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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. 
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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 



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: 40PDF page: 40PDF page: 40PDF page: 40

 
Chapter 2  

 

40  
 

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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