diluted in 5% fetal calf 

serum (FCS) (Sigma, St. Louis, Missouri, USA) in PBS. After washing, sections were 

incubated with rabbit anti-rat IgG (Vector Laboratories Inc, Burlingame, CA, USA) 

in 1% normal mouse serum (NMS) (Sanquin, Amsterdam, NL) / 5 % FCS in PBS for 

45 min. The sections were then washed and incubated with anti-rabbit HRP polymer 

(Dako, Carpentaria, CA, USA) for 30 min. After washing, the sections were exposed 

to Alexa Fluor®555 Tyramide reagent prepared according to the manufacturer’s 

instructions (#B40955, Thermo Fisher Scientific, Carlsbad, CA, USA). For the 

sequential second primary antibody incubation, the sections were washed and 

blocked again with 3 % (w/v) BSA in PBS for 30 min. The second primary antibody, 

rat anti-mouse VCAM-1 (hybridoma supernatant of clone M/K-1.9, ATCC, Manassas 

VA, USA) was added to the sections for 1 h at RT. After washing, the sections were 

incubated with 20 g/mL of goat anti-rat antibody conjugated with Alexa Fluor®488 

(Thermo Fisher Scientific) / DAPI (1.5 g/mL; Thermo Fisher Scientific) in 5% FCS 

in PBS for 45 min, washed, and mounted with Aqua/polymount (Polysciences Inc, 

Warrington, PA, USA). Isotype controls included rat IgG2a and rat IgG1 (10 μg/mL: 

both from Antigenix America Inc., Huntington Station, NY, USA). Images were 

taken using a Leica SP8 confocal laser scanning microscope (Leica Microsystems 

Ltd., Germany) with objective and numerical apertures of 40X and 1.3, respectively. 

Image cubes were recorded with appropriate filters using Leica application suite X 

software. Peak emission for Alexa Fluor 488 (VCAM-1) was at 550 nm and for Alexa 

Fluor 555 (E-selectin) at 610 nm. All images were captured with equal exposure 
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times and then analyzed using Imaris image analysis software (Bitplane AG, Zurich, 

Switzerland). 

For CD31/E-selectin respectively CD31/VCAM-1 double staining, the kidney 

cryosections were blocked with peroxidase and 3% BSA as described above, 

incubated with rat-anti mouse CD31 antibody (0.15 g/mL, # 550274 BD 

Pharmingen, Franklin Lakes, NJ, USA) diluted in 5% FCS in PBS for 1 h, and 

subsequently stained with rat anti-mouse antibody E-selectin, or rat anti-mouse 

VCAM-1 according to the above-described protocols. The images were taken with a 

Leica DM4000B fluorescence microscope equipped with a Leica DFC345FX digital 

camera (Leica Microsystems Ltd., Germany) and Leica LAS V4.5 Image Software at 

100X magnification with equal exposure times.  

 

Flow cytometry 

We employed flow cytometry to determine the expression of endothelial adhesion 

molecules. HUVEC or HMVEC-L were briefly washed with sterile PBS, trypsinized 

with trypsin-EDTA (0.025%) and washed with ice-cold wash buffer (5% FCS in 

PBS). Cells were then transferred to FACS tubes, washed, and resuspended in 3% 

v/v PE-conjugated mouse anti-human E-selectin (Cat. No #322606, BioLegend, San 

Diego, CA, USA) and APC-conjugated mouse anti-human VCAM-1 (Cat. No 

#305810, BioLegend) antibodies in wash buffer for 30 min on ice in the dark. For 

intracellular staining, HUVEC were fixed with Fixation Reagent A (#GAS004, Thermo 

Fisher Scientific) for 15 minutes, washed, and subsequently incubated with perm 

buffer Reagent B (Thermo Fisher Scientific) and 3% (v/v) Brilliant Violet 421-

conjugated anti-Ki67 (#330505, Biolegend, San Diego, CA, USA) antibody in wash 

buffer for 30 minutes, on ice in the dark. The cells were then washed and 

resuspended in wash buffer and analyzed using a MACSQuant Analyzer 10 flow 

cytometer (Miltenyi Biotech, San Diego, CA, USA). Data analysis was performed 

using Kaluza Flow analysis software (v.2.1) (Beckman Coulter, Brea, CA, USA) or 

FlowJo software (v.10) (Ashland, OR, USA). Isotype control antibodies mouse 

IgG1 -BV421 (Cat No #400157, Biolegend), IgG2a -PE (Cat No #2-4724-42, 

eBioscience, San Diego, CA, USA) and mouse IgG1 (Cat No # IC002A, R&D System, 

Minneapolis, MN, USA) were used to correct for signals from non-specific binding.  
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Fluorescence-activated cell sorting (FACS) 

HUVEC treated with LPS for 4 h were trypsinized, washed and subsequently 

incubated with PE-conjugated mouse anti-human E-selectin and APC-conjugated 

mouse anti-human VCAM-1 antibodies as described above. After the staining 

procedure, the cells were sorted into 4 subpopulations based on the staining pattern 

of E-selectin and VCAM-1 using a MoFlo Astrios FACS machine (Beckman Coulter, 

Brea, CA, USA): ‘quiescent’ Esel-/VCAM-1- (-/-), Esel+/VCAM-1- (Esel+), 

Esel+/VCAM-1+ (+/+), and Esel-/VCAM-1+ (VCAM-1+) subpopulations (see Fig. 

4A). After sorting, the purity of each collected population of cells was verified by 

flow cytometry before subsequent analyses were performed (data not shown).  

Trypsinization per se did not alter detection of membrane expression of the 

adhesion molecules in flow cytometry, as detachment of endothelial cells with 

versene, a gentle non-enzymatic cell dissociation reagent, showed similar patterns 

of endothelial surface protein expression (data not shown). 

 

Gene expression analysis by RT-qPCR 

Total RNA from the cells was isolated using the RNeasy® mini kit (Qiagen, Venlo, 

The Netherlands) according to the manufacturer’s protocols. RNA concentration (OD 

260) and purity (OD260/OD280) were determined using a NanoDrop® ND-1000 

UV-Vis spectrophotometer (NanoDrop Technologies, Rockland, ME, USA). Samples 

was performed as previously described [15]. Quantitative (q)PCR was performed in 

a ViiA 7 PCR System (Applied Biosystems Nieuwerkerk aan den IJssel, The 

Netherlands) using the following assay-on-Demand primers (Applied Biosystems,): 

GAPDH (assay ID Hs99999905_m1), E-selectin (assay ID Hs00174057_m1), 

VCAM-1 (assay ID Hs00365486_m1), TLR4 (assay ID Hs00152939_m1), RIG-I 

(assay ID Hs00204833_m1), MAVS (assay ID Hs00920075), IL-6 (assay ID 

Hs00174131_m1), IL-8 (assay ID Hs00174103_m1), MCP-1 (assay ID 

Hs00234140_m1), CXCL10 (assay ID Hs01124251_g1), and CXCL6 (assay ID 

Hs00605742_g1). Duplicate analyses were performed for each sample and the 

obtained threshold cycle values (CT) averaged. All genes were normalized to the 

 value. The relative 

mRNA level was calculated by 2 CT. 
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siRNA–mediated gene silencing 

TLR4, RIG-I, and MAVS were knocked down in HUVEC using FlexiTube siRNA 

(Qiagen). AllStars negative control siRNA (Qiagen) was used as a negative control 

for all RNA interference experiments. Transient transfection was performed using 

Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Knockdown of these genes did not diminish endothelial 

cell viability as described previously [10].  

 

Pharmacological inhibition of signaling pathways  

BAY11-7082 (BAY) (Alexis Biochemicals, San Diego, CA, USA) was dissolved in 

DMSO as a 20 mM stock solution, while LY2228820 (LY) (MedChemExpress, 

Monmouth Junction, NJ, USA) was dissolved in DMSO as a 10 mM stock solution 

according to manufacturers’ instructions. Stocks were stored at -80oC until needed. 

Prior to the experiment, BAY and LY stock solutions were diluted in HUVEC culture 

medium. HUVEC were pre-treated with 10 M of BAY 30 minutes before, and/or 10 

M of LY 1 h before LPS stimulation. The viability and morphology of HUVEC were 

assessed microscopically before and after pre-treatment with either BAY or LY, and 

they were found to be of normal cobble-stone morphology throughout the 

experiments.  

 

Statistical analysis 

Statistical analysis of results was performed by two-tailed unpaired student t-test, 

or one-way ANOVA followed by Bonferroni post-hoc analysis to compare multiple 

replicate means. All statistical data were analyzed using GraphPad Prism software 

v.7 (GraphPad Prism Software Inc., San Diego, CA, USA). Differences were 

considered significant when p<0.05. 
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RESULTS 

Distinct expression patterns of E-selectin and VCAM-1 are found 

within kidney microvascular compartments of LPS-treated mice 

Heterogeneous expression of E-selectin and VCAM-1 between different renal 

microvascular compartments has been previously reported. Intravascular 

heterogeneity in expression of endothelial adhesion molecules within specific renal 

microvascular beds, on the other hand, is not extensively described. To investigate 

the expression patterns of E-selectin and VCAM-1 in the different kidney 

microvascular segments, we performed immunofluorescent double staining to 

detect these two adhesion molecules at the same time. In control kidney, E-selectin 

protein was absent from all microvascular compartments, while arterioles expressed 

basal VCAM-1 protein (Figure 1), confirming previous data from our laboratory 

[7,16]. Following LPS challenge, E-selectin and VCAM-1 became visible in all kidney 

microvascular segments. However, E-selectin was mainly expressed in the 

glomeruli, whereas the arterioles predominantly expressed VCAM-1, with scattered 

co-expression of E-selectin. The peritubular capillaries and post-capillary venules 

mainly co-expressed E-selectin and VCAM-1, while occasional single E-selectin or 

VCAM-1 positive cells were found (Figure 1). Double immunostaining of CD31, a 

pan-endothelial marker and E-selectin respectively VCAM-1 confirmed their 

expression by endothelial cells in the microvascular segments (Figure S1). These 

data demonstrate that EC in different microvascular compartments, and also within 

the same microvascular compartment, exert a heterogeneous phenotype which can 

be identified by different patterns of E-selectin and VCAM-1 protein expression 

following LPS challenge. 

 

LPS stimulation of endothelial cells in vitro uncover cell 

subpopulations based on E-selectin and VCAM-1 expression 

To investigate whether EC in vitro can also express E-selectin and VCAM-1 in 

varying patterns, we stimulated HUVEC with 1 g/mL LPS for 4 h, after which we 

flow cytometrically determined E-selectin and VCAM-1 protein levels. In control 

cells, E-selectin and VCAM-1 expression levels were low (Figure 2A). After 4 h of 

LPS stimulation, the expression of both E-selectin and VCAM-1 was increased, as 

evidenced by the shift in the Mean Fluorescent Intensity (MFI) relative to non-
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stimulated controls (Figure 2A). At the cell population level, 4 h of LPS exposure 

surprisingly revealed the formation of EC subpopulations (Figure 2B, S2A) which 

bear similarities with the subpopulations observed in the microvasculature in the 

kidney. A large subpopulation of EC (approximately 50%) expressed both E-selectin 

and VCAM-1, while at the same time a significant subset of cells (approximately 

20%) remained ‘quiescent’ despite exposure to LPS (Figures 2B, S2A). 

 

Figure 1. Distinct expression patterns of E-selectin and VCAM-1 are found within kidney 

microvascular compartments of LPS-treated mice. E-selectin and VCAM-1 expression varied 

between and within the renal microvascular segments of LPS-treated mice. The images show 

immunofluorescence staining of E-selectin (red), VCAM-1 (green) and DAPI nuclear staining (blue) in 

the kidney of control mice (vehicle treated) and mice challenged with LPS (1 mg/kg, i.p.) and sacrificed 

4 h later. All images were captured with equal exposure times. Original magnification x400. 
 

 

Moreover, two additional EC subpopulations were identified that expressed 

either E-selectin or VCAM-1 (Figures 2B, S2A). Similar results were found when 

exposing HUVEC isolated from single donors to 4 h LPS (Figure 2B), and also 
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human lung microvascular endothelial cells (HMVEC-L) exposed to LPS revealed the 

formation of these four subpopulations (Figure 2B). Endothelial subpopulations 

identified by heterogeneous expression of E-selectin and VCAM-1 and combinations 

thereof after LPS exposure is therefore not restricted to HUVEC and not donor 

related but a common response of endothelial cells. 

We next studied the kinetics of E-selectin and VCAM-1 expression in HUVEC. 

Upon LPS exposure, some EC started to express E-selectin as early as 1 h after 

start of activation by LPS, while at 2 h, VCAM-1 expression became apparent 

(Figures 2C, S2B). Moreover, at this early timepoint, four EC subpopulations 

already had started to form, i.c., ‘quiescent’ E-selectin-/VCAM-1- (-/-), E-

selectin+/VCAM-1- (E-sel+), E-selectin+/VCAM-1+ (+/+), and E-selectin-/VCAM-1+ 

(VCAM-1+). These expression profiles were retained until 6 h of LPS exposure, after 

which the E-selectin positive subpopulation diminished in cell number, while the 

VCAM-1+ subset and quiescent subpopulations increased. At 24 h, most EC had 

returned to a quiescent state, with only a small VCAM-1+ subset (7% of all cells) 

still being present. (Figure 2C). A quiescent endothelial cell subpopulation was 

constantly present at all times (Figures 2C, S2B). Furthermore, these patterns of 

E-selectin and VCAM-1 expression were similar when exposed to different LPS 

concentrations, except for the lowest LPS concentration (0.1 g/mL) which did not 

seem to activate the endothelial cells (Figure S2C). Taken together, our data 

demonstrate that activation of endothelial cells by LPS leads to E-selectin and 

VCAM-1 (co)expression patterns that are dynamically changing depending on the 

time of exposure to LPS and which are not affected by the concentration of LPS 

used.  
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Figure 2. LPS stimulation of endothelial cells in vitro induces the formation of EC 

subpopulations based on E-selectin and VCAM-1 expression. (A) Histograms of HUVEC as one 

whole population show the mean fluorescent intensity (MFI) of E-selectin and VCAM-1 in untreated 

control and EC treated with LPS for 4 h. Isotype controls were also included (B) Scatterplots of EC 

subpopulations based on E-selectin and VCAM-1 expression in multi-donor HUVEC, single donor 

HUVEC and lung microvascular endothelium (HMVEC-L), 4 h after LPS exposure. The data shown is 

representative of at least four independent experiments. (C) Kinetics of EC subpopulation formation 
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based on E-selectin and VCAM-1 expression in HUVEC stimulated with LPS for the indicated time 

periods. The data shown is representative of two independent experiments. 

 

 

Cell division is not a major factor in controlling the ability of EC to 

express E-selectin and/or VCAM-1 when exposed to LPS 

HeLa cells were reported to repress NF- B activity following inflammatory 

stimulation while dividing as cell division appeared to have a higher cellular priority 

[17]. Whether this also occurs in dividing endothelial cells is currently unknown. We 

hypothesized that the quiescent EC subpopulation was unable to express E-selectin 

and VCAM-1 because these cells are actively dividing. Staining for Ki67, a marker 

of actively dividing cells, however, revealed that the total number of Ki67 cells in 

the HUVEC population as a whole was only approximately 7% (Figure 3). This is 

much less than the 25% of cells in the quiescent cell population after LPS 

stimulation. Moreover, when gating the Ki67 positive cells we found that they were 

present in all four flow cytometric quadrants (Figure 3). Hence, cell division per se 

does not seem to be a major factor influencing the ability of EC to express E-selectin 

and/or VCAM-1 and is therefore not a likely factor contributing to the ‘quiescence 

status’ of EC that do not express the adhesion molecules upon exposure to LPS. 

 

 
Figure 3. Cell division is not a major factor controlling the ability of EC to express E-selectin 

and/or VCAM-1 when exposed to LPS. HUVEC exposed to LPS for 4 h were stained for Ki67 after 

which Ki67 positive cells were gated and the extent of E-selectin and VCAM-1 expression on those 

cells determined. Ki67 positive cells are indicated in red. The percentage of Ki67 positive cells 

expressing different extents of E-selectin and VCAM-1 is reported as the mean ± SD of three 

independent experiments. 
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Endothelial subpopulations have distinct mRNA expression levels of 

LPS signaling pathway components and inflammatory genes 

LPS induced adhesion molecule expression in EC is known to be mediated by at 

least two pattern recognition receptors, TLR4 and RIG-I [10,18]. We therefore 

hypothesized that the subpopulation distribution of EC after LPS exposure identified 

by E-selectin and VCAM-1 patterns was due to different subpopulations expressing 

LPS signaling components to different extents. To investigate this, we incubated 

HUVEC with LPS for 4 h and then separated the quiescent -/-, E-sel+, +/+ and 

VCAM-1+ subpopulations by fluorescence activated cell sorting (FACS). After 

sorting and confirmation of subpopulation purity (data not shown), we first 

determined the E-selectin and VCAM-1 mRNA expression levels (Figure 4B). E-

selectin and VCAM-1 mRNA levels were close to absent in the quiescent -/- 

subpopulation, while E-selectin mRNA was high in E-sel+ and +/+ subpopulations, 

and VCAM-1 mRNA was high in +/+ and VCAM-1+ subpopulations thereby 

corroborating the protein data. We proceeded to determine the mRNA expression 

levels of TLR4 and RIG-I within the different EC subpopulations. TLR4 mRNA levels 

were similar in all EC subpopulations including the quiescent one (Figure 4B). RIG-

I mRNA levels were highest in the Esel+/VCAM-1+ cell population and expressed at 

a slightly lower level in the other EC subpopulations (Figure 4B), while mRNA 

levels of MAVS, a downstream protein adaptor of RIG-I, were similar in all four EC 

subpopulations (Figure 4B). To further investigate the inflammatory status of the 

four subpopulations, we analyzed the expression levels of a series of 

cytokines/chemokines known to be produced by endothelial cells in inflammatory 

conditions. While both the quiescent and the VCAM-1+ subpopulations expressed 

the lowest levels of these genes, the +/+ subpopulation exerted the most 

pronounced inflammatory phenotype (Figure 4C). These results demonstrate that 

upon LPS exposure, there are distinct endothelial subpopulations with varying LPS 

signalling components and inflammatory phenotypes within a HUVEC cell 

population.  
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Figure 4. Endothelial subpopulations have distinct mRNA expression levels of LPS signaling 

pathway components and inflammatory genes. (A) Experimental design for EC sorting using 

FACS. (B) mRNA expression levels of E-selectin, VCAM-1, TLR4, RIG-I and MAVS in sorted EC 

subpopulations as determined by RT-qPCR using GAPDH as the housekeeping gene. Bars represent 

the mean ± SD of 5 independent experiments. p<0.05 is considered statistically significant. (C) 

Heatmap displaying pro-inflammatory adhesion molecule, cytokine, and chemokine mRNA levels in 

sorted EC subpopulations compared to unsorted LPS control EC. The data shown is from four 

independent experiments. 
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TLR4 and RIG-I differentially regulate LPS-mediated E-

selectin/VCAM-1 expressing subpopulation 

Since both receptors are expressed in all EC subpopulations, we proceeded to 

examine the effect of TLR4 and RIG-I siRNA knockdown on the formation of E-

selectin and VCAM-1 expressing subpopulations in HUVEC upon LPS exposure. 

Knockdown of both TLR4 and RIG-I resulted in diminished protein levels of both E-

selectin and VCAM-1 when analyzing the HUVEC population as a whole (data not 

shown) corroborating previous findings [10]. While only TLR4 knockdown resulted 

in inhibition of the E-sel+ subpopulation formation, knockdown of either TLR4 or 

RIG-I resulted in a major inhibition of +/+ subpopulation formation (Figure 5A). 

As a consequence, the -/- ‘quiescent’ subpopulation increased (Figure 5A). In 

contrast to the inhibitory effect observed on the E-sel+ or +/+ subppopulations, 

knockdown of TLR4 or RIG-I did not inhibit the VCAM-1+ subpopulation from 

forming (Figure 5A). Similar to the effects of RIG-I knockdown, MAVS knockdown 

inhibited the formation of the +/+ subpopulation with no effect on E-sel+ or VCAM-

1+ subpopulation formation (Figure 5B). These results suggest that TLR4 

predominantly controls the formation of E-sel+ cells and that both TLR4 and RIG-I 

control the formation of the Esel+/VCAM-1+ population.  

 

LPS-mediated E-selectin/VCAM-1 expressing HUVEC subpopulations 

are regulated by different downstream signaling mechanisms 

We previously found that the absence of RIG-I or MAVS inhibited nuclear 

translocation of the NF- B p65 subunit [10]. Moreover, the NF- B p65 subunit 

translocated from the cytoplasm to the nucleus in only 26% of EC 30 minutes after 

LPS stimulation (Figure S3). Apart from NF- B signalling, activation of p38 MAPK 

signalling in LPS exposed endothelial cells has previously been reported [19,20]. 

We therefore investigated whether one or both of these two signalling pathways 

were affecting the formation of one or more subpopulations employing 

pharmacological tools and if so, to what extent the subpopulations were affected.  
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Figure 5. TLR4 and RIG-I-MAVS differentially regulate LPS-mediated E-selectin/VCAM-1 

subpopulation formation. (A) The effect of small interfering RNA (siRNA)-based RIG-I and TLR4 

knockdown on the formation of LPS-induced EC subpopulations based on E-selectin and VCAM-1 

expression after 4 h of LPS exposure compared to scramble siRNA (siScr) controls. Bars represent the 

mean ± SD of 4 independent experiments. (B) The consequence of MAVS knockdown on the formation 

of the EC subpopulations. Bars represent the mean ± SD of 3 independent experiments. p<0.05 is 

considered statistically significant. 

 

When examining the subpopulation distribution after 2 h exposure to LPS we 

found that p38 MAPK inhibition using LY exerted a major inhibitory effect on the 

formation of the E-sel+ subpopulation (Figure 6A). In contrast, NF- B inhibition 

using BAY did not significantly influence the formation of any of the subpopulations 

at this early time point. At 4 h LPS exposure however, blockade of NF- B and p38 

MAPK inhibit the formation of the +/+ subpopulation (Figure 6B). In addition, the 

combination of NF- B and p38 MAPK inhibition strongly diminished the formation of 

the E-selectin+/VCAM-1+ expressing subpopulation (Figure 6B). Formation of the 

VCAM-1+ subpopulation was not affected by inhibition of NF- B and/or p38 MAPK. 

Also, inhibition of both NF- B and p38 MAPK did not fully block the formation of the 

A 

B B

A
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subpopulations, suggesting that other signalling pathways contribute to their 

formation. 

 

 

DISCUSSION 

 

Sepsis is a life-threatening condition which is characterized by progressive host 

dysregulation, following a known or suspected infection [1]. Sepsis pathophysiology 

is still not fully understood which has hampered the development of therapeutic 

options counteracting organ failure in patients with sepsis. Due to their location, 

endothelial cells are among the first cells to respond to systemic pathogens or 

bacterial products [3]. A hallmark of sepsis-related organ dysfunction is 

(micro)vascular dysfunction which include endothelial activation. This results in 

immune cell infiltration which can be detrimental for organ function [5]. The current 

study aimed to explore the molecular control of early LPS mediated endothelial 

activation in relation to previously reported heterogeneous EC responses found in 

vivo. 

Our findings reveal that in the kidneys of mice challenged with LPS, EC 

between different microvascular compartments and also within the same 

microvascular bed, exert a heterogeneous phenotype as identified by different 

patterns of E-selectin and VCAM-1 protein expression. Moreover, we observed that 

in vitro in endothelial cell cultures, subpopulations appear shortly after the start of 

LPS exposure that exert a phenotypic E-selectin/VCAM-1 heterogeneity similar to 

that observed in the mouse kidney. These endothelial subpopulations have distinct 

inflammatory phenotypes, with the E-selectin/VCAM-1 double positive subset 

showing the highest level of activation. The formation of the subpopulations is 

differentially regulated by distinct signaling mechanisms, both at the level of TLR4 

and RIG-I, and at the level of the NF- B and p38 MAPK pathways. Strikingly, we 

found a quiescent population of cells that was not only devoid of E-selectin and 

VCAM-1 expression but was also lacking the expression of other proinflammatory 

cytokines and chemokines despite exposure to LPS. 
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Figure 6. LPS-mediated E-selectin/VCAM-1 HUVEC subpopulations are regulated by 

different downstream signaling mechanisms. (A) The effect of pharmacologically inhibiting NF-

B with BAY 11-7082 (BAY) and p38 MAPK with LY2228820 (LY) pre-treatment on the formation of 

the LPS-induced EC subpopulations based on E-selectin and VCAM-1 expression, after 2 h of LPS 

exposure; and (B) after 4 h of LPS exposure. Bars represent the mean ± SD of 4 independent 

experiments. p<0.05 is considered statistically significant.  

 

 

It is well known that EC acquire organ- and tissue-specific identities to 

support the unique requirements of various organs in the body [21]. The differential 

expression of E-selectin and VCAM-1 in different renal microvascular compartments 

of LPS-treated mice reported in this study corroborates previous observations from 

our group [6,7]. In addition, we revealed that within the same microvascular 

compartment, endothelial cells heterogenically express E-selectin and VCAM-1 

following LPS challenge. While phenotypic differences between adjacent EC 

conditioned in the same environment were previously shown for endothelial barrier 

antigen in capillaries of the brain of rats [22] and for Tie-2 in mouse xenografts 

associated tumor neovessels [23], heterogeneous expression of cell adhesion 
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molecules within individual microvascular segments has to our knowledge not been 

reported before. Interestingly, endothelial cells in vitro exhibited a similar 

phenotypic heterogeneity in E-selectin and VCAM-1 (co)expression patterns. The 

four subpopulations of EC, each with a different composition of E-selectin / VCAM-

1 (co)expression, did not only appear in multi-donor HUVEC, but also in single-

donor HUVEC and in human lung microvascular endothelial cells (HMVEC-L) 

exposed to LPS. From this we conclude that the observed heterogenous 

responsiveness is not a specific attribute of HUVEC but rather a common response 

of endothelial cells exposed to LPS. Of notice, HMVEC-L displayed a different 

composition of EC subpopulations, which could be attributed to a specific lung-

microvascular phenotypical characteristic to support dedicated biological functions 

in the lungs. The E-sel+/VCAM-1+ subpopulation also expressed the highest levels 

of inflammatory mediators IL-6, IL-8, MCP-1, CXCL6, and CXCL10, implying that 

this subpopulation has a more generalized higher activation status than the other 

three subpopulations. This finding is in line with a previous study that showed that 

high IL-8-secreting EC produced higher levels of endothelial adhesion molecules, 

chemokines and cytokines compared to their low IL-8-secreting EC counterparts 

[24]. Why CXCL6, a chemoattractant for neutrophils, was specifically expressed in 

the VCAM-1+ subpopulation remains to be clarified. Follow up studies will determine 

the full nature and extent of activation of the cells in these subpopulations.  

Intriguingly, we found a subpopulation of EC that did not express E-selectin 

or VCAM-1 despite prolonged exposure to LPS. Gene expression analysis of this 

sorted subpopulation of cells showed that these cells had a broader ‘quiescent’ 

phenotype since they also did not express inflammatory cytokines and chemokines 

upon LPS exposure. One possible explanation for these findings could have been 

that these cells lack LPS-signaling machinery, but we showed that that was not the 

case as this population was expressing both TLR4 and RIG-I, two of the main LPS-

signaling molecules in endothelial cells. Another explanation for these findings 

might have been that the cells in the ‘quiescent’ phenotype subpopulation were 

dividing and thereby subjected to repression of NF- B–driven inflammation as was 

previously reported in HeLa cells [17]. However, we found only 7% of the total 

HUVEC population to be proliferating, while the quiescent population represented 

around 20% of cells. Moreover, Ki67 positive, proliferating cells were also able to 

express E-selectin, which confirmed previous observations [25,26] and VCAM-1. 
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Hence, cell proliferation does not appear to be a major contributing factor leading 

to the ‘quiescent’ status of these cells. Since exaggerated and prolonged 

inflammatory responses can be detrimental to cells, a negative feedback loop 

mechanism exists that regulates the magnitude and duration of inflammation [27]. 

An example of such is the activation of the zinc finger protein A20 which limits 

inflammation downstream of the NF- B pathway. A20 mRNA levels were, however, 

comparable in all EC subpopulations (data not shown) including the quiescent EC 

subpopulation which suggests that an A20-dependent inhibitory feedback 

mechanism is not controlling the quiescent status of these E-selectin-/ VCAM-1- 

cells. Why these cells remain quiescent despite LPS exposure is currently unknown. 

We will investigate this further since understanding the molecular mechanisms 

associated with this quiescent phenotype may eventually be exploited for 

therapeutic strategies to inhibit endothelial activation in the setting of sepsis. 

We explored the possibility that the heterogeneous responses by the EC 

subpopulations were attributed to intrinsic cellular differences in the functionality of 

the LPS signaling components. Using siRNA-based knock down we investigated the 

role of TLR4 and RIG-I in this process. While TLR4 mediated both Esel+ and 

Esel+/VCAM-1+ subpopulation formation, RIG-I mainly had a role in Esel+/VCAM-1+ 

subpopulation formation. Knocking down MAVS, a RIG-I adaptor protein, did not 

affect the formation of E-sel+ and VCAM-1+ subpopulations. Pharmacological 

inhibition studies showed that NF- B and p38 MAPK were the predominant 

controlling pathways for the formation of the E-sel+ and E-sel+/VCAM-1+ 

subpopulations (see Figure 7). The fact that the VCAM-1+ population at early time 

points of LPS stimulation was not affected by any of the pathways investigated 

raises the question how this subpopulation is being formed when endothelial cells 

are exposed to LPS. One way to establish a clear role of LPS signalling in VCAM-1+ 

subpopulation formation is by performing knockdown experiments and examining 

the activation status when the VCAM-1+ subpopulation is at its peak (16 h after 

LPS stimulation, Figure S2B). At 16 h of LPS exposure, it is highly likely that 

secondary or tertiary responses have become part of the equation following the 

release of pro-inflammatory cytokines, such as IL-6 and IL-8. Exposing naïve 

HUVEC to cytokines (e.g. IL-6) has been shown to increase E-selectin, VCAM-1, and 

ICAM-1 [28]. Nevertheless, considering the pharmacological importance of the 



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 103PDF page: 103PDF page: 103PDF page: 103

 
 Identification of LPS-activated EC subpopulations 
  

103 
 

4 

findings reported here, we will investigate this issue in more detail in HUVEC 

subpopulations using kinase activity platform technology. 

In conclusion, renal endothelial cells exert a heterogeneous pattern of E-

selectin and VCAM-1 expression following LPS challenge, in different as well as 

within the same microvascular segments. Such a heterogeneous response was 

recapitulated in vitro when HUVEC and human lung microvascular endothelial cells 

were exposed to LPS. The here identified and described endothelial subpopulations 

have distinct inflammatory phenotypes and are regulated by different signalling 

mechanisms. At this point, it is not known whether signalling differences 

contributing to the heterogeneous expression of E-selectin and VCAM-1 has 

biological relevance, nor what the pharmacological ramifications are. Such biological 

relevance should be investigated in in vivo settings, as the molecular signatures of 

endothelial cells differ depending on their specialized functions and 

microenvironment both in homeostatic and during inflammatory responses [21,29]. 

Follow-up studies will aim to further investigate the underlying molecular pathways 

in in vitro and in vivo as a lead for future therapy choices to attenuate activation of 

microvascular endothelial cells in the organs of critically ill patients with sepsis.  
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Figure 7. Proposed cellular regulatory mechanisms that control the formation of LPS-

mediated EC subpopulations. Dashed lines represent pathways involved in transcriptional control 

of pro-inflammatory molecules, and solid lines represent pro-inflammatory proteins on EC. The blue, 

black and brown lines represent intracellular signaling pathways that determine Esel+, Esel+/VCAM-

1+ and VCAM-1+ subpopulation formation. 
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SUPPLEMENTARY DATA 

 
Supplemental Figure 1(A). Colocalization of CD31 and E-selectin expression in mouse 

kidney microvascular compartments. The microvascular compartments of mouse kidney were 

annotated as ‘a’ (arterioles), ‘g’ (glomerulus) and ‘pv’ (post-capillary venules). The images were 

captured at 100x magnification with equal exposure times. 
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Supplemental Figure 1(B). Colocalization of CD31 and VCAM-1 expression in mouse kidney 

microvascular compartments. The microvascular compartments of mouse kidney were annotated 

as ‘a’ (arterioles), ‘g’ (glomerulus) and ‘pv’ (post-capillary venules). The images were captured at 

100x magnification with equal exposure times.  
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Supplemental Figure 2. LPS-induced endothelial subset formation based on E-selectin and 

VCAM-1 expression is concentration-independent. (A) EC subpopulations formed based on E-

selectin and VCAM-1 expression following exposure with LPS for 4 h, as determined by flow cytometric 

analysis. Bars represent average + SD of four independent experiments. (B) Kinetics of EC 

subpopulation formation based on E-selectin and VCAM-1 expression following LPS stimulation for 

indicated times. The data is representative of two independent experiments. (C) Flow cytometric 

scatterplots representing EC subpopulations formed based on E-selectin and VCAM-1 expression 

following LPS stimulation with indicated concentrations. The data represent three independent 

experiments. 
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Supplemental Figure 3. BAY 11-7082 blocked p65 nuclear translocation in LPS-stimulated 

HUVEC. LPS-stimulated HUVEC and non-stimulated controls were stained with rabbit anti-human p65 

antibody (Cat. No. #D14E12, Cell Signaling Technology, Danvers, MA, USA) diluted in washing buffer 

(PBS containing 0.5% (w/v) BSA and 0.05% (v/v]) Tween 20 (Sigma, St. Louis, Missouri, USA)) for 

1 h. HUVEC were then incubated with Alexa Fluor®555-conjugated donkey anti-rabbit secondary 

antibody (A-31572, Life Technologies, The Netherlands) for 45 min. The cells were mounted in 

Aqua/Polymount medium containing DAPI (1.5 μg/mL, Polysciences, Warrington, PA, USA). 

Fluorescence images were taken with equal exposure times using appropriate filters with a Leica 

DM4000B fluorescence microscope equipped with a Leica DFC345FX digital camera (Leica 

Microsystems Ltd., Germany) and Leica LAS V4.5 Image Software. Nuclear translocation of p65 was 

quantitated in 250 cells. Bars represent the means of three independent experiments + S.D. 

  



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

 
Chapter 4  

 

112 
 

 

 



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

 

 
 

 

 

 

5 
 

Characterization of the 
heterogeneous response of 

endothelial subpopulations to 
Lipopolysaccharide by gene 

expression profiling 
 

 

Erna-Zulaikha Dayang1, Peter J. Zwiers1, Josée Plantinga1, Matijs van 

Meurs2, Grietje Molema1, Jill Moser2 
1 Department of Pathology and Medical Biology, Medical Biology section, University of Groningen, 

University Medical Center Groningen, Groningen, The Netherlands  
2 Department of Critical Care, University of Groningen, University Medical Center Groningen, 

Groningen, The Netherlands 

 

Work in progress 

 

 

  



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 114PDF page: 114PDF page: 114PDF page: 114

 
Chapter 5 

 

114 
 

ABSTRACT 
 

The inflammatory response of endothelial cells (EC) are 

heterogenous at organ and microvascular bed levels, and 

recent studies have shown that EC are also at single-cell 

level respond in a heterogeneous manner. Previously we 

have shown that LPS-induced distinct expression of E-

selectin and VCAM-1 in EC in vitro, which was driven by 

differential TLR4 and RIG-I receptor system and NF-

and p38 MAPK intracellular signalling system. Several 

mechanisms have been proposed to explain the inter-

individual EC heterogeneity in eliciting inflammatory 

response, but what exactly underlies the differential 

expression of E-selectin and VCAM-1 in response to LPS 

is not known. Here, we propose an experimental strategy 

to investigate the gene expression of two EC 

subpopulations following LPS exposure, namely the 

‘quiescent’ (-/-), and E-sel+/VCAM-1+ (+/+) 

subpopulations. Characterization of the differences in 

gene expression between these two subpopulations will 

hopefully expand our understanding on the molecular 

regulation of quiescence and activation of EC induced by 

LPS. 

Keywords:  
 

Endothelial cells (EC);  

endothelial 

heterogeneity; 

lipopolysaccharide 

(LPS);  

E-selectin; and 

 VCAM-1. 
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INTRODUCTION  

 

Leukocyte recruitment during inflammation is a coordinated process which in vivo 

is facilitated by inflammatory responses elicited by endothelial cells (EC). EC 

respond to various proinflammatory stimuli [1,2], including lipopolysaccharide 

(LPS) [3–5], a Gram negative bacterial component important in sepsis pathogenesis 

[6]. Upon recognizing LPS, EC express proinflammatory adhesion molecules [2], 

such as E-selectin and VCAM-1 [7], which facilitate tethering, rolling, and adhesion 

of leukocytes on the endothelial surface [8,9]. 

E-selectin and VCAM-1 expression are both important in leukocyte 

recruitment, yet the in vivo expression of these molecules in LPS-exposed organ is 

microvascular compartment-specific [7]. This heterogeneous expression of 

endothelial E-selectin and VCAM-1 is not only observed in EC in the renal 

microvascular beds, but also within individual microvascular beds of LPS-exposed 

mice [10]. These findings were recapitulated in vitro in a study in which we 

activated HUVEC with LPS and flow cytometrically identified four subpopulations 

based on their E-selectin and VCAM-1 expression [10]. One of the subpopulations 

highly expressed both E-selectin and VCAM-1 (+/+), and had high expression of 

other endothelial proinflammatory genes, such as ICAM-1, IL-6, and IL-8, compared 

to the other three EC subpopulations identified. Next to this finding, ‘quiescent’ E-

sel-/VCAM-1- (-/-) cells were identified, which represent a subpopulation that was 

devoid of E-selectin and VCAM-1 expression despite being similarly exposed to LPS 

for 4 hours. Strikingly, and contrary to the inflammatory phenotype of +/+ 

subpopulation, the -/- subpopulation exerted low expression of proinflammatory 

genes [10]. 

These findings prompted us to question, which genes contribute to 

maintaining the quiescent status of the -/- subpopulation, and what genes 

contribute to the higher inflammatory response observed in the +/+ subpopulation? 

We hypothesized that LPS activates different signal transduction mechanisms in the 

two subpopulations leading to differential expression of inflammatory molecules. To 

test this, we propose an experimental strategy to investigate gene expression that 

may explain the attributes underlying quiescence and activation of LPS-activated 

EC. We separated the LPS-activated subpopulations based on their expression of E-
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selectin and VCAM-1 using fluorescence activated cell sorting (FACS). We next 

performed RNA sequencing (RNA-seq) to investigate genes that are differentially 

expressed in -/- and +/+ subpopulations. Characterization of the expression of 

regulatory molecules in these subpopulations using this approach will expand our 

understanding of the molecular regulation of quiescence and exaggerated 

inflammatory responses of EC to LPS.  

 

 

MATERIALS AND METHODS 
Cell culture and activation 

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

Breda, the Netherlands) and cultured as previously described at the UMCG 

Endothelial Cell Facility [10]. Passage 5 was used at the start of all cell experiments. 

Confluent HUVEC were activated with LPS (E. coli, serotype O26:B6; E. coli, 

serotype O111:B4, Sigma Aldrich, St. Louis, MO) at 1 g/mL for 4 h.  

 

Fluorescence activated cell sorting (FACS) 

LPS-treated HUVEC were detached with Trypsin-EDTA in PBS (v/v, 0.025%) and 

washed with ice-cold 5% fetal calf serum (FCS, Biowest, Nuaillé, France) in PBS. 

The cells were then incubated with 8% (v/v) PE-conjugated mouse anti-human E-

selectin (#322606) and APC-conjugated mouse anti-human VCAM-1 (#305810, 

both antibodies obtained from BioLegend, San Diego, CA, USA) antibodies in 5% 

FCS/PBS for 30 min on ice in the dark. After the staining procedure, the cells were 

sorted into four subpopulations based on the staining pattern of E-selectin and 

VCAM-1 using a MoFlo Astrios FACS machine (Beckman Coulter, Brea, CA, USA) as 

follows: ‘quiescent’ E-sel-/VCAM-1- (-/-), E-sel+/VCAM-1- (E-sel+), E-sel-/VCAM-1+ 

(VCAM-1+), and E-sel+/VCAM-1+ (+/+), as previously described [10]. ‘Quiescent’ -

/- and +/+ subpopulations were collected in ice-cold EGM medium and FCS (1:1) 

and put on ice. The experimental setup is depicted in Figure 1. After sorting, the 

purity of the two population of cells was verified by flow cytometry before 

subsequent analyses were performed.  
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RNA isolation 

Total RNA from the cells was isolated using the RNeasy® mini kit (Qiagen, Venlo, 

The Netherlands) according to the manufacturer’s protocols. RNA concentration (OD 

260) and purity (OD260/OD280) were determined using a NanoDrop® ND-1000 

UV-vis spectrophotometer (NanoDrop Technologies, Rockland, ME, USA).  

 
Figure 1. Experimental setup for sorting of LPS-activated HUVEC by FACS based on E-

selectin and VCAM-1 expression. HUVEC were exposed to LPS for 4 h. Trypsinization, staining, and 

sorting of LPS-activated HUVEC were performed as described in the Materials and Methods section. 

(1) LPS-exposed HUVEC and unstimulated control were trypsinised and stained; (2) LPS-exposed 

HUVEC and unstimulated control were trypsinised, stained, and sorted, after which the sorted EC 
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subpopulations were pooled in one tube; (3) LPS-exposed HUVEC were trypsinized, stained, and 

sorted, resulting in four subpopulations, namely E-sel-/VCAM-1- (yellow), E-sel+/VCAM-1- (pink), E-

sel+/VCAM-1+ (green), E-sel-/VCAM-1+ (blue). Samples were generated in four independent 

experiments. In this study, E-sel-/VCAM-1- and E-sel+/VCAM-1+ subpopulations have been sent for 

RNA-seq analysis. 

 

 

RESULTS 
Fluorescence activated cell sorting enables pure separation of LPS-

activated EC subpopulations 

To study the LPS-activated subpopulations based on their E-selectin and VCAM-1 

expression, we sorted the subpopulations from LPS-activated HUVEC (Figure 1). 

After 4 h of LPS activation, E-selectin and VCAM-1 were expressed (Figure 2A) 

and four subpopulations of LPS-activated HUVEC were distinguishable based on E-

selectin and VCAM-1 expression appeared, namely ‘Quiescent’ E-sel-/VCAM-1- (-/-

), E-sel+, E-sel+/VCAM-1+ (+/+), and VCAM-1+ (Figure 2). To investigate the 

differential gene expression of quiescence and inflammatory response of LPS-

activated HUVEC, we focused on two subpopulations, namely the -/- and +/+ 

subpopulations. Reanalysis of -/- and +/+ subpopulations with flow cytometry 

revealed that the subpopulations were pure (Figure 3). Next, we performed RNA 

isolation, which yielded RNA between 10-200 ng/ L per sample (data not shown). 

RNA-seq is currently being performed while writing this thesis chapter.  
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Figure 2. Activation of HUVEC by LPS for 4 hours leads to different subpopulations each 

expressing different levels of E-selectin and VCAM-1. (A) Histograms showing E-selectin and 

VCAM-1 expression (left); forward scatter plots (FSC) and side scatter plots (SSC) showing HUVEC 

gated for sorting; and Fluorescence scatter plots showing LPS-activated HUVEC expressing different 

extents of E-selectin and VCAM-1 (right). (B) Graph showing percentage of total cells represented by 
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each LPS-activated subpopulation. The data shown here are from 4 independent experiments, named 

as SORT 1-4. 

 

 
Figure 3. Sorting yielded pure -/- and +/+ subpopulations of EC activated by LPS. (A) Scatter 

plot of FSC-height/ FSC-width was used to gate single-suspending EC based on the size of the cells, 

which were gated in ‘R2’ region. Sorting yielded 4 subpopulations based on E-selectin and VCAM-1 

expression, including the -/- (blue) and +/+ (purple) subpopulations. The two subpopulations were 

reanalyzed to confirm their purity, and reanalysis scatter plots shown here represent one experiment. 

The subpopulations were immediately lysed for RNA isolation and the pure RNA is subsequently 

subjected to transcriptomic analysis. (B) Other than -/- , +/+, and the other two subpopulations, 

LPS-exposed HUVEC and unstimulated controls that were unsorted or ‘sham’ sorted were also lysed 

for RNA isolation for transcriptomic analysis, serving as experimental controls. 
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EXPECTED RESULTS 
Identification of subpopulation-specific gene expression profiles of 

LPS-activated HUVEC 

To characterize gene expression of -/- and +/+ subpopulations of LPS-activated 

HUVEC, we performed RNA sequencing. Since I cannot write about these results 

yet (the samples are being sequenced while I finish my thesis), I took a hypothetical 

approach to describe the subsequent steps that we will take following the 

transcriptomic sequencing analysis.  

Post-RNA sequencing analysis will generate information regarding the 

number and identities of differentially expressed genes present in each sorted 

subpopulation compared to unsorted and ‘sham’ sorted controls (Figure 4A, B). 

Comparison of number of genes expressed in unsorted LPS-exposed HUVEC 

respectively in ‘sham’ sorted LPS-exposed should be performed to identify the 

extent of overlap in the number genes present in these two experimental controls. 

Say, genes in area ‘X’ are only present in unsorted LPS-exposed HUVEC, therefore 

will likely be absent in the any of the sorted EC subpopulations, as they are not 

present in ‘sham’ sorted LPS-exposed EC (Figure 4C). Genes that are present in 

overlapping area ‘Y’ are genes that are (hypothetically) not affected by the sorting 

procedure, therefore the differential expression of these set of genes can be further 

assessed in the two subpopulations studied. Genes in area ‘Z’ are genes that only 

arise following the sorting procedure (Figure 4C), which should be interpreted 

carefully.  

Venn diagrams can be used to compare the number of genes present in each 

LPS-activated subpopulation, and to identify genes unique to a specific 

subpopulation. For example, genes in area ‘a’ are unique to ‘Quiescent’ -/- 

subpopulation, while genes in area ‘b’ are unique to +/+ subpopulation (Figure 

4D). Differential expression gene analysis will be performed between the 

subpopulations to identify whether these genes that are upregulated or 

downregulated (Figure 4E). The association of these genes with biological 

processes can be determined using gene ontology database [11]. 
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Figure 4. Proposed workflow after RNA-seq data acquisition and subsequent analyses of 

the sorted LPS-activated HUVEC subpopulations. (A) General pipeline of post-RNA sequencing 

analysis; (B) Table depicting hypothetical number of genes (‘hits’) found to be expressed per sample; 

(C) Hypothetical Venn diagram, showing number of unique genes present per sample in comparison 

between unsort LPS and sham sort LPS groups as a technical control; (D) number of overlapping 

respectively unique genes between (sub)populations of HUVEC; and (E) Hypothetical heat maps of 

differential genes expressed in -/- and +/+ subpopulations. Data from 4 independent experiments will 

be combined in this analysis. 
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DISCUSSION 
 

Endothelial cells (EC) respond heterogeneously to sepsis associated 

proinflammatory stimuli depending on the location [12,13], and the type of stimulus 

[12,14,15]. Recent studies have revealed that endothelial response to inflammation 

is not only distinct per organ [13] and per microvascular compartment in vivo 

[7,16], but also happens in EC exposed to the same inflammatory stimulus in vitro 

[10,17,18]. Other than a previous study showing heterogenous expression of 

VCAM-1 to be epigenetic-driven [18], the molecular controls that drive variation 

inducibility of E-selectin and/or VCAM-1 of EC within one activated cell population 

is not completely understood. 

Here, we investigate two HUVEC subpopulations that are both exposed to LPS 

but can be identified based on absence respectively presence of E-selectin and 

VCAM-1, namely the -/- and +/+ subpopulations. We previously showed that while 

E-selectin and VCAM-1 expression and accompanying expression of other 

endothelial inflammatory genes, were either absent or low in -/- subpopulation 

[10], the +/+ subpopulation had high expression of E-selectin and VCAM-1, next to 

high levels of ICAM-1, IL-6, and IL-8 [10]. Endothelial heterogeneous expression of 

IL-8 in response to LPS was previously shown to be attributed to inter-individual 

differences of the expression of transcription factors [19]. However, the molecular 

mechanisms that control ‘hyperactivated’ inflammatory response and quiescence in 

the same population of LPS-activated EC have, to our knowledge, never been 

investigated before. 

Fluorescence-activated cell sorting (FACS) is a method that allows isolation 

of defined subpopulations of cells based on the expression of specific markers [20]. 

Sorting of adherent cells such as EC poses a technical challenge, as EC tightly 

connect with each other to form a monolayer of cells, which must be dissociated 

and processed into single cell suspensions before the sorting procedures. 

Dissociation with an agent such as trypsin can introduce stress to the cells [20]. 

However, we showed that trypsin-treated EC resulted in similar extents of 

inflammatory activation and subpopulations formation compared to EC treated with 

versene [10] or TrypLE, (Figure S1), non-enzymatic cell dissociation alternatives. 

This suggests that the process of cell dissociation with trypsin in our study is less 
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likely to have a major influence on the gene expression profiles of the two EC 

subpopulations studied. 

Technical artefacts, which can consist of genes that are expressed as a result 

of trypsinisation, staining, or sorting procedures, can arise. Therefore, control steps 

to rule out any possible technical artefacts must be done before comparison of gene 

expression between sorted subpopulations can be performed. To avoid generation 

of such technical artefacts, we sorted LPS-activated EC subpopulations by selecting 

the single-cell population, leaving out the ‘doublets’. The doublets can consist of EC 

that only express E-selectin or VCAM-1, which when clumped together can be 

confused with the cells in the +/+ subpopulations. To further reduce the chance of 

introducing artefact that may arise due to sorting procedures, we will first compare 

the gene expression data generated from unsorted (unstimulated vs. LPS 4 h) and 

sorted (unstimulated vs. LPS 4 h) experimental controls. Large overlap in the genes 

present in the two experimental controls is expected to indicate reliability in data 

interpretation of the genes present in the sorted subpopulations, as this implies that 

the sorting procedure has a minor effect on the expression of most genes. Gene 

expression that arises as a consequence of technical procedures (e.g. trypsinisation, 

staining, and sorting) must be ‘subtracted’ before differential expression analysis is 

performed, and should be interpreted with caution.  

Upregulation of molecules in -/- and +/+ subpopulation may indicate a role 

of these molecules in maintaining quiescent status respectively in mediating 

inflammatory activation in response to LPS. As the information obtained from RNA 

sequencing analysis will be extensive, pathway enrichment analysis is likely to be 

performed using software such as Gene Set Enrichment Analysis (GSEA), 

Cytoscape, and EnrichmentMap, to associate the expressed genes with known 

biological pathways [21]. Kinases, phosphatases, and transcription factors are 

important components in LPS signal transduction, therefore appear as attractive 

candidates to be further investigated in these subpopulations. Validation of the role 

of these molecules can be achieved by overexpression or knockdown studies in vitro 

that enable the investigation of the consequences of increased or decreased 

expression of these molecules for responsiveness to LPS. The final validation should 

always be performed in vivo, using a relevant experimental model, such as 

endotoxemia in mice, or ex vivo by exposing precision-cut organ slices of human 

kidney to LPS. The localization of these molecules in different microvascular 
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segments of the kidney (or in a broader context, in other organs) in mice or in 

human biopsies in experimental setting as proposed above can be determined by 

immunohistochemistry. Pharmacological inhibition of the molecules that are 

confirmed to be involved in the mediation of endothelial inflammatory response can 

be performed in vivo to investigate the microvascular bed-specific role of these 

molecules in endothelial inflammatory activation and thereafter leukocyte 

recruitment in the kidney, or other organs. 

In conclusion, we predict that the outcome of this study will expand our 

understanding in genes that are differentially expressed in quiescent EC and in EC 

with co-expression of E-selectin and VCAM-1. Follow-up studies should be dedicated 

in finding out whether the proposed molecular controls that drive the absence or 

presence of E-selectin and VCAM-1 expression here are also happening in vivo, 

using endotoxemia mice model. As LPS not only results in inflammatory activation, 

but also impairs endothelial barrier integrity and coagulation, it is interesting to 

investigate the role of specific molecules, possibly obtained from this study, in 

functional regulation of processes beyond inflammatory activation mediated by LPS. 
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SUPPLEMENTARY DATA  
 

 
Figure S1. The extent of E-selectin and VCAM-1 expression in LPS-activated HUVEC is 

independent of the type of dissociation agent. Histograms show similar extents of E-selectin and 

VCAM-1 expression in unstimulated control (‘C’) and in HUVEC exposed to LPS for 4 h (‘LPS’) detected 

by flow cytometry after cell dissociation with TrypLE (black) and Trypsin (red). The distribution of the 

four EC subpopulations expressing differential E-selectin and VCAM-1 was comparable in TrypLE- and 

Trypsin-treated HUVEC. The bar graph is the representative of 2 replicates. 
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ABSTRACT  
 

Sepsis is a life-threatening condition often leading to 

multiple organ failure for which currently no 

pharmacological treatment is available. Endothelial cells 

(EC) are among the first cells to respond to pathogens 

and inflammatory mediators in sepsis and might be a 

sentinel target to prevent the occurrence of multiple 

organ failure. Lipopolysaccharide (LPS) is a Gram-

negative bacterial component that induces endothelial 

expression of inflammatory adhesion molecules, 

cytokines, and chemokines. This expression is regulated 

by a network of kinases, the result of which in vivo 

enables leukocytes to transmigrate from the blood into 

the underlying tissue, causing organ damage. We 

hypothesised that besides the known kinase pathways, 

other kinases are involved in the regulation of EC in 

response to LPS, and that these can be pharmacologically 

targeted to inhibit cell activation. Using kinome profiling, 

we identified 58 tyrosine kinases (TKs) that were active 

in Human Umbilical Vein Endothelial Cells (HUVEC) at 

various timepoints after stimulation with LPS. These 

included AXL tyrosine kinase (Axl), focal adhesion kinase 

1 (FAK1), and anaplastic lymphoma kinase (ALK). Using 

siRNA-based gene knock down, we confirmed that these 

three TKs mediate LPS-induced endothelial inflammatory 

activation. Pharmacological inhibition with FAK1 inhibitor 

FAK14 attenuated LPS-induced endothelial inflammatory 

activation and leukocyte adhesion partly via blockade of 

NF- B activity. Administration of FAK14 after EC 

exposure to LPS also resulted in inhibition of 

inflammatory molecule expression. In contrast, inhibition 

of ALK with FDA-approved inhibitor Ceritinib attenuated 

Keywords:  
 

Endothelial cells (EC); 

lipopolysaccharide 

(LPS); inflammation and 

signal transduction;  

tyrosine kinase activity 

profiling;  

focal adhesion kinase 1 

(FAK1); and  

anaplastic lymphoma 

kinase (ALK). 
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LPS-induced endothelial inflammatory activation via a 

pathway that was independent of NF- B signalling while 

it did not affect leukocyte adhesion. Furthermore, 

Ceritinib administration after start of EC exposure to LPS 

did not inhibit inflammatory activation. Combined FAK1 

and ALK inhibition attenuated LPS-induced endothelial 

activation in an additive manner, without affecting 

leukocyte adhesion. Summarising, our findings suggest 

the involvement of FAK1 and ALK in mediating LPS-

induced inflammatory activation of EC. Since 

pharmacological inhibition of FAK1 attenuated 

endothelial inflammatory activation after the cells were 

exposed to LPS, FAK1 represents a promising target for 

follow up studies. 

 

 

INTRODUCTION 
 

Sepsis is a potentially lethal condition caused by a dysregulated host response to 

infection [1]. To date, there are no therapeutic strategies available to prevent 

sepsis-associated multiple organ failure. Lipopolysaccharide (LPS) is a Gram-

negative bacterial component and an important sepsis mediator which induces 

inflammation [2] and impairs microvascular barrier integrity [3]. LPS triggers the 

expression of pro-inflammatory adhesion molecules, cytokines, and chemokines [4] 

by endothelial cells to facilitate leukocyte adhesion. This interaction next enables 

the leukocytes to transmigrate into the tissue where they contribute to organ injury 

[5–7]. Preventing leukocyte adhesion and transmigration by attenuating endothelial 

inflammatory activation is considered an important approach in the pursuit of 

developing therapeutic strategies to prevent organ failure in patients with sepsis 

[8].  

Endothelial cells recognise LPS via pattern recognition receptors, that include 

Toll-like receptor 4 (TLR4) [9,10] and retinoic-inducible gene (RIG-I) [11]. While it 

is known that LPS induces the expression of a variety of inflammatory molecules 
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through these receptors, the intermediary steps of LPS signalling that lead to 

altered gene expression are not completely known. Tyrosine kinases (TKs) are 

important in signal transduction and were previously shown to facilitate TLR4-driven 

expression of inflammatory mediators by macrophages [12], epithelial cells [13], 

and endothelial cells [14]. LPS-mediated activation of TKs is linked to NF- B-

dependent [15], and NF- B-independent [16] expression of inflammatory 

molecules. Pharmacological inhibition of TKs was shown to reduce the production 

of inflammatory mediators in LPS-activated human endothelial cells in vitro [17–

19], and in murine experimental sepsis [20], which highlights the potential of TKs 

as druggable targets in alleviating sepsis-associated inflammation. 

In this study, we investigated which TKs are involved in LPS signal 

transduction in human umbilical vein endothelial cells (HUVEC) by profiling the 

network of active kinases, or kinome, in time. Of the kinases identified to be 

activated by LPS, we further investigated AXL tyrosine kinase (Axl), focal adhesion 

kinase (FAK1), and anaplastic lymphoma kinase (ALK) for their role in LPS-mediated 

signalling in EC, and their potential as pharmacological targets. We next focused on 

FAK1 and ALK, and established molecular mechanisms underlying their involvement 

in LPS-induced inflammatory activation of EC. In addition, we assessed whether 

simultaneous inhibition of FAK1 and ALK could enhance inhibition of LPS-induced 

endothelial inflammatory activation and leukocyte adhesion. Finally, we 

investigated whether pharmacological inhibition of FAK1 and/or ALK after initiation 

of the signalling cascade in response to LPS, which is more representative of a 

therapeutic setting, was still capable of attenuating endothelial inflammatory 

activation.  

 

 

MATERIALS AND METHODS 

Cell culture and stimulation 

HUVEC: HUVEC (Lonza, Breda, the Netherlands) were cultured at the UMCG 

Endothelial Facility as described previously [21]. Cells from passage 4 were seeded 

at a density of 40,000 cells/cm2 in 6- or 12-well plates one day before the 

experiment, unless indicated otherwise. For siRNA interference experiments, 

HUVEC were plated at a density of 20,000 cells/cm2 one day prior to siRNA 
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transfection. HUVEC were then incubated for 2 h or 4 h with LPS (E. coli, 

O26:B6;15,000 EU/g; Sigma-Aldrich, St. Louis, MO, USA, stock dissolved in 0.9% 

w/v NaCl) dissolved in medium to a final concentration of 1 g/mL, unless indicated 

otherwise.  

HL-60: Immortalised HL-60 (kindly provided by Dr. G. Fey, University of 

Erlangen, Germany) were cultured in RPMI 1640 medium (Thermo Fisher Scientific, 

Waltham, MA, United States) supplemented with 10% v/v fetal calf serum (FCS, 

Sigma-Aldrich). Cells from passage 5-8 were used in the functional adhesion study.  

SK-N-MC: Immortalised SK-N-MC (human neuroblastoma cell line, kindly 

provided by Anita Niemarkt, University Medical Center Groningen, Netherlands) 

were cultured in RPMI 1640 medium supplemented with 10% v/v FCS. Cells from 

passage 6-8 were used in the siRNA transfection study. 

 

Protein sample preparation 

HUVEC were washed with ice-cold phosphate-buffered saline (PBS) and lysed in 

mammalian protein extraction reagent buffer (M-PER, #78501) containing 1% v/v 

Halt™ Protease Inhibitor (#78415), and 1% v/v Halt™ Phosphatase Inhibitor 

(#78420, all reagents from Thermo Fisher Scientific). The protein lysates were then 

centrifuged at 16,000g at 4oC for 15 min and the supernatants were stored at -80oC 

until further analysis. For PamGene kinase arrays and Western blot analyses, 

protein concentrations of the samples were determined using the Pierce™ 

Coomassie Plus (Bradford) Assay Kit (#23236, Thermo Fisher Scientific).  

 

Tyrosine kinase activity profiling 

Protein samples (5 g protein/array) were loaded onto Protein Tyrosine Kinase 

(PTK) PamChip arrays (PamGene, ‘s-Hertogenbosch, Netherlands) and analysed 

using PamStation12 (PamGene). This flow-through microarray tracks the 

phosphorylation status of 196 peptides, which is used to predict TK activity (Fig. 

S1). Post-array analysis was performed using BioNavigator software v.6.3.67.0 

(PamGene), according to the manufacturer’s instructions. Experiments were 

performed with three biological replicates generated independently. To account for 

cell and batch-to-batch variation, peptide phosphorylation data were normalised 

using the Combining Batches of Gene Expression Microarray data (ComBat) as 

previously described [22]. Subsequently, Upstream Kinase Analysis was performed 
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using a functional scoring algorithm available in the BioNavigator software to 

identify the ‘specificity score’, which was used to define TKs with the largest 

alterations in activity compared to unstimulated controls. These kinases were 

mapped onto a kinase phylogenetic tree using the KinMap Web-based tool 

(http://kinhub.org/kinmap/). Out of the top 25 TKs identified per time point, three 

TKs were selected for further analysis. 

 

Pharmacological inhibition of tyrosine kinases 

Ceritinib (PubChem CID 57379345, #S7083, SelleckChem, Houston, TX, USA) and 

BMS-777607 (PubChem CID 24794418, #S1561, SelleckChem) were dissolved in 

DMSO, while FAK14 (PubChem CID 78260, #SML0837, Sigma-Aldrich) was 

dissolved in ultrapure water, according to manufacturers’ instructions. Stocks were 

stored at -80°C until needed. HUVEC were pre-treated with the inhibitors diluted in 

medium at different concentrations 30 min before LPS stimulation, unless indicated 

otherwise. HUVEC morphology was found to be normal when HUVEC were treated 

with FAK14 and Ceritinib at concentrations equal to or lower than 4 M, and with 

BMS-777607 at all concentrations studied. 

 

Gene expression analysis by RT-qPCR 

HUVEC were lysed in RLT® Plus buffer (Qiagen, Venlo, The Netherlands). Total RNA 

was isolated using the RNeasy® Plus Mini Kit (Qiagen), according to the 

manufacturer’s protocols. RNA concentration (OD 260) and purity (OD260/OD280) 

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

(NanoDrop Technologies, Rockland, ME, USA). Samples with an OD260/OD280 ratio 

using Assay-on-Demand primers (Applied Biosystems, Table 1) as previously 

described [23]. The threshold cycle values (CT) for each sample were assessed in 

duplicate and averaged, with accepted standard deviation of the duplicates no 

higher than 0.5. All genes were normalised to the expression of the housekeeping 

gene GAPDH, yielding the CT value. The relative mRNA level was calculated by 

2 CT [23]. 

 

 

http://kinhub.org/kinmap/
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Primer(s) Assay ID 

GAPDH Hs99999905_m1 

CD31 Hs99999905_m1 

E-selectin Hs00174057_m1 

VCAM-1 Hs00365486_m1 

ICAM-1 Hs00164932_m1 

IL-6 Hs00174131_m1 

IL-8 Hs00174103_m1 

Cxcl6 Hs01124251_g1 

Cxcl10 Hs00605742_g1 

Axl Hs01064444_m1 

PTK2/ FAK1 Hs01056457_m1 

ALK Hs00608284_m1 
Table 1. Assay-on-demand primers used in this study for qPCR-based determination of mRNA levels 

of genes of interest. 

 

 

siRNA-mediated gene silencing of Axl, FAK1, and ALK 

HUVEC were transfected with FlexiTube small interfering RNA (siRNA) sequences 

for human Axl, FAK1, and ALK (Qiagen, Table 2). AllStars negative control siRNA 

(Qiagen) was used as control. Transient transfection was performed using 

Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA), according to the 

manufacturer's instructions. HUVEC medium was refreshed at 6 h and 46 h after 

transfection. Forty-eight hours after transfection, cells were challenged with LPS for 

2 h or 4 h, and subsequently analysed by RT-qPCR and Western blot to confirm 

knock down of the target genes and investigate the effects of their absence on LPS-

induced endothelial activation. Knock down of the genes did not diminish endothelial 

cell viability as assessed microscopically (results not shown). 
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siRNA Clone number 

AllStars Negative 

Control 

1027280 

Axl SI02626750 (Axl_13) 

FAK1 SI02622130 (PTK2_10) 

ALK SI00062461 (ALK_1) 

SI00062475 (ALK_3) 

SI02632847 (ALK_5) 
Table 2. siRNA used for siRNA-based interference experiments. 

 

 

Inflammatory adhesion molecule analysis by flow cytometry 

HUVEC were briefly washed with sterile ice-cold PBS, trypsinised with trypsin-EDTA 

(0.025% v/v), transferred into ice-cold buffer (5% FCS in PBS; FCS obtained from 

Biowest, Nuaillé, France) and centrifuged. Cells were then resuspended in 3% v/v 

PE-conjugated mouse anti-human E-selectin, APC-conjugated mouse anti-human 

VCAM-1, FITC-conjugated mouse anti-human ICAM-1, and Brilliant Violet 421-

conjugated mouse anti-human CD31 antibodies (#322606, #305810, #322720, 

and #303124, all from BioLegend, San Diego, CA, USA) in 5% FCS in PBS for 30 

min on ice in the dark. After washing with 5% FCS in PBS, cells were analysed using 

a MACSQuant Analyser 10 flow cytometer (Miltenyi Biotech, Bergisch Gladbach, 

Germany). Data analysis was performed using Kaluza Flow analysis software (v.2.1, 

Beckman Coulter, Brea, CA, USA). Isotype control antibodies mouse IgG2a -PE 

(#2-4724-42, eBioscience, San Diego, CA, USA), mouse IgG1-APC (#IC002A, R&D 

System, Minneapolis, MN, USA), and mouse IgG1 -BV421 (#400157, BioLegend) 

were used to correct for signals arising from non-specific binding. 

 

Western blot analysis 

Protein samples (10 g protein/lane) were separated by SDS-PAGE on 10% 

polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad 

Laboratories, Utrecht, The Netherlands). Blots were incubated with blocking buffer 

(5% w/v milk, Campina, Friesland, The Netherlands) in Tris-buffered saline (TBS) 

with 0.1% (v/v) Tween-20 (TBST) for 1 h. The blots were subsequently incubated 

overnight at 4°C with primary antibodies (Table 3) diluted in 5% milk in TBST for 
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non-phospho-proteins or 5% Bovine Serum Albumin (BSA; Sigma Aldrich) in TBST 

for phospho-proteins. After 15 min of washing with TBST, blots were incubated with 

horseradish peroxidase (HRP)-conjugated goat anti-mouse or goat anti-rabbit 

secondary antibodies (Southern Biotech, Birmingham, AL, USA) diluted in blocking 

buffer for 1 h at room temperature (RT). After washing, detection was performed 

using Immobilon Forte Western HRP substrate (Millipore, Billerica, MA, USA). 

Images were taken using a GelDoc XR system (Bio-Rad). Western blot bands were 

quantified by densitometry and the background was subtracted using Image Lab 

software version 5.2.1 (Bio-Rad). After the proteins of interest were detected, the 

blots were rinsed in TBST, incubated with PLUS Western Blot stripping buffer 

(#46430, Thermo Fisher Scientific) at RT for 30 min. Next, the blots were washed 

with TBST for 15 min, blocked with blocking buffer and incubated with the next 

primary and secondary antibodies, as described above. 

 

 

Antibody #Cat 
no 

Dilution (in 5% milk or 
TBST) 

GAPDH sc25778 1:5,000 

Total FAK 71433 1:1,000 

Phospho-FAK Y397 3283S 1:1,000 

Phospho-FAK Y576/577 3281 1:1,000 

Phospho-FAK Y925 3284 1:1,000 

Total-p65 8242 1:2,000 

Phospho-p65 (S536) 3033 1:2,000 

-  9242 1:1,000 

Phospho-p38 4631 1:2,000 

Total p38 9212 1:1,000 

-actin 3700 1:4,000 
Table 3. -

actin specific antibody that was raised in mouse. GAPDH antibody was purchased from Santa Cruz 

Biotechnology (Heidelberg, Germany), while other antibodies were purchased from Cell Signaling 

Technology (Leiden, The Netherlands). 
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IL-6 and IL-8 quantification by ELISA 

HUVEC supernatants were centrifuged at 1,500 rpm for 5 min at 4oC and stored at 

-20oC until further analysis. IL-6 and IL-8 concentrations in the supernatants were 

determined using IL-6 and IL-8 MAX Standard Set Human ELISA kits (BioLegend), 

according to the manufacturer's protocols 

 

Immunofluorescence microscopy 

p65 and VE-cadherin expression: HUVEC were seeded at a density of 50,000 

cells/cm2 on sterile glass coverslips (Menzel-Gläser, Braunschweig, Germany) 72 h 

before the experiment. HUVEC were stimulated with LPS at 1 μg/mL for 30 min, 2 

h, or 4 h. The cells were briefly washed with ice-cold PBS and fixed with 1% v/v 

formaldehyde in PBS (Merck, Darmstadt, Germany) for 20 min on ice. After 

washing, the cells were permeabilised with 0.25% v/v Triton X-100 in PBS (Sigma-

Aldrich) for 5 min. The cells were washed again with PBS, and blocked with 3% w/v 

BSA in PBS for 30 min. The cells were then incubated with primary antibodies, 2 

g/mL of rabbit anti-p65 (#8242, Cell Signaling Technology, Leiden, The 

Netherlands) or 0.2 g/mL of rabbit anti-VE-cadherin (#2158, Cell Signaling 

Technology), diluted in washing buffer (PBS containing 0.5% (w/v) BSA and 0.05% 

(v/v) Tween-20) for 1 h at RT. Subsequently, cells were incubated with 8 g/mL 

Alexa Fluor®555-conjugated donkey anti-rabbit secondary antibody (#A31572, Life 

Technologies) for 45 min at RT and mounted in Aqua/Polymount medium containing 

DAPI (1.5 g/mL; Polysciences, Warrington, PA, USA). Fluorescence images were 

taken with a Leica DM/RXA fluorescence microscope equipped with a Leica DFC450C 

digital camera (Leica, Microsystems Ltd., Germany) and Leica LAS V4.2 Image 

Overlay Software or using a Leica DM4000B fluorescence microscope equipped with 

a Leica DFC345FX digital camera and Leica LAS V4.5 Image Software. All images 

were taken with equal exposure times. 

ALK expression: HUVEC and SK-N-MC were transfected with siRNA as 

described above to knock down ALK. The cells were washed, fixed, permeabilised, 

blocked, and stained according to the protocols described above. Next, the cells 

were stained with primary antibody rabbit anti-ALK (6.52 g/mL; #3633, Cell 

Signaling Technology) for 1 h. The secondary antibody incubation and fluorescence 

image capturing were performed as described above. 
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Endothelial-leukocyte adhesion assay 

HL-60 labelling: HL-60 cells were labelled with 10 g/mL Hoechst 33342 (Life 

Technologies) for 10 min, washed and resuspended in RPMI/1% (v/v) FCS (Sigma-

Aldrich). The viability of the resulting HL-60-Hoechst cells was assessed by flow 

cytometric forward-side scatter plots and was always >90%.  

HL-60-HUVEC adhesion. After 4 h of LPS exposure, HUVEC medium was removed 

and HUVEC monolayers were incubated for 1 h with approximately 300,000 HL-60 

cells in 5% FCS (v/v) in RPMI. Subsequently, the non-adherent HL-60 cells were 

removed by washing with RPMI medium, and the remaining adherent HL-60 cells 

and HUVEC were trypsinised and resuspended in 5% FCS (v/v) in PBS. Each sample 

was analysed using a MACSQuant Analyser (Miltenyi Biotech) in which the Hoechst-

labelled HL-60 were identified using Vioblue channel. The number of HL-60 cells 

was divided by the total number of HL-60 cells added to the HUVEC cultures. The 

percentage of adherent HL-60 cells was compared between treatment groups. 

 

Statistical analysis 

Statistical analyses were performed by one-way ANOVA with Bonferroni post-hoc 

correction, to compare multiple groups. Statistical analyses were performed using 

GraphPad Prism Software v.8.2.1 (GraphPad Prism Software Inc., San Diego, CA, 

USA). Differences were considered significant when p < 0.05. 

 

 

RESULTS 
Kinome analysis reveals various activated Tyrosine Kinases in LPS-

exposed endothelial cells 

The aim of our study was to identify potential new targets in the network of LPS-

activated kinases in EC to interfere with sepsis-related endothelial activation. For 

this purpose, we assessed the activation of TKs in HUVEC exposed to LPS for 

different periods of time up to 240 min. Activated TKs per time point after LPS 

treatment were identified based on peptide phosphorylation patterns relative to 

unstimulated control, which is represented as mean specificity scores (Figure 1A). 

The kinase activity profiling data revealed the involvement of various TKs in 
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endothelial signaling with unique TK activity signatures at specific time points of 

LPS exposure. Kinase activity status is dynamic, as different (sets of) kinases were 

activated at different time points of activation (Suppl. video 1). This suggests the 

existence of a complex network of dedicated TKs in LPS signal transduction in EC. 

 We selected the top 25 TKs showing the highest relative activity at each time 

point after LPS exposure (data not shown). Out of these top 25 TKs, fifty-eight 

unique TKs were found to be active in HUVEC exposed to LPS between 5 to 240 min 

(Figure 1A). Of the 58 TKs identified, 29 TKs had mean specificity scores of more 

than 1 for at least one of the time points studied (Figure S1). From this list of 58 

TKs, we selected kinases that were shown in previous studies either to be involved 

in sepsis [24], or in inflammatory pathways in EC [16] with no known involvement 

in LPS-induced inflammatory signaling. Based on these criteria, we selected AXL 

tyrosine kinase (Axl), focal adhesion kinase (FAK1), and anaplastic lymphoma 

kinase (ALK) and investigated whether these TKs were indeed expressed by (LPS-

exposed) HUVEC. By immunoblotting, we found that Axl was reduced, whereas 

FAK1 was unaffected in HUVEC exposed to LPS for 4 h compared to unstimulated 

control (Figure 1B), while ALK was not detected (Figure 1C). 

Immunofluorescence detection, on the other hand, could detect ALK protein in both 

HUVEC and positive control SK-N-MC (Figure 4A). These data demonstrate that 

the three TKs chosen for follow up are expressed in HUVEC.  

 

Axl, FAK1, and ALK partly mediate LPS-induced expression of 

inflammatory molecules 

Axl, FAK1, and ALK were shown to be present and activated in HUVEC at several 

time points of LPS activation. To investigate to which extent these TKs control 

endothelial expression of LPS-induced inflammatory molecules, we knocked them 

down using siRNA and determined the effects on inflammatory gene and protein 

expression. Knock down of Axl, FAK1, and ALK was successful in diminishing their 

mRNA (Figure 2A, 3A) and protein levels (Figure 2B, 3B, 4A). Following LPS 

exposure of cells lacking Axl, mRNA levels of IL-8 and Cxcl6 were reduced, and that 

of ICAM-1 was increased (Figure 2C). While protein levels of VCAM-1, ICAM-1, IL-

6, and IL-8 were increased (Figure 2D), none of the other genes assessed, i.c. E-

selectin, VCAM-1, IL-6, and Cxcl10, were affected by absence of Axl. FAK1 knock 

down resulted in reduced mRNA and protein expression of E-selectin, reduced 
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VCAM-1, IL-6, IL-8, and Cxcl6 mRNA expression and reduced IL-6 and IL-8 protein 

production in response to LPS (Figure 3C, 3D). ALK knock down, lastly, resulted 

in diminished mRNA expression of all genes studied, and attenuated protein 

expression of only E-selectin and VCAM-1 (Figure 4B, 4C). These data show that 

FAK1, ALK, and to a lesser extent Axl, play a role in mediating LPS-induced 

expression of inflammatory molecules in EC.  

 

 

 

Figure 1. Kinetics of tyrosine kinase activation pattern in LPS-activated endothelial cells. 

(A) Heatmap representing tyrosine kinases that are active over the time course of LPS stimulation (5 

to 240 min) as identified by PamGene PTK kinase array technology. The prediction of TK activity is 

based on the pattern of peptide phosphorylation in LPS exposed HUVEC relative to unstimulated 

control and is represented as mean specificity scores (in red). TKs that were not in the top 25 activated 

kinases per time point compared to unstimulated control are represented in black. The heatmap is 
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representative of three independent experiments. (B) Validation of Axl and FAK1 presence in 

quiescent and 4 h LPS stimulated HUVEC by immunoblotting. -actin was used as the loading control. 

The image is representative of three independent experiments. (C) Immunoblotting performed on SK-

N-MC and HUVEC lysates to detect ALK. -actin was used as the loading control. The image is 

representative of experiments performed in triplicate. 

 

 
Figure 2. Axl is involved in LPS-induced expression of inflammatory molecules. Effect of siRNA 

based Axl knockdown on (A) mRNA and (B) protein levels of Axl compared to scrambled siRNA (siScr) 

as control. GAPDH was used as the loading control. The image is representative of three independent 

experiments. Effect of Axl knockdown on LPS-induced (C) mRNA and (D) protein levels of the 

inflammatory molecules as determined by RT-qPCR respectively flow cytometry and ELISA. Each 

experimental condition represents the mean ±SD of six replicates from one independent experiment. 

The graphs shown are from one representative experiment. 
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Figure 3. FAK1 is involved in LPS-induced expression of inflammatory molecules. Effect of 

siRNA based FAK1 knockdown on LPS-induced (A) mRNA and (B) protein levels of FAK1 compared to 

scrambled siRNA (siScr) as control. -actin was used as the loading control. The image is 

representative of three independent experiments. Effect of FAK1 knockdown on (C) mRNA and (D) 

protein levels of the inflammatory molecules as determined by RT-qPCR respectively flow cytometry 

and ELISA. Each experimental condition represents the mean ±SD of six replicates from one 

independent experiment. The graphs shown are representative of three independent experiments. 
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Figure 4. ALK is involved in LPS-induced expression of inflammatory molecules. (A) Effect of 

siRNA based ALK knockdown on ALK protein in HUVEC and SK-N-MC as positive control as determined 

by immunofluorescence staining. The images show ALK (red) and DAPI nuclear staining (blue). Effect 

of ALK knockdown on LPS-induced (B) mRNA and (C) protein levels of the inflammatory molecules 

as determined by RT-qPCR respectively flow cytometry and ELISA. Each experimental condition 

represents the mean ±SD of six replicates from one independent experiment. The graphs shown are 

representative of three independent experiments. 
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Pharmacological inhibition of Axl, FAK1, and ALK attenuates LPS-

induced expression of endothelial inflammatory molecules  

Since Axl, FAK1, and ALK mediate the expression of inflammatory molecules in EC, 

we further investigated whether these kinases could be pharmacologically inhibited 

to reduce LPS-induced endothelial activation. FAK14, a FAK1 inhibitor, and Ceritinib, 

an ALK inhibitor, attenuated, in a concentration-dependent manner, mRNA and 

protein expression of E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8 at 2 h (Figure 

5A, 5B) and 4 h (Figure S3A) after start of LPS exposure (Figure 5B, S3B). 

Treatment with Axl inhibitor BMS777-607 also inhibited mRNA expression of E-

selectin, VCAM-1, ICAM-1, and IL-6 in a concentration-dependent manner (Figure 

5A). In contrast, protein levels of the inflammatory adhesion molecules were 

unaffected (Figure 5B). The expression of CD31, an endothelial adhesion molecule 

which is constitutively expressed, was not affected either at mRNA or protein level 

following kinase inhibitor treatment (Figure 5A, 5B). Taken together, these results 

strengthen the conclusion that FAK1, ALK, and to a lesser degree Axl, control part 

of the LPS inflammatory signaling pathway in EC and are thus therapeutic targets 

of interest.  
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Figure 5. Pharmacological inhibition of Axl, FAK1, and ALK diminishes LPS-induced 

expression of inflammatory molecules. (A) Effect of BMS777-607, FAK14, and Ceritinib on the 

mRNA levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8 in HUVEC after 2 h of LPS exposure 

as determined by RT-qPCR. Each experiment represents the mean ±SD of three replicates. The graphs 

shown are representative of three independent experiments. *p<0.05, **p<0.01, ***p<0.001. (B) 

Effect of BMS777-607, FAK14, and Ceritinib on CD31, E-selectin, VCAM-1, and ICAM-1 protein 

expression by HUVEC after 4 h of LPS exposure as determined by flow cytometry. *p<0.05, **p<0.01. 

In (A) and (B), drugs were added 30 min before LPS exposure start.  
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FAK1 inhibition, but not ALK inhibition, attenuates NF- B activation 

in LPS-stimulated HUVEC 

Since LPS-mediated endothelial activation is largely NF- B driven [11,21], and 

several TKs have been linked to NF- B activation [15,20], we investigated whether 

pharmacological inhibition of FAK1 and ALK would alter NF- B activation status in 

LPS-stimulated EC. Immunoblotting of HUVEC lysates showed reduced I B-  

protein following 30 and 60 min of LPS stimulation compared to unstimulated 

controls (Figure 6A). LPS-induced I B-  protein degradation was inhibited 

following treatment with FAK14, but not following Ceritinib treatment (Figure 6A). 

In support of these findings, immunofluorescent staining revealed nuclear p65 

accumulation in 19% of HUVEC 30 min after start of LPS exposure (Figure 6B, 

S2), which was almost completely inhibited by FAK14, but not Ceritinib treatment 

(Figure 6B, S2). We conclude that attenuation of LPS-induced expression of 

inflammatory molecules by FAK1 inhibition, but not ALK inhibition, is partly 

mediated by inhibition of the NF- B pathway. 

 

 
Figure 6. Inhibition of FAK1, but not ALK, attenuates activation of the NF-

LPS-activated HUVEC. (A) Effect of FAK14 and 

by immunoblotting after 30 respectively 60 min of LPS exposure -actin was used as the loading 

control. The figure represents three independent experiments. (B) Effect of FAK14 and Ceritinib (CER) 

on p65 nuclear translocation. The nuclear p65 translocation percentage was determined per 300 cells. 

Each group represents the mean ±SD of three independent experiments. Drugs were added 30 min 

before LPS administration  
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Inhibition of both FAK1 and ALK reduces LPS-induced inflammatory 

activation of HUVEC in an additive manner 

Next, we investigated whether the combination of FAK14 and Ceritinib would result 

in enhanced inhibition of LPS-induced inflammatory activation of HUVEC. The 

combination of drugs reduced E-selectin, VCAM-1, ICAM-1, IL-6, and IL-8 mRNA 

(Figure 7A) and protein levels (Figure 7B), the additive effect being 

concentration-dependent without affecting cell viability (data not shown). 

Additionally, the combination of FAK14 and Ceritinib at 2μM (FAK-CER) further 

inhibited the expression of E-selectin, VCAM-1, and ICAM-1 both at mRNA (Figure 

S4A) and protein levels (Figure S4B) compared to single drug treatment. 

Cytokine/chemokine mRNA and protein levels were also lower following FAK-CER 

treatment, except for IL-8 which was only affected at protein level (Figure S4A, 

S4C). CD31 mRNA and protein levels were not affected by the combination 

treatment (Figure S4A, S4B). These results suggest that FAK1 and ALK control 

different signal transduction pathways activated in EC by LPS.  

 

FAK14, but not Ceritinib, reduces HL-60 adhesion to LPS-activated 

endothelial cells 

Adhesion molecules expressed by LPS-activated EC facilitate rolling, tethering, and 

adhesion of leukocytes [25]. Therefore, we investigated the functional 

consequences of FAK1 and ALK inhibition on HL-60 leukocyte adhesion to LPS-

activated HUVEC using flow cytometry. FAK14, but not Ceritinib, significantly 

reduced HL-60 adhesion to LPS-activated HUVEC at 4 M (Figure 8A). In contrast, 

combination treatment with FAK14 and Ceritinib, both at 2 M, did not affect HL-

60 adherence to the LPS-activated HUVEC (Figure 8A).  

LPS-induced loss of VE-cadherin, an endothelial junction molecule, leads to 

loss of endothelial integrity [26]. We hence investigated the effect of FAK1 and ALK 

inhibition on LPS-induced gap formation and on VE-cadherin expression by HUVEC. 

LPS stimulation of HUVEC induced gap formation (Figure 8B) which could not be 

prevented by FAK14-treatment. In contrast, Ceritinib-treated monolayers were 

devoid of gaps, which was comparable to unstimulated control (Figure 8B). Of 

note, total VE-cadherin protein levels were unaffected in both FAK14 and Ceritinib-

treated HUVEC as determined by immunoblotting (Figure 8C). These results 

suggest that a FAK1-mediated, but not ALK-mediated, inflammatory pathway plays 
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a role in leukocyte adhesion to LPS-activated EC, while ALK is implied in junctional 

gap formation. 

 

 

 
Figure 7. Combined pharmacological inhibition of FAK1 and ALK enhances inhibition of LPS-

induced expression of inflammatory molecules compared to single FAK1 or ALK inhibition. 

(A) Effect of combined FAK14 and Ceritinib treatment (0.01 to 1 M) on E-selectin, VCAM-1, ICAM-1, 

IL-6, and IL-8 mRNA expression by LPS-activated HUVEC determined by RT-qPCR. Values report fold 

change relative to unstimulated controls. Each group represents the mean of three independent 

experiments. (B) Effect of combined FAK14 and Ceritinib treatment (0.01 to 1 M) on protein levels 

of LPS-activated HUVEC as determined by flow cytometry and ELISA. In (A) and (B) the drugs were 

added 30 min before the start of LPS stimulation. HUVEC were exposed to LPS for 4 h before 

termination of the experiment. Each group represents the mean of three independent experiments. 

The combinations of drug concentrations that were not studied are represented in grey. 
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Administration of FAK14, but not Ceritinib, after the start of LPS 

exposure reduces endothelial inflammatory activation 

To investigate whether FAK1 or ALK inhibition can reduce LPS-induced inflammatory 

activation when drugs are administered after start of LPS exposure, we treated 

HUVEC with FAK14, Ceritinib, or the drug combinations after 10, 45, or 90 min after 

LPS administration (Figure 9A). FAK14 treatment reduced the mRNA expression 

of VCAM-1, ICAM-1, Cxcl6, and Cxcl10 (Figure 9B), and protein expression of E-

selectin, VCAM-1, (Figure 9C), and IL-6 (Figure 9D). In contrast, Ceritinib did 

not inhibit expression of inflammatory molecules at any timepoint studied (Figure 

9B- D). Together, the data suggest that inhibition of FAK1-mediated signalling after 

LPS can still alleviate LPS-induced inflammatory activation. Inhibition of ALK after 

LPS activation did not influence the downstream of endothelial inflammatory 

signalling. 

 



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 151PDF page: 151PDF page: 151PDF page: 151

 
FAK1 and ALK inhibition attenuates LPS-induced endothelial activation 

 

151 
 

6 
 

 
Figure 8. Effects of FAK1 and ALK inhibition on leukocyte adhesion to LPS-activated 

endothelial cells and on VE-cadherin. (A) Effect of FAK14, Ceritinib (CER) and combined drug 

treatment on HL-60 leukocyte adhesion to LPS-activated HUVEC. Each group represents the mean 

±SD of three replicates in one experiment. The graphs shown are representative of three independent 

experiments. (B) Effect of FAK14, Ceritinib (CER) and combined drug treatment on VE-cadherin 

localisation in LPS-activated HUVEC. The images show VE-cadherin (red) and DAPI nuclear staining 

(blue). Gap formation between endothelial cells is annotated with arrows. Only intact HUVEC 

monolayers were evaluated for presence of junctional gap formation. Images were captured with equal 

exposure times. Original magnification is x400. (C) Effect of FAK14 and Ceritinib treatment at 4μM on 
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VE-cadherin protein level by HUVEC as determined by immunoblotting. -actin was used as loading 

control. Image is representative of three independent experiments. Drugs were added 30 min prior to 

LPS administration in (A), (B), and (C). 

 

 

DISCUSSION 
 

Sepsis is a dysregulated host response to infection, that can quickly escalate to 

organ failure, leading to intensive care admission, organ support and eventually 

death. LPS is recognised by EC via TLR4 and RIG-I which results in increased 

expression of surface adhesion molecules, cytokines, and chemokines. These 

molecules facilitate leukocyte recruitment into tissues, and therapeutic strategies 

aiming to reduce their expression are expected to alleviate organ failure in sepsis 

patients. Tyrosine kinases are involved in intracellular signalling processes by 

forming extensive networks that transduce signals to change the transcription of 

target genes. The current study aimed to identify TKs involved in endothelial LPS 

signalling and investigate whether these kinases represent useful pharmacological 

targets to attenuate LPS-induced endothelial inflammatory activation. Kinase 

activity profiling revealed previously known, and, most importantly, previously 

unknown kinases to be involved in LPS signalling in EC. siRNA knock down of Axl, 

FAK1, and ALK confirmed a role for these three kinases in endothelial inflammatory 

activation. Pharmacological inhibition of FAK1 and ALK furthermore demonstrated 

that these two kinases can be considered druggable targets to interfere with 

endothelial inflammatory signalling triggered by LPS.  

FAK1 is a TK that regulates cell adhesion, migration, proliferation, and 

survival [27]. Apart from its prominent role in the regulation of physiological 

signalling processes, FAK1 also controls the expression of inflammatory molecules 

in mouse fibroblasts, EC, and cancer cells [16,28]. The role of FAK1 in TNF-  and 

IL-1 -induced endothelial expression of inflammatory molecules was previously 

established [29] yet its role in LPS-mediated inflammatory activation has not been 

reported before. In our study, we showed that FAK1 inhibition with FAK14, a specific 

FAK1 inhibitor, almost completely abrogated LPS-induced endothelial expression of 

inflammatory molecules. Although FAK14 was previously shown to mechanistically 
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Figure 9. Inhibition of FAK1, but not ALK, after LPS administration suppresses expression 

of inflammatory molecules by HUVEC. (A) Schematic overview of the experiment. (B) Effect of 

time of FAK14 and Ceritinib administration after the start of HUVEC exposure to LPS as explained in 

setup scheme on E-selectin, VCAM-1, ICAM-1, IL-6, IL-8, Cxcl6, and Cxcl10 mRNA expression as 

determined by RT-qPCR. Each group represents the mean ±SD of three independent experiments. 

(C) The effect of FAK14 and Ceritinib administration after the start of HUVEC exposure to LPS on 

CD31, E-selectin, VCAM-1, and ICAM-1 protein expression as determined by flow cytometry, and (D) 
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on IL-6 and IL-8 as determined by ELISA. Each group represents the mean ±SD of three independent 

experiments. *p<0.05, **p<0.01, ***p<0.001. 

 
 
inhibit FAK1 activity via modulation of its auto-phosphorylation site Y397 in breast 

cancer cells [30], in HUVEC we did not observe consistent reduction of FAK1 

phosphorylation levels at this site following inhibition with FAK14 at 4 μM (data not 

shown). At the same time, in our experiments FAK14 treatment always resulted in 

consistent inhibition of expression of inflammatory molecules following LPS 

exposure. Therefore, our data suggest that the anti-inflammatory effect of FAK14 

in LPS-activated EC was independent of Y397 phosphorylation status. Other 

phosphorylation sites of FAK1, such as Y861 [31], could be involved in LPS-induced 

activation of FAK1, but their role in LPS-induced inflammatory signalling remains to 

be clarified as this was beyond the scope of our current study.  

Our siRNA-based knock down studies showed that FAK1 knock down 

attenuated LPS-induced E-selectin, but not VCAM-1 and ICAM-1 protein expression. 

In contrast, pharmacological inhibition with FAK14 attenuated LPS-induced 

expression of all three proteins. This difference might be explained by FAK14 also 

targeting other kinases than FAK1, e.g. Pyk2 [29]. Another possible explanation is 

that FAK14 inhibits the activity of both the kinase and non-kinase domains of FAK1. 

These domains were previously shown to mediate inflammatory activation of HUVEC 

independent of each other [16,32]. Inhibition of FAK1 with an inhibitor that targets 

its auto-phosphorylation site blocked IL-4-induced VCAM-1 expression to similar 

extents as seen in IL-4-activated HUVEC expressing dominant negative FAK-related 

non-kinase [32]. These findings suggest also an active role of the non-kinase 

domain of FAK1 in mediating inflammatory activation. This involvement could also 

be occurring in our experiments, although FAK14 has only been described to target 

the autophosphorylation site of FAK1 in the kinase domain [30]. As our study 

indicates an inhibitory effect of FAK14 on LPS-induced inflammation independent of 

modulation of the FAK1 Y397 phosphorylation site, further research is required to 

elucidate the underlying molecular mechanisms.  

In our study, we found that FAK14 inhibited LPS-induced expression of 

inflammatory molecules in EC via NF- B signalling. Preliminary data indicates that 

p38 MAPK activity increases following FAK14 treatment (Fig. S5), which was also 

reported in the study on FAK1 inhibition of TNF -mediated endothelial activation 
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[29]. As FAK1 inhibition attenuates NF- B-induced inflammatory signal 

transduction, the increase in p38 MAPK activity could be the result of compensatory 

mechanisms in HUVEC in response to FAK1 inhibition. Administration of FAK14 after 

the start of LPS exposure furthermore partly blocked LPS-induced inflammatory 

signalling, which implies that FAK1 is involved further downstream in the LPS 

signalling cascade. This notion is supported by the identification of FAK1 activity by 

kinome profiling at later time points of LPS exposure.  

ALK, originally discovered as a fusion protein in anaplastic, large-cell non-

Hodgkin’s lymphoma [33], was identified to mediate IFN- -driven inflammation in 

murine experimental sepsis [24]. Here, we show that siRNA-based ALK knock down 

inhibited LPS-induced expression of endothelial inflammatory molecules. Likewise, 

pharmacological inhibition of ALK with Ceritinib, an FDA-approved drug currently 

used to treat ALK-positive non-small cell lung carcinoma [34], exerted similar 

inhibitory effects as ALK knock down. Despite consistent reduction of expression of 

inflammatory molecules following both Ceritinib treatment and siRNA-based knock 

down of ALK, we could not detect ALK mRNA in HUVEC. In contrast, ALK protein 

was detected in HUVEC by immunofluorescent staining, and its expression 

diminished following knock down using ALK specific siRNA. This finding indicates 

that ALK is expressed in HUVEC, even though this could not be shown by Western 

blot.  

Apart from ALK, Ceritinib has been described to target other kinases, such as 

RSK1, FAK1, and IGF-1R [35]. Therefore, in our study it is possible that Ceritinib 

reduced the expression of inflammatory molecules in LPS-activated EC by inhibiting 

TKs other than ALK. Regardless of whether Ceritinib in our study setup inhibited 

endothelial activation via ALK or via other kinase(s), this target pathway of 

inflammatory gene transcription was not controlled by NF- B, and, as shown in 

preliminary studies, not by p38 MAPK either (Figure S5). Attenuation of LPS-

induced expression of inflammatory molecules by Ceritinib was without any 

functional consequence for leukocyte-endothelial adhesion in vitro. Strikingly, 

Ceritinib lost its capacity to inhibit LPS-induced expression of inflammatory 

molecules when it was administered to EC after the start of LPS exposure. This may 

suggest that ALK, or other kinase target(s) of Ceritinib, play a crucial role in EC in 

the early initiation of LPS-mediated inflammatory signalling, but not in relaying the 

signal further downstream. after initiation of the LPS signalling cascade.  
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In conclusion, our study used a kinase activity screening approach to identify 

druggable TKs that are involved in endothelial LPS signaling. We here present data 

that demonstrate that two TKs, FAK1 and ALK, are involved in the regulation of 

LPS-induced endothelial inflammatory activation, which is attenuated by 

pharmacological inhibition of these two kinases. To our knowledge, this is the first 

time that FAK14 and Ceritinib have been evaluated for their inhibitory effects on 

LPS-mediated inflammatory activation of EC. While Ceritinib did not influence 

endothelial activation when administered after the start of exposure of HUVEC to 

LPS, FAK14 attenuated the expression of endothelial inflammatory molecules even 

up to 45 minutes after the start of LPS administration. Follow up studies in relevant 

experimental animal models of sepsis will enhance our understanding of the 

pharmacological opportunities of FAK1 as a target to inhibit endothelial 

inflammatory responses. It is crucial for these studies to take endothelial 

heterogeneity into account [36], as EC in different organs and different 

microvascular segments may respond differently to FAK1 inhibition. It is imperative 

to also ensure that inhibition of FAK1 will not negatively influence normal functions 

of microvascular segments in organs that are not affected by the disease, nor 

negatively influence cell types other than the target cells. The outcomes of these 

studies could indicate potential benefit of pharmacological inhibition of kinases in 

EC with existing inhibitors, such as FAK14, to prevent sepsis-associated multiple 

organ failure. 
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SUPPLEMENTARY DATA 

 
Supplemental Figure 1. Tyrosine kinase activity and validation of ALK presence. TK activation 

pattern over the course of 4 h of LPS exposure of HUVEC represented by specificity scores. TKs with 

a high specificity score are shown in red, while TKs with a lower specificity score are shown in blue. 

The heatmap is representative of three independent biological replicates. 
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Supplemental Figure 2. FAK14, but not Ceritinib, blocks p65 nuclear translocation. FAK14 or 

stained with rabbit anti-human p65 antibody (#D14E12, Cell Signaling Technology, Danvers, MA, USA) 

diluted in PBS supplemented with 0.5% (w/v) BSA and 0.05% (v/v) Tween 20 (Sigma, St. Louis, 

Missouri, USA) for 1 h. HUVEC were then incubated with 8 g/mL Alexa Fluor®555-conjugated donkey 

anti-rabbit secondary antibody for 45 min. The cells were mounted in Aqua/Polymount medium 

containing DAPI (1.5 g/mL). Fluorescence images were taken with equal exposure time. Nuclear 

translocation of p65 is annotated with black arrows. The images are representative of three replicates. 
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Supplemental Figure 3. FAK14 and Ceritinib reduce LPS-induced expression of inflammatory 

molecules. (A) Effect of FAK14 and Ceritinib on the mRNA levels of CD31, E-selectin, VCAM-1, ICAM-

1, IL-6, IL-8, Cxcl6, and Cxcl10 at 2 h and 4 h after start of LPS activation of HUVEC as determined 

by RT-qPCR. The results are representative of three independent experiments with three replicates 

per experiment. (B) Effect of FAK14 and Ceritinib on the protein levels of CD31, E-selectin, VCAM-1, 

and ICAM-1 as determined by flow cytometry, and (C) IL-6 and IL-8 as determined by ELISA. In (A), 

(B), and (C), drugs were added 30 min before the start of LPS stimulation.  
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Supplemental Figure 4. Combination of FAK14 and Ceritinib treatment additively inhibits 

LPS-induced expression of inflammatory molecules. (A) Effect of FAK14, Ceritinib, and 

combination of both drugs on the mRNA levels of CD31, E-selectin, VCAM-1, ICAM-1, IL-6, IL-8, Cxcl6, 

and Cxcl10 at 4 h after the start of LPS activation of HUVEC as determined by RT-qPCR. The results 

are representative of three independent experiments. (B) Effect of FAK14, Ceritinib, and combination 

of both drugs on the protein levels of CD31, E-selectin, VCAM-1, and ICAM-1 as determined by flow 

cytometry, and (C) IL-6 and IL-8 as determined by ELISA. In (A), (B), and (C), drugs were added 

30 min before the start of LPS stimulation.  
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Supplemental Figure 5. Treatment with FAK14, but not Ceritinib, leads to p38 MAPK 

activation. Effect of FAK14 or Ceritinib treatment of HUVEC exposed to LPS on p38 MAPK activation 

-actin was used as loading control. Drugs were added at 4 M, 30 

min before the start of LPS exposure. The image is representative of three independent experiments. 
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SUMMARY 
 

Patients suffering from sepsis are often confronted with organ dysfunction. Multiple 

organ dysfunction syndrome (MODS) is the most prevalent life-threatening sepsis 

complication, and kidney and lung are vulnerable to sepsis-associated injuries. The 

pathophysiology of kidney and lung organ dysfunction is not completely understood, 

hampering the development of effective therapy to stop the onset of sepsis to 

organs failure. What is known is that clinical manifestations of sepsis-associated 

organ dysfunction are linked to endothelial dysfunction. Endothelial cells (EC) are 

sentinel cells that regulate vascular permeability [1], coagulation [2], and leukocyte 

trafficking [3,4], which are the processes that are dysregulated in sepsis, and lead 

to organ dysfunction. Hence, preventing endothelial dysfunction in sepsis may be a 

useful strategy to prevent organ failure and thereafter sepsis-related mortality.  

In chapter 1, I introduced the role of EC in health and in the pathophysiology 

of sepsis-associated organ dysfunction. Once thought of as inert bystanders, EC are 

now recognized as active responders in the onset of inflammation in sepsis. EC 

respond to infection by direct recognition of sepsis-related inflammatory stimuli, 

resulting in the expression of various inflammatory molecules, leading to leukocyte 

recruitment. As endothelial inflammatory activation, and thereafter endothelial-

guided leukocyte recruitment, are organ- and microvascular-specific, the cellular 

and molecular attributes contributing to these processes in sepsis remain to be 

investigated. Therefore, in this thesis, I proposed to investigate the heterogeneous 

response of EC to sepsis-related inflammatory stimuli and the underlying molecular 

mechanism(s) that may explain these differences. The strategies were aimed to 

understand the endothelial response to sepsis at the organ, microvascular bed, and 

cellular level (Figure 1). The knowledge acquired will assist us to better understand 

the cellular and molecular basis of endothelial heterogeneous response in sepsis. 

As kidney and lung are organs that are mostly affected by sepsis, in chapter 

2, we compared the clinical manifestations of sepsis-associated acute kidney injury 

(sepsis-AKI) and sepsis-associated acute respiratory distress syndrome (sepsis-

ARDS). We highlighted that differential responses of EC in the regulation of 

inflammation, leukocyte infiltration, and vascular barrier dysfunction are an 

important contributor to distinct clinical phenotypes seen in sepsis-AKI and sepsis- 
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Figure 1: Schematic diagram of the relation of chapters in this thesis. (MODS=multiple organ 

dysfunction syndrome; *G=glomerulus; *PC=peritubular capillaries). 
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ARDS. We furthermore concluded that understanding the cellular and molecular 

regulation of the microvascular beds of sepsis-afflicted kidney and lung is 

imperative in developing specific therapy to prevent organ deterioration in sepsis-

AKI and sepsis-ARDS. 

 As introduced in chapter 2, endothelial-guided leukocyte recruitment occurs 

to different extents in sepsis-AKI and sepsis-ARDS. In chapter 3, we described the 

kinetics and the location of E-selectin and VCAM-1 expression in the kidney and 

lung of mice that underwent cecal ligation and puncture (CLP), a murine model to 

study polymicrobial sepsis. We explored the extent of endothelial activation in the 

arterioles, capillaries, and venules of the two organs that responded to CLP. E-

selectin was transiently expressed in the renal glomerular capillaries, and in the 

pulmonary arterioles and venules of CLP mice. VCAM-1 expression in the kidney 

and lung was not visibly changed and mainly expressed in the arterioles and venules 

in both organs. In the capillaries, VCAM-1 was expressed in renal peritubular 

capillaries, and to lesser extents in pulmonary capillaries, yet was absent in renal 

glomerular capillaries until after 72 h of CLP. We furthermore investigated the 

kinetics of leukocyte infiltration in the two organs. In the kidney, neutrophil 

myeloperoxidase activity was persistently high throughout the 72 hours of CLP while 

it transiently increased in the first 7 hours of sepsis development in the lung. The 

neutrophil infiltration was much more extensive in the lung than in the kidney. 

Ly6G+ neutrophil infiltration was glomerular-compartment specific in the kidney 

while it was widespread in all microvascular beds of the lung in early CLP, and in 

pulmonary capillaries in late CLP. Summarizing, in CLP the expression of E-selectin 

and VCAM-1 in the kidney and lung was microvascular bed-dependent, and the 

presence of both molecules was not directly associated with Ly6G+ neutrophils 

infiltration in any of the microvascular beds.  

 Lipopolysaccharide (LPS) is a Gram negative bacteria-derived mediator 

important in the pathogenesis of sepsis. LPS-mediated endothelial activation results 

in the expression of inflammatory adhesion molecules, such as E-selectin and 

VCAM-1. These molecules are known to be regulated by distinct receptors and 

intracellular signaling pathways, although it is unknown whether EC within a 

homogenous population respond similarly via identical receptors and intracellular 

signaling system. In chapter 4, we investigated LPS-induced E-selectin and VCAM-

1 expression patterns in mouse renal microvascular compartments in vivo and in 
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HUVEC in vitro. We found that E-selectin and VCAM-1 were expressed by EC to 

different extents between and within renal microvascular compartments of LPS-

exposed mice. This observation was recapitulated in LPS-exposed HUVEC by the 

identification of four endothelial subpopulations discerned based on their E-selectin 

and VCAM-1 expression. These encompassed the following: E-selectin-/VCAM-1- (-

/-), E-selectin+/VCAM-1- (E-sel+), E-selectin+/VCAM-1+ (+/+), and E-selectin-

/VCAM-1+ (VCAM-1+). The occurrence of these subpopulations was regulated either 

via TLR4 only, or both TLR4 and RIG-I. Moreover, pharmacological inhibition 

showed important roles of NF- -sel+ and +/+ 

subpopulations. Interestingly, one EC subpopulation was devoid of the two adhesion 

molecules and did not express any cytokines or chemokines studied despite LPS 

exposure.  

 Based on the findings in chapter 4, we concluded that LPS activates different 

signaling pathways in EC that drive heterogeneous expression of endothelial 

inflammatory molecules. In chapter 5, we initiated an experimental strategy to 

study in more detail the differences in gene expression of the two distinct LPS-

activated -/- and +/+ subpopulations. The -/- and +/+ subpopulations exhibited 

distinctive inflammatory responses despite similar exposure to LPS. Transcriptome 

analysis by RNA sequencing is currently being performed on these two 

subpopulations while this chapter is written. I expect that the outcome of this study 

will expand our understanding of gene expression profiles of the two subpopulations 

and possibly reveal molecular mechanisms controlling quiescence and exaggerated 

inflammatory responses of EC to LPS. 

 As described in chapter 4, despite the known involvement of specific 

receptors in regulating LPS-induced inflammatory activation, the intermediary 

molecules involved in LPS-mediated inflammatory signaling cascades in EC are 

understudied. Therefore, in chapter 6, we investigated the role of tyrosine kinases 

(TK) in regulating LPS-mediated endothelial inflammatory activation. TK profiling 

analysis revealed 58 TK that were involved in LPS-induced endothelial activation. 

Three of these TK were chosen for further studies. siRNA-based and 

pharmacological inhibition studies of two TK, namely focal adhesion kinase 1 (FAK1) 

and anaplastic lymphoma kinase (ALK), showed key roles in mediating LPS-induced 

endothelial inflammatory activation. Only pharmacological inhibition of FAK1, but 

not ALK, after the start of LPS exposure resulted in diminished expression of 
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inflammatory molecules. From this, we concluded that kinase profiling is a useful 

strategy to find TK as druggable targets to attenuate LPS-mediated endothelial 

inflammatory activation. Follow-up in vivo studies need be performed to assess the 

pharmacological consequences of inhibition of TK, such as FAK1, on endothelial 

activation in the microvasculature of organs affected by sepsis. 

 

 

CONCLUSIONS  

EC respond in an organ- and microvascular bed specific manner in 

sepsis pathophysiology. 

In this thesis, I show that the extent of inflammatory activation of EC is different 

between the kidney and lung, and also between microvascular compartments of 

both organs. Moreover, we showed that regardless of the approach to systemically 

induce sepsis in mice, whether mice underwent CLP procedure (chapter 3) or LPS 

exposure (chapter 4), the endothelial inflammatory activation in the kidney is 

microvascular bed-specific.  

As E-selectin and VCAM-1 are both involved in the recruitment cascade of 

leukocytes, one would expect that leukocytes are massively recruited in the CLP-

activated microvascular compartments expressing E-selectin and/or VCAM-1. 

However, this is not the case, as the microvascular bed-specific localization of 

neutrophils did not necessarily coincide with the microvascular beds expressing E-

selectin and/or VCAM-1. Additionally, despite the expression of E-selectin and 

VCAM-1 in the kidney microvascular compartments, neutrophil infiltration here was 

relatively limited compared to that of the lung, which suggests different 

mechanisms of neutrophil recruitment regulation in these two organs. 

 

EC heterogeneity goes beyond microvascular-specific attributes: EC 

inter- and intra-vascular heterogenous response to LPS is driven by 

the regulation of distinct receptor systems. 

In chapter 4, we found that the kidney of LPS-exposed mice expressed different 

extents of E-selectin and VCAM-1, between and within microvascular 

compartments. This finding was recapitulated by the identification of LPS-activated 
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EC subpopulations in vitro that either expressed E-selectin and/or VCAM-1, or none 

of these two molecules. The subpopulation that was devoid of E-selectin and VCAM-

1 expression remained quiescent despite being exposed to LPS exposure. The LPS-

activated subpopulations that either expressed E-selectin and/or VCAM-1 were 

shown to mediate inflammatory signal transduction via TLR4 and/or RIG-I and were 

activated via NF- in vitro LPS 

induces different extents of inflammatory molecules expression by activating 

different molecular regulation. 

 

Tyrosine kinases are important components in LPS-mediated 

inflammatory signal transduction that can be pharmacologically 

targeted to attenuate endothelial inflammatory activation. 

In chapter 6, we showed in vitro that TK are crucial components of the LPS signaling 

machinery in mediating endothelial inflammatory activation. Among these TK, focal 

adhesion kinase 1 (FAK1) and anaplastic lymphoma kinase (ALK) can be 

pharmacologically targeted to attenuate LPS-induced endothelial inflammatory 

activation. Only inhibition of FAK1 after LPS activation has started was capable of 

attenuating the inflammatory activation of HUVEC. 

 

 

FUTURE PERSPECTIVES 
Non-replaceable role of in vivo studies in sepsis research 

In investigating the role of EC in a condition as complex as sepsis, in vitro 

approaches oversimplify the real situation of sepsis [5]. In sepsis, multiple cell types 

are affected, and these activated cells cross-talk to augment host inflammatory 

response. EC are capable of responding directly to sepsis-associated pathogens via 

TLR, NOD, and RIG receptors [6,7], but EC inflammatory responses are to some 

extent also dependent on leukocyte-derived humoral components [8] and require 

physical interaction with the leukocytes, platelets [9,10], and various other organ-

specific supporting cells [11,12] to contribute to sepsis pathophysiology. These 

complex interactions are influenced by the unique landscape of organs [13,14], and 

therefore cannot be fully mimicked in vitro and can only be studied in animal models 

or in human-derived tissues.  
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To understand endothelial responses in specific organs, the responses of EC 

native to these organs should be exclusively studied. The organ-derived 

microvascular EC in vitro retain certain characteristics of in vivo EC, but the majority 

of the characteristics of these cells drift once removed from their native 

environments and cultivated for cell studies [15]. EC are known to have a distinct 

organ- [13,16] and vascular bed-specific [15,17] molecular identities in health and 

diseased states. Transcriptomic studies of lung EC for example have shown the 

presence of genes that are typically expressed by the parenchymal tissues of the 

lung, such as Surfactant Protein C (Spc) and Mucin1 (Muc1), which suggest that 

unique characteristics of EC are dependent on their microenvironment [13]. Next 

to this study, a recent single-cell transcriptomic analysis revealed a distinct profile 

of tissue-specific markers of the capillaries, which suggested plasticity of these 

capillaries in adapting to their tissue microenvironment [14]. Taken together, these 

studies imply that the dynamic interaction between EC and the cellular landscapes 

of organs in which these EC reside should be understood, to develop therapies 

targeting specific individual microvascular beds affected by sepsis. This can only be 

achieved by implementation of in vivo studies using appropriate models into sepsis 

research. 

 

Optimization of translational studies 

The use of animals in modelling sepsis is controversial [18], as responses seen in 

animals do not fully recapitulate the real sepsis scenario in human [18,19] and 

treatments given to ICU patients cannot be fully mimicked in rodents. As much as 

it is important to use animal models in understanding endothelial heterogenous 

response in sepsis, no animal model is perfect for this purpose. Therefore, the 

findings obtained from animal studies should also be complemented by supporting 

studies, preferably using tissues of human origin. An ex vivo method using 

precision-cut organ slices has been developed to study the development of diseases 

such as fibrosis [20], and to assess drug effects [21]. The advantage of using this 

approach is that any changes induced experimentally will affect the cells which are 

surrounded by local supportive structures [22], which mimic, in part, the native 

topography of human tissue. In the context of sepsis research, future studies can 

be dedicated to optimizing ex vivo methods using precision-cut organ slices from 

human organ biopsies. This translational model can be used to study the 
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consequence of pharmacological inhibition of tyrosine kinases [21] such as FAK1 on 

endothelial inflammatory response in various microvascular beds in organ slices 

exposed to sepsis inflammatory stimuli. 

 

Characterizing endothelial heterogeneity in sepsis at organ and 

microvascular bed levels 

In this thesis, I showed that the neutrophil infiltration in CLP occurred more 

extensively in the lung compared to the kidney. The microvascular EC of the kidney 

and lung responded differently to CLP sepsis conditions, which suggests that 

regulation of leukocyte infiltration occurs at organ and microvascular bed level. 

These functional differences could be attributed to molecular diversities of the 

microvascular beds activated by CLP-induced sepsis. It is therefore interesting to 

investigate differences in the expression levels of endothelial genes from different 

organs and microvascular compartments in the kidney [15] and lung [13] and 

assess the changes in the expression of these molecules in a defined time course 

of CLP sepsis. The information obtained will provide comprehensive insights into 

molecular underpinnings and regulatory pathways underlying endothelial 

heterogeneity between microvascular compartments of organs in sepsis. 

The comparison of the profile of molecule expression between microvascular 

beds of the organ can be done by laser microdissection (LMD) technique. In our 

research group, we have recently applied LMD to dissect microvascular 

compartments of kidney [23] and lung EC (M. Luxen, ongoing project) from their 

native environments. These microdissected EC can be subjected to transcriptomic 

and proteomic studies to obtain in a high-throughput manner profiles of genes and 

proteins expressed in different microvascular beds of the organs under study. Such 

studies will hopefully allow us to better understand the molecular basis that is 

unique to specific microvascular compartments in responding to sepsis.  

Sepsis pathophysiology is not limited to leukocyte recruitment, but also 

includes impaired vascular permeability and dysregulated coagulation, both 

regulated by EC. In this thesis I did not look into molecules that control endothelial 

barrier and coagulation, which are processes that were also shown to be 

differentially regulated by EC per organ during inflammatory conditions [5,24]. In 

sepsis, endothelial barrier-regulating molecules were controlled to different extents 
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in response to LPS in the kidney and lung, corroborating the observation of 

diverging oedema patterns in the kidney and lung in sepsis patients [5]. 

Additionally, van Willebrand factor, a pro-coagulant molecule produced, stored, and 

released by EC when activated, in the lung of mice induced by hypoxia was 

regulated via Sp1 and YY1 protein, while in the heart, it was GATA6-regulated [4]. 

Heterogeneity in transcription factors in the capillaries in healthy and diseased mice 

was described in the kidney [25] and liver [26]. As CLP is a ‘gold standard’ animal 

model in sepsis research, it is interesting to investigate whether the transcription 

factors controlling endothelial barrier and coagulation are also differentially 

regulated at the microvascular compartment level in kidney and lung of mice 

affected by sepsis-induced CLP.  

 

Characterizing endothelial heterogeneous response to LPS at 

cellular level 

In chapter 4 of this thesis, we investigated the receptor and intracellular signaling 

system that regulate differential expression of E-selectin and VCAM-1 in EC in vitro. 

We found that this differential expression is attributed to distinct activation of 

TLR4/RIG-I receptors and NF- B/p38 MAPK signaling pathways, which underscores 

the role of pattern recognition receptors and transcription factors in the regulation 

of endothelial heterogeneous response. Transcription factors were previously 

described to be differentially expressed in vitro in activated EC from different origin 

[16]. Follow up studies would be to identify pattern recognition receptors, 

transcription factors, and/or other regulatory molecules that may be distinctly 

regulated in LPS-activated EC subpopulations studied, as discussed in chapter 5. As 

single-cell transcription factor network analysis has been proven useful to predict 

different transcriptional networks of individual EC [14], it is interesting to pursue 

single-cell transcriptomic analysis of the kidney and lung of control and LPS-

exposed mice to investigate the genes that drives heterogeneous phenotype in 

individual EC within organs. 

 

Tyrosine kinases as druggable targets in sepsis 

In chapter 6 of this thesis, we showed that pharmacologically inhibiting TK can be 

a strategy to reduce inflammatory activation in EC. In our study, we showed that 



554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna554817-L-sub01-bw-Erna
Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021Processed on: 15-2-2021 PDF page: 175PDF page: 175PDF page: 175PDF page: 175

 
Summary, conclusions, and future perspectives 

 

175 
 

7 

inhibition of FAK1 with drug FAK14 is able to attenuate LPS-mediated inflammatory 

activation of EC in vitro. However, FAK1 is known to be important in integrin-

mediated signal transduction, which is crucial in cellular signal transduction of both 

healthy and diseased cells [27]. It is interesting to investigate the consequence of 

FAK1 inhibition to microvascular beds of organs affected by CLP. The next thing to 

do is to investigate whether FAK1 inhibition can attenuate in vivo activation of EC 

without negatively affecting any of the microvascular compartments of organs 

affected by sepsis. 

 

Summarizing, I showed that kidney and lung were susceptible to CLP-induced sepsis 

inflammation, and that the EC from both organs were activated by sepsis in a 

microvascular bed-specific manner. Moreover, the extent of leukocyte infiltration 

differed per organ, and per microvascular-bed compartments of both organs. I 

furthermore showed that differential expression of E-selectin and VCAM-1 in LPS-

exposed EC in vitro was regulated by distinct TLR4/RIG-I receptor and NF-

MAPK regulatory mechanisms. Additionally, in this thesis, FAK1 and ALK were 

shown to be important mediators of LPS-regulated EC inflammatory activation, and 

pharmacological inhibition targeting these two kinases attenuated this activation in 

vitro. I here describe future studies that can be pursued to further understand 

endothelial heterogeneity in sepsis. Unravelling the molecular regulation of 

endothelial heterogeneity at organ, microvascular bed, and cellular levels will assist 

in development of therapies targeting specific microvascular beds affected by 

sepsis. 
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NEDERLANDSE SAMENVATTING 

 
Welke cellulaire en moleculaire mechanismes liggen ten grondslag 

aan bloedvatwandcel verschillen in sepsis 

 

Patiënten die lijden aan sepsis (bloedvergiftiging) hebben vaak te maken met 

orgaandisfunctie. Multi-orgaandisfunctiesyndroom (MODS) is een bij ernstig zieke 

patiënten veelvoorkomende levensbedreigende complicatie van sepsis. De nieren 

en de longen zijn gevoelig voor orgaandisfunctie tijdens sepsis. De oorzaak van 

nier- en longdisfunctie is niet volledig bekend, en staat daarmee de ontwikkeling 

van een effectieve behandeling tegen sepsis-gedreven orgaandisfunctie in de weg. 

Wat wel bekend is, is dat bij sepsis-geassocieerde orgaandisfunctie 

bloedvatwandcellen (ook wel bekend als endotheelcellen) ook anders gaan 

functioneren. Endotheelcellen (EC) zijn belangrijke cellen die betrokken zijn bij het 

reguleren van de doorlaatbaarheid van de vaatwand, stolling, en het aantrekken 

van witte bloedcellen uit het bloed naar onderliggend weefsel. Deze processen 

worden verkeerd gereguleerd tijdens sepsis en kunnen daardoor bijdragen aan 

orgaandisfunctie. Om deze reden zou het voorkomen van abnormaal 

endotheelcelgedrag in sepsis een mogelijke strategie kunnen zijn om orgaanfalen 

te voorkomen in sepsispatiënten. 

 In hoofdstuk 1 introduceerde ik de rol van EC in gezonde organen en in 

sepsis-geassocieerde orgaandisfunctie. Hoewel EC ooit gezien werden als passieve 

“wandbekleders”, is nu bekend dat ze een actieve rol spelen in de ontsteking en het 

reguleren van de doorlaatbaarheid van de vaatwand in sepsis. EC reageren op 

infectie via directe herkenning van sepsis-gerelateerde ontstekingsprikkels, die 

leiden tot de expressie van verschillende ontstekingsmoleculen waardoor witte 

bloedcellen kunnen worden aangetrokken. Omdat EC ontsteking en daaropvolgend 

het endotheel-afhankelijke aantrekken van witte bloedcellen orgaan- en vaatbed-

specifiek zijn, is het van belang om de cellulaire en moleculaire processen die 

hieraan bijdragen in sepsis nader te onderzoeken. Om deze reden stelde ik voor om 

de verschillende reacties van EC op sepsis-gerelateerde ontstekingsprikkels te 

onderzoeken, en de onderliggende moleculaire mechanismes te beschrijven die aan 

deze verschillen ten grondslag liggen.  
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 Omdat nieren en longen organen zijn die ernstig aangedaan zijn door sepsis, 

hebben we in hoofdstuk 2 sepsis-geassocieerde acute nierschade (sepsis-AKI) en 

sepsis-geassocieerd acuut respiratoir stresssyndroom (sepsis-ARDS) met elkaar 

vergeleken. We benadrukken in dit hoofdstuk dat verschillende reacties van EC in 

de regulatie van de ontsteking, het infiltreren van witte bloedcellen, en 

barrièredisfunctie in endotheelcellen ten grondslag liggen aan de verschillende 

klinische patronen die worden gezien in sepsis-AKI en sepsis-ARDS. We concluderen 

dat het begrijpen van cellulaire en moleculaire regulatie in microvasculaire 

vaatbedden in nieren en longen van groot belang is om gerichte behandelingen 

tegen sepsis-AKI en sepsis-ARDS te ontwikkelen. 

 Zoals geïntroduceerd in hoofdstuk 2, vindt het endotheel-afhankelijke 

aantrekken van witte bloedcellen in verschillende mate plaats in sepsis-AKI en 

sepsis-ARDS. In hoofdstuk 3 beschreven we de kinetiek en locatie van de expressie 

van moleculen die er op EC voor zorgen dat witte bloedcellen worden aangetrokken 

(E-selectin en VCAM-1) in de nieren en longen van muizen met sepsis. We 

onderzochten de mate waarin het endotheel ontstoken was in de kleinste 

bloedvaten in organen, namelijk de arteriolen, capillairen, en venules in de nieren 

en de longen in reactie op sepsis. E-selectin kwam tijdelijk tot expressie in 

glomerulair capillair in de nier, en in arteriolen en venules in de long van sepsis 

muizen. VCAM-1 expressie in de nieren en longen was niet veranderd en kwam met 

name tot expressie in peritubulaire capillairen in de nier, en in mindere mate ook 

in longcapillairen. Echter, VCAM-1 expressie bleek afwezig in glomerulaire 

capillairen in de nier tot het laatste tijdspunt dat deze muizen zijn bestudeerd (72 

uur na het ontstaan van sepsis). Daarnaast onderzochten we het tijdsbeloop van 

de infiltratie van witte bloedcellen in deze twee organen. Een van de witte 

bloedcelsoorten, de neutrofiel, was aanzienlijk hoger in de longen in vergelijking 

met de nieren. Neutrofielen in de nier waren glomerulair-specifiek, terwijl ze in alle 

vaatbedden van de long voorkwamen. Samenvattend, de expressie van E-selectin 

en VCAM-1 in de nieren en longen was afhankelijk van welk bloedvat je bekeek in 

reactie op sepsis. De aanwezigheid van beide moleculen was niet direct 

geassocieerd met de hoeveelheid neutrofielen in de onderzochte bloedvaten. 

 Lipopolysaccharide (LPS) is een onderdeel van een bepaald soort bacterie 

(Gram-negatieve bacteriën), en belangrijk in de totstandkoming van sepsis bij een 

infectie met deze bacteriën. De ontsteking van het endotheel wanneer LPS in 
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muizen wordt ingespoten resulteert in expressie van E-selectin en VCAM-1. Van 

deze moleculen is het bekend dat ze worden gereguleerd door specifieke receptoren 

en signaalmoleculen in EC, ook al is het onduidelijk of alle EC hetzelfde reageren. 

In hoofdstuk 4 onderzochten we daarom LPS-gedreven E-selectin en VCAM-1 

expressiepatronen in de kleinste bloedvaten uit muizennieren, en in 

bloedvatwandcellen in een kweekvaatje in het laboratorium. We ontdekten dat E-

selectin en VCAM-1 in verschillende mate tot expressie kwamen in EC tussen en 

binnen verschillende kleine bloedvaten van muizen behandeld met LPS. Deze 

constatering werd ook gevonden in bloedvatwandcellen in een kweekvaatje. In de 

kweekvaatjes konden 4 soorten reactiepatronen van endotheelcellen worden 

gevonden na de behandeling met LPS. Deze groepen werden als volgt gedefinieerd: 

E-selectin-/VCAM-1- (-/-), E-selectin+/VCAM-1- (E-sel+), E-selectin+/VCAM-1+ 

(+/+), en E-selectin-/VCAM-1+ (VCAM-1+). Deze subgroepen waren gereguleerd 

door specifieke moleculen betrokken in de ontsteking van de EC. Behandeling met 

specifieke geneesmiddelen liet zien dat er een belangrijk rol is weggelegd voor NF-

B en p38 MAPK in de formatie van E-sel+ en +/+ subgroepen.  

 Op basis van de bevindingen in hoofdstuk 4 concludeerden we dat LPS 

verschillende signaalmoleculen in EC activeert die onderliggend zijn aan de 

verschillende expressie van ontstekingsmoleculen in EC. In hoofdstuk 5 beschrijven 

we daarom proeven om de verschillen in genexpressie tussen de -/- en +/+ 

subgroepen die ontstonden na het toevoegen van LPS te onderzoeken. De -/- en 

+/+ subgroepen lieten elk een verschillende reactie zien, ondanks dat ze precies 

dezelfde LPS prikkel ontvingen. De bestudering van de signaalmoleculen in deze 

cellen (het zogenoemde transcriptoom) wordt op het moment van het schrijven van 

dit proefschrift uitgevoerd. Ik verwacht dat de uitkomst van deze studie ons 

mogelijk nieuwe mechanismes zal laten zien die bepalen waarom EC in muizen en 

mensen verschillend reageren tijdens sepsis.  

 Zoals beschreven in hoofdstuk 4 is er nog veel onbekend over de moleculen 

die betrokken zijn in deze signaalmoleculen in EC tijdens sepsis. Daarom 

onderzochten we in hoofdstuk 6 wat de rol is van speciale signaalmoleculen tyrosine 

kinases in het sturen van EC ontsteking. De analyse waarin we naar een grote groep 

tyrosine kinase moleculen hebben gekeken toonde 58 tyrosine kinases die 

betrokken zijn bij LPS-gedreven EC ontsteking. Het bestuderen van twee van deze 

tyrosine kinases, namelijk FAK1 en ALK, liet zien dat zij sleutelrollen spelen in het 
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sturen van LPS-gedreven EC ontsteking. Op basis hiervan concludeerden we dat 

profiel analyse van tyrosine kinases een waardevolle strategie is om moleculen te 

identificeren die het doelwit kunnen zijn van toekomstige geneesmiddelen om 

bloedvatwandgedrag in sepsis te beïnvloeden. Vervolgstudies in proefdieren zijn 

nodig om de effecten van deze geneesmiddelen op de kleinste bloedvaten in 

organen die falen tijdens sepsis beter te begrijpen. 

 Samenvattend, in dit proefschrift heb ik aangetoond dat de kleinste 

bloedvaten in nieren en de longen vatbaar zijn voor ontsteking in sepsis, en dat EC 

in beide organen op een vaatbed-specifieke manier reageren. Daarnaast verschilde 

de infiltratie van witte bloedcellen per orgaan, en per vaatbed. In aanvulling daarop 

heb ik in dit proefschrift laten zien dat FAK1 en ALK belangrijke moleculen in 

bloedvatwandcellen zijn tijdens deze ontsteking. Het toedienen van specifieke 

geneesmiddelen gericht op het remmen van deze twee tyrosine kinases wist de 

ontsteking tegen te gaan in bloedvatwandcellen in kweekvaatjes in het 

laboratorium. In het laatste hoofdstuk stel ik toekomstige studies voor om het 

verschillende gedrag van bloedvatwandcellen tijdens sepsis beter te begrijpen. Het 

ontrafelen van de moleculaire regulatie van deze verschillen op het niveau van 

orgaan, vaatbed, en cel, zal hopelijk bijdragen aan de ontwikkeling van 

geneesmiddelen gericht op deze specifieke microvasculaire vaatbedden tijdens 

sepsis. 
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