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MATERIALS AND METHODS 

 

Aldabbous et al. Neutrophil extracellular traps (NETs) promote angiogenesis: evidence from 

vascular pathology in pulmonary hypertension. 

 

 

Human plasma collection and measurement of NET components. 

Venous blood samples were obtained with local ethics committee approval and informed written 

consent from healthy volunteers, CTEPH and IPAH patients. Plasma samples were obtained from 24 

healthy volunteers, 52 IPAH patients, 26 CTEPH patients (Imperial College Hammersmith Hospital 

cohort) and an independent, external cohort of 26 CTEPH patients (Cambridge Papworth Hospital). 

Patients’ characteristics are shown in Supplementary Table I.  DNA content was measured using 

Quant-it PicoGreen kit according to the manufacturer's instructions (Invitrogen, P7589). MPO was 

measured using Myeloperoxidase Human ELISA Kit (Abcam, #ab119605) according to the 

manufacturer’s instructions. NE was measured using PMN Elastase Human ELISA Kit (Abcam, 

#ab119553).  

The levels of DNA-MPO complex in plasma were measured with modified ELISA method described 

in 
1
. Briefly, ELISA plates (Maxisorp F96, Nunc #442404) were incubated overnight with 5µg/mL of 

rabbit anti- myeloperoxidase antibody (Abcam #45977; 10 µg/mL). The plates were washed 3 times 

with 0.1% PBS-Tween (PBST) and 20µL of plasma samples mixed with 80µL of incubation buffer 

containing peroxidase-labelled anti-DNA mAb (Cell Death ELISAPLUS, Roche, dilution 1:25) per 

well were added. Following 2 hour incubation and 3 washes in PBST, 100µL of ABTS substrate was 

added and 405 nm absorbance was read in Glomax™ plate reader. 

 

Staining of human lung sections and endarterectomy specimens.  

Paraffin blocks were cut into sections, analysed by immunohistochemistry and mounted in 

Vectashield containing nuclear stain DAPI (Vector Laboratories, #H-1200). Primary antibodies 

included rabbit polyclonal anti- neutrophil elastase (Abcam, #ab21595, 1µg/mL), rabbit polyclonal 

anti-PAD4 (ThermoScientific, #PA5-22317,10µg/mL). Biotinylated anti- rabbit IgG (Vector 

Laboratories, #BA-1000, 10µg/mL) was used as a secondary antibody. 

For immunofluorescent staining of lung sections and endarterectomy specimens, primary antibodies: 

rabbit polyclonal anti- citrullinated histone 3 (Abcam, #ab5103, 1µg/mL), goat polyclonal anti- 

myeloperoxidase (R&D Systems,#AF3667, 10 µg/ml), mouse  anti-endoglin (Millipore, # 05-1424) 

and secondary antibodies: TRITC-labelled donkey anti- rabbit (Jackson Laboratories, #711-025-152, 

0.5 µg/mL) and Alexa488 donkey anti- goat antibody (Invitrogen, #A11055, 4 µg/mL), were used. 

Sections from 6 healthy individuals or patients per group were used in the study (n=6). The slides 

were mounted in Vectashield containing nuclear stain DAPI (Vector Laboratories, #H-1200). Images 

were taken under the confocal laser scanning fluorescence microscope (Zeiss LSM-780). Microscopy 

was performed in the facility for imaging by light microscopy (FILM) at Imperial College London.  

 

Isolation of NETs and quantification of DNA in NET preparations. 

Human neutrophils were isolated as described in.
2
 NET formation was induced by 20 nmol/L phorbol 

12-myristate 13-acetate (PMA).
3, 4

 NET formation was induced by overnight stimulation of  

neutrophils with 20 nmol/L of phorbol 12-myristate 13-acetate (PMA). The NETs layer deposited at 

the bottom of the culture dish was washed twice in PBS and was collected by vigorous pipetting. The 

cell debris was removed by centrifugation at 300 x g for 10 minutes and supernatants containing 

NETs were used for experiments.  To measure DNA content, NET samples were digested 10U/mL 

DNase I (Thermo Scientific B43) in 37°C for 30 minutes and DNA content was measured with 

picogreen dsDNA kit (Invitrogen, P7589), according to the manufacturer's protocol. 
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Mouse neutrophils were obtained from bone marrow of 10 week-old male CD1 mice (n=10) 

according to the method described in 
5
. Isolation and quantification of mouse NETs was carried out in 

the same manner as described for human neutrophils. 

 

Staining of NET markers in NET preparations. NETs were stained with primary antibodies: rabbit 

anti- myeloperoxidase antibody (Abcam #45977; 10 µg/mL), and rabbit polyclonal anti-citrullinated 

histone H3 antibody (Abcam, #5103; 10 µg/mL). TRITC-labelled goat-anti rabbit IgG was used as a 

secondary antibody (Jackson Laboratories, #111-025-144; 5 µg/mL). The coverslips were mounted in 

Vectashield containing nuclear stain DAPI (Vector Laboratories, #H-1200). Images of cells were 

taken under the confocal laser scanning fluorescence microscopy (Leica TCS SP5). 

 

Cell culture and treatments. 

Human pulmonary artery endothelial cells and human pulmonary artery smooth muscle cells were 

cultured as previously described 
6
. NETs were added to cell media at a final concentration of  0.3 

µg/mL DNA and the cells were cultured for 4 hours or 24 hours, with or without the inhibitors: 

10U/mL DNase I (Thermo Scientific, #B43), 300 nmol/L Myeloperoxidase Inhibitor-I (Calbiochem, 

#CAS 5351-17-7) , the NFκB inhibitor, BAY 117085 (10µmol/L; Sigma) or catalase from bovine 

liver at 1000 U/mL (Sigma; # C9322)(22). The Toll-like receptor inhibitor (TLRi; InvivoGen,#CLI-

095) was added to the cells at the concentration of 10µg/mL.
7
 

 

Co-culture of NETs and HPAECs in Transwell dishes. 

HPAECs infected with AdNFκB-luc were grown to confluence at the bottom of 24-well Transwell 

dishes (Corning Life Sciences, 0.4 µm pore size, # 3381). NETs were either added directly to the 

bottom chambers (to remain in direct contact with endothelial cells), or were added to the top 

chambers of Transwell dishes, separated from the cells by a porous membrane. Following 24 hour 

incubation, the NFκB activity was measured in luciferase reporter assay.  To verify whether the 0.4 

µm pore size membrane was effective in separating NETs from cells, DNA concentration in the 

bottom chamber was measured with a Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen™) at 

selected timepoints throughout the experiment. In experiments involving HPASMC proliferation, 

HPAECs we cultured in serum-reduced (0.5% FCS) medium in the top chamber of Transwell dishes, 

with, or without NETs. Conditioned media were collected from the bottom chamber after 24 hour 

incubation and were added to HPASMCs cultured in 96 well plates (7000 cells/well). The cells were 

subsequently used for CellTiter 96 proliferation assay 

 

CLIC4 gene silencing. 

Inhibition of CLIC4 expression was achieved by adenoviral overexpression of CLIC4shRNA.
8
 

AdCLIC4shRNA (pEQU6-Clic4-shRNA-GFP; 5’-GCCGTAATGTTGAACAGAATT-3’, Welgen, 

Inc) was used at the multiplicity of infection (MOI) 1:100. AdGFP (Vector Biolabs) was used as an 

adenoviral control. 

 

NFκB Luciferase Reporter Assay 

Adenoviral NFκB luciferase reporter construct (AdNFκB-Luc) and Luciferase Assay System 

(Promega) were used to measure NFκB activity
8
 . Briefly, confluent HPAECs grown in 24-well plates 

were infected with adenoviruses: AdGFP (adenoviral control) or AdNFκB-luc (NFκB luciferase 

reporter) at the multiplicity of infection (MOI) 1:100 in serum-free medium. Following 2-hour 

incubation, the medium was replaced with culture medium containing serum and growth factors. 24 

hours post-infection, 100 µL of NET suspension in PBS containing 1.4 µg/ml DNA was added to the 

cells and incubated for a further 24 hours under normoxic (19% O2, 5% CO2) or hypoxic (2% O2, 5% 

CO2) conditions at 37°C. The cells were then lysed using 1x lysis buffer (Promega, # E1500) and 20 

µl of each sample was transferred to white 96-well plates (Corning™ 3912) and combined with 100 

µl of Luciferase Assay Reagent™ (Promega, # E1500).  Luminescence, proportional to the level of 

NFκB-driven expression of luciferase, was measured in the Glomax™ luminometer.    
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Western blotting.  Protein lysates of HPAECs cultured with NETs for 24 hours were resolved by 

SDS-PAGE and analysed by western blotting. Blots were probed with rabbit anti-human ICAM-1 

monoclonal antibodies (Cell Signaling Technology®, #4915S; 1µg/mL), mouse monoclonal anti-

TLR4 (Santa Cruz Biotechnology,#sc-13593), rabbit anti-IRAK-4 (Cell Signaling Technology, 

#4363P), rabbit anti-p-IRAK-4 (Cell Signaling Technology , #T345/S346) and mouse monoclonal 

anti-β-actin antibodies (Sigma, # A1978; 0.4 μg/ml), as appropriate.  Secondary antibodies included 

goat anti-rabbit HRP-linked antibody (Sigma, 1µg/mL) and goat anti-mouse HRP-linked antibody 

(Sigma, 1µg/mL).  Membranes were imaged using Luminata Crescendo (Milipore) 

chemiluminescence reagent in BioRad ChemiDoc Imager and optical density of immunoreactive 

bands were analysed using ImageJ. 

 

Human Angiogenesis Microarray 

Confluent HPAECs were grown in serum-reduced (0.5% FBS) and growth-factor-deprived medium, 

with or without NETs for 24 hours. Pro-angiogenic cytokine release was studied in a Proteome 

Profiler™ Human Angiogenesis Array (R&D Systems™, # ARY007). Changes in pro-angiogenic 

cytokine levels were established by comparing optical density of spots on membranes incubated with 

untreated HPAEC lysates with corresponding spots on membranes incubated with NETs-treated 

HPAEC lysates.  

 

Endothelin-1 (ET-1) measurement.  

ET-1 levels in cell culture media and patient plasma were measured with QuantiGlo ELISA Human 

Endothelin-1 Immunoassay (R&D,#QET00B), according to the manufacturer’s instructions. Serum 

ET-1 levels were measured in duplicate wells using a customized assay (Millipore, UK) using a 

Luminex 200 analyser and x PONENT software (Luminex Cooperation, Texas, USA). 

 

Endothelial Permeability. 

Endothelial permeability was measured in Transwell assay, as previously described.
9
 Briefly, 

HPAECs (10,000 cells/well) were grown to confluence in full media in Transwell-Clear dishes with a 

0.4 μm pore size membrane (Corning Life Sciences, # 3381). HPAECs were then treated with NETs 

for 24 hour in normoxic conditions. Fluorescein isothiocyanate (FITC)-conjugated dextran (Sigma, # 

46947; 1g/L) was added to the upper compartment of the Transwell-Clear chamber and 1 hour later  

the fluorescence of FITC-dextran that passed through the endothelial layer into the bottom chamber of 

Transwell dishes was measured using a Glomax luminometer (Promega) at 490 nm excitation and 520 

nm emission wavelength. 

 

Platelet adhesion under flow. 

HPAECs were seeded into the channels of Ibidi VI0.4 and cultured for two days to form a confluent 

monolayer. The cells were then incubated with NETs for 4 or 24 hours. Washed red blood cells and 

platelets were prepared as previous described and platelets labelled with DiOC6 
10

 and perfused over 

the HPAECs at 250s
-1

. The surface area covered by platelets was determined using Image J and 

expressed as a percentage of the total endothelial surface area. 

 

Intracellular distribution of F-actin and VE-cadherin and surface expression of vWF. 

Immunostaining of VE-cadherin and affinity-staining of F-actin in cells grown on coverslips was 

performed as in 
8
. The cells mounted in Vectashield mountant containing DAPI (Vector Laboratories, 

#H-1200). To visualise surface deposition of vWF, the cells were fixed without permeabilisation and 

stained with polyclonal rabbit anti-human von Willebrand Factor antibody (DAKO; # A 0082; 

10µg/mL) and fluorescent secondary TRITC goat-anti rabbit antibody (Jackson Laboratories #111-

025-144; 10µg/mL). Images of cells were taken under the confocal laser scanning fluorescence 

microscopy (Leica TCS SP5). Image processing was performed with Adobe Photoshop CS (Adobe 

Systems, San Jose, CA). 

 

In vitro matrigel tube formation and spheroid sprouting angiogenesis assay 

Matrigel tube formation assay was performed in growth factor-reduced Matrigel (Corning™, # 

354230), as previously described.
8
 Cells were photographed under the Olympus CKX41 microscope 



4 
 

and tube formation (total tube length and the number of loops) was analysed using Image J 1.48v. 

Spheroid sprouting assay was carried out as in 
11

. Briefly, 200 µL HPAEC cell suspension containing 

2x10
4
 cells/mL were plated into the 96-well Sphera U-bottom microplates (Fisher Scientific, cat no 

3151822784) and centrifuged for 5 minutes at 300g. The plates were then incubated for 24 hours at 

37°C to allow the formation of spheroids. 100 µL of medium was removed from each well and plates 

were placed on ice. 100 µL of ice-cold matrigel (Corning™, # 354230) was added to each well and 

the plates were briefly centrifuged at 4°C for 1 min at 100g to ensure central position of the spheroids. 

The plates were then placed in 37°C incubator for 1h to allow polymerization of matrigel and 100µL 

full medium containing additional 10ng/mL basic fibroblast growth factor (FGF; R&D Systems, 

Abingdon, United Kingdom) was added to each well. Spheroid sprouting was assessed after 48h and 

72h post-plating using Image J 1.48v by comparing the surface area covered by spheroids before and 

after the experiment.  

 

Isolation of NETs from mouse neutrophils. 

Mouse NETs were isolated from bone marrow neutrophils of 10 CD1 male 10week old mice 

according to the method described in 
12

. Mice were sacrificed and the bone marrow was flushed out of 

the tibia and the femur using RPMI supplemented with 5% FCS, glutamine and 

penicillin/streptomycin and passed through a 70-µm cell strainer to obtain a single cell solution. Cells 

were pelleted and remaining erythrocytes were lysed using red blood cell lysis buffer (Sigma). The 

entire bone marrow was resuspended in Hank’s Balanced Salt Solution (HBSS) without CaCl2 

/MgCl2. Mature neutrophils were purified by centrifugation for 30 min at 1,500 x g on a discontinuous 

Percoll gradient consisting of 52% (v/v), 69% (v/v) and 78% (v/v) Percoll in PBS. Mature neutrophils 

were recovered from the interphase between 69% and 78% Percoll. Mouse NETs were isolated in the 

same manner as described for human neutrophils. 

 

Cell proliferation  

HPAECs and HPASMCs proliferation was evaluated in CellTiter 96 proliferation assay (Promega).
8
 

To study sparse cell migration, HPAECs were plated at the density of 7000 cells/well in 96-well 

Nunc® MicroWell™ 96-Well Optical-Bottom Plates (Thermo Scientific). Next day, NETs were 

added to the cells together with DNA stain, propidium iodide (PI; 50 µg/mL). Live cell movement 

was recorded for 16 hours on Zeiss Axio Observer Inverted Widefield Microscope with LED 

illumination and Hamamatsu Flash 4.0 camera using ZEN software with 30 minute time interval.  The 

obtained video recordings were analysed with Image J Cell Tracking and Ibidi Chemotaxis and 

Migration Tool 2.0 software, to provide images of cell trajectories as well as cell motility parameters 

including velocity, accumulated distance (total length of cell trajectory), Euclidian distance (distance 

in a straight line between the start and the end point of each trajectory) and directionality (Euclidian 

distance: accumulated distance ratio). Further information regarding the method of analysis can be 

found on the website (http://ibidi.com/software/chemotaxis_and_migration_tool/). 

 

Cell migration was also studied with OrisTM Cell Migration Assay Kit (Platypus Technologies; 

CMA1.101), according to manufacturer’s instructions. Briefly, HPAECs were plated in 96-well plate 

with circular inserts provided with the kit. On the following day, circular inserts were removed and 

NETs were added to the cells at the DNA concentration of 0.3µg/mL. After 24 hour incubation, the 

cells were fluorescently labelled with CellTracker™ Green BODIPY® Dye (Thermofisher Scientific, 

# C2102) and images of cells that migrated into the circular “wound” area, were taken under the 

Olympus IX70 fluorescent microscope equipped with a Peltier CCD camera. The intensity of 

fluorescence was measured with Image J. 

 

Matrigel plug formation in vivo and quantification of plug vascularization. 

Experiments were performed according to the Animals Scientific Procedures Act of 1986 as 

previously described.
13

  CD1 male 10 week old mice were anesthetized with an isoflurane gas mixture 

and injected subcutaneously with the Matrigel Basement Membrane Matrix (BD Biosciences) mixture 

near the abdominal midline, to induce the formation of a single, solid gel plug. Matrigel preparation 

included 250 µL Matrigel, 64 U/mL heparin (CP Pharmaceuticals), 80 ng/mL basic fibroblast growth 
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factor (FGF; R&D Systems, Abingdon, United Kingdom), and PBS to the final volume of 350 µL. In 

other experimental groups, mouse NETs or human NETs were added to Matrigel preparation to a final 

concentration of 0.3µg/mL DNA. Following 7 days, mice were killed and plugs were harvested after 7 

days, fixed in 4% (wt/vol) paraformaldehyde in PBS for 2 hours at room temperature, transferred to 

70% ethanol, embedded in paraffin, and processed for hematoxylin and eosin staining or staining with 

rat monoclonal anti-mouse endomucin antibodies (Santa Cruz, 65495; 5µg/mL) and secondary, FITC-

labelled donkey anti-rat IgG from (Jackson ImmunoResearch #712-095-150; 5µg/mL). Vessels 

contained in the Matrigel plug were identified by the presence of nucleated cells surrounding a lumen 

marked by fluorescent staining of endomucin. Images of 6 fields of view /plug in plugs from 5 

mice/treatment group were taken using a 10 x objective under the confocal laser scanning 

fluorescence microscope (Leica TCS SP5). The intensity of fluorescence, corresponding to plug 

vascularization, was analysed with Image J. 

 

Statistical analysis. 

All experiments were repeated at least in triplicate. The data was represented as either a scatter plots 

or bar graphs, results are expressed as means ± standard error deviation of the mean (SEM) and n is 

equal to the number of either patient number or the number of experimental repeats. All patient data 

were tested for normality distribution using D’Agostino-Pearson omnibus normality test. Unpaired t- 

test were used for normally distributed data. Mann-Whitney test was used for non-normally 

distributed data and Kruskal-Wallis with Dunn’s comparison was used for multiple groups. In vitro 

data a one-way ANOVA test was used with Tukey multiple comparison post-test. Unpaired t-test was 

used in comparisons of angiogenic cytokine expression between control cells and NET-treated cells. 

All graphs and calculations were performed with GraphPad Prism6 for windows version 6.03 

(GraphPad Software Inc). 
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