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Abstract

The endothelial layer is essential for maintaining homeostasis in the body by controlling many different functions. Regulation of the inflammatory
response by the endothelial layer is crucial to efficiently fight against harmful inputs and aid in the recovery of damaged areas. When
the endothelial cells are exposed to an inflammatory environment, such as the outer component of gram-negative bacteria membrane,
lipopolysaccharide (LPS), they express soluble pro-inflammatory cytokines, such as Ccl5, Cxcl1 and Cxcl10, and trigger the activation of
circulating leukocytes. In addition, the expression of adhesion molecules E-selectin, VCAM-1 and ICAM-1 on the endothelial surface enables
the interaction and adhesion of the activated leukocytes to the endothelial layer, and eventually the extravasation towards the inflamed tissue.
In this scenario, the endothelial function must be tightly regulated because excessive or defective activation in the leukocyte recruitment could
lead to inflammatory-related disorders. Since many of these disorders do not have an effective treatment, novel strategies with a focus on the
vascular layer must be investigated. We propose comprehensive assays that are useful to the search of novel endothelial regulators that modify
leukocyte function. We analyze endothelial activation by using specific expression targets involved in leukocyte recruitment (such as, cytokines,
chemokines, and adhesion molecules) with several techniques, including: real-time quantitative polymerase chain reaction (RT-qPCR), western-
blot, flow cytometry and adhesion assays. These approaches determine endothelial function in the inflammatory context and are very useful to
perform screening assays to characterize novel endothelial inflammatory regulators that are potentially valuable for designing new therapeutic
strategies.

Video Link

The video component of this article can be found at https://www.jove.com/video/55824/

Introduction

Inflammation is a beneficial biological response against infectious agents, with the major aim to eliminate the pathogen and repair damaged
tissue. Under certain conditions, such as chronic infections or autoimmune diseases, inflammation does not resolve. Instead, there is an aberrant
reaction with continuous infiltration of leukocytes, resulting in a prolonged immune response that leads to tissue damage, fibrosis, loss of
function, and overall, disability and in some cases death of the patient. These human disorders, cataloged as inflammatory diseases, all involve
the blood vessels for the control of leukocyte extravasation1,2.

The endothelial cells play a fundamental role in the regulation of the inflammatory response by controlling leukocyte trafficking. When the
endothelial layer is exposed to inflammatory mediators such as LPS, the resting endothelium activates and expresses pro-inflammatory
cytokines (Cxcl10, Cxcl5, Cxcl1, etc.) and adhesion molecules (E-selectin, VCAM-1 and ICAM-1) that favor recruitment of circulating leukocytes
to the infection site. The leukocytes primed by the released cytokines then mediate rolling and interaction with the endothelial layer through the
correspondent adhesive counterparts: PSGL-1 to selectin, α4β1 integrin to VCAM-1, and αLβ2 integrin to ICAM-1. Finally, the leukocytes migrate
across the vasculature towards the focus of inflammation3.

The essential role of the endothelium in regulating the inflammatory response has been demonstrated on mice that were genetically modified to
express the LPS receptor, toll-like receptor 4 (TLR4), only on the endothelial cells. These endothelial-TLR4 animals were able to respond to an
LPS-mediated inflammation and to detect the infection generated after bacteria inoculation, and consequently achieve infection resolution and
survival at similar levels as the wild type mice4,5.

For the endothelium-regulated inflammatory response pathway, it has been postulated that the inhibition at some stages of the leukocyte-
endothelium interaction would result in the reduction of trans-endothelial migration and a better prognosis for inflammatory-related diseases. In
fact, several strategies targeting the endothelial activation and leukocyte-endothelium interaction have been designed to hinder extravasation of
immune cells as a treatment for inflammatory disorders6,7.
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In this report, we describe a thorough group of in vitro techniques to fully characterize the endothelial activity in response to the inflammatory
stimulus LPS and its role in leukocyte activation and adhesion to the vascular layer. The endothelial cell model used in this manuscript was
the mouse lung endothelial cell line (MLEC-04), as described by Hortelano et al.8. The MLEC-04 cell line has been validated in the literature to
be an appropriate system to study endothelial activation9,10. Based on research interests, these approaches can be easily extrapolated to any
endothelial or leukocyte systems and inflammatory profile. Once the endothelial parameters in the selected conditions are defined, the system
can test novel drugs on the proposed experimentation to evaluate the vascular activation. In this inflammatory context, the endothelium cells
tested with the compound of interest can be compared to the control conditions of the cells, and any resulting differences may inform the drug's
prognostic outcome on development and progression of inflammation. To conclude, we propose a relevant system to characterize new drug
targets to the endothelial cells, which can influence the design of novel vascular-specific therapies against inflammatory-related diseases.

Protocol

1. Endothelial Cell Culture

1. Tissue culture treated plates
1. Coat 100 mm tissue culture plates with 2.5 mL gelatin solution (autoclaved, 0.1% gelatin in distilled water) for 30 min at 37 °C; this can

be extrapolated to the required well format. Aspirate the gelatin solution and leave plates to air-dry in the tissue culture hood.

2. Tissue culture conditions
1. Cultivate the MLEC-04 cells inside a biological incubator (37 °C, 95% humidity, 5% CO2). Grow the cells in complete media of

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% Fetal Bovine Serum (FBS) and 100
units/mL penicillin and 100 µg/mL streptomycin (P/S).

2. Count the cells by the standard Neubauer chamber method, and add the MLEC-04 cells to the 100 mm gelatin-treated plates in 10 mL
complete media, at a low density of 2 - 11 x 104 cells/cm2. Split the cells 1:3 when they reach confluence.
 

NOTE: Usually this occurs after two to three days in culture.
3. Subculture the cells by washing the plates with 10 mL sterile Phosphate Buffered Saline (PBS) followed by adding 2 mL trypsin-EDTA

solution (0.25% trypsin, 5 mM EDTA) and incubate for 3 min at 37 °C.
4. Stop the trypsin-EDTA reaction and recover the suspended cells by adding 10 mL complete media. Spin down the cells (300 x g, 5

min), discard the supernatant, resuspend the cellular pellet in complete media and subculture appropriately.

2. LPS Treatment and Mediators

1. Plate the MLEC-04 cells in complete media at sub-confluence into the following well format: 7 x 105 cells/well on 6-well plates and 2.5 x 105

cells/well on 96-well plates.
2. Incubate the culture for 6 h in a cell incubator (37 °C, 95% humidity, 5% CO2). Switch the cells to incomplete media (DMEM-F12, P/S) and

leave overnight (ON) to synchronize and to reduce the cell activity.
3. Remove the media and test novel pharmacological compounds by incubating the endothelial cells with (or without) the drug in question (e.g.

DT10) diluted in the incomplete media (30 min, 37 °C); add 1.4 mL/well for 6-well plate or 0.14 mL/well for 96-well plates).
4. Challenge the cells by adding LPS to the incubation media (100 ng/mL, final concentration) for the period of time specified in each assay. Use

PBS as a control.

3. Evaluation of Transcriptional Profile on Activated Endothelium by RT-qPCR

1. Seed the MLEC-04 cells at sub-confluence in 6-well culture plates (7 x 105 cells/well). Incubate for 6 h (37 °C, 95% humidity, 5% CO2) and
afterwards proceed to serum starvation (incubate ON).

2. Remove the media and treat (or do not treat) the endothelial cell cultures with the drug of interest diluted in the incomplete media (incubate
30 min, 37 °C); add 1.4 mL/well for 6-well plate (30 min, 37 °C).

3. Challenge the cells by adding 100 ng/mL LPS to the incubated media (as described in step 2.3) and incubate for 6 h. Stop the reaction by
washing twice with cold PBS and keep plates at -80 °C until sample processing.

4. RNA extraction
1. Thaw the plates and add 1 mL/well RNA extraction buffer (38% phenol and 0.8 M guanidinium isothiocyanate; see table of materials).

Leave for 30 min at room temperature (RT) under agitation and collect homogenate in 1.5 mL tubes.
2. Add 200 µL chloroform and agitate gently for 15 s. Incubate for 3 min at RT and centrifuge (11,600 x g, 15 min, 4 °C).
3. Transfer aqueous phase to another 1.5 mL tube. Precipitate RNA by adding 500 µL isopropanol followed by a 10 min incubation at RT

and then centrifugation (11,600 x g, 4 °C).
4. Discard the supernatant and wash the pellet with 75% ethanol by vortex agitation and then centrifugation (7,500 x g, 4 °C).
5. Air-dry the pellet and solubilize RNA in 25 µL pure H2O by incubating for 10 min at 55 °C. Keep RNA at -80 °C until sample processing.

5. Quantity and purity of RNA
1. Quantify the RNA concentration by measuring the absorbance of the sample at 260 nm in a spectrophotometer (see Table of

Materials).
2. Measure at 230 nm and 280 nm to determine the RNA purity.

 

NOTE: The ratio at 260/280 indicates protein or phenol contamination. A ratio close to 2 is acceptable. The ratio at 260/230 indicates
EDTA, carbohydrates or phenol contaminants. Values between 2.0 - 2.2 are acceptable.

6. Checking RNA integrity
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1. Run 2 µg of total RNA and an RNA ladder on a 1.5% denaturing agarose gel; visualize on a gel documentation system (see Table of
Materials).
 

NOTE: A 2:1 ratio of clear and sharp 28S and 18S rRNA bands indicates an intact RNA. Partially degraded RNA resolves as a
smeared appearance.

7. RT-qPCR
1. Synthesize the complementary DNA (cDNA) from a single stranded RNA following the standard protocol (see Table of Materials)11.

8. Evaluate gene expression by RT-qPCR
1. Prepare the reaction mixture for each sample: Mix 2 µL cDNA, 7 µL fluorescent compound, 300 nM forward primer, and 300 nM

reverse primer (Table 1) in a final volume of 13 µL, and add to the 96-Well Reaction Plate (see Table of Materials).
2. Seal the plate with an optical adhesive cover, centrifuge (300 x g, 1 min) and run the reaction on a Real-Time PCR System (hot start 95

°C for 20 s followed by 40 cycles: 95 °C for 3 s and 60 °C for 30 s) (see Table of Materials).
3. Analyze the results by relative quantitation using the comparative method 2-ΔΔCt with the housekeeping genes glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) or acidic ribosomal phosphoprotein P0 (36B4)12.

4. Assess Endothelial Activation by Flow Cytometry

1. Treat the MLEC-04 cells following the conditions described in section 2 and evaluate the changes in the endothelial surface proteins by flow
cytometry.

2. Detach the cells after 6 h of LPS stimulation with the trypsin-EDTA method described in step 1.2.3, and wash with the incomplete media at 4
°C.

3. Count the cells using the Neubauer chamber method and place 10 x 104 cells into u-bottom 96-well plates. Centrifuge (300 x g, 5 min) and
discard supernatant by a 180° snap of the wrist from top to the bottom and quick recovery to the original position.

4. Add 50 µL of the selected antibody diluted in the incomplete media (10 µg/mL, final concentration) to the cells and incubate (30 min, 4 °C).
5. Wash the cells twice with the incomplete media following the procedure described in step 4.3, and incubate with 50 µL at 10 µg/mL of the

corresponding secondary antibody coupled to FITC or a similar conjugate (30 min, 4 °C in a dark space).
6. Wash the cells once with the incomplete media followed by a PBS wash. Recover the cells with 300 µL PBS using 1 mL pipette tips and place

in cytometry tubes.
7. Evaluate the samples in the flow cytometry system (see Table of Materials). Adjust the cell population by the forward and side scattering

parameters. Gate the population of interest. Adjust gates based on the negative control from cells incubated with isotype control. Analyze the
results as the percentage of positive cells or mean fluorescence intensity8.

5. Evaluate Endothelial Activation by Western Blot

1. Seed the endothelium at sub-confluence in 6-well culture plates (7 x 105 cells/well) and treat with LPS as described in section 2. Analyze the
inflammatory protein expression by the following western blot protocol.

2. Stop the LPS stimulation at different time points to elucidate different aspects of the endothelial response:
1. Ascertain the inflammatory proteins profile after 6 h of LPS stimulation.
2. Determine the cell signaling every 15 min through a 60 min period.

3. In both cases, stop the reaction by washing twice with cold PBS and store the samples at -80 °C until sample processing.
4. Lyse cells and protein extraction

1. Add 200 µL lysis buffer to each well (1% non-ionic surfactant, 10 mM Tris-HCl, 1mM EDTA, 150 mM sodium chloride, 30 mM sodium
pyrophosphate, 50 mM sodium fluoride, 2.1 mM sodium orthovanadate at pH 7.6, supplemented with protease inhibitor cocktail) (see
table of materials).

2. Incubate for 15 min at 4 °C under agitation, scrape wells with a pipette tip and collect the homogenate in 1.5 mL tubes.
3. Centrifuge the tubes at 11,600 x g at 4 °C.
4. Store the supernatant in clean 1.5 mL tubes at -80 °C until processing.

5. Measure the protein concentration by the bicinchoninic acid assay following the standard protocol (see table of materials)13.
6. Resolve the 30 µg of total protein lysate for each sample by the standard technique of 0.1% sodium dodecyl sulfate, 10% polyacrylamide

gel electrophoresis (SDS-PAGE)14. Run samples with 10 mM β-mercaptoethanol (reducing conditions) or without (non-reducing conditions)
depending on the antibody used to detect the protein of interest.

7. Transfer the separated proteins from the polyacrylamide gel to a polyvinylidene difluoride (PVDF) transfer membrane with 0.45 µm pore size
using standard procedure.

8. After transference, wash the membrane twice with PBS, 0.1% polysorbate-20 (PBS-T) and block unspecific binding sites by adding 20 mL 2%
BSA diluted in PBS-T for detected phosphoproteins or 5% non-fat dry milk in PBS-T for total proteins, under agitation (90 min, RT).

9. Dilute the selected antibody in 10 mL of the appropriate blocking buffer at the recommended concentration and incubate the membrane under
agitation (ON, 4 °C). Alternatively, place the membrane in sealed plastic bags and used 5 mL of the diluted antibody.

10. Next day, wash the membrane three times (excess PBS-T, 15 min, RT).
11. Incubate the membrane under agitation (30 min, RT) with 10 mL of the correspondent secondary antibody bound to horseradish peroxidase

(HRP) diluted at 1:10,000 in the appropriate blocking buffer.
12. Wash the membrane three times under agitation (excess PBS-T, 15 min, RT).
13. Incubate the membrane for 1 min with 0.1 mL/cm2 of the peroxidase substrate enhanced chemiluminescence (ECL). Place the

drained membrane between two transparent plastic sheets, and insert it into the chemiluminescence detection system which
includes a Charged-Coupled Device camera (CCD).
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1. Use the CCD camera to detect the signal and its software to record images with the accumulative program (images display
accumulated signal at every 30 s exposure for a total 15 min period).

14. Quantify the band intensity by densitometry using the ImageJ software following the protocol described in the user guide15.
1. Open the sample in the ImageJ software and select the band of interest with rectangular selection tool.
2. Select as the first lane and press plot lanes to obtain the profile plots.
3. Delimit the area of the peaks with the straight-line selection.
4. Measure the size of each band by clicking the inside of each peak.
5. Represent the results with respect to loading protein control (β-actin, tubulin, etc.).

6. Evaluate Endothelial Factor Released from Leukocyte Activation by Adhesion Assays

1. Obtain the endothelial conditioned media.
1. Treat the MLEC-04 cells as indicated in section 2 and collect the culture supernatant after 24 h stimulation with LPS (100 ng/mL).
2. Collect the conditioned media from the treated MLEC-04 cells and centrifuge (600 x g). Keep the supernatant in 0.5 mL aliquots at -80

°C until use.

2. Leukocyte adhesion assay
1. Coat the 96-well plates with 50 µL/well of selected extracellular matrix proteins diluted in PBS (except for collagen, which is diluted in

0.1 M acetic acid): fibronectin (1 - 10 µg/mL), laminin (1 - 10 µg/mL) and collagen type I (10 - 40 µg/mL). Leave ON at 4 °C.
2. Discard the coated media and block unspecific binding sites on wells with 150 µL PBS, 1 % BSA heat-inactivated (1 min, 100 °C) for 90

min at RT.
3. Wash the wells twice with PBS and add 100 µL of previously collected endothelial conditioned media (section 6.1) to the wells.

 

NOTE: Plates are ready for performing the adhesion assay.
4. Culture the mouse monocyte-macrophage cell line J774 in a biological incubator (37 °C, 95% humidity, 5% CO2) with Roswell Park

Memorial Institute Medium (RPMI), 10% FBS, 1% P/S.
 

NOTE: The J774 cells grow in suspension.
5. Collect the J774 cells into a 15 mL tube and centrifuge (300 x g, 5 min). Discard the supernatant and resuspend the cellular pellet with

10 mL serum-free media. Count the cells in a Neubauer chamber. Centrifuge the cells (300 x g, 5 min), discard the supernatant and
resuspend the cells in serum-free media at 15 x 104 J774 cells per 50 µL media.

6. Add 15 x 104 J774 cells to each well in 50 µL serum-free media and incubate for 15 min at 4 °C followed by 1 h at 37 °C in the CO2 cell
incubator.

7. Wash the wells twice, gently by adding warm PBS; centrifuge (300 x g, 5 min) and discard supernatant by a 180° snap of the wrist
from top to the bottom and quick recovery to the original position. Fix the attached cells by adding 100 µL/well of 4% paraformaldehyde
(PFA) in PBS and incubate (10 min, RT).

8. Discard the media gently and permeabilize the cells with 2% methanol in PBS for 2 min at RT. Discard the media gently and stain the
cells by adding 50 µL/well of 0.5% crystal violet in 20% methanol for 90 s at RT.

9. Wash the plate with abundant running water, discard the excess liquid and leave it to air-dry. Report the attached cells by digital
camera coupled to a light microscope.

10. Dilute the cell staining by adding 100 µL/well of 0.1 M sodium citrate, 50% ethanol. Measure the absorbance at 545 nm and represent
the results as arbitrary units of absorbance or percentage of adhesion by considering 100% as cell adhesion reached to wells coated
with higher ligand concentration

7. Test Endothelial Activation by Leukocyte-Endothelium Co-adhesion Assay

1. Treat the MLEC-04 cells on 96-well plates as described in section 2 and incubate with LPS (6 h, 37 °C).
2. Fluorescently label J774 cells with Carboxyfluorescein Succinimidyl Ester (CSFE).

1. Wash the J774 cells in PBS following the procedure in 6.2.5. Count the cells by the Neubauer chamber method and resuspend at 1 x
106 cells/mL in PBS, 0.1% BSA.

2. Incubate the cells with CFSE (5 µM, final concentration) for 20 min at 37 °C. Add 5 mL incomplete media and incubate (5 min, 4 °C).
3. Wash once with incomplete media as explained in 6.2.5., resuspend at 15 x 104 cells/100 µL and proceed to the co-adhesion assay.

3. After the endothelium treatment, wash the wells three times with incomplete media. Add CFSE-J774 cells (15 x 104 cells/100 µL) to each
endothelial-coated well. Incubate the plate for 10 min at 4 °C followed by 60 min at 37 °C.

4. Wash the wells gently, as described in 6.2.7., using warmed PBS and report the J774 adhesion to the endothelial layer by the
following two methods:

1. Lyse the cells in 0.1 M Tris-HCl pH 8.8, 1% SDS (100 µL/well) and measure the CFSE-J774 signal by fluorometry (excitation/emission
= 492 nm/517 nm). Represent the results as arbitrary units of fluorescence intensity or percentage of adhesion with respect to positive
control (signal from total cells added to each well).

2. Fix the cells in 4% PFA and report the attachment of the CFSE-J774 cells to the endothelium by visualizing under a fluorescence
microscope (excitation/emission = 492 nm/517 nm).
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Representative Results

Evaluation of LPS-induced endothelial cell activation by RT-qPCR

The serum starved MLEC-04 cells were stimulated by 100 ng/mL of LPS for 6 h, and the endothelial gene expression was assessed using RT-
qPCR by comparing the expression of activation markers to the resting condition. As shown in Figure 1A, the LPS-incubated MLEC-04 cells
induced the mRNA expression of selected adhesion molecules involved in leukocyte recruitment during the inflammatory response (E-selectin,
VCAM-1 and ICAM-1). PECAM-1 was used as an internal control because the expression is unmodified under this experimental treatment.
Figure 1B represents the endothelial activation by LPS measured by the increased mRNA expression of the cytokines Ccl5, Cxcl10, and Cxcl1.
These molecules are involved in the activation of circulating leukocytes, including their trafficking to the endothelial layer and later extravasation
to the inflammation site. The cytokine, IL4, was used as an internal control under this experimental treatment.

 

Figure 1: Evaluation of LPS-induced endothelial cells activation by RT-qPCR. The MLEC-04 cells were stimulated with 100 ng/mL of
LPS for 6 h (red bars) compared to the control condition (blue bars), and the gene expression was analyzed by RT-qPCR. Graphs show fold
induction of mRNA with respect to the control condition of selected endothelial adhesion molecules (A) and cytokines (B) involved in leukocyte
activation and recruitment during the inflammatory response. PECAM-1 and IL4 were used as negative controls under this condition. Results are
expressed as mean ± SEM from one experiment, out of three performed, carried out in triplicate. Please click here to view a larger version of this
figure.

Protein expression of adhesion molecules on LPS-treated endothelial cells

Inflammatory stimulation was performed on the MLEC-04 cells as detailed in the previous section and the protein expression was investigated by
western blot technique. The resting endothelium presents almost undetectable levels of the adhesion molecules VCAM-1 and ICAM-1 (labeled
as -). In the presence of LPS (+), the endothelial activated phenotype is evident by the upregulation of the expression of the described markers
(Figure 2). The membranes were normalized by β-actin detection, which was used as the loading control to calculate the relative band densities
after densitometry analysis.
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Figure 2: Protein expression of adhesion molecules on LPS-treated endothelial cells. Representative western blot evaluating VCAM-1 and
ICAM-1 protein expression in resting (-) compared to LPS-treated (+) MLEC-04 cells. The β-actin was used as a loading control. The molecular
weight of each protein is in brackets. The values represent the semi-quantification of relative band densities. Please click here to view a larger
version of this figure.

Endothelial surface markers in LPS-mediated inflammation

The endothelial activation in the inflammatory context was evaluated by flow cytometry after 6 hour-stimulation by LPS (100 ng/mL). In this
condition, the detection of adhesive-related molecules involved in leukocyte interaction was evaluated. The left panel of Figure 3A represents
basal expression of the specified markers in the resting MLEC-04 cells (red-solid histogram) compared to the isotype negative control
(black-dotted histogram). The right panel of Figure 3A shows the results derived from stimulated MLEC-04. The LPS treatment significantly
upregulated the expression of the adhesion molecules E-selectin, VCAM-1 and ICAM-1 in the plasma membrane (red-solid histogram) when
compared to the resting condition (black-dotted histogram). As shown in the cytometry profiles and cited before, the expression of PECAM-1 is
unchanged in this experimental condition. Figure 3B shows the quantification values used as references to evaluate possible mediators of the
endothelial inflammatory reaction. %: percentage of positive cells; MFI: mean fluorescence intensity.
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Figure 3: Endothelial surface markers in LPS-mediated inflammation. Flow cytometry profiles of the cell adhesion molecules on resting and
LPS-stimulated MLEC-04 cells. The left panel shows protein expression on the resting cells (Antigen labeled-red histogram) with respect to the
isotype matched control (Ctrl-black histogram). The right panel compares the control cell-surface protein expression (black histograms) to the
LPS-treated endothelial cells (red histogram). Please click here to view a larger version of this figure.

Signaling pathways triggered by LPS stimulation in endothelial cells

The mechanisms involved in the vascular compartment activation during inflammation are investigated by evaluating key signaling molecules.
The MLEC-04 cells stimulated with LPS at different periods were processed for protein extraction, and the degree of activation was analyzed
by western blot technique. Figure 4 shows that the IκB-α repressor of NF-κB signaling is phosphorylated after the 15 min LPS-incubation, and
returns to basal levels after 1 hour. On the other hand, the LPS activates ERK 1/2 signaling after 15 min, which establishes an essential pathway
involved in endothelial activation during the inflammatory response. The membranes were normalized by β-actin or ERK 1/2 detection, which
were used as the loading controls to calculate the relative band densities after densitometry analysis.
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Figure 4: Signaling pathways triggered by LPS on endothelial cells. The MLEC-04 cells stimulated with 100 ng/mL of LPS for the times
indicated in the figure and the signaling pathways ERK 1/2 (P-ERK 1/2) and NF-kB (through P-IκBα) were evaluated by western blot. The ERK
1/2 total and β-actin were used as loading controls in each condition. The molecular weight for each protein is in brackets. The values represent
the semi-quantification of relative band densities. Please click here to view a larger version of this figure.

Regulation of the leukocyte behavior by endothelium stimulated with LPS

The biological relevance of the regulation of endothelial activation on the progression of the inflammatory reaction is determined by functional
assays of leukocyte performance. As described in the Protocol section, two different approaches are included for testing leukocyte function
regulated by endothelial cells. Although the assays interrogate different aspects of the inflammatory response (RT-qPCR for endothelial
cytokines released by the leukocyte activation, and western blot for endothelial adhesion molecules in the leukocyte interaction), the data
obtained are both evaluate microscopic details of leukocyte attachment. The leukocyte activation by endothelial soluble factors is essential
for developing an efficient inflammatory response, as it favors cell adhesion to several substrates. Figure 5A shows the J774 cell adhesion
to 0.5 µg/mL fibronectin coated wells in response to previously collected conditioned media from the control or LPS treated endothelial cells.
The bright field images and spectrophotometric measurements indicate that the factors released in the conditioned media from LPS-treated
endothelium are sufficient to efficiently induce J774 activation, as shown by the induction of cell attachment to fibronectin. Figure 5B represents
a co-adhesion assay to evaluate the ability of the vascular layer to support leukocyte firm adhesion by the novel expression of endothelial
adhesion molecules. Briefly, the serum starved subconfluent cultures of the MLEC-04 cells stimulated with LPS for 6 h were washed several
times and co-incubated with the leukocyte line J774 previously labeled with the fluorescent probe, CFSE. As shown in the micrographs and
spectrofluorometric measurements, the LPS-vascular stimulation favors the interaction of CFSE-J774 cells to the endothelial monolayer.

 

Figure 5: Leukocyte interaction to LPS-incubated endothelial monolayer by co-adhesion assay. (A) Light microscopy images showing
crystal violet staining of the J774 cells attached to 0.5 µg/mL fibronectin coated wells in response to conditioned media from the control or LPS-
treated endothelial cells. Scale bar, 50 µm. The spectrophotometric analysis shown below indicates the absorbance measurement expressed as
arbitrary units (a.u.) ± SEM for a representative experiment run in triplicate. (B) Fluorescence micrographs show attached CFSE-J774 cells to the
control or LPS-treated MLEC-04 cells evaluated by co-adhesion assay. Scale bar = 50 µm. The fluorometric analysis shown below indicates the
fluorescence intensity expressed as arbitrary units (a.u.) ± SEM for a representative experiment run in triplicate. Please click here to view a larger
version of this figure.
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Target NCBI RefSeq ID Forward sequence (5´-3´) Reverse sequence (5´-3´)

GAPDH NM_001289726.1 ACT GTG GAT GGC CCC TCT
GG3

TGA CCT TGC CCA CAG CCT TG

36B4 NM_007475.5 AGA TGC AGC AGA TCC GCA T GTT CTT GCC CAT CAG CAC C

Cxcl10 NM_021274.2 CAA AGC ATC CCG TTT CAC T CCC CTT CTT GGT GAG GAA TA

Ccl5 NM_013653.3 TCT CTG CAG CTG CCC TCA CC TCT TGA ACC CAC TTC TTC TC

Cxcl1 NM_008176.3 GGG AAG AAA TGC AAG CTG
AA

CTG TAC AGC AGG GTC CTT
GAC

IL1R2 NM_010555.4 AGT GCA GCA AGA CTC TGG
TAC CTA

AGT TCC ACA GAC ATT TGC
TCA CA

IL10 NM_010548.2 CTG GAC AAC ATA CTG CTA
ACC G

GGG CAT CAC TTC TAC CAG
GTA A

PECAM-1 NM_008816.3 CGA TGC GAT GGT GTA TAA CG TGT CAC CTC CTT TTT GTC
CAG

E-selectin NM_011345.2 GCA TGT GGA ATG ACG AGA
GA

GTC AGG GTG TTC CTG TGG TT

VCAM-1 NM_011693.3 GGC TGA ACA CTT TTC CCA GA CCG ATT TGA GCA ATC GTT TT

ICAM-1 NM_010493.3 CCG CTA CCA TCA CCG TGT A GGC GGC TCA GTA TCT CCT C

Table 1: List of primers used in this study.

Resting LPS

   %  MFI    %  MFI

Ctrl 1.79 3.5 0.55 3.48

PECAM-1 37.52 12.09 37.82 12.24

E-selectin 17.12 8.06 88.13 49.84

VCAM-1 53.08 20.51 99.30 204.05

ICAM-1 99.76 114.81 99.82 363.89

Table 2: Endothelial surface markers in LPS-mediated inflammation. Quantification of cell adhesion molecules expression on the resting
and LPS-stimulated MLEC-04 cells by flow cytometry analysis. The representative values for each marker corresponding to the percentage of
positive cells (%) and mean fluorescence intensity (MFI) in the resting and LPS-stimulated endothelial cells. PECAM-1 was used as a negative
control under these experimental conditions.

Discussion

This endothelial protocol describes a stepwise technology that establishes the groundwork for exploring novel mechanisms involved in the
regulation of the inflammatory response. These approaches are based on the study of the endothelial activity stimulated by LPS and evaluate the
critical steps involved in leukocyte recruitment during the inflammatory response, specifically: endothelial cytokines release, endothelial adhesion
molecules expression and leukocyte adhesion to the vascular layer. Once the endothelial parameters are established, the system can search
for novel compounds involved in the regulation of endothelial function and consequently, inflammatory progression. Those regulatory drugs can
potentially be of interest to the pharmaceutical market. The major projection of this sequential protocol is to establish a foundation for extending
these studies to different endothelial types and stimulatory conditions by adjusting to their relative vascular activity parameters.

Drugs selected by this screening will constitute interesting candidates for designing novel therapeutic strategies against inflammatory
disorders. On the one hand, the compounds that favor the endothelial response and contribute to leukocyte recruitment will be promising for
immunodeficiency conditions16,17. On the other hand, the endothelial inhibitors would constitute excellent therapies for chronic inflammatory
diseases10.

Characterization of the cytokines expressed by stimulated endothelium predicts the evolution of the inflammation. Cytokines are small proteins
released by the endothelial layer in the inflammatory context and strongly regulate leukocyte behavior. Pro-inflammatory members, such as
Ccl5, Cxcl10 and Cxcl1, bind to their specific receptors on the leukocyte surface and signal to induce leukocyte interaction with the newly
expressed adhesion molecules on the vascular layer (E-selectin, VCAM-1 and ICAM-1), and leukocyte migration to the pathological area (Figure
1, Figure 2, Figure 3)8,10,18. Other members of the same family of proteins are involved in the resolution of the inflammation and consequently
tissue repair. The expression of these anti-inflammatory cytokines is relevant for chronic inflammatory diseases because they impede leukocyte
recruitment and favor immunity clearance10,19,20. To select possible endothelial inflammatory regulators, it is recommended to perform this
cytokine expression assay and evaluate the endothelial adhesion molecules expression in the presence of the compounds of interest. In fact,
analyzing the levels between anti-inflammatory versus pro-inflammatory cytokines can be used as a predictive value for progression of the
disease and reveals the drug of therapeutic interest21.

https://www.jove.com
https://www.jove.com
https://www.jove.com
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The LPS binding to its cell surface receptor triggers complex intracellular signaling cascades led by MAP kinases ERK 1/2, JNK, and p38 and
the NF-kB signalosome to induce the inflammatory transcriptional program. Many of these pathways are common to other inflammatory stimuli
such as TNF-α or IL-110,22. The endothelial activation is determined by detecting the phosphorylated form of the MAP kinase members as shown
for ERK 1/2 in Figure 4. Moreover, the endothelial activation by LPS induces enzymatic activity of the IKKβ complex, which phosphorylates
and degrades the NF-kB inhibitor complex IκB, thus allowing NF-kB effector members of nuclear translocation to perform the correspondent
transcriptional activity (Figure 4). Characterizing the mechanisms by which the drug compound affects the endothelial inflammatory response
is very useful, not only in describing the drug, but also in designing novel inflammatory treatments in combination with compatible conventional
therapies23.

Compounds selected from the endothelial inflammatory screening assays, must be further studied to confirm their functional relevance in
the critical steps of leukocyte behavior assays, as ultimately, the cells are responsible for the inflammatory disorders. These assays analyze
the leukocyte activity in two different experimental settings. The first is in evaluating the role of endothelial-released cytokines on leukocyte
activation by integrin-mediated adhesion assays. The leukocyte integrins are activated by the endothelial released cytokines. Thus, leukocyte
adhesive ability to integrin ligands is a representative measurement for leukocyte function8,10,18. The second is in studying the role of the newly
expressed endothelial adhesion molecules on the leukocyte interaction to the vascular layer by co-adhesion assays. The endothelial adhesion
molecules expressed in the inflammatory context is essential for leukocyte recruitment to the surrounding tissue. Thus, analyzing the leukocytes
interacting with the endothelial-treated monolayer of cells constitutes a prognostic value for inflammatory progression (Figure 5)8,10,18. The
results derived from these approaches would suggest that the selected compounds are serious candidates in designing future strategies for
treating inflammatory disorders

The experimental proposal defined here is a versatile tool for future applications because of its ability to extrapolate to different cellular or
stimulatory systems. The procedure can be modified to endothelium from different origins or species, and to test its functionality on several
immune cells, as well as different inflammatory agents such as LPS, TNF-α, bacteria, virus, etc. As described in the text, researchers must first
characterize the endothelial activation in their own system to later characterize the role of a selected compound on the inflammatory response.
Limitations of the protocol are the selection of an appropriate negative control and defining precisely the endothelial activity parameters
that discern the resting from the stimulated state. In the case that the conditions described in this paper do not work for a different system,
researchers must troubleshoot the experimental parameters by performing additional time-dependent assays and using a concentration gradient
of the inflammatory stimulus to define a stimulatory window that allows for testing new drugs for the regulation of the inflammatory response.

To conclude, this endothelial inflammatory protocol is recommended for the search of new endothelial regulators targeting the inflammatory
response. Performing this procedure will provide novel, interesting compounds that can be applied to studying its future applications and
designing innovative vascular-specific therapies against inflammatory-related diseases, and which potentially could be of interest to the
pharmaceutical market.
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