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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:  
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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-



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: 116PDF page: 116PDF page: 116PDF page: 116

 
Chapter 5 

 

116 
 

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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