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Dimethylarginine dimethylaminohydrolase levels in blood outgrowth endothelial cells.  

Oral presentation.  Physiology 2021 (The Physiological Society).  Virtual conference hosted 

from London, UK, July 2021. 

Halliday, L., Freestone, N., and Arrigoni, F. 

 

Introduction: Dimethylarginine dimethylaminohydrolase (DDAH) is a major endogenous 

regulatory enzyme controlling asymmetric dimethylarginine (ADMA) levels. ADMA, which 

inhibits nitric oxide synthase (NOS), is a mediator elevated in numerous disease states and 

several diseases associated with vascular dysfunction have been associated with aberrant 

levels of DDAH (Arrigoni et al., 2003; Palm et al., 2007). Investigating the endothelial cell (EC) 

function of individuals and assessing the nitric oxide (NO) pathway including the DDAH 

pathway, has been limited to invasive techniques and animal studies.  Recent developments 

in culture techniques to extract progenitive endothelial cells from whole blood, known as 

blood outgrowth endothelial cells (BOEC) or endothelial colony-forming cells (ECFC), means 

that endothelial cells can be isolated in a non-invasive manner from a relatively small amount 

of donor’s blood and represent an individual’s epigenetic makeup (Paschalaki et al., 2013). 

We therefore sought to measure DDAH and NOS mRNA in these cells to see if this was a viable 

model for assessing the NO pathway. 

Methods: The study was approved by the Kingston University Faculty Research Ethics 

Committee (Reference 1617/024).  Blood outgrowth endothelial cells (BOECs) were isolated 

and cultured from male and female adult healthy donors (n=5). BOECs were isolated as 

previously described until the formation of a characteristic cobbled-shaped morphology 

(Ormiston et al., 2015).  BOECs were confirmed to have classical EC surface marker expression 

(CD31, CD144, low CD34) using flow cytometry. Extracted BOECs and HUVECs (Sigma-Aldrich) 

were cultured under standard conditions and plated for 2-3 days, until confluent and treated 

under control or inflammatory conditions (TNF-α, 10ng/ml) for 24 hours.  RNA was extracted 

using TRIzol™ Reagent (Invitrogen) and cDNA synthesis performed using RevertAid First 

Strand cDNA Synthesis Kit (Thermo Scientific).  qRT-PCR was executed using primers for NOS2, 
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NOS3, DDAH1 and DDAH2 mRNA, with ACTB and GAPDH used as reference genes.  Analysis 

used the 2–∆∆Ct method for quantification.  

Results: NOS3 expression was identical between HUVEC and BOEC and decreased following 

inflammatory stimulation to an equivalent level in both cell types (BOEC p=0.0275 and HUVEC 

p=0.0367, n=5). NOS2 was not detected under quiescent conditions or following 

inflammatory stimuli. 

DDAH2 mRNA levels were greater than DDAH1 in both BOEC and HUVEC (DDAH2>DDAH1 

BOEC 15.2x p=0.0001, HUVEC 4.7x p=0.0248). Under quiescent and inflammatory conditions, 

DDAH1 gene expression did not differ between BOEC and HUVEC.  However, there was 2.9x 

more DDAH2 gene expression in BOEC than HUVEC at rest (p=0.0489, n=5) and following 

incubation with TNF-α, DDAH2 mRNA increased in HUVEC so that the two cell types expressed 

equivalent amounts.   

Conclusions: This is the first time that DDAH expression has been examined in BOEC. BOEC 

express more DDAH2 than HUVEC under resting conditions with both cell types expressing 

more DDAH2 mRNA than DDAH1.  There was no difference in the expression of NOS3 in either 

EC type. DDAH2 is known to contribute to endothelial cell NO bioavailability, and as an 

endothelial cell model, these cells may provide better insight into an individual’s endothelial 

health than HUVEC. 

This work was funded by Animal Free Research UK. 

Keywords: BOEC; endothelial colony–forming cells; ECFC; DDAH; Nitric oxide; NO.  
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ADA2 expression and activity in blood outgrowth endothelial cells.    

Abstract.  3rd International Conference on Deficiency of ADA2.  Virtual conference hosted 

from Washington, USA, November 2020. 

Halliday, L., Brogan, P., Freestone, N., and Arrigoni, F. 

 

Introduction: Autosomal recessive loss-of-function mutations in ADA2 causes deficiency of 

adenosine deaminase 2 (DADA2), a monogenetic systematic vasculitis, sometimes also 

associated with immune deficiency or marrow failure. Children with a deficiency in ADA2 

(DADA2) exhibit; inflammation, endothelial damage, and elevated plasma adenosine levels. 

ADA2 is normally expressed in leucocytes; expression and activity of ADA2 in endothelial cells 

(EC) remains uncertain and may depend the origin of EC studied. We hypothesised that ADA2 

may be expressed by, and functionally important to, EC biology. 

Objective: Our aim was to study ADA2 mRNA expression and enzymatic activity in ECs derived 

from peripheral blood mononuclear cells (PBMCs) in comparison to human umbilical vein 

endothelial cells (HUVEC), and THP-1s (human monocytic cell line). In addition, examine the 

impact of exogenous ADA2 on EC growth and migration in vitro. 

Methods: Blood outgrowth endothelial cells (BOECs) were isolated and cultured from adult 

healthy donors (n=5). Briefly, PBMCs were extracted from whole blood, cultured in EBM-2 

media on human collagen coated plates for 7-21 days, until the formation of colonies with 

characteristic cobbled-shaped morphology. BOECs were confirmed to have classical EC 

surface marker expression (CD31, CD144, low CD34) using flow cytometry. BOECs, HUVECs 

and THP-1s were cultured under standard conditions and plated for 2-3 days, until confluent. 

qRT-PCR was executed using primers for adenosine receptors and ADA2 mRNA, with ACTB 

used as a reference gene. ADA2 enzyme activity of the cell supernatants was measured using 

an ADA assay kit (Diazyme), with the addition of a specific ADA1 inhibitor, Erythro-9-(2-

hydroxy-3-nonyl) adenine (EHNA), 100nM. Proliferation was assessed using a colorimetric 

BrdU ELISA assay and migration was quantified by a wound healing assay, after cells were 

treated with increasing concentrations of adenosine (from 10nM to 100μM) and ADA2. 
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Results: When compared to THP-1 cells, low mRNA expression of ADA2 in both EC types was 

observed (n=3, BOEC 2.163+/-1.7, HUVEC 1.011+/-0.1 and THP 1 12.41+/-2.1). BOEC 

expression of adenosine receptors was A2BR>A2AR, and HUVEC expression was A2AR>A2BR. 

BOEC showed significantly greater ADA2 activity (1.409+/-0.223 U/L, n=12, p=0.002) than 

HUVEC, (0.009+/-0.008 U/L, n=12) but still significantly less than activity observed in THP-1 

cells (5.456+/-0.246 U/L, n=3, p=0.0043). 

Treatment of both BOECs and HUVECs with exogenous recombinant ADA2 decreased both 

growth rate (IC50=4.14 U/L, n=5) and migration (BOEC -18 +/-7.4%, at 18 hours, n=5, p <0.05, 

and HUVEC -26.54+/-7.083, n=5, p=0.0028) in a dose dependent manner (IC50=9.7 U/L, n=5). 

However, with extreme physiological concentrations of adenosine (5x10-7M) this effect was 

reversed, and proliferation increased. In the presence of the adenylate cyclase inhibitor, 

SQ22536, migration effects were reversed, but this was a phenomenon only observed in 

BOEC. 

Conclusions: Despite low mRNA expression of ADA2 in both EC phenotypes, ADA2 activity 

was found in BOEC-derived supernatants. 

Exogenously added ADA2 inhibited proliferation and migration of BOECs, but promoted 

growth under extreme physiological adenosine concentrations (as found in mild hypoxia or 

DADA2 patients). 

ADA2 inhibition of BOEC migration was prevented by an adenylate cyclase inhibitor, 

suggesting the mechanism is cAMP pathway dependent. 

BOECs are ECs utilised in the circulating repair of the vascular endothelium. This work 

demonstrates an ADA2-dependent mechanism by which BOECs locally influence growth and 

repair, highlighting another means by which a deficiency of ADA2 may lead to vascular 

dysfunction. 

Keywords: BOEC; DADA2; ADA2; Adenosine 
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Adenosine deaminase 2 restores the endothelial glycocalyx of blood outgrowth 

endothelial cells.  

Poster presentation.  Future Physiology 2019 (The Physiological Society).  Liverpool, UK, 

December 2019.  

Halliday, L., Esposito, G., Brogan, P., Freestone, N., and Arrigoni, F. 

 

Background: Glycosaminoglycans (GAGs) are polysaccharide chains that contribute to the 

formation of a mesh-like layer on the surface of the endothelium: the glycocalyx. The 

integrity of this layer is vital for endothelial cell homeostasis and its disruption leads to 

endothelial dysfunction. Endothelial damage associated with certain systematic vasculitides 

has recently been linked to autosomal recessive loss-of-function mutations in the ADA2 

gene. Direct effects of the ADA2 protein on the endothelium are unclear, although ADA2 is 

known to have a GAG binding site. We isolated blood outgrowth endothelial cells (BOECs) in 

order to study the repair potential of ADA2 on the endothelial glycocalyx, in healthy 

volunteers.  

Methods: BOECs were isolated and cultured from healthy donors. Firstly, peripheral blood 

mononuclear cells (PBMCs) were extracted from whole blood, cultured in EBM-2 media on 

collagen-coated plates, for 7-21 days, until colonies formed with characteristic cobbled-

shaped morphology. BOECs were confirmed, using flow cytometry, to have classical 

endothelial cell surface marker expression (CD31, CD144, low CD34). BOECs (n=3) were 

cultured on chamber slides for 2-3 days until confluent and then incubated with GAG 

degradative enzymes for 2 hours; confirmed by staining. Cells were then treated with either 

ADA2 (10 U/L) or untreated and allowed to recover for a further 18 hours. The samples 

were then fixed, blocked and stained with primary antibodies specific for the GAGs; 

Heparan sulfate (HS) and Chrondroitin sulfate (CS). The slides were stained with FITC 

secondary antibodies and Hoechst nuclear stain. Samples were analysed by confocal 

microscopy, and data acquired over 3 random fields was evaluated using Image J software.     

Results: 100% of BOECs expressed both HS and CS, with GAG coverage over the entire cell. 

Following enzymatic treatment, HS and CS expression was removed. Incubation with ADA2 

for 18 hours restored the original GAG coverage. Over this time, untreated BOECs (media 
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alone), expressed significantly less GAGs than with ADA2 (p<0.001) and were restored to 

only 52% (+/- 3.6% SEM) of their initial coverage. It took a further 18 hours before untreated 

BOECs recovered their full glycocalyx expression. 

Conclusions: Glycocalyx removal precedes endothelial damage. This is the first time that the 

promotion of glycocalyx and GAG repair by an exogenous enzyme, ADA2, has been 

reported. ADA2 accelerated BOEC glycocalyx recovery following GAG degradation and 

BOECs widely expressed the two most commonly expressed GAGs. This data provides a 

suggested mechanism by which ADA2 protects against endothelial damage.  Therefore, in 

ADA2-deficient patients, this may contribute to the endothelial damage and ensuing 

inflammation and vasculitis that is observed. 

Keywords: ADA2, BOEC; Glycosaminoglycans; Glycocalyx  
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Halliday, L., Brogan, P., Freestone, N., and Arrigoni, F. (2020). Selected Abstracts from 

Pharmacology 2019: Influence of adenosine deaminase2, on the angiogenic function of 

blood outgrowth endothelial cells. British Journal of Pharmacology 177, 2579. 

 

Background and Purpose: Adenosine deaminase 2 (ADA2), usually released from circulating 

leukocytes, has recently become a therapeutic target in treating children with systematic 

vasculitis due to autosomal recessive loss-of-function mutations in the ADA2 gene (formerly 

known as CECR1). Children with a deficiency in ADA2 (DADA2) exhibit inflammation, 

endothelial damage, and elevated plasma adenosine levels, although the direct influence of 

ADA2 on the endothelium is unclear.  

Experimental Approach: Our aim was to investigate the influence ofADA2 in the presence of 

its substrate, adenosine, on the proliferation and migration of blood outgrowth endothelial 

cells (BOECs), which are endothelial progenitors isolated and cultured from healthy donors 

(n= 5). PBMCs were extracted from whole blood, cultured in EBM-2media on collagen-coated 

plates for 7–21 days, until the formation of colonies with characteristic cobbled-shaped 

morphology. BOECs were confirmed to have classical endothelial cell surface marker 

expression (CD31, CD144, low CD34) using flow cytometry. BOECs were then treated with 

increasing concentrations of adenosine (from 10nM to100μM) with and without ADA2 (10 

U/L−1) for 24 hr before being assessed for changes in cell proliferation (Colormetric BrdU 

ELISA) or cell migration (scratch wound assay). 

Key Results: ADA2 treatment of BOEC decreased both growth rate of BOECs and migration 

(−18 ± 7.4%, at 18hr, n=5, P< .05). Adenosine influenced endothelial proliferation in a dose-

dependent manner increasing BOEC cell proliferation at lower concentrations (10nM–0.5μM)  

and  reduced  proliferation  at  higher  concentrations (1–100μm). ADA2 did not influence the 

proliferation of BOEC in the presence of adenosine, except at 0.5μM, where it created a 

significant spike in endothelial cell growth (+65 ± 17.4%,n=5,P< .01). 

Conclusion and Implications: This is the first time that the influence of adenosine and ADA2 

has been studied on these cells. We demonstrated that physiological concentrations of ADA2 

alone inhibited both endothelial cell proliferation and migration of BOECs; however, in the 

presence of adenosine, these changes were absent. In addition, the combination of 
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physiological levels of ADA2 in the presence of0.5-μM adenosine created significant increases 

in BOEC proliferation. We believe that these data strongly provide evidence of one 

mechanism by which ADA2, in the presence of adenosine, can promote endothelial health 

and repair and therefore in ADA2-deficient, DADA2 patients, might contribute to the 

endothelial damage and ensuing inflammation and vasculitis that is observed. 

  



xi 
 

Adenosine deaminase 2 promotes growth and migration of blood outgrowth endothelial 

cells, in the presence of adenosine.  

Poster Presentation.  First Symposium on Synthesis & Drug Discovery.  Kingston University 

London, UK, November 2019.  

Halliday, L., Brogan, P., Freestone, N., and Arrigoni, F. 

 

Introduction: Adenosine deaminase 2 (ADA2), usually released from circulating leukocytes, 

has recently become a therapeutic target in treating children with systematic vasculitis due 

to autosomal recessive loss-of-function mutations in the ADA2 gene (formally known as 

CECR1).  Children with a deficiency in ADA2 (DADA2) exhibit; inflammation, endothelial 

damage and elevated plasma adenosine levels although, the direct influence of ADA2 on the 

endothelium is unclear.  

Method: Our aim was to investigate the influence of ADA2 in the presence of its substrate, 

adenosine, on the proliferation and migration of blood outgrowth endothelial cells (BOECs), 

which are endothelial progenitors isolated and cultured from healthy donors (n=5).  PBMCs 

were extracted from whole blood, cultured in EBM-2 media on collagen-coated plates for 7-

21 days, until the formation of colonies with characteristic cobbled-shaped morphology.  

BOECs were confirmed to have classical endothelial cell surface marker expression (CD31, 

CD144, low CD34) using flow cytometry. BOECs were then treated with increasing 

concentrations of adenosine (from 10nM to 100µM) with and without ADA2 (10 U/L) for 24 

hours before being assessed for changes in cell proliferation (Colormetric BrdU ELISA) or cell 

migration (scratch wound assay).  

Results: ADA2 treatment of BOEC decreased both growth rate of BOECs and migration (-18 

+/-7.4%, at 18 hours, n=5, p <0.05).  Adenosine influenced endothelial proliferation in a dose-

dependent manner increasing BOEC cell proliferation at lower concentrations (10nM-0.5µM) 

and reduced proliferation at higher concentrations 1µm-100µm.  ADA2 did not influence the 

proliferation of BOEC in the presence of adenosine, except at 0.5µM, where it created a 

significant spike in endothelial cell growth (+65 +/- 17.4% n=5, p <0.01).   

Conclusions: This is the first time that the influence of adenosine and ADA2 has been 

studied on these cells.  We demonstrated that physiological concentrations of ADA2 alone 
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inhibited both endothelial cell proliferation and migration of BOECs, however in the 

presence of adenosine, these changes were absent. In addition, the combination of 

physiological levels of ADA2 in the presence of 0.5µM adenosine created significant 

increases in BOEC proliferation. 

We believe that this data strongly provides evidence of one mechanism by which ADA2, in 

the presence of adenosine, can promote endothelial health and repair and therefore in 

ADA2-deficient, DADA2 patients, might contribute to the endothelial damage and ensuing 

inflammation and vasculitis that is observed. 

Keywords: BOEC; DADA2; ADA2; Adenosine  
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Abstract 
Autosomal recessive loss-of-function mutations in Adenosine Deaminase 2 (ADA2) cause 

deficiency of adenosine deaminase 2 (DADA2), a monogenetic systematic vasculitis, 

sometimes also associated with immune deficiency or marrow failure.  Children with DADA2 

exhibit: inflammation, endothelial cell (EC) damage and elevated plasma adenosine levels.  

ADA2 is typically expressed by leukocytes.  Indirect evidence suggests that ADA2 is a growth 

factor for ECs.  It was hypothesised that ADA2 might be expressed by, and functionally 

important to, EC biology.  Recent developments in culture techniques to extract progenitive 

ECs from whole blood, known as blood outgrowth endothelial cells (BOEC) or endothelial 

colony-forming cells (ECFC), indicates that ECs can be isolated from a relatively small amount 

of donor’s blood and represent an individual’s epigenetic makeup.  The aim of this thesis was 

to assess BOECs as an EC model, understand the ADA2 metabolite, adenosine’s signalling 

mechanism within these cells, and then assess how ADA2 directly impacts EC structure, and 

function.   

BOECs were isolated from healthy donors and compared to the endothelial model, HUVECs.  

Phenotype and functional assays showed that BOECs behaved typically of endothelial cells.  

Extensive glycocalyx expression and elevated quiescent DDAH2, (a gene involved in the 

regulation of nitric oxide production), levels in BOEC, suggest that BOECs might be a more 

relevant EC model, than HUVEC.  

When investigating the influence of adenosine on BOECs, BOECs expressed more A2B than A2A 

adenosine receptor (AR) and HUVECs expressed more A2A than A2B AR.  Extracellular 

adenosine inhibited BOEC glycocalyx expression and recovery.  At high adenosine levels, 

adenosine downregulated BOEC DDAH2 expression.  Functional assays, proliferation and 

migration were increased with increasing concentrations of adenosine, and this was mediated 

by both ARs, but predominantly A2B.   

Finally, when investigating the ADA2 direct influence on BOECs, we demonstrated that 

although lower than monocytes, ADA2 mRNA was expressed by BOECs, and ADA2 activity was 

found in BOEC-derived supernatants.  Exogenously added ADA2 inhibited proliferation and 

migration of BOECs.  ADA2 inhibition of BOEC migration was prevented by an A2B AR 

antagonist and adenylate cyclase inhibitor, suggesting the mechanism is AR pathway-

dependent.  Exogenous ADA2 also promoted restoration of the glycocalyx and inhibited 

Tumour necrosis factor alpha (TNF-α) stimulated monocyte adhesion.  ADA2 in the presence 

of 0.5µM adenosine, which is extreme physiological adenosine concentration (as found in 

mild hypoxia or DADA2 patients) improved HSPG2 expression and glycocalyx restoration; 

upregulated NOS3 expression; and promoted growth, restored cell migration to control and 

increased monocyte adhesion.   

BOECs are ECs thought to repair the vascular endothelium.  This work demonstrates an ADA2-

dependent mechanism by which BOECs locally influence growth and repair, highlighting 

another means by which deficiency of ADA2 may lead to vascular dysfunction. 



Chapter 1: 
Introduction  

 

1 
 

1 Introduction 
 

1.1 Deficiency of Adenosine Deaminase 2 

1.1.1 Earliest clinical description   
In 2014, two independent groups simultaneously reported a group of children with vasculitis, 

who had mutations in the Cat Eye Syndrome Critical Region Protein 1 (CECR1) gene (Navon 

Elkan et al., 2014; Zhou et al., 2014).  These children had symptoms of early-onset strokes, 

livedo rashes and systematic vasculopathy, usually associated with polyarteritis nodosa 

(PAN), hepatosplenomegaly and hypogammaglobulinemia, which collectively did not 

correspond to any known familial autoinflammatory diseases.  Disease onset was as young as 

2 months old, and the severity of the clinical manifestations varied, with the most severe 

cases resulting in children dying before their first birthday (Navon Elkan et al., 2014).  Due to 

the devastating nature of the symptoms and lack of a definitive diagnosis, an exploratory 

approach for a common genetic cause was employed: whole-exome sequencing.  This 

technique has been used increasingly since its advent in 2009, to identify de novo genetic 

mutations for rare disorders (Ku et al., 2016).   

Zhou et al., (2014) originally observed 3 unrelated patients with the same symptoms, and 

their asymptomatic parents, then expanded their search using candidate-gene sequencing to 

a further 3 patients with similar phenotypes, and finally studied their siblings; with a total of 

9 patients across the US, UK and Turkey.  The impetus for the work from Navon Elkan et al., 

(2014) differed.  A study in Israel recognised the familial nature of paediatric PAN in patients 

with Jewish Georgian Caucasus ancestry and wanted to determine the genetic basis of the 

disease.    Together, these studies recorded various loss-of-function mutations in the CECR1 

gene which is now described as the ADA2 gene and this nomenclature will be used 

henceforth.  The ADA2 gene encodes for the enzyme: adenosine deaminase 2 (ADA2) and loss 

of function mutations result in a reduction in the quantity and enzymatic activity of ADA2 in 

the plasma, in comparison to healthy controls.  Consequently, this disease is called deficiency 

of adenosine deaminase 2 (DADA2).  
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1.1.2 Prevalence  
By July 2019, 206 patients around the world had been identified as having DADA2 and there 

was a mortality rate of 8.3% (Gibson et al., 2019).  The two most frequent reasons for death 

were complications due to vasculopathy or immunodeficiency, collectively accounting for 

82% of deaths (14/17).  DADA2 disease prevalence across all populations, has been predicted 

using gnomAD v2, to be 1 in 320,000 (O’Donnell-Luria and Baxter, 2020).  This estimate can 

be adjusted to 1 in 250,000 if analysis includes a particular variant: p.Phe355Leu. The 

p.Phe355leu variant has been reported in one DADA2 case and is found to have a high carrier 

rate in East Asia, but does not yet meet the American College of Medical Genetics and 

Genomics (ACMG) and the Association for Molecular Pathology (AMP), criteria for, ‘Likely 

Pathogenic’.  There are certain sub-populations which have a higher DADA2 prevalence.  The 

Finnish sub-population has a prevalence of 1 in 124,000.  This is mainly driven by the 

pathogenic variant p.Arg169Gln.  The East Asian sub-population, has a prevalence of 1 in 43 

million, though this rises markedly to 1 in 92,000, if the p.Phe355Leu variant is included.  The 

carrier frequency across all populations was predicted at 1/283.  This can be adjusted to 1/250 

if the p.Phe355leu variant is included (O’Donnell-Luria and Baxter, 2020).      

 

1.1.3 Signs and symptoms  
Research stemming from pivotal publications in 2014, has broadened the clinical phenotype 

to include pathology across the vascular, haematological and immunological systems (see  

Figure 1.1).  

Vasculopathy is still the hallmark of DADA2 with manifestations having been described in over 

75% of cases and affecting many organs such as the skin, brain, and kidneys (Lee, 2018).  One 

or more cutaneous manifestations are seen in 90% of patients (Lee, 2018).  For 72% of 

patients this presents as livedo reticulitis and in 57% cutaneous vasculitis (Lee, 2018).  This 

manifestation is similar to that of Sneddon syndrome, however, in DADA2, the livedo is more 

patchy (broken circles), named livedo racemose, and is localised to the lower extremities.  In 

addition, low serum IgM differentiates DADA2 from Sneddon syndrome (Cowen, 2020; Santo 

et al., 2018).  Another prominent feature of DADA2 is recurrent fevers, affecting 63% of 

patients (Lee, 2018).  A skin biopsy of DADA2 pathology will illustrate transluminal 

neutrophilic and lymphocytic infiltration and fibrinoid necrosis through the vessel wall, 
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affecting medium vessels; capillaries are spared, but are often dilated (Chasset et al., 2020; 

Gonzalez Santiago et al., 2015; Navon Elkan et al., 2014; Zhou et al., 2014).  Over half of the 

patients with PAN-like symptoms in one study, had proteinuria suggestive of endothelial 

dysfunction or chronic inflammation, as previous work has demonstrated that patients with 

proteinuria have EC dysfunction (Özen et al., 2020; Paisley et al., 2003). Neurological 

involvement most commonly manifests as ischemic stroke (38% of patients), though 

haemorrhagic stroke and aneurysms have also been reported (Dhanwani et al., 2020; Lee, 

2018).  Neuropathy occurs in 43% of DADA2 cases and is a distinguishing feature of DADA2 in 

comparison to childhood PAN (Lee, 2018).  Other inflammatory manifestations often include 

an elevation of C-reactive protein (CRP), hepatosplenomegaly, portal hypertension and, 

similar to PAN, digital infarct and necrosis if inflammation occurs in the arteries supplying 

these areas.  

 Figure 1.1 Diagram to show the three different DADA2 clusters of dysregulation 
and their corresponding phenotypes.  

The vascular and haematological clusters are distinct whereas the immunological 
dysregulation often accompanies either cluster, to various degrees.  Adapted from (Kendall 
and Springer, 2020; Lee et al., 2020a; Sag et al., 2020). 

Vasculopathy
• Necrotizing vasculitis of the 

medium size blood vessels, 
similar to PAN,

• Livedo reticularis, 

• Recurrent fevers, 

• Early stoke and neuropathy,

• Involving skin, brain, GI tract, 
kidneys. 

Haematological 
• Pure red cell aplasia,

• Leukopenia, 

• Anemia, 

• Pancytopenia and bone marrow 
hypoplasia. 

Immunodeficiency 
• B cell deficiency,

• Hypogammaglobulinemia,

• T cell deficiency. 
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In the haematological cluster, anaemia is a common manifestation of DADA2 which is present 

in over 50% of patients.  Some patients present with pure red cell aplasia which mimics 

Diamond-Blackfan Anaemia (Ben-Ami et al., 2016; Lee, 2018; Sasa et al., 2015).  60% of 

patients have leukopenia, variably affecting the myeloid and lymphoid cells, in contrast to 

thrombocytopenia, which is recorded in 32% of cases (Lee, 2018).  Bone marrow biopsies have 

reported hypocellularity across the distribution of hematopoietic precursors, lymphocyte 

infiltration and reticular fibrosis (Ben-Ami et al., 2016; Ghurye et al., 2019; Michniacki et al., 

2018; Trotta et al., 2018; Zhou et al., 2014).   

The immunological cluster of symptoms, which overlaps with the haematological cluster, 

consist of leukopenia and hyper-activation of neutrophil NETosis function (Carmona-Rivera et 

al., 2019; Lee, 2018).  Within the innate immune system, neutropenia occurs in 10-50% of 

DADA2 patients, the higher estimate was found within a marrow failure phenotype cohort 

(Lee et al., 2020a; Trotta et al., 2018).  The literature has not reported any complement 

involvement, the only evidence for this is a case study of two siblings showing no complement 

related effects of DADA2, by C3 and C4 levels, as well as, normal CH50 function tests (Skrabl-

Baumgartner et al., 2017).  With regards to the adaptive immune system, pathogenic 

alternations are commonly found in DADA2 patients.  Lymphopenia is seen in 10-50% of 

patients, with B cells more commonly affected than T cells (Schepp et al., 2017; Trotta et al., 

2018).  There is a decrease in CD27+ B memory cells in DADA2, and of this population, 

switched CD27+ is decreased in comparison to controls (Schena et al., 2020).  

Hypogammaglobulinemia is estimated to occur in at least 25% of patients (Meyts and 

Aksentijevich, 2018).  Another study showed that of 160 patients 57% had low IgM, 52% low 

IgG and 35% combined low IgM and IgG (Lee, 2018).  Affected patients often present with 

recurrent sino-pulmonary infections and immunoglobulin therapy helps to resolve this 

(Schepp et al., 2017).  T cell lymphopenia varies among clusters of patients but can be up to 

10% of DADA2 patients and sometimes collectively with B cell deficiency (Schena et al., 2020; 

Schepp et al., 2017).  For those patients that do suffer from T cell lymphopenia, both CD4+ 

and CD8+ absolute number are reduced in DADA2 patients (Schena et al., 2020).  This 

observation is unsurprising as ADA2 has been shown to be a T cell growth factor and 

functionally T cells are reported to respond normally to mitogens in vitro (Zavialov et al., 
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2010b).  On the other hand, Schene et al., (2020), suggests that there is a defect of function 

of T follicular helper cells, shown by decreased CD40L on in vitro stimulated T cells. 

1.1.4 Clinical diagnosis  
Clinical diagnosis of DADA2 is difficult due to the broad spectrum of symptoms and the lack 

of a commercially available ADA2 test, so obtaining a diagnosis can often only be achieved by 

measuring ADA2 activity in plasma/serum along with ADA2 sequencing (Human and Pagnoux, 

2019; Rama et al., 2018).  When using ADA2 activity or level as a biomarker, it should be 

considered that the healthy paediatric population has a higher ADA2 activity in comparison 

to the healthy adult population, though the mechanism for the reduction in activity is not 

known (Bowers et al., 2020; Nanthapisal et al., 2015).  Rama et al., (2018) proposed a decision 

tree for diagnosis of DADA2. 

Accurate and prompt DADA2 diagnosis is imperative for two reasons.  Firstly, to prevent 

potentially harmful treatments, such as aspirin (Human and Pagnoux, 2019).  Secondly, to 

allow patients to start appropriate immunosuppressive medications which most, especially 

children do well with.  This will be discussed further in the Treatment section of this thesis 

(1.1.6).  

Ghurye and colleagues (2019), emphasised that clinicians should consider adult patients, who 

may fall under the DADA2 umbrella, as well as children.  The range of both disease severity 

and symptoms, as well as recent identification of this disease, may mean some young adults 

or adults will not have been diagnosed, or may have been misdiagnosed.  A tragic account of 

a 17-year-old who was diagnosed post-mortem with DADA2, regrettably proves the need for 

this clinical consideration and appropriate treatment (Ghurye et al., 2019). 

Carriers, who are often siblings of the affected children, usually present as asymptomatic, but 

have also been shown to have reduced ADA2 activity.  Thus, although there is no data yet, it 

has been proposed that this group may also be at risk in later life of strokes and vasculitis, 

due to their reduction in ADA2 activity, which requires further investigation. 
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1.1.4.1 Differentiating diagnostic methods  

DADA2 is a disease with a vast phenotypic range and ‘mimics’ other diseases, for instance 

PAN.  Ӧzen et al., (2020) proposed that a routine platelet count could be helpful in 

discriminating DADA2 from PAN, preceding more expensive genetic sequencing.   IgM levels 

are another method for DADA2 diagnosis as these have been shown to accurately 

differentiate between Sneddon’s syndrome and DADA2 (Santo et al., 2018).  Cytokine and 

chemokine signatures for DADA2 have been identified as type I IFN mediated, not type II 

(Insalaco et al., 2019; Rice et al., 2017; Skrabl-Baumgartner et al., 2017). This has been 

suggested as a biomarker for DADA2 and the effectiveness of treatment (Insalaco et al., 2019).  

 

1.1.4.2 Potential non-invasive vascular/cardiac phenotype testing 
In November 2020, an ongoing pilot study by the National Institutes of Health (NIH) is using a 

batch of non-invasive techniques to evaluate the vascular abnormalities present in DADA2 

patients (Brofferio, 2020).  The non-invasive techniques which have thus far shown significant 

differences in response between DADA2 and controls include digit brachial index, nailfold 

videocapillaroscopy, laser speckle contrast imaging, EndoPAT™ and near infrared 

spectroscopy.  Those which have shown no detectable response in the DADA2 pilot study 

include electrocardiogram, echocardiogram, ankle brachial index and eye evaluation.  Based 

on this pilot data of 9 patients, DADA2 patients seem to display an impaired vasodilator 

response, demonstrated using near infrared spectroscopy: the reperfusion time is doubled in 

DADA2 patients, showing reduced ability to vasodilate under hypoxia (Brofferio, 2020).    

 

1.1.5 Genetic mutations  
DADA2 is an autosomal recessive disease with either homozygous or compound heterozygous 

variants.  Despite being a rare disease, by 2018 over 60 disease-associated mutations had 

been recorded, affecting all domains of the ADA2 protein; the catalytic, protein dimerization, 

the putative receptor binding (PRB) and the signal peptide domains (Lee et al., 2020a; Meyts 

and Aksentijevich, 2018).  No known gain-of-function mutations have been identified for 

DADA2 to date.   

Figure 1.2 illustrates the reported disease-causing mutations and their corresponding 

position across the gene and the domains of the ADA2 protein.  For example, a mutation 
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associated with vasculitis is G47R, exon 2, affecting the dimerization domain (Meyts and 

Aksentijevich, 2018).  Mutations preventing the dimerization of the ADA2 homodimer will 

affect ADA2’s ability to bind to cell surface receptors (glycosaminoglycan-binding site), full 

enzymatic activity and secretion to the cell surface (Zavialov et al., 2010a).  It is important to 

note, however, that it is not only mutations in the catalytic domain which have given rise to 

the disease phenotype.  Discovering genotype-phenotype correlations has been a complex 

task.  Investigation into mapping of the mutations, alongside the protein structure, has not 

clearly highlighted a correlation between the position of the mutation and disease severity.  

In fact, it has been reported that groups of patients with the same mutations, including 

siblings, have shown varying degrees of disease severity and age of onset (Batu et al., 2015; 

van Montfrans et al., 2014).  This would suggest that epigenetic and environmental factors 

contribute to disease symptoms and severity.   

Figure 1.2 A schematic representation of the ADA2 gene and protein, with the  
number of disease causing mutations identified.   

A) The parts of the ADA2 gene which are protein coding are presented in blue.  61 unique 
ADA2 mutations have been described across DADA2 patients.  Mutations are scattered across 
a number of genes and the ADA2 protein.  The G47R mutation is located in exon 2, R169Q is 
located in exon 3 and G358R mutation is located within exon 7.  B) A schematic of the ADA2 
protein.  C) ADA2 homodimer 3D assembly PDB ID:3LGD.  Adapted from (Lee et al., 2020a; 
Meyts and Aksentijevich, 2018; Zavialov et al., 2010a). 

A 

B 

C 
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However, it is now becoming clear, through systematic review of all patients reported 

globally, that there are three main clusters of patients: those who have mainly vascular 

failure, haematological failure (pure red aplasia) or immunological (bone marrow) failure 

(Kendall and Springer, 2020; Lee et al., 2020a; Sag et al., 2020).  When comparing patients 

with homozygous mutations, all mutations were missense for the vasculitis phenotype 

(63/63), but the proportion were a lot lower for the haematological (14/28) and 

immunological (12/19) cluster patients (Lee et al., 2020a).  The most common biallelic 

mutations are G47R and R169Q (Gibson et al., 2019).    The G47R variant is most common for 

patients with vasculitis and is frequently seen in the Georgian- Jewish population (Gibson et 

al., 2019; Meyts and Aksentijevich, 2018; Navon Elkan et al., 2014).   R169Q has a more 

variable presentation across all three clusters (Gibson et al., 2019; Sahin et al., 2020). R169Q 

is the most common mutation for the immunological phenotype, the third most common for 

the haematological and second most common mutation for the vascular phenotype.  G358R 

is the most common mutation for the haematological type, the second most common type 

for immunological phenotypes, and does not occur in the vascular cluster at all.  Functional 

analysis of each mutation showed that the vascular mutations have a wide range of ADA2 

activity and some residual activity.  Whereas, for mutations reported with haematological or 

immunological clusters there is almost no residual activity.  After modelling of patient 

genotypes with homozygous and heterogenous genotypes, rather than just each allele, a 

spectrum was proposed whereby, at one extreme, the vascular cluster was found with 

missense mutations and some residual ADA2 activity, and at the other extreme, 

haematological and immunological clusters with no residual activity and other mutation types 

(Lee et al., 2020a).       

Overall this suggests that ADA2 might have both enzymatic activity-dependent functions 

which affect the bone marrow cells, and enzymatic activity-independent functions that 

influences the blood vessels (Schnappauf et al., 2020).  As this is a recently described and a 

rare disease, it is expected that as more cases are diagnosed, this will help to map a path 

through the complexity of symptoms and mutations and in turn provide suitable treatment 

options for individual patients.   
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DADA2 research to date, has been focused on clinical signs and symptoms, and correlation of 

these to the genetic mutations, as well as treatment options.  There is however, limited 

mechanistic knowledge for ADA2 and how it influences endothelial cells.   

 

1.1.6 Treatment  

It would seem most obvious to treat DADA2 by administering the ADA2 protein to replace the 

absent or non-functioning enzyme expressed as a result of various mutations.  Ombrello et 

al., (2019) attempted to do so by giving patients fresh-frozen plasma administrations every 

day for 5 days.  Whilst there were no safety concerns, the ADA2 was rapidly cleared from the 

body; donor plasma ADA2 concentrations averaged 9U/L, but <1U/L was detected in the 

plasma of DADA2 patients within 1 hour of administration and the median half-life was 

recorded as 6.4 hours.   

First line medication used for PAN, corticosteroids, has been found to be only partially 

effective even at high doses for DADA2 and does not prevent the neurological involvement 

and number of strokes (Ombrello et al., 2019; Zhou et al., 2014).  In terms of the two main 

clusters of DADA2 patients, anti-TNFα treatment has been more effective in treating the 

vascular phenotype, whereas, Haematopoietic stem cell transplantation (HSCT) is the only 

treatment option for those with the haematological phenotype.   

1.1.6.1 Anti-TNF-α 

Currently, the most effective treatment for patients suffering with DADA2, in particular those 

suffering from vasculitis, are anti-TNFα agents such as etanercept, adalimumab, infliximab or 

golimumab and this was reported in the earliest confirmed DADA2 patients (Navon Elkan et 

al., 2014; Ombrello et al., 2019).  Ombrello et al., (2019) followed 15 patients for 733 patient 

months before and after starting anti-TNFα treatment and the number of strokes fell from 37 

to 0.  Caorsi et al., (2017) reported no severe infections or complications for the 10 patients 

in their study taking anti-TNF over a median time of 3.9 years.  In a larger study of 31 DADA2 

patients, 27/31 were given anti-TNF for median time of 32 months (Cooray et al., 2021).  There 

was a reduction in the median event rate from 2.37 per 100 patient months to 0, post anti-

TNF treatment.  This covered both central nervous system (CNS) and non-CNS ischemic 

events.  The paediatric vasculitis activity score (PVAS) was reduced over this time period from 
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a median of 20/63 to 2/63, post anti-TNF treatment, with livedo reticularis being the main 

persisting symptom.  CRP and Erythrocyte Sedimentation Rate (ESR), inflammatory markers, 

were also significantly reduced after anti-TNF treatment (Cooray et al., 2021).    

It is thought that anti-TNF-α treatment may be successful for DADA2 patients due to a disease 

mechanism where lack of ADA2 triggers adenosine-mediated neutrophil extracellular traps 

(NET) formation, in neutrophils.  This in turn activates monocytes which release TNF-α 

(Carmona-Rivera et al., 2019).  TNF-α is a pro-inflammatory cytokine which, in excess, can 

cause tissue damage as previously discussed in reviews (Tesser et al., 2021; Tracey et al., 

2008).  ADA2’s functions will be discussed further in the function section of this thesis 

(1.2.2.3).   

Thalidomide has also been suggested as a cheaper TNF blockade therapeutic with similar 

effectiveness to anti-TNFα treatment (Caorsi et al., 2017).  However, this has side effects 

involving the peripheral nervous system and it was found that thalidomide treatment for 3 

out of 6 DADA2 patients had to be discontinued due to neurologic toxicity (after 20 months 

to 5 years) (Caorsi et al., 2017).  

Anti-TNF treatment has not been curative and life-long treatment is challenging (Özen et al., 

2020).  It has been reported that livedo rashes, neutropenia, red cell aplasia and peripheral 

vasculopathy were not fully resolved following anti-TNF treatment and some patients suffer 

from breakthrough inflammatory periods (Cooray et al., 2021; Ombrello, 2020; Ombrello et 

al., 2019; Özen et al., 2020).  Anti-TNF agents can have variable effects on hepatomegaly, 

splenomegaly and immunodeficiency.  ADA2 activity levels are not restored using anti-TNF 

agents, and this absence of ADA2 activity is most likely the reason that severe bone marrow 

deformities are not recovered.  During the optimisation of the anti-TNF treatment for the 

patient, those who are on monoclonal antibodies, can start to produce anti-drug antibodies, 

and then experience breakthrough inflammatory periods, so therapeutics are needed to ward 

off this development such as, Methotrexate (Ombrello, 2020).  Other agents in conjunction 

with anti-TNF have been reportedly used for DADA2 including; anti-IL-1 agents, directed T cell 

therapy for neutropenic patients and granulocyte colony stimulating factor (G-CSF)  (Cooray 

et al., 2021; Ombrello, 2020).  Lack of ADA2 and disease severity of DADA2 is correlated with 
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elevated IL-23 and serum IFN-γ (Ombrello, 2020).  This information along with better 

understanding of the disease, may provide more therapeutic targets.       

1.1.6.2 Hematopoietic stem cell transplantation  

For those patients who do not respond to anti-TNF, in particular DADA2 patients with 

haematological and immunological predominant phenotypes, haematopoietic stem cell 

transplantation (HSCT) is the only effective treatment. A number of studies have shown HSCT 

restores enzyme activity rapidly; to normal levels within 14 days post-HCST (Barzaghi et al., 

2019; Cooray et al., 2021; Dauwe et al., 2016, 2016; Hashem et al., 2017a, 2017b; Van Eyck et 

al., 2015).  A study by Hashem et al., (2017b), where 14 DADA2 patients received an HSCT, 

showed successful elimination of haematological, immunogenic and vascular phenotypes 

associated with DADA2, in all 14 patients.  But there were some complications which had to 

be treated.  Moderate graft versus host disease was reported in 6/14 patients but was 

resolved under standard treatments.  Other issues such as viral reactivation (10/14 patients) 

and post-HSCT haematological autoimmune phenomena (4/16) patients were also seen.  

Though HSCT is curative, this procedure is highly invasive and therefore only advised for 

patients unresponsive to anti-TNF (Hashem et al., 2017b).   

1.1.6.3 Gene therapy  
Gene therapy has been suggested as a prospective ‘curative’ treatment for DADA2.  The 

rationale for this being that DADA2 is brought about by a recessive monogenic mutation and 

there are current protocols established based on adenosine deaminase deficient severe 

combined immunodeficiency (ADA1-SCID) that are successful in ex-vivo delivery to 

hematopoietic stem cells (HSCs) (Carbonaro et al., 2014; Eleftheriou, 2020; Kohn et al., 2021).  

Development for this treatment is in the pre-clinical stage, whereby an effective, in vitro, 

ADA2-deficient model has been developed for both THP-1 and U937 cell lines.  When treated 

with a lentivirus vector for ADA2, the THP-1 and U937 knock outs have restored ADA2 protein 

expression and activity, as well as restored immunophenotype type and reduction in TNF-α 

expression  (Eleftheriou, 2020; Mortellaro, 2020).  Ex vivo studies have been performed on 

CD34+ HSCs utilising the lentivirus vector for ADA2 (Eleftheriou, 2020; Mortellaro, 2020).  

These studies have shown that HSC properties such as CFU are maintained.  When performed 

using DADA2 patient CD34+ HSC, there is efficient lentiviral transfer, ADA2 restoration in 

patient macrophages and suppression of cytokine overproduction (Eleftheriou, 2020; 
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Mortellaro, 2020).  There is still more work to be done pre-clinically, as well as in clinical trials 

including identifying any off-target effects, understand genotoxicity and biodistribution and 

be able to ‘correct’ the vast range of ADA2 mutations causing DADA2 (Eleftheriou, 2020).  It 

is hoped that gene therapy will be a future treatment option, in particular for those where 

there is loss of efficacy of anti-TNF or severe immunodeficiency, and the success of the gene 

therapy for ADA-SCID maybe replicated (Eleftheriou, 2020).  

 

1.1.7 Summary 
As discussed, although DADA2 is a rare disease, recessive mutations can be prevalent in some 

populations and it is thought to be underreported.  This is mainly due to the broad range of 

clinical phenotypes which are similar in nature to other diseases and diagnosis is reliant on 

clinical observation, in conjunction with genetic screening and activity testing.  Treating 

DADA2 can be complex and, unfortunately, not always successful, and gene therapy is still a 

long way off being used routinely in the clinic.  It is debated whether there is a clinical need 

to be proactively treating asymptomatic people with ADA2 mutations, and there are concerns 

over continuous treatment with anti-TNFα.  Gaining a complete understanding of the disease 

mechanisms and the recently characterised ADA2 enzyme, will hopefully lead to improved 

drug targets and better outcomes for patients.  Therefore, the evidence surrounding the 

ADA2 functions will be explored in this thesis (section 1.2.2.3).    
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1.2 Adenosine deaminases  

1.2.1 Adenosine deaminase family 
The adenosine deaminase (ADA) enzyme is responsible for controlling the levels of adenosine 

by deaminating adenosine to inosine (see Figure 1.3).  Currently there are three known ADAs; 

all of which are present in humans.  ADA or ADA1 is coded for by the ADA gene (chromosome 

20q13.12).  Whereas, ADA2 the isoenzyme, is coded for by the ADA2 gene, formally known as 

CECR1 (chromosome 22q11.1).  In the animal kingdom, rodents, for example, do not have 

ADA2, and flies do not have ADA1, which suggests, to some extent, that there is degeneracy.  

This also means that there is no mouse model for studying ADA2 deficiency, unlike ADA1.  

However, paralogs have been identified in Zebrafish, cecr1a and cecr1b (Zhou et al., 2014).  

ADA1 has been extensively studied, as deficiency of this enzyme causes a condition called 

severe combined immunodeficiency (SCID).  Without the ADA1 enzyme, the adenosine and 

2’-deoxyinosine builds up intracellularly in immune cells and provokes apoptosis, resulting in 

complete compromise of the immune system (Hershfield, 2005).  However, much less is 

known about the role of the isoenzyme, ADA2 and even less about ADA3 which is yet to be 

characterised.   

 

 

 

 

 

 

 

Figure 1.3 A schematic diagram of the adenosine deaminase pathway  

ADA irreversibly metabolises the deamination of adenosine or 2-deoxyadenosine to inosine 
and 2’deoxyinosine respectively.  These products are further processed with the formation of 
Uric acid.  Uric acid as well as the other products of ADA metabolism can be measured by 
spectrophotometry assays. Adapted from (Sauer et al., 2012). Abbreviation- ADA: adenosine 
deaminase, PNP:  purine nucleoside phosphorylase.   
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1.2.2 Adenosine deaminase 2 protein 

1.2.2.1 Structure  

Unlike ADA1, ADA2 can form dimers.  This dimerization forms a glycosaminoglycan-binding 

site.  In vitro binding experiments performed by Zavialov et al., (2010a), have shown that 

ADA2 binds to different types of cells, via both heparan sulphate and chondroitin sulphate 

proteoglycans.  The dimerization is also thought to be essential for full enzymatic activity and 

secretion to the cell surface (Zavialov et al., 2010a).   

1.2.2.2 Cellular expression 
ADA2 is primarily found as an extracellular homodimer, unlike ADA1 (Zavialov et al., 2010a).  

It is believed that ADA2 is primarily expressed from monocytes/macrophages, but that dogma 

is changing, with various other cell types being identified as expressing ADA2 including 

dendritic cells, B cells and endothelial cells and it has been reported that antigen-presenting 

cells can also secrete ADA2 (Conlon and Law, 2004; Dhanwani et al., 2020; Schena et al., 2020; 

Zavialov et al., 2010b). 

1.2.2.3 Function 

As an adenosine deaminase, one role of ADA2 is the breaking down of adenosine into inosine.  

Though, in the extracellular environment, ADA2 has 100-fold lower enzymatic activity than 

ADA1 (Zavialov and Engström, 2005).  It is thought that ADA2 is active at higher 

concentrations of adenosine, and when the extracellular pH is acidic, for example when there 

is inflammation, hypoxia or tumour growth (Zavialov and Engström, 2005).  The higher 

concentrations of adenosine control the immune systems response to the site of injury.  The 

mechanism for upregulation of ADA2 under hypoxic conditions is not yet known, but it is 

considered that this is in response to high adenosine levels and signalling through adenosine 

receptors (Wang et al., 2021; Zavialov et al., 2010a).   

It has been proposed, however, that the enzymatic nature of ADA2 may not be its primary 

function.  Kaljas et al., (2017) and Zavialov et al., (2010b) demonstrated that ADA2, secreted 

by monocytes binds to different immune cells: primarily to neutrophils but also monocytes, 

NK cells and B cells. This secretion is inhibited by IFN-γ in vitro.  ADA2 binding is thought to 

occur primarily through the interaction between the glycocalyx, specifically the heparan and 

chondroitin sulphate proteoglycan chains on the surface of the cells, and the ADA2 glycocalyx 

binding site.  ADA2 is also believed to bind to CD4 + T regulatory cells, expressing CD39 and 
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lacking CD26 (a receptor for ADA1), also, ADA2 preferentially binds CD16+ monocytes, which 

are pro-inflammatory, unlike ADA1 which has a preference for CD16- (Kaljas et al., 2017; 

Zavialov et al., 2010b).  This presentation suggests that ADA2 has a role in inflammation and 

regulating the immune system. 

In addition to ADA2’s enzymatic activity, ADA2 is capable of being a mitogen for T cells.  On T 

cells, along with the binding via the glycocalyx, there is an additional ADA2 specific receptor 

which is thought to be similar to the ADA-related growth factors (ADGFs) family and activation 

of this receptor causes CD4+, T cell proliferation (Zavialov et al., 2010a; Zavialov and 

Engström, 2005; Zavialov et al., 2010b).  Interestingly, the ADA2 triggered proliferation of 

CD4+ T cells was dependent on physical interaction of these cells with monocytes; ADA2 alone 

was not enough to trigger this process (Zavialov et al., 2010b).   

ADA2 also induces differentiation of monocytes to macrophages; that is a process dependent 

on CD4+ T cells (Zavialov et al., 2010b).  Zavialov et al., (2010b) have demonstrated that ADA2 

interacts with adenosine receptors (A2A and A2B) and modulates the receptor’s affinity for its 

ligand.  Therefore, it is suggested that rather than ADA2’s primary purpose being catalytic, it 

may bind directly to adenosine receptors and form “molecular bridges” between interacting 

cells (Zavialov et al., 2010b).  Caorsi et al., (2017), have shown that upon activation, 

monocytes from DADA2 patients produce more TNF, which suggests a disease mechanism.   

Another alternative role for ADA2 is that of an intracellular nature.  An intrinsic mechanism 

has been uncovered whereby ADA2 negatively regulates the type I interferon pathway in 

monocytes (Greiner-Tollersrud et al., 2020).  This was indicated after an ADA2-deficient 

monocytic cell line, in comparison to wild-type cells, upregulated expression of many 

interferon- induced genes and this was also measured at protein level for CXCL10.  ADA2, re-

expression by lentiviral transduction restored the phenotype.  Further to this in 

monocytes/macrophages, ADA2 is believed to be targeted to the lysosomes via a M6P-

dependent pathway and may have alternative functions, aside from the adenosine deaminase 

function, as the lysosomal pH is highly acidic (Greiner-Tollersrud et al., 2020).  Further 

evaluation of the active site in ADA2, in comparison to ADA1, as well as in vitro enzymatic 

assays, nuclease activity evaluation using FRET-based assays and modelling, uncovered a 

distinct ADA2 function: lysosomal DNase activity.  This is reinforced by the clinical parallels 
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between DADA2 and DNase2 deficiency (Greiner-Tollersrud et al., 2020).  Therefore, it has 

been proposed that in DADA2 there is attenuated degradation of dsDNA and that this is the 

stimulus for the type 1 interferonopathy recorded in DADA2 patients (Greiner-Tollersrud et 

al., 2020). 

Carmona-Rivera and colleagues (2019) have demonstrated the role of ADA2 in neutrophil NET 

formation.  The study demonstrated that DADA2 patients had elevated plasma levels of 

adenosine, and neutrophil NETs in the mesenteric arteries of the small bowel.  In vitro, 

adenosine increased neutrophil NET formation, via A1 and A3 adenosine receptors, which was 

prevented by recombinant ADA2 (Carmona-Rivera et al., 2019).     

Finally, In vitro, knock-out of ADA2 in endothelial cells stimulates IFN-β expression.  This is 

thought to be a result of the increase in available extracellular deoxy-adenosine which is 

transported the cells and is catalysed by ADA1 in the cytosol (Dhanwani et al., 2020).   

Aside from ADA2s function to breakdown extracellular adenosine, it is clear that ADA2 has 

effects independent of this.  To date those roles include being a growth factor for T cells, 

differentiating monocytes to macrophages, preventing neutrophil NET formation and 

lysosomal DNase activity.  ADA2 seemingly binds to many cell types but the influence of ADA2 

on each cell type, the cell specific ADA2 receptors, and intracellular pathways, have not been 

fully elucidated.  

1.2.3 Adenosine deaminase 2 in disease  
ADA2 levels have been implicated as a prognostic and biomarker for other diseases aside from 

DADA2, especially those related to cardiovascular diseases.  What is interesting is that both 

high levels, as well as deficiency (low or no active levels) of ADA2, are implicated in the 

pathogenesis of inflammatory diseases.  This suggests a complex mechanism of regulation for 

this disease.  Examples of adult rheumatic conditions where ADA2 is higher in disease, in 

comparison to healthy controls include rheumatoid arthritis, systemic lupus erythematosus 

and Crohn’s disease (Maor et al., 2011; Saghiri et al., 2012; Sari et al., 2003; Valadbeigi et al., 

2019).   Furthermore, ADA2 is a biomarker for a life-threatening complication of systemic 

juvenile idiopathic arthritis (sJIA), macrophage activation syndrome (MAS)  (Lee et al., 2020b).  

Other diseases where ADA2 levels have been studied include Tuberculosis (TB), Human 

Immunodeficiency Virus (HIV) and assessment of benign in comparison to malignant tumours.  
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For instance, ADA2 may be used as a biomarker for the diagnosis of tuberculous pleural 

effusion (Aghaei et al., 2005; Khodadadi et al., 2011; Li et al., 2014).  ADA2’s role in disease 

will be discussed further in chapter 5.   

 

1.2.4 Summary 
There are three adenosine deaminase proteins expressed in humans, of which two are 

characterised.  Whilst there is some functional degeneracy, deficiency of either ADA1 or ADA2 

gives rise to distinct pathophysiologies, signifying unique functions as well as their shared 

enzymatic activity.  The mechanism for ADA1 deficiency has been well described, whilst the 

interactions and mechanisms of the ADA2 protein in terms of its inflammatory, immunological 

and haematological roles have not been fully elucidated.  To date, ADA2 has been investigated 

primarily at a structural level, utilising knockdown in zebrafish, and knowledge of the 

expanding clinical phenotype of DADA2 patients.  In addition to this, at a mechanistic level 

the interaction of ADA2 with neutrophils, T cells and monocytes has demonstrated niche 

functions.  The observations particularly in knockdown zebrafish and co-cultures, have led 

researchers to suggest that ADA2 is a growth factor and vital for endothelial integrity (Zhou 

et al., 2014).  Discovery of DADA2 has revealed a protein of unknown mechanism which must 

play a key role in homeostasis and the complex mechanisms of immunological and 

inflammatory response.  However, empirical evidence to date is sparse and studies are 

needed to determine whether ADA2 can directly act upon endothelial cells; a key cell type 

mediating homeostasis in a vascular and immunological sense.  It is unclear if the effect on 

endothelial cells is direct, or indirect, via other immune cells.  This is turn raises the question 

about what the endothelial cell receptor for ADA2 might be and the contingent mechanistic 

pathways involved.  The importance of the endothelium, the key cell type involved in vascular 

homeostasis and mediator of the body’s immunological and inflammatory response, will now 

be discussed.   
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1.3 Vascular homeostasis  
The vascular system is an intricate network of blood vessels; arteries, capillaries and veins, 

which are key to the delicate balance of cell homeostasis (Tennant and McGeachie, 1990).   

1.3.1 Blood vessel structure 
Most blood vessels are made up of three distinct main sections (Borysenko and Beringer, 

1984).  The structure, from outer-most layer in towards the lumen of the vessel, begins with 

the tunica adventitia.  The tunica adventitia is primarily made of connective tissue.  Nerve and 

lymphatic innervation are present, and in the larger blood vessels, the vaso vasorum provides 

the blood supply to the vessel.  The subsequent layer, towards the lumen, is the tunica media, 

consisting predominantly of smooth muscle and elastic lamina.  The external elastic lamina 

which provides structural support is frequently found in this layer.  The inner most layer is the 

tunica intima made up of the basal lamina and the single layer of ECs, which are lumen facing 

(Borysenko and Beringer, 1984).  Pericytes are embedded into the basement membrane in 

close proximity to the EC layer and have cytoplasmic processes which can surround EC cells 

(Sims, 1986).  Pericytes cells can communicate with ECs by direct contact and paracrine 

signalling, as well as their structural function.   

Across blood vessels, the thickness of the connective tissue and smooth muscle varies 

depending on the vessel type function and diameter (Shinaoka et al., 2013).  However, the 

endothelial lining is always present, in fact capillaries and sinusoids have walls which are only 

endothelial cells and basal lamina, with dispersed pericytes (Borysenko and Beringer, 1984; 

Pugsley and Tabrizchi, 2000).  Extending and remodelling of the network of blood vessels for 

tissues growth and repair is reliant on the activity of endothelial cells.    
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1.3.2 Endothelial structure  
The vascular endothelium is the largest organ in the body, coating the inner side of all blood 

vessels, and acting as a barrier between the blood and the tissues.  The number of EC in adult 

humans is thought to be 1-6x1013 cells, with a surface area of 1-7m2 (Cines et al., 1998).   

As described, endothelial cells are attached to the basal lamina, and the pair make up the 

vascular tunica intima.  On a cellular level, EC are flat and slightly elongated.  They are 

polarised cells with one side that is luminal- facing the blood constituents, and in opposition 

the basolateral surface, which is connected to a glycoprotein basement membrane, secreted 

by the endothelial cells themselves (Krüger-Genge et al., 2019).  The luminal surface structure 

consists of the glycocalyx whose sugar branches protrude into the lumen (Luft, 1966; Reitsma 

et al., 2007).  Expression of various cell membrane receptors are highly regulated including 

PECAM-1, Ang-1 and Ang-2 (Féraud et al., 2003; RayChaudhury et al., 2001).   

 

1.3.2.1 Inter-endothelial junctions   

Between cells there are inter-endothelial junctions (IEJ) which consist of tight junctions, gap 

junctions and adherens junctions as depicted in Figure 1.4.  Tight junctions are made up of 

occludin, claudins and junctional adhesion molecules.  On the other hand, gap junctions 

comprise of connexins, and VE-cadherin is necessary for creating adherens junctions.  On the 

basolateral surface there are Integrins which ground the EC to the basal lamina or 

extracellular matrix (ECM) by interactions with matrix proteins vitronectin and fibronectin.  

The adhesion of IEJ and EC to the ECM produces a tight barrier and quiescent state (Bazzoni 

and Dejana, 2004).     
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Figure 1.4 A schematic diagram of endothelial intercellular junctions  

Inter-endothelial junctions are made up of tight, gap and adherens junctions which 
interact with the actin cytoskeleton.  Adapted from (Sukriti et al., 2014) and ‘Created 
with BioRender.com’.  Abbreviations: JAM- junctional adhesion molecule, ZO- Zonula 
Occludens.  
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1.3.2.2 The glycocalyx  

A prominent part of the luminal facing EC structure is the glycocalyx.  Using transmission 

electron microscopy, the glycocalyx can be seen on the surface of the endothelium (Luft, 

1966).  The glycocalyx is an ever-remodelling, gel-like layer, which works like a sieve; made 

up of long chains of carbohydrates and soluble molecules,  forming a mesh between the blood 

and endothelial surface (Reitsma et al., 2007).  The glycocalyx, is made up of negatively 

charged proteoglycans, which are membrane bound core proteins, with unbranching chains 

of glycosaminoglycans (GAGs), and glycoproteins along with other soluble molecules, as 

illustrated in Figure 1.5 (Reitsma et al., 2007; Weinbaum et al., 2007).  The thickness of this 

layer is dependent on vessel type and shear rate and the vascular bed (Jeansson and 

Haraldsson, 2006; van den Berg et al., 2006; van Haaren et al., 2003; Vink Hans and Duling 

Brian R., 1996).   

Proteoglycan core protein groups include Syndecan, Glypican and Perlecan, each with many 

subtypes and linking different numbers of GAG chains (Rosenberg et al., 1997).  There are five 

different GAGs; chondroitin sulphate, heparan sulphate (HS), hyaluronic acid, keratin and 

dermatan sulphates, with HS being the predominant type (Fullwood et al., 1996; Lee and 

Spicer, 2000; Oohira et al., 1983; Trowbridge and Gallo, 2002).  These GAG chains covalently 

link to the proteoglycans, except hyaluronic acid which is attached via cell membrane 

receptors (CD44) (Lee and Spicer, 2000).   

In contrast, the glycoproteins have short, branched carbohydrate side-chains and expression 

level varies widely across the endothelium depending on cell activation (Reitsma et al., 2007).  

There are three main classes of glycoproteins which are also EC adhesion molecules, the 

selectin and the integrin families as well as the immunoglobulin superfamily (Müller et al., 

2002a; Sperandio, 2006; Xiong et al., 2003).  
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Figure 1.5 A schematic diagram of the endothelial glycocalyx 

Research to date, shows that, in vivo, healthy vascular endothelial cells, must have an intact 

and functional glycocalyx.  For example, knockout of SDC-1 in mice causes a proinflammatory 

endothelial phenotype (Voyvodic et al., 2014).  The glycocalyx layer functions include; 

• acting as a sensor and mechanotransducer for sheer stress,  

• a modulator of permeability,  

• forming a vascular barrier between the blood cells and endothelium,  

• modulating adhesion of leukocyte and platelets,  

• may also bind enzymes that metabolise oxygen radicals such as superoxide dismutase 

(Reitsma et al., 2007; Weinbaum et al., 2007; Yilmaz et al., 2019).   

Overall, the presence of the glycocalyx aids the endothelium’s homeostatic and anti-

thrombogenic role.   

The structure of the endothelial glycocalyx.  Adapted from (Yilmaz et al., 2019) and ‘Created 
with BioRender.com’. 
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Conversely, degradation or shedding of the glycocalyx is linked with endothelial cell 

dysfunction and pathologies such as diabetes, atherosclerosis and sepsis (Cancel et al., 2016; 

Lewis et al., 1982; Nelson et al., 2008; Nieuwdorp et al., 2006b, 2006a; van den Berg et al., 

2006).    Shear stress, oxidative stress in disease states, and/or substances such as TNF-α, high 

levels of adenosine, and enzymes such as heparanase (and its bacterial counterpart 

heparinase) and hyaluronidase, bring about shedding of the glycocalyx (Brands et al., 2013; 

Chappell et al., 2009a, 2008; Henry and Duling, 2000; Li and Wang, 2018; Nieuwdorp et al., 

2007; Rubio-Gayosso et al., 2006).  Overall studies have demonstrated that, deterioration of 

the glycocalyx will exacerbate inflammation, adhesion of leukocyte, cause oedema and loss 

of flow-dependent vasodilation (Bruegger et al., 2008; Jacob et al., 2007; Vink et al., 2000).  

There has been limited investigation on substances, or approaches, to prevent shedding or 

restore the function of the glycocalyx.  It is believed that in vivo glycocalyx recovery is 5-7 days 

whilst in vitro is 1-2 days, depending on flow conditions (Giantsos-Adams et al., 2013; Potter 

et al., 2009).  However, finding methods to restore the glycocalyx may help treat chronic 

vascular and inflammatory diseases where glycocalyx shedding is correlated with endothelial 

cell dysfunction (Yilmaz et al., 2019).   

An example of an agent which has been explored in terms of glycocalyx restoration, is 

Sulodexide.  Sulodexide is a mixture of heparin sulphate and dermatan sulphate and has 

shown promise in animal models by improving glycocalyx recovery, decreasing vascular 

permeability and reducing damage and local inflammation (Li et al., 2017; Song et al., 2017).  

In human clinical trials there has been mixed success, where sulodexide failed to decrease 

urine albumin excretion in patients with Type 2 Diabetes and microalbuminuria (Lewis et al., 

2011).  However, another study has reported an partial restoration with sulodexide 

administration, of vascular permeability and glycocalyx layer associated with type 2 diabetes 

in humans (Broekhuizen et al., 2010).  Aside from sulodexide, other approaches have been 

used, predominantly observed in animal models, albumin, fresh frozen plasma, 

glucocorticoids, TNF-α inhibitors, Nitric Oxide (NO), hyaluronan, heparin and adenosine 

agonists (Bruegger et al., 2008; Chappell et al., 2009a; Haywood-Watson et al., 2011; Jacob et 

al., 2009; Nieuwdorp et al., 2009; Platts et al., 2003; Rubio-Gayosso et al., 2006).     
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What is uncertain is whether the glycocalyx binds hormones, cytokines, chemokines and 

other signalling molecules, and if so, whether it enhances, or sequesters their activity (Li et 

al., 2014; Lortat-Jacob et al., 2002; Renné et al., 2000; Yu and Woessner, 2000).  Moreover, 

what is yet to be studied is the pharmacological implications of the glycocalyx on drug action 

(Becker et al., 2015).  Another interesting observation, which is yet to be fully described, is 

that there is very dense glycocalyx at the interface between maternal and foetal tissue in the 

placenta, on the villous surface.   However, there is no glycocalyx in the fetal capillaries 

(Hofmann-Kiefer et al., 2013).   

Current investigation of the glycocalyx has been more problematic in vitro and this has been 

discussed by (Haymet et al., 2021).  This is because current endothelial cell models produce 

far less/no detectable glycocalyx, in comparison to what is found physiologically or ex vivo 

(Chappell et al., 2009b; Potter et al., 2009).  Explanations for this include fixation methods 

leading to degradation of glycocalyx, flow conditions, the use of blood products or cell culture 

media and selection of EC (Chappell et al., 2009b; Dong et al., 2002; Fu and Tarbell, 2013; 

Urner et al., 2012).  Due to the lack of knowledge about how the glycocalyx is involved in 

endothelial or immune cell signalling, or interaction with drugs, and how to accelerate 

restoration, finding an appropriate, and physiologically relevant, model for endothelial 

glycocalyx, is imperative.  To date, popular in vitro methods have involved using rat fat pad 

and bovine aortic EC, or, as a human model,  there has been mixed success with Human 

umbilical vein endothelial cells (HUVEC), where in vitro these cells are reported to express 

little glycocalyx in comparison to ex vivo tissues or no detectable levels (Giantsos-Adams et 

al., 2013; Haymet et al., 2021; Mensah et al., 2017; Potter et al., 2009; Thi et al., 2004; Yao et 

al., 2007; Zeng et al., 2012; Zeng and Tarbell, 2014).   

1.3.2.3 Endothelial cell phenotype   

Healthy endothelium has an anti-inflammatory, anti-angiogenic phenotype, expressing high 

levels of NO, prostacyclin and low levels of reactive oxygen species (ROS) and uric acid.  In a 

quiescent state ECs express major histocompatibility class I (MHC I) (Lozanoska-Ochser and 

Peakman, 2009).  In vitro, the culture of primary ECs will exhibit a cobblestone morphology 

for monolayers and can be identified by constitutively expressed cell surface markers.  EC 

marker profile includes markers such as, platelet endothelial cell adhesion molecule (PECAM-

1, CD31), VE-cadherin (CD144), angiotensin-converting enzyme (ACE, CD143) and  Factor VIII-
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related antigen (Breier et al., 1996; Müller et al., 2002b; Ryan et al., 1976).  It is important to 

note that these are not exclusively expressed on endothelial cells, CD31 is also expressed on 

leukocytes, VE-cadherin has been identified on fetal hematopoietic stem cells, and CD143 is 

present on hematopoietic stem cells (Fleming, 2005; Jokubaitis et al., 2008; Stockinger et al., 

1990).  von Willebrand factor (vWF) can serve as a cytoplasmic endothelial cell marker and 

has been deemed a universal marker of EC, even if it is not expressed uniformly across EC 

(Jaffe et al., 1974, 1973).  The lack of exclusivity of endothelial markers with other cell types 

illustrates the importance of using a panel of markers in order to reliably characterise 

endothelial cells (Fleming, 2005).   

Inflammatory activation can switch the endothelial cell phenotype to a pro-inflammatory, 

coagulative and angiogenetic state.  Under these conditions ECs can express MHC I and 

produce ROS.   Inducible endothelial markers, are also expressed in response, for example, 

ICAM-1 (CD54), NCAM-1 (CD106), E-selectin (CD62E), P-selectin (CD62P), Flt-1 (VEGFR1), KDR 

(VEGF2) and Tie-2 (Müller et al., 2002b). 

In addition to the markers already introduced there are markers which are specific to the 

endothelial cells within each organ, organ-associated antigens, and these will be discussed in 

the EC heterogeneity section (Ribatti et al., 2020).    
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1.3.3 Endothelial function   
Until the 1970s this was described as an ‘inert layer’.  But it is now known that this layer has 

many functions aside from a simple barrier function; it is an endocrine organ and plays a 

pivotal role in homeostasis, responding to physical, chemical and environmental stimuli 

(Krüger-Genge et al., 2019).  

1.3.3.1 Barrier function 

The endothelium tightly controls the fluid, solute and cell exchange between the blood and 

the surrounding tissues and this movement is a process called extravasation (Wettschureck 

et al., 2019).  This is a highly regulated barrier with different mediators working under either 

homeostatic or inflammatory conditions to control the barrier or increase the permeability.  

There is heterogeneity displayed between EC from different vascular beds and barrier 

structure and function, for example the blood brain barrier in comparison to the EC in the 

renal glomeruli which has fenestrae which facilitate transport (Aird, 2007).   

There are two main forms of transport across the endothelium, transcellular vesicle transport 

by transcytosis, or, by paracellular movement and trans-endothelial cell migration 

(Wettschureck et al., 2019).  Cells and solutes can pass through the barrier via vesicles in 

transcellular pathways (Komarova and Malik, 2010).  Caveolae-mediated transcytosis is used 

mainly for albumin transport, whereas vascular endothelial growth factor (VEGF) and other 

inflammatory mediators, are thought to be transported via vesiculo-vacuolar organelles 

(Dvorak et al., 1996; Schnitzer and Oh, 1994).  Although most cells move via the paracellular 

route, it has been reported that some cells move via a transcellular extravasation route but 

the molecular mechanisms are not clear (Feng et al., 1998).  Paracellular mechanisms involve 

movement between EC, when there are alternations in cell-cell junctions and opening of IEJ 

(Szymborska and Gerhardt, 2018).   

Under basal conditions the EC barrier has low permeability for fluid and solutes but under 

inflammatory conditions there is a localised permeability (Majno and Palade, 1961).  Loss of 

barrier functionality is part of the pathology for various vascular disorders such as ischemic 

stroke, pulmonary oedema and, cancer and metastasis (Lee et al., 2007; Miyahara et al., 2007; 

Wang et al., 2007).  To maintain the EC barrier integrity, there are several signalling processes 

which include; shear stress and notch, fibroblast growth factor, sphingosine-1-phosphate, 
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Angiopoietin-1/Tie2, prostacyclin (PGI2) and prostaglandin E2 (Birukova et al., 2007; David et 

al., 2011; Hatanaka et al., 2012; Lee et al., 1999; Polacheck et al., 2017).   

1.3.3.2 Vascular tone  

The endothelium, along with the smooth muscle cells (SMC), control the amount of blood 

flow to the tissues and respond to changes in the tissue oxygen and metabolic needs.  This is 

achieved by regulation of vasodilation and vasoconstriction.  The main agents involved in 

vasodilation are NO and PGI2 (Palmer et al., 1987).  EC synthesise NO subsequent to 

stimulation by shear stress, and in response to molecules such as, acetylcholine and histamine 

(Chen et al., 1996; Lantoine et al., 1998; Rubanyi et al., 1986).   EC also produce NO to maintain 

basal tone.  NO diffuses into nearby SMCs which brings about vasodilation by stimulating the 

soluble guanylyl cyclase and cyclic guanosine monophosphate (cGMP) and protein kinase G 

(PKG) pathway (Furukawa et al., 1991; Sampson et al., 2001). 

NO is produced by an enzyme, nitric oxide synthase (NOS), from L-arginine (see Figure 1.6).  

There are three isoforms of NOS, neural NOS (nNOS, NOS1), inducible NOS (iNOS, NOS2) and 

endothelial NOS (eNOS, NOS3). NOS1 is expressed in central and peripheral neurons, NOS2 

can be induced in a number of cells types after stimulation and NOS3 is predominantly 

expressed by ECs.  Asymmetric dimethylarginine (ADMA) inhibits NOS and the production of 

NO and elevated levels of ADMA are found in cardiovascular disease (Birukova et al., 2007; 

Böger et al., 2000; Goonasekera et al., 1997; Miyazaki et al., 1999; Vallance and Leiper, 2004).  

ADMA is produced by the action of protein arginine methyltransferases (PRMTs) (Clarke, 

1993; McBride and Silver, 2001).  On the other hand, ADMA is metabolised by 

dimethylarginine dimethylaminohydrolase (DDAH), of which there are two isoforms; 1 and 2 

(Kimoto et al., 1995; Leiper et al., 1999; Ogawa et al., 1989).  It is believed that DDAH2 is the 

predominant form in the vasculature and decreased DDAH2 is associated with cardiovascular 

disease (Lambden et al., 2015; Tran et al., 2000).   

Another EC derived vasodilator is PGI2.  PGI2 causes relaxation of SMC via an adenylate cyclase 

(AC) mechanism and increase of cyclic adenosine monophosphate (cAMP) (Dembinska-Kiec 

et al., 1979).  PGI2 is constitutively produced by EC and also considered to maintain basal tone 

but its release can also be stimulated by thrombin, histamine, ATP and bradykinin (McIntyre 

et al., 1985; Moncada et al., 1977; Weksler et al., 1978).  
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Figure 1.6 A schematic diagram of the NO/ADMA pathway 

 

When NO and PGI2 production is therapeutically inhibited, vasodilation can still occur 

experimentally, and this is thought to be down to endothelium-derived hyperpolarization 

factor (EDHF), also of EC origin (Scotland et al., 2005).  EDHF’s effect is thought to be more 

prominent in smaller rather than larger vessels (Luksha et al., 2010).     

In contrast, factors produced by ECs can also cause vasoconstriction, which is important in 

inflammation.  This includes; endothelin-1 (ET-1), angiotensin II, prostaglandin H2 (PGH2) and 

reactive oxygen species (ROS) (de Gasparo et al., 2000; Martinez-Lemus et al., 2011; 

Tesfamariam, 1994; Yanagisawa et al., 1988). 

1.3.3.3 Haemostasis and thrombosis 
Haemostasis is a process to stop bleeding, and keep blood within a damage vessel, 

commencing the process of wound healing.  Under homeostatic conditions EC release of NO 

and PGI2 prevent platelet aggregation by increasing platelet intracellular cAMP (de Graaf et 

NO has vasoprotective functions and is produced by the action of NOS.  NOS is regulated 
by the endogenous NOS inhibitor ADMA.  This in turn is regulated by the enzyme DDAH, of 
which are two isoforms 1 and 2.  DDAH metabolises ADMA.  PRMTs catalyse arginine 
methylation and the formation of ADMA.  Abbreviations- ADMA: asymmetric 
dimethylarginine, DDAH: dimethylarginine dimethylaminohydrolase, NO: nitric oxide NOS: 
nitric oxide synthase,  PRMTs: protein arginine methyltransferases.  Adapted from (Böger 
et al., 2005; Cooke, 2004). 
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al., 1992; Moncada et al., 1977).  ATP and ADP both stimulate platelet aggregation.  To 

prevent thrombosis in response to this, EC express ectonucleotides which hydrolase ATP and 

ADP to AMP and adenosine to decrease platelet adherence (Michal and Thorp, 1966).  There 

are other anti-coagulant pathways that ECs support to prevent thrombosis such as the protein 

C/protein S pathway and the thrombomodulin (Esmon et al., 1982; Stern et al., 1986).   

After vessel injury, and blood components coming into contact with collagen or vWF, they 

become activated and aggregate and trigger the formation of a blot clot, to prevent blood 

loss (Krüger-Genge et al., 2019).  Platelets, once activated themselves, can activate ECs by 

releasing mediators including ADP and 5-HT (Cerrito et al., 1993). This process is highly 

regulated to prevent thrombosis (Mackman, 2012).   

 

1.3.3.4 Angiogenesis   

Angiogenesis is the process by which EC can form new blood vessels from existing ones in 

response to injury or hypoxic conditions (Folkman, 1971; Krupinski et al., 1994; Shweiki et al., 

1995).  There are two types of angiogenesis that occur in adults: sprouting angiogenesis and 

intussusceptive angiogenesis (Adair and Montani, 2010).  Sprouting is stimulated by VEGF-A 

through the ECM and also δ-Notch signalling (Ruhrberg et al., 2002; Suchting et al., 2007).  

Intussusceptive angiogenesis where one vessel splits into two (Burri and Tarek, 1990).  The 

angiogenesis process is highly controlled multi-step process with initial processes, 

degradation of the basal lamina, migration of ECs, chemotasis EC proliferation, lumen 

formation or tublerogenesis, and pericyte stabilisation (Duran et al., 2017).  The angiogenic 

process can be both physiological – wound healing, and pathophysiological- cancer, 

inflammatory disorders, or diabetes mellitus (Barrientos et al., 2008; Kobayashi and Lin, 2009; 

Ribot et al., 2017).   

 

1.3.3.5 Immune system interaction and function  

ECs can actively participate in both innate and adaptive immune responses (Shao et al., 2020).  

Nonspecific immunity, innate immunity can be mediated by ECs, which is an immediate 

response, independent of antigens. In fact, EC perform 11 innate immune system roles that 

are also performed by macrophages including cytokine secretion, migration, pathogen-
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associated molecular patterns (PAMPs) sensing and danger-associated molecular patterns 

(DAMPs) sensing; fuelling the debate as to whether ECs innate immune cells (Mai et al., 2013).  

When inflammation or injury occurs, ECs attract immune cells locally.  Inflammatory cytokines 

are produced by ECs, triggering the leukocyte migration and infiltration cascade (Ley et al., 

2007).  Monocyte chemoattractant protein -1 (MCP-1) is an example of an endothelial 

chemoattractant (Uguccioni et al., 1995).  Leukocyte recruited will then undergo leukocyte 

rolling, adhesion, arrest and transmigration. This is facilitated by EC adhesion surface markers 

which are upregulated under inflammatory stimuli, such as vascular cell adhesion molecule 1 

(VCAM-1), and intercellular adhesion molecule 1 (ICAM-1) and CD62e, CD62p (Brown et al., 

2001; Ley, 2001). 

MHC II has also been found to be expressed on ECs, taking a role in antigen presentation and 

can also express co-stimulatory molecules for T cell activation such as CD80, highlighting the 

potential of ECs to contribute to the adaptive immune response (Kreisel et al., 2002; von 

Willebrand et al., 1985).  

 

1.3.4 Heterogeneity  
The endothelial structure and functions so far have demonstrated how important these cells 

are in homeostasis as well as pathogenesis.  Though, it is important to put this in the context 

of EC heterogeneity shown within the body.  Heterogeneity between ECs occurs at a 

morphological, functional, gene expression and antigen composition levels (Aird, 2012).  As 

well as across organs and the vascular tree, heterogeneity can occur within the same organ 

and blood vessel type.   

Structurally, an example of the heterogeneity is EC thickness, which varies from less than 

0.1µm in the capillaries, to 1µm in the large arteries such as the aorta (Florey, 1966).  Another 

difference is there is flow-dependent alignment of EC at many parts of the vascular tree, but 

not at branch points (Passerini et al., 2004).  Furthermore, capillaries fall into three types, 

continuous, fenestrated or discontinuous (Aird, 2007).  Discontinuous endothelium are only 

found in the liver; in parts of the sinusoidal bed.  Fenestrated endothelium are similar to 

discontinuous, but have a larger diameter, they lack a diaphragm and can have a fragile 
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basement membrane.  This type of endothelium is found in organs such as exocrine or 

endocrine glands and glomeruli, those organs which secret or filter (Florey, 1966).   

Permeability of ECs also varies.  The process of transcytosis is mediated by the caveolae and 

vesiculo-vacuolar organelles (VVOs).  An example of heterogeneity for this EC function is that 

the caveolae are in far higher numbers per cell in the capillary endothelium, about 10,000 per 

cell, with the exception of the blood-brain barrier where caveolae are significantly reduced, 

than those found in all other types of vessel.  The endothelium of the veins and venules are 

where VVOs are most conspicuous (Simionescu et al., 2002). 

Another example of functional heterogeneity, is within the leukocyte trafficking steps.  Firstly, 

this process is a site-specific, occurring in postcapillary venules (Aird, 2007).  One of the 

adhesion molecules mediating the leukocyte rolling, is CD62E.  This is a marker which is only 

expressed in activated endothelium and this activation is limited to postcapillary venules 

(Feuerhake et al., 1998).   

 

1.3.5 Endothelial repair 
Endothelial cells have the ability to respond to injury by stopping haemorrhaging and 

repairing, to prevent long-term dysfunction.  This was discussed in the haemostasis and 

thrombosis, and angiogenesis sections.  However, there is another means by which the 

endothelium repairs itself and that is via endothelial progenitor cells (EPCs).  Until relatively 

recently it was thought that angiogenesis occurred only by the current EC dividing and 

migrating.  However, since 1997, the discovery of a population of circulating CD34+ cells in 

the blood, termed  EPCs, has challenged this (Asahara et al., 1997).  In support of this, 

mathematical modelling of endothelium maintenance, and tumour angiogenesis, highlights 

the necessity of progenitive ECs in the maintenance of vascular health, during a human 

lifespan (Buijs et al., 2004; Stoll et al., 2003).  Replacement of ECs by mere cell division, is not 

enough due to telomere shortening and senescence, and simply by angiogenesis or cell 

division alone, would lead to severe vascular wall damage (Buijs et al., 2004).  Modelling 

predicts that these effects are overcome by ECs from elsewhere (Buijs et al., 2004).     

In vitro, EPCs have been shown to be endothelial cell-like and stimulate vascular repair and 

angiogenesis in some experimental settings (Clarke et al., 2010).  Since then, there has been 
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much progress made in defining EPC populations and correlating them with vessel repair and 

patient phenotypes.  Isolated ECs from peripheral blood are increased in disease or 

mechanical damage of the vasculature, and ex vivo display abnormal EC function (Clarke et 

al., 2010; Fabbri-Arrigoni et al., 2012; Liu et al., 2007; Rigato et al., 2016; Smadja et al., 2014, 

2013; Solovey et al., 1997).  EPCs are being employed as a readily available source of ECs for 

research.  ECs arising from peripheral blood are a far more readily available source of ECs, 

especially for isolation and study of human ECs.  This is a particularly important consideration 

when studying the paediatric population.   

 

1.3.5.1 Endothelial cell progenitor cells   
Isolating EPCs from peripheral blood of patients, has circumvented the experimental 

limitation of retrieving ECs from patients.  These ECs, can be isolated from peripheral blood 

mononuclear cells (PBMNCs) (Lin et al., 2000).  Their subsequent culture in endothelial growth 

media supplements with endothelial growth factors, can be divided into two main types of 

cells, ‘early EPCs’ and ‘Blood Outgrowth Endothelial cells’ (BOECs) (see Figure 1.7) (Hebbel, 

2017; Medina et al., 2017).  The first forms within 7 days in culture.  Whereas the BOECs, also 

known as ‘late EPCs’, ‘progenies of endothelial forming colony cells’ or ‘endothelial colony–

forming cells (ECFC)’, usually form between 7-21 days.  Studies have stained the different cells 

types in these cultures grown under these conditions.  Early EPCs do express low levels of 

CD31 and vascular endothelial growth factor receptor 2 (VEGFR2), which are typical 

endothelial markers, however, they also express monocytic cells markers such as CD14.  

Isolation of EPCs from patients, shows a correlation between vasculature health and number 

of EPC colony forming units (Rigato et al., 2016).  Continuing culture after 7 days, induces a 

secondary colony of cells with characteristic endothelial cobbled shape morphology.  These 

BOECs, have typical mature EC surface marker expression including; CD31, CD144, vWF and 

lack of monocytic markers CD14, CD45 (Gulati et al., 2003; Ormiston et al., 2015). 
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Figure 1.7 A diagram to show the origins of blood endothelial cell types  

 

 

  

Blood outgrowth endothelial cells (BOECs), as mature endothelial cells, seem to be the 
progeny of endothelial colony forming cells (ECFC) which are found in both the circulation 
and vessel wall.  In contrast endothelial progenitor cells (EPCs) arise from hematopoietic 
stem cells.  Circulating endothelial cells (CEC) arise from the vessel wall as a consequence 
of injury or disease states.  In vitro culture of peripheral blood mononuclear cells (PBMCs) 
causes formation of two different cell types.  In vitro culture with collagen coating causes 
formation of BOEC colonies whereas, fibronectin coating causes EPC colony formation.  
Adapted from  (Hebbel, 2017). Created with BioRender.com 
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1.3.6 Endothelial dysfunction 
It is normal for endothelial cells to become activated under certain conditions, and it is in fact 

part of the endothelium’s role to repair vascular tissue when damaged and to stop bleeding.  

However, there is a delicate balance that exists between an activated and quiescent EC state.  

When the balance is tipped too far in the direction of activation, under chronic exposure to 

risk factors, the endothelium may become dysfunctional and contribute to atherothrombosis, 

thrombosis (Schächinger et al., 2000; Verma and Anderson, 2002).  As discussed previously, 

the endothelium is a key mediator in both the immune and cardiovascular systems, 

endothelial dysfunction is part of the aetiology of a range of diseases.  

1.3.6.1 Inflammation  

EC are essential cells in regulating and participating in the inflammatory process (Pober and 

Sessa, 2007).  There are two main types of inflammatory activation (Pober and Cotran, 1990).   

Type 1 activation mediated by ECs, are quick, and concluded within 10-20 mins and receptor 

desensitisation concludes this activation (Pober and Cotran, 1990; Winsauer and Martin, 

2007).  This type of activation is independent of protein synthesis produces an increase in 

blood flow, adhesion of activation of neutrophils and extravastion into an inflammatory site, 

increase in permeability of the endothelium and movement of plasma proteins into the tissue 

(Lorant et al., 1991; Pober and Sessa, 2007; Teixeira et al., 1993).  In contrast, Type II activation 

of ECs, requires protein synthesis, is slower onset, but can persist for hours or days (Pober 

and Cotran, 1990).  This is mediated by pro-inflammatory cytokines, such as TNF or IL-1, ECs 

can go beyond to recruit monocytes and T cells, after neutrophils (Martin and Wesche, 2002).  

Type II activation also involves an increase in blood flow and leakage of the plasma proteins 

(Petrache et al., 2003; Pober et al., 1987; Zavoico et al., 1989).  Type II activation persists until 

the resolution of the inflammatory stimulus (for example infection) and therefore the lack of 

production of inflammatory and activating cytokines (Winsauer and Martin, 2007).  

If the type I and type II responses fail to resolve the inflammatory stimulus, then the 

inflammatory process will move from acute to chronic inflammation.  EC may contribute to 

this process by presenting antigens to T cells and involvement in the adaptive immune 

response (Pober et al., 1986).  IFNγ induced changes in the endothelium, such as producing  

chemokine CXCL10,  and expression of adhesion molecules such as E-selectin and VCAM1,  
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recruiting T cells including T-helper cells (Austrup et al., 1997; Doukas and Pober, 1990; 

Fukuda et al., 1996; Luster et al., 1985).   

If the adaptive immune system fails to resolve the inflammatory stimulus, eradicating the 

pathogen, then the next stages of chronic infection involve angiogenesis (discussed 

previously) and the development of tertiary lymphoid organs.  These process may become 

prominent in inflammatory associated diseases such as rheumatoid arthritis (Paleolog, 2002).   

1.3.6.2 Atherosclerosis 

Any damage to the endothelium which can cause an imbalance between the vasodilation and 

vasoconstriction can trigger, or exacerbate, the events leading to atherosclerosis.  In the 

presence of atherosclerosis, endothelial dependent vasodilation is hindered (Ludmer et al., 

1986).  Atherosclerosis is the deposition of fatty deposits in the intima layer of arteries (Libby 

et al., 2019).  Over time this lipid material found in the intima can form an atherosclerotic 

plaque, or atheroma, which can become calcified and fibrous (Bentzon et al., 2014).  The 

atheroma can stimulate thrombus formation, that can cause ischemia by obstruction of the 

lumen.  Another way the lumen can be occluded is in advanced plaques which can encroach 

into the lumen of the blood vessel, decreasing blood flow and causing tissue ischemia.  When 

atherosclerosis occurs in the circulation of the heart myocardial infarction or other chronic 

cardiovascular diseases (CVD) can be provoked.  This atherosclerosis process is the cause of 

many ischemic strokes and other conditions such as the formation of aneurysms (Huang et 

al., 2001).  In the peripheral arteries, atherosclerosis can be the causative agent of ulceration 

and gangrene (Libby et al., 2019).  Despite preventative measures, CVD are the primary cause 

of death globally (WHO, 2021).   

There are many stages in the atherosclerosis course.  Atherosclerosis initiation is due to the 

cumulative exposure of excess LDL cholesterol (LDL-C) concentrations above physiological 

requirements, over time (Ference et al., 2017).  Accumulation of LDL-C in the intima 

undergoes oxidation.  Circulating classical monocytes with pro-inflammatory propensities, 

which are attracted to the vessel wall by chemoattractants, enter the intima, via adhesion 

with, and migration through, endothelial cells.  Monocytes within the intima, can differentiate 

into macrophages and bind lipoprotein particles which via expression of scavenger receptors.  

Thus, become foam cells (Galis et al., 1995). In addition to this, T cells enter the intima and 

this accumulation of leukocyte in the region, and the release of a chemoattractant by 
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macrophages, can cause migration of SMCs from the tunica media into the intima (Bennett 

et al., 2016).   

Progression of the atherosclerotic lesion is prompted by the SMCs and macrophages 

becoming entwined with the lipid.  Other factors that are involved in the progression of 

atherogenesis include, smoking and hypertension, and inflammation (Chow et al., 2010; 

Gottesman et al., 2014).  Inflammation itself, can alter the way that endothelial cells behave 

and promote angiogenesis disease progression.  For example, angiotensin, part of the 

pathogenesis of hypertension, can trigger NF-κB beta inflammatory pathways (Kranzhöfer et 

al., 1999).  Cytokines, released from sites of inflammation, can also promote atherosclerosis 

develop at other sites in the vascular system (Libby et al., 2016).  Inflammation can change 

the production of nitric oxide and other vasodilators by endothelial cells (Ignarro and Napoli, 

2005). Another way that endothelial cells can be activated is through a diet rich in cholesterol 

which stimulates the production of adhesion molecules (e.g. VCAM-1) and chemoattractants 

of EC origin (Cybulsky and Gimbrone, 1991; Li et al., 1993).   
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1.3.6.3 Vasculitis 

Vasculitis is a term which encompasses systemic inflammation of the blood vessels, which 

culminates to organ dysfunction (Jennette et al., 2013).  Vasculitis has traditionally been split 

into categories dependent on the size of the vessel involved; small, medium or large (Shavit 

et al., 2018).  Examples of each of these categories include; ANCA-associated vasculitis under 

small vessels, PAN affecting the medium vessels and Takayasu arteritis (TA) large-vessel 

vasculitis (Shavit et al., 2018).  In 2008, a paediatric vasculitis specific classification was 

proposed by The European League Against Rheumatism/Paediatric Rheumatology 

International Trials Organisation/ Paediatric Rheumatology European Society in Ankara 

(Arend et al., 1990; Leavitt et al., 1990; Lightfoot et al., 1990; Mills et al., 1990; Ozen et al., 

2010).  A revised nomenclature system was proposed in 2012 by the ‘International Chapel Hill 

Consensus Conference Nomenclature of Vasculitides’ (Jennette et al., 2013).  However, as 

some of the classification criteria has never been validated in children, paediatricians have 

also collaborated to develop consensus using the ‘Single Hub and Access point for paediatric 

Rheumatology in Europe’ (SHARE) (de Graeff et al., 2019a, 2019b; Ozen et al., 2019). 

Definitive causative agents for vasculitis remain unknown for most patients, however, it is 

thought that a combination of environmental triggers such as infections, and genetic 

susceptibility lead to the ensuring inflammation and damage to the endothelium observed 

(Brogan, 2007; Lidar et al., 2009). Most cases of vasculitis are facilitated by the accumulation 

of immune complexes within the cell wall, causing mast cell degranulation, neutrophil 

chemotaxis, which results in free oxygen radicals and proteolytic enzymes being release, and 

pro-inflammatory mediators resulting in injury to the vessel wall – including the endothelium 

(Schnabel and Hedrich, 2019; Yang et al., 2008).        

Environmental triggers include infectious agents, as is speculated for Henoch-Schönlein 

purpura (HSP), also known as IgAV, and Kawasaki disease (KD), and non-infectious agents 

considered are silica, solvents and exposure to heavy metals, many classes of drugs and 

withdrawal of corticosteroids (Brogan, 2007; Eleftheriou et al., 2009; Kang et al., 2014; Stratta 

et al., 2001).  

Genetic factors for vasculitis susceptibility are complex and many candidate genes have been 

identified.  As paediatric vasculitis is rare, this confounds the genome exploration due to 

lower sample number power.  For example, in childhood presentations polymorphisms of the 
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SNP7 subunit of the C1GALT1 gene are associated with IgVA/HSP, polymorphisms of ITPKC is 

a susceptibility gene for KD, and most recently a monogenic form of vasculitis, DADA2, 

associated with ADA2 gene mutations (He et al., 2012; Navon Elkan et al., 2014; Onouchi et 

al., 2008; Zhou et al., 2014).   

There are numerous reported cases of patients who have been recently diagnosed with 

DADA2 who presented with clinical signs and symptoms which were misidentified for other 

AIDs, other vasculidities or autoimmune disorders, whom, without genetic sequencing, would 

have endured an incorrect diagnosis (Alaygut et al., 2019; Barzaghi et al., 2019; Ghurye et al., 

2019; Sahin et al., 2018; Springer et al., 2018; van Well et al., 2019).   
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1.4 Summary  

 
Whilst inflammation and vascular pathology have been linked to ADA2 deficiency due to the 

symptoms presented, including markers of endothelial activation, the pathogenic mechanism 

giving rise to endothelial dysfunction and vasculopathy, is not understood.  It is important to 

understand ADA2’s role and its interactions with adenosine, the endothelium and leukocyte.  

This in turn may also provide knowledge for the most suitable treatments for this group of 

patients.  In addition, it may shed light on the best preventative treatment for the families of 

these ADA2 deficient children, who also have mutations in the ADA2 gene, and a reduction in 

ADA2 activity, but are yet to show clinical signs.  Whilst ADA2 deficiency is a rare condition, it 

can have fatal results for the children affected.  Thus far, research into ADA2 has shown a 

wide range of clinical manifestations, a range of mutations in the ADA2 gene, the need for 

asymptomatic patients to be closely monitored or treated, and the diagnostic potential of 

ADA2 for vasculitis (Nanthapisal et al., 2015; Zhou et al., 2014)  

Nevertheless, key questions remain unanswered including: whether ADA2 is having a direct 

effect on the endothelium, which adenosine receptors and downstream pathways are 

involved, what is their contribution to the disease pathology seen in ADA2 deficiency, and 

what may be the most effective treatment for both, symptomatic and asymptomatic patients.  

  



Chapter 1: 
Introduction  

 

40 
 

1.5 Overall hypothesis and specific aims  
 

The direct impact of ADA2 on the endothelium will be investigated.  The hypothesis is that 

ADA2 has a direct effect on the endothelium, regulating growth, integrity and angiogenesis in 

an anti-inflammatory manner.  I conjecture that fluctuating levels of adenosine, as seen in 

response to cell injury and inflammation will impact ADA2’s functionality and the 

endothelium’s ability to respond to inflammatory stimuli.  Therefore, at both ends of the 

spectrum, ADA2 deficient patients, in addition to inflammatory disease and over expression 

ADA2, will manifest in endothelial cell dysfunction.  The overall aim is to understand the effect 

of ADA2 on the endothelium using in vitro and ex vivo techniques.   

To meet these aims, the following objectives will be pursed: 

Chapter 3: To isolate and grow Blood Outgrowth Endothelial Cells (BOECs) from healthy 

donors and examine this progenitor cell model comparing it to Human Umbilical Vein 

Endothelial cells (HUVEC). 

Chapter 4: To identify any involvement of adenosine receptors, and downstream pathways 

on BOEC in comparison to HUVEC by means of expression profile, structure, and function.     

Chapter 5: To elucidate any physiological or pathophysiological effects of ADA2, in the 

presence of adenosine, on the endothelial cell expression, structure, and function.  
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2 General Methods  

2.1 Introduction  

This chapter contains materials and methods used to generate results in all proceeding results 

chapters.  Where the methodologies have been adapted for specific experiments, these are 

discussed within each chapter, in further detail.  The methodological process involved 

examination of endothelial cell types at the mRNA level using transcriptomics and 

quantitative real time polymerase chain reaction (qRT-PCR).  Isolation and culture of different 

sources of endothelial cells was achieved alongside cellular assessment at the protein level 

using flow cytometry and immunofluorescence.  The analysis of soluble signalling mediator 

production was quantified using colorimetric assays.  Further to this, endothelial cell function 

was analysed using a number of assays including: colorimetric enzyme activity, colorimetric 

cell proliferation enzyme linked immunosorbent assay (ELISA) (BrdU), migration and cell 

adhesion assays.  

         

2.2 Materials  

The suppliers of the chemicals and reagents are listed in Appendix I.  Recipes for the buffers 

and solutions are outlined in Appendix II.   

 

2.3 Bioinformatics  

A database for cross-study endothelial cell transcriptomics was published called, ‘EndoDB’ 

(Khan et al., 2019).  The purpose of EndoDB is to facilitate the re-use of publicly available data; 

at the time of publication 360 datasets were curated and pre-analysed.    The aim was to 

compare two endothelial models before starting work in vitro, exercising differential gene 

expression and gene set enrichment analysis available on EndoDB.  

Studies were specifically selected involving blood outgrowth endothelial cells (BOECs) and 

human umbilical vein endothelial cells (HUVEC).  I used this database to carry out meta-

analysis comparing changes of pathway and gene expression across studies, for endothelial 

cells arising from different origins (varying experimental conditions and disease states).   
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The normalised data was then downloaded, manually sorted and examined using GraphPad 

Prism9 software. 

 

2.4 Cell culture  

2.4.1 Culture and isolation of human blood outgrowth endothelial cells  

Ethical approval granted for the isolation of BOECs from healthy donor blood, Ref 1617/024, 

and the donor consent form, can be found in Appendix III.  The protocol is adapted from 

protocols kindly given by Prof J. Mitchell’s group at Imperial College London, with small 

amendments made using other published methods (Ingram et al., 2004; Martin-Ramirez et 

al., 2012a; Ormiston et al., 2015; Reed et al., 2015).   

Donor recruitment criteria included participants who were over 18 years old, non-smokers 

and self-reported as healthy.  Participants were aged between 20 to 58 years old and 16 out 

of 18 participants recruited for this study, were successful during venepuncture.  The rate of 

success of BOEC colony isolation from whole blood was 81%, 13 out of 16.  Of the 13 

successful BOEC isolations the cells were isolated from 7 female and 6 male participants.   

Up to 35 mL of blood was collected in sodium citrate vacutainers (BD) and processed under 

sterile conditions.  The blood was diluted 1:1 with sterile PBS and layered on the top of Ficoll-

plaque™ PLUS (GE healthcare).  Within 20 mins of collection the layered Ficoll was centrifuged 

for 35 mins (400 x g) with no brake.  The buffy coat and plasma layer were then removed and 

washed three times with PBS (10% FBS) by centrifugation at 520 x g for 10 mins (acceleration 

9, deceleration 3).   After the third wash the cells were re-suspended in EBM2 media (LONZA) 

with 10% FBS (Hyclone FBS, Thermos Scientific).  The cells were counted using a FastRead 

counting slide (Immune systems Ltd.) and plated at a seeding density of 3.0 x 107 cells/4ml, 

onto a rat tail collagen (50µg/mL) pre-coated 6 well plate (Gibco, Life Technologies).  The 

isolated cells were then incubated at 37°C, 5% CO2 in an incubator. For the first three days, 

the cells were very carefully washed with media and the media was changed.  The cells were 

then incubated for 2 days until day 6 onwards, where the media was carefully changed three 

times a week until the endothelial cell colonies started to form, which took between 7-21 

days.  There was an 81% success rate of colony formation after blood processing.  If colonies 

failed to appear by 21 days, the cells were disposed of. The endothelial colonies were 
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identified by their attachment to the bottom of the well and the characteristic cobble-shaped 

morphology.  Once the colony stopped expanding, the cells were trypsinised using TrypLE™ 

Select Enzyme (Gibco, Life Technologies) and transferred to a T25 (coated with rat tail 

collagen).  Once the flask was confluent, the BOECs were transferred to a T75 flask.  When 

the BOECs were established and expanded to 3 T75 flasks (passage 3), the BOECs were 

cryopreserved using Freezing Medium Cryo-SFM (PromoCell) at a density of 0.5x106 cells/mL 

and stored in -80˚C for 24 hours and then moved for long term storage in liquid nitrogen.  The 

BOECs were thereafter cultured and grown as an endothelial cell line, when needed, as 

described in part 2.4.2.  

 

2.4.2 Cell lines 

Human umbilical vein endothelial cells (HUVEC), pooled (Sigma-Aldrich) and BOECs were 

cultured in Endothelial Cell Growth Media (ECGM) (Cell Applications Inc.), with 10% heat 

inactivated Foetal Bovine Serum (FBS) (Sigma-Aldrich).  ECGM with 10% FBS, will be referred 

to as complete media henceforth.  Passages 2-5 were used for all experiments.   

THP-1 cells (a kind gift from the Institute of Child Health, UCL) and NB4 cells (a kind gift from 

Mrs Sappal, Kingston University), were grown in RPMI 1640 (Sigma-Aldrich) with L-glutamine 

and sodium bicarbonate (Sigma-Aldrich) and supplemented with 100U/mL Penicillin (Sigma-

Aldrich) and 100µg/mL Streptomycin (Sigma-Aldrich), and 10% FBS.  The media was stored at 

4˚C and every two weeks the L-glutamine was replenished with 2mM L-glutamine (Sigma-

Aldrich), as L-glutamine is not very stable in aqueous form.  In some experiments THP-1s were 

differentiated into macrophages by addition of 10ng/mL phorbol-12-myristate-13-acetate 

(PMA) and incubated for up to 72 hours.  At this time the differentiation was verified by 

changes in the cell morphology and adherence to the flask or plate.  

HEK 293T cells (a kind gift from Dr Natasha Hill’s group, Kingston University London) were 

grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 4500 mg/L glucose, L-glutamine, 

and sodium bicarbonate (Sigma-Aldrich), supplemented with 10% FBS.  Passages 13-20 were 

used for experiments.  
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Hep G2 and Caco-2 cells (a kind gift from Dr Stolinski’s group, Kingston University London), 

were grown in DMEM media supplemented with 10% FBS and 2mM L-glutamine.  Passages 6-

8 were used for experiments.  

All cell lines were cultured under a humidified atmosphere of 5% CO2 at 37°C and cell viability 

was assessed using trypan blue dye. The adherent primary cells or cell lines (BOEC, HUVEC, 

HEK 293T, and Hep G2), were trypsinised when 80% confluent, every 2-3 days.  This process 

involved removal of the used media and washing of the cells with PBS before the addition of 

1x Trypsin-EDTA solution (Sigma-Aldrich).  After incubation with the trypsin for 2-5mins and 

the detachment of the cells, the trypsin was neutralised by the addition of complete media 

and transferred to a 50ml falcon tube and centrifuged for 5mins at 1000rpm. The cell pellet 

was resuspended in 1ml of fresh complete media.  The cells were then counted and cell 

viability assessed using trypan blue. The suspension cell line, THP-1, had the media renewed, 

every 2-3 days, when the cell concentration reached ~0.8x106 cells/mL.  

2.5 RNA extraction, First strand cDNA synthesis  

2.5.1 Cell culture and lysis of samples 

All plastic wear and tips were sterilised and RNAse-free for RNA extraction.  The surfaces were 

wiped down with RNaseZap decontamination solution to remove RNase contamination from 

surfaces and pipettes.  Cells were seeded in 6 well plates for 2-3 days until confluent.  The 

media was removed and 0.3ml of TRIzol™ reagent (Invitrogen) was added directly into the 

culture plate to lyse the cells, following the manufacturer’s protocol.  The lysate was pipetted 

up and down several times to homogenise.  The lysates were then incubated for 5 mins.  

Samples were then stored at -20oC, for up to one month, until the rest of the procedure was 

carried out.   

2.5.2 Precipitation of the RNA 

66µl of chloroform was added to the cell lysate in TRIzol™ reagent and shaken vigorously for 

15 secs and incubated for 2-3 mins. The samples were then centrifuged for 15 mins at 12,000 

x g at 4oC.  The mixture then separated into the colourless upper aqueous phase, the 

interphase and the lower phenol-chloroform phase.  The aqueous phase containing the RNA 

was transferred into a new tube.   
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2.5.3 Wash of the RNA 

 5µg of RNase-free glycogen per sample was added as a carrier to each aqueous phase. 150µl 

of isopropanol was added to the aqueous phase and incubated for 10 mins.  This was then 

centrifuged at 12,000 x g for 19 mins at 4oC. Without disrupting the RNA cell pellet, the 

supernatant was discarded.   

2.5.4 Solubilisation of RNA 

The RNA pellet was resuspended in 0.3ml of 5% ethanol.  The samples were vortexed and 

centrifuged at 7500 x g for 5 mins at 4oC. The supernatant was removed, and the RNA pellet 

was air dried for 5 mins. The pellet was resuspended in 20µl of RNase-free water and 

incubated at 55-60˚C for 15mins.  

2.5.5 Determination of RNA yield  

A BioDrop µLITE (BioDrop Ltd) determined RNA yield and purity, by the ratio of absorbance 

values at 260nm and 280nm, as well as the ratio between the absorbance at 260nm and 

A230nm.   

2.5.6 cDNA synthesis  

The volume of RNA needed to synthesise 1µg of cDNA was calculated from the RNA 

concentration derived in section 2.5.5. Genomic DNA (gDNA) was removed using DNase I 

(ThermoFisher Scientific), following the manufacturer’s instructions.  1µl of 10X reaction 

buffer with MgCl2 and DNase I was added to 1µg of RNA.  The preparation was made up to 

10µL using DEPC-treated water.  This was incubated at 37˚C for 30 mins in a thermal cycler 

(Veriti™ 96-Well Thermal Cycler, Applied Biosystems™).  1µl of 50mM EDTA was added and 

the resulting mixture was incubated at 65˚C for 10mins.  

After gDNA removal, first strand cDNA synthesis was carried out following the manufacturer’s 

protocol (RevertAid First Strand cDNA synthesis Kit, ThermoFisher Scientific), volumes were 

added in order, as detailed in Table 2.1.  The samples were then incubated at 42˚C for 60mins 

and the reaction was terminated by heating to 70˚C for 5mins.  The resulting cDNA solution 

was then diluted to a concentration of 5ng/µL (1 in 10) with nuclease-free water for qRT-PCR.  
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Table showing the cDNA synthesis components used in this study and the required volumes 

per sample. 

Table 2.1 cDNA synthesis components 

 

 

Components Volume (µl) 

Template total RNA (1µg) 11 

Oligo (dT)18 primer  1 

5X Reaction Buffer  4 

RiboLock RNase Inhibitor (20U/µl)  1 

10mM dNTP Mix 2 

RevertAid M-MuLV RT (200U/µl) 1 

Total  20 

 

 

2.6 Quantitative reverse transcription polymerase chain reaction  

2.6.1 Primer design  

NCBI gene and nucleotide databases were used to find the reference sequences for each of 

the genes of interest.  Using these template sequences, Primer Blast (Ye et al., 2012) was 

employed to design the primers for the qRT-PCR experiments.  Parameters were set during 

the design process which included: at least one primer within the primer pair should be exon-

exon spanning, the product size should be between 70-200 base pairs (bp) in length and the 

Tm should be around 63˚C (i.e an optimum annealing temperature of 60˚C).  Primers were 

manufactured and supplied at 100µM, by Sigma-Aldrich (UK).   

2.6.2 Primer validation 

Primers were titrated to find the optimum working concentration of primer for the qRT-PCR 

reactions of 300nM.  Primer pairs were further validated by 10 fold cDNA serial dilutions (1:10 

– 1:100000) to calculate the efficiency.  Primers were only used for experiments if they fell 

between 90-110% efficiency and the internal control gene and the target gene, were always 

within 10%, as outlined in guidelines by (Dauwe et al., 2016).  Post thermal cycling, melt 

curves were performed to verify one peak indicating one product.  This was confirmed by the 

PCR products being run on an agarose gel (see section 2.7) to confirm one product, at the 
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Table showing the components, volume and concentrations used in all qRT-PCR reactions. 

Table showing the house keeping genes and their primer sequences used in this study.  The 

expected product length and the efficiency calculated after cDNA serial dilutions is also listed.   

predicted size.  An example of the primer validation can be found in Appendix IV.  Further 

details of specific primer sequences and efficiencies are detailed in the methods section of 

the relevant results chapters, however, the house keeping genes are listed in Table 2.2.  Three 

housekeeping genes were used to normalise the target gene qRT-PCR data, by using an 

average ct across all three housekeeping genes.  

 
Table 2.2 Housekeeping gene primer sequences  

 

 

2.6.3 Sample preparation and thermal cycling parameters 

A reaction master mix was made with PowerUp™ SYBR™ Green Master Mix (Applied 

Biosystems).  Primers were diluted 1: 10, from stock with ddH2O.  cDNA had been diluted 1: 

10 after synthesis with dH2O.  Each sample was made up to a final volume of 10µl, as shown 

in Table 2.3.    

Samples were then loaded into a PROPLATE48 (Cole Parmer) and the PCR thermal cycling 

programme was executed using a Prime Pro 48 Real-time qPCR machine; the programme 

used is displayed in Figure 2.1.  Samples were analysed using the 2-ΔΔct method (Livak and 

Schmittgen, 2001).  

Table 2.3 qRT-PCR components  

 

 Volume per 

well (µl) 

Working concentration  

2x PowerUp™ SYBR™ Green Master Mix 5.00 1x 

10µM Forward primer  0.30 300nM 

10µM Reverse primer  0.30 300nM 

 cDNA  4.40 2.2ng/µl 

Gene  Sequence Product 
length 
(bp) 

Efficiency 
(%) Forward Primer Reverse Primer  

ACTB GCCGCCAGCTCACCA ATCCTTCTGACCCATGCCCA 167  100.54 

GAPDH CCTCCTGTTCGACAGTCAGC ACGACCAAATCCGTTGACTCC 105 101.33 
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A schematic diagram to illustrate qRT-PCR and melt programmes used on the Prime Pro 
48 Real-time qPCR machine for this study. 

 

  

  

 

 

 

 

 

 

 

 

 

Figure 2.1 The qRT-PCR and melt curve programmes used 

 

 

 

2.7 Gel electrophoresis 

Products of qRT-PCR were analysed on 2% w/v agarose gel in 1x Tris/Acetic acid/EDTA (TAE) 

buffer, see Appendix II.  1x GelRed® (Biotium) fluorescent nucleic acid stain was added to the 

molten gel and the gels were cast in BIO-RAD gel casting trays.  6X TriTrack DNA Loading Dye 

(ThermoFisher Scientific) was added to each sample in a 1:5 ratio.  6µl of sample/loading dye 

mix was added to each well of the agarose gel.  A GeneRuler Low Range DNA Ladder 

(ThermoFisher Scientific), was used as a molecular weight marker.  The 2% agarose gels were 

run for 45-60 mins at 100V (BIO-RAD Power-Pac 300), using 1x TAE as a running buffer.  Gels 

were imaged using Molecular Imager Gel Doc™ XR+ and ImageLab 5.2.1 software (BIO-RAD).    
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2.8 Flow cytometry characterisation of isolated cells  

Flow cytometry was used to characterise and assess purity of isolated BOECs, as well as the 

cell line, HUVECs.   

2.8.1 Preparation of cells   

Isolated BOECs (see sections 2.4.1 and 2.4.2) and HUVEC were washed and trypsinised, once 

confluent, and resuspended in FACs buffer (2% FBS in PBS) at a density of 1x105 cells/200µl.  

Isolated neutrophils were also resuspended at a density of 1x105 cells/200µl in FACs buffer.  

The cells were centrifuged at 1400rpm for 4 mins.   

2.8.2 Antibody incubations    

The cell pellets were then resuspended in the appropriate diluted antibodies (see table of 

antibodies outlined within each results chapter) at 4˚C for 30mins in the dark.  The cells were 

then washed twice with FACS buffer by centrifugation at 1400rpm for 4 mins and resuspended 

in 1x CellFIX (BD).   

2.8.3 Acquisition and analysis      

Stained cells were examined using BD™ LSR II flow cytometer, within the Flow Cytometry Core 

Facility, University College London, Great Ormond Street Hospital, London.  Instrument 

settings used linear FSC/SSC scale and samples were acquired on a low flow rate with 10,000 

events acquired per sample.   Analysis was carried out using FlowJo™ Software (BD, USA).  The 

specific gating strategy is described in the methods section of Chapter 3 (section 3.3.3.2).   

2.9 Immunofluorescence microscopy 

2.9.1 Preparation of cells 

BOECs and HUVECs were plated at a seeding density of 1x104 cells/well, on a chamber slide 

pre-coated with 2% gelatin, for 2-3 days until confluent.   

For glycocalyx recovery experiments, the cells were then treated for 2 hours with glycocalyx 

degrading enzymes, Heparinise III 25 U/L or Chrondroitinase abc, and washed and incubated 

with pharmacological treatments for 18 hours.  The cells were then washed 3x with PBS.  

2.9.2 Preparation of slides 

The cells were fixed at room temperature with 4% paraformaldehyde for 10 mins.  The slides 

were then washed with PBS 3x.  For permeabilization, when necessary, the slides were 
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Table displaying the primary antibodies used in this study including their isotype, clone, 
host species, dilution, source and experiment usage. Use in this thesis G= glycocalyx 
coverage, P= protein expression.     

incubated with 0.05% Tween 20 in 1xTBS (see Appendix II) for 3 mins and washed with PBS.  

The slides were blocked with 3% BSA for 30 mins at room temperature.   

2.9.3 Antibody incubations 

The primary antibody was then diluted in 1% BSA.  The slides were incubated with the primary 

antibody overnight at 4˚C (see antibody dilutions in  

Table 2.4 Primary antibodies used for immunofluorescence experiments in this 
study  

 

Table 2.4).  The antibody solution was removed and the cells were washed three times with 

PBS.  A fluorescently conjugated secondary antibody was diluted 1in 200, in 2% normal goat 

serum and the slides were incubated in this antibody solution for 1 hour.  For mouse primary 

antibodies, Anti-Mouse IgG+IgM H&L (FITC) (Abcam) was used, whereas, with rabbit primary 

antibodies, anti-rabbit IgG Alexa Fluor 488 was used.  Secondary antibody only wells were 

used as negative controls.  The slide was washed three times with PBS and then stained with 

Hoechst 33342 (ThermoFisher Scientific) (1in 2000) for 3 mins. This was washed 3x, mounted 

and imaged.  

For staining of F-actin, following fixation, cells were stained with 1x Rhodamine Phalloidin 

Reagent (Abcam) for 60 mins at RT.  The cells were then washed in PBS and the process 

continued as per above from staining of Hoechst 3342.  

Further details of microscope settings and image analysis can be found in the relevant results 

chapters.  

Table 2.4 Primary antibodies used for immunofluorescence experiments in this 
study  

 
 

Target 

Protein  

Isotype  Clone  Host  Dilution  Source  Usage 

ADA2 IgG NBP1-89238 Rabbit 1:100  Bio-techne P 

Heparan 

Sulphate  

IgMκ F58-10E4 Mouse 1:100  AMS 

biotechnology  

G 
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2.9.4 Glycocalyx image analysis  

Image analysis to determine Heparan sulphate coverage was carried was carried out utilising  

FIJI software and applying a macro across images; one for HS (green channel), for Hoechst 

33342 (blue channel) as shown in Figure 2.2.  The output of the each macro gave an area of 

HS coverage and number of cells, respectively.   

 

Figure 2.2 Workflow to evaluate heparan sulphate coverage   

 

  

Workflow for colour channels to evaluate the heparan sulphate coverage.  Images were 
processed using Fiji software (Schindelin et al., 2012) by a macro either for green or blue 
channels.  The output of the macro gave area of HS for the green channel and  number of cells 
for the blue channel.     
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2.10 Soluble mediators 

Biological messengers produced by endothelial cells such as nitric oxide and ADA2 were 

assessed.  

2.10.1 Nitrite/nitrate assay  

Nitric oxide expression was assessed using a colorimetric Nitrite/nitrate Assay Kit (Sigma-

Aldrich). After 24 hours of treatment, cell supernatants were centrifuged at 1000 x g, at 4oC 

for 15 mins, and stored at -80 oC.  Samples were assessed within a month from collection for 

nitric oxide metabolite production (nitrate and nitrite) following the manufacturer’s 

guidelines, using an Epoch 2 Microplate Spectrophotometer (BioTek®) and measuring the 

absorbance at 540nm.  

2.10.2 ADA activity assay 

Activity of the cell mediator, ADA2, was measured using  a colorimetric Adenosine Deaminase 

Assay Kit (Diazyme) in accordance with the manufacturer’s protocol, but an amendment was 

made using 100nM Erythro‐9‐(2‐hydroxy‐3‐nonyl) adenine (EHNA), to specifically inhibit 

ADA1 activity and record ADA2 activity only (Nanthapisal et al., 2015).  Absorbance was 

measured at 540nm at 5 min intervals over 30 mins, at 37˚C, using Fluostar Optima 

spectrophotometer (BMG Labtech).  

2.11 Colorimetric BrdU ELISA 

Growth of endothelial cells was assessed by a Cell Proliferation ELISA, BrdU (colorimetric) 

(Roche) assay.  Cells were plated onto a 96 well plate and were serum starved (0.5% FBS) for 

24 hours.  The media was then changed containing 2% FBS with the addition of the treatments 

to the cells for 24 hours.  The cultured cells were then incubated with BrdU for 3 hours, 

following the manufacturer’s protocol.  The cells were then fixed, and the DNA denatured. 

The fixed cells were incubated with anti-BrdU antibody conjugated with peroxidases (POD), 

for 90mins. A POD substrate, tetramethyl-benzidinthen (TMB), was added to develop the 

colour. The absorbance was measured using an Epoch 2 Microplate Spectrophotometer after 

15 mins, at 370 nm (reference wavelength 492nm). 
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2.12 Wound healing assay 

HUVEC and BOEC migratory capacity was assessed by observing cell migration and ability to 

close a ‘wound’ made in a confluent monolayer.  HUVEC and BOEC cells were plated at a 

density of 7.5 x103 cells/well in a 96 well plate overnight, in complete media.  Homogenous 

scratch wounds were made in each well, across the confluent monolayer, using a sterile 

WoundMaker™ tool (Essenbioscience).  The wells were gently rinsed with PBS.  All treatments 

were added in 2% FBS, ECGM.  Plates were incubated inside an incubator with an Incucyte® 

system, whereby images were taken every 3 hours, over a 24 hour period.  Image analysis 

was automatically generated using Incucyte® ZOOM software, measuring relative wound 

density over 24 hours (see Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Representative images showing wound healing assay analysis  

Analysis of endothelial cell migration over time to was achieved by Incucyte® ZOOM software.  
The software detects the initial scratch area (purple) and this overlay is used to work out the 
relative confluency of the cells within this area, at each time point.  The dashed, black line 
indicates a manual trace of the wound front.  Scale bar represents 300µm.  
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2.13 Static leukocyte adhesion assay 

5x103 BOEC and HUVECs cells were seeded onto a 96 well plate and incubated at 37˚C for 2 

days, until confluent.  The cells were then activated with 10ng/mL TNF-α, for 4 hours.  THP-

1s monocytes were diluted to 1x106 cells/mL in PBS and labelled with 0.1µM Calcein AM 

(ThermoFisher Scientific), for 30mins in the dark, at 37˚C.  Calcein AM is a cell permanent dye 

which is converted to green-fluorescent calcein by live cells. The fluorescently labelled cells 

were then washed three times with PBS and resuspended in basal RPMI media.  Calcein AM-

labelled monocytes were then added to the endothelial monolayer at concentrations of 

0.5x106 cells/mL and incubated at 37˚C for 1 hour.  Non-adherent monocytes were then 

washed off with PBS, three times.  Three random fields of the fluorescently labelled adherent 

cells were taken using a Leica DM IL LED (Leica Microsystems, UK), inverted microscope.  THP-

1 monocyte adherence was quantified using Fiji software and the workflow for this is 

illustrated in Figure 2.4.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Workflow for processing images for monocyte adhesion to pre-
stimulated endothelial cells after 1 hour  

Adhered THP-1s are distinguished from endothelial cells by green, fluorescent stain (Calcein 
AM).  THP-1 cell counts were calculated using a macro created on Fiji software (Schindelin et 
al., 2012) using the ‘Analyse Particles’ function, producing an overlay mask and results table. 
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2.14 Statistical analysis 

Statistical analyses were performed using GraphPad Prism9 software.  All statistical tests are 

stated in the relevant chapter and cited in the figure legends.  For in vitro based experiments 

one-way or two-way ANOVA statistical tests were deployed to allow comparison of one or 

two independent variables (e.g. cell types and treatment conditions).  The relevant posthoc 

test was chosen for multiple comparisons depending on whether the mean was compared to 

every other mean (Tukey's multiple comparisons test), or if every mean was compared to the 

control mean (Dunnett Multiple comparisons test). All graphs show the mean ± standard 

error of the mean (SEM), unless otherwise stated. A p value of ≤0.05 was considered a 

significant difference.  
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3. Results 1- Endothelial nature of BOECs 

 

3.1. Introduction 

This chapter, will investigate the suitability of adopting BOECs as an endothelial model 

preferentially to HUVECs.  Many in vitro models study endothelial cell responses as 

endothelial dysfunction is a key feature of cancer, aging, cardiovascular, and inflammatory 

disease pathology, which includes the pathophysiological role of DADA2 (Rajendran et al., 

2013; Zhou et al., 2014). 

The method of harvesting ECs that are isolated and cultured from individuals’ peripheral 

blood, has been recently developed (Ingram et al., 2004; Lin et al., 2000; Ormiston et al., 2015; 

Yoder et al., 2007).  It is thought that these ECs arise from circulating endothelial progenitor 

cells (EPCs), which develop into bona fide endothelial cells known as endothelial colony–

forming cells (ECFC) or blood outgrowth endothelial cells (BOECs) (Hebbel, 2017; Medina et 

al., 2017).  Whilst BOECs can be isolated from cord blood and peripheral blood; this study will 

be discussing BOECs from peripheral blood only.  

To date, BOECs have been isolated from a relatively small amount of patient’s blood, including 

patients with various vascular and inflammatory disorders (see Table 3. 1).  The isolated 

BOECs from these donors reflect the donor’s vascular health and, specific disease phenotypes 

are exhibited by differences in endothelial cell function (Hebbel, 2017).  For example, one 

study compared BOECs from children with sickle cell anaemia with and without vasculopathy, 

which leads to childhood stroke.  Between the BOECs isolated from the two groups of 

children, there were no significant differences in gene expression profiling.  However, using 

predetermined gene sets for 9 biological systems, the Biological Systems Scores did show 

changes in inflammatory signalling between children with and without vasculopathy, in 

isolated BOECs.  Subsequent stimulation in vitro by IL-1β and TNF-α, of BOECs isolated from 

children with sickle cell anaemia who were at risk of ischemic stroke, revealed they were more 

susceptible to the inflammatory cytokines, demonstrated by an amplified ReIA (also known 

as p65, part of the NF-κB family) activation, than those without vasculopathy (Milbauer et al., 

2008).  This is an example of where BOECs, isolated from a patient group with clinical subsets, 

reflected both genetic and functional differences, which may make BOECs a more suitable in 

vitro EC model. 
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Table 3. 1 Studies which have isolated peripheral BOECs from patient groups 

Human patient group  Author(s) and year of publication 

Acute myocardial infarction  (Massa et al., 2009) 

(Meneveau et al., 2011) 

Abdominal aortic aneurysm  (Sung et al., 2013) 

Atherosclerotic-renal-artery-stenosis (Chen et al., 2014) 

Bicuspid aortic valve (van de Pol et al., 2019) 

Burns (Rignault-Clerc et al., 2013) 

Cerebral cavernous malformations (Spiegler et al., 2019) 

Chronic myeloproliferative disorders (Otten et al., 2008) 

(Piaggio et al., 2009) 

(Teofili et al., 2011) 

Chronic Obstructive Pulmonary Disease (Paschalaki et al., 2013) 

(Paschalaki et al., 2018) 

Coronary artery disease (Güven et al., 2006) 

(Fernandez et al., 2014) 

(Martin-Ramirez et al., 2014) 

(Matveeva et al., 2018) 

(Stroncek et al., 2009) 

(Stroncek et al., 2011) 

(Stroncek et al., 2012) 

Premature coronary artery disease (Brittan et al., 2015) 

Early coronary atherosclerosis  (Hebbel et al., 2020) 

Early infantile epileptic encephalopathy type 4 (van Breevoort et al., 2014) 

Essential hypertension (EH) 

 

(Kim et al., 2018) 

(Chen et al., 2014) 

Hemophilia A (Bittorf et al., 2020) 

Hereditary haemorrhagic telangiectasia (HHT) (Fernandez-L et al., 2005) 

Hermansky-Pudlak syndrome type 2  (Karampini et al., 2019) 

Idiopathic systemic capillary leak syndrome  (Sek et al., 2015) 
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Idiopathic pulmonary fibrosis (Smadja et al., 2013) 

(Smadja et al., 2014) 

(Bacha et al., 2018) 

Ischemic cardiomyopathy (Dauwe et al., 2016) 

Neovascular age-related macular degeneration (Grierson et al., 2013) 

(Thill et al., 2011) 

Obesity (Tobler et al., 2010) 

(Richards et al., 2014) 

Peripheral artery disease  (Essaadi et al., 2018) 

Preterm-born adults  (Bertagnolli et al., 2018) 

Pulmonary arterial hypertension 

 

(Toshner et al., 2009) 

(Geti et al., 2012) 

(Dunmore et al., 2013) 

(Ormiston et al., 2013) 

(Lavoie et al., 2014) 

(George et al., 2014) 

(Wojciak-Stothard et al., 2014)  

(Long et al., 2015) 

(Caruso et al., 2017) 

(Ferrer et al., 2018) 

(Smits et al., 2018) 

(Long et al., 2020) 

Rheumatoid arthritis (de Villeroché et al., 2010) 

Sickle cell anaemia (Milbauer et al., 2008) 

(Sakamoto et al., 2013) 

Smokers (Paschalaki et al., 2013) 

Transradial Cardiac Catheterization (Mitchell et al., 2017) 

Type 1 diabetes mellitus (Coppens et al., 2013) 

(Mathur et al., 2019) 

Type 2 diabetes  (Leicht et al., 2011) 

(Richards et al., 2014) 
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The ways in which BOECs are a good model to cover the clinical phenotypic heterogeneity has 

also been demonstrate in other vascular diseases.  In patients with Pulmonary Arterial 

Hypertension (PAH), where the common cause is mutation of BMPR-II, BOECs isolated from 

these patients demonstrated a hyperproliferative phenotype and impaired ability to form 

vascular networks (Smits et al., 2018).  In contrast, BOECs harvested from individuals with 

subclinical atherosclerosis, had impaired proliferation compared to healthy controls, that was 

restored following statin therapy (Martin-Ramirez et al., 2014).  

Use of BOECs in vitro is only one of the suggested applications for these cells.  Many studies 

are looking at how BOECs can be used as autologous cell therapy for vascular repair, as a 

delivery system for gene therapy and for tissue bioengineering (Bertelsen et al., 2014; Fuchs 

et al., 2010; Glynn and Hinds, 2014; Lin et al., 2002; Paschalaki and Randi, 2018).  

Despite the apparent advantages of using BOECs, the misuse of the term “endothelial 

progenitor cell (EPC)” for populations of cells that do not mature into endothelial cells has 

caused confusion whereby the nomenclature does not always align with the latest scientific 

evidence.  Along with naming inconsistencies and biological complexities, this has fuelled the 

debate surrounding the existence of EPCs from blood.  Attempts to distinguish between cell 

types and promote consistent nomenclature has been made by both Hebbel (2017) and 

Medina et al., (2017).   

Variant microvillus inclusion disease (Schillemans et al., 2018) 

Venous thromboembolic disease (Alvarado-Moreno et al., 2016) 

(Hernandez-Lopez et al., 2017) 

von Willebrand disease (Wang et al., 2013) 

(Starke et al., 2013) 

(Groeneveld et al., 2015) 

(Noone et al., 2016) 

(Yadegari et al., 2016) 

(Selvam et al., 2017) 

(Khursigara et al., 2020) 
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Therefore, to study human vascular diseases such as; atherosclerosis, inflammation, diabetes 

and tumour angiogenesis some researchers have remained with more traditional models.    

Primary cells at a macrovascular level include Human Coronary Artery Endothelial Cells, 

Human Aortic Endothelial Cells, Human Pulmonary Artery Endothelial Cells and Human 

Umbilical Vein Endothelial Cells (HUVEC).  At a microvascular level (organ-specific endothelial 

cells) there are Human Dermal Microvascular Endothelial Cells, Human Pulmonary 

Microvascular Endothelial Cells and Human Brain Microvascular Endothelial Cells (Hauser et 

al., 2017).  Examples of commonly used and well characterised endothelial cell lines include 

Ea.Hy926 and HMEC-1, which originate from primary endothelial cells that have undergone 

fusion or transfection to make them immortalised  (Ades et al., 1992; Edgell et al., 1983).  

Primary ECs are more difficult to handle, have a shorter life span and greater variability due 

to assorted donors but, are regarded as preferential to EC lines, as they are more 

physiologically relevant and the cell lines can have significant differences in response to 

inflammatory cytokines (Lidington et al., 1999).   

The most commonly used in vitro model, HUVECs, were first isolated and described in 1973 

(Jaffe et al., 1973).  These have been the predominant model of ECs as they are primary 

human cells, and before BOECs were discovered, were more readily available than other 

sources of primary ECs.  This is down to other primary ECs only being isolated from organs 

after the time of death or during transplantation.  Consequently, investigation into 

endothelial dysfunction is limited due to the availability of primary ECs, in a non-invasive 

manner, from patients with vascular disorders (Hauser et al., 2017).  In this respect, HUVECs 

were an alternative source, in spite of their fetal nature. 

HUVECs have a limited life span and are typically used experimentally between passages 2-5 

(Medina-Leyte et al., 2020).  The proliferation rate and the morphology of the cells differs 

over their life span (Gimbrone et al., 1974).  This can cause issues around reproducibility and 

makes data arising from the use of HUVECs rather difficult compared to data arising from 

studying other cell types.  To avoid this problem, HUVECs can be pooled from many donors, 

but this then removes donor specific traits (Glee et al., 2001; Hunt et al., 2010).  For diseases 

at a specific organ level, HUVECs may not be as relevant, as it is known that ECs have a high 

degree of heterogeneity, adapting to local needs (McCarthy et al., 1991).   
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Therefore, I wanted to investigate BOECs as a preferred human EC model in vitro, and validate 

the method of isolating endothelial cells from patients and healthy donors, which would be 

reflective of an individual’s vascular health.  BOECs from various diseases with matched 

healthy controls has been explored by many groups – a “reverse approach” to disease 

modelling (refer to Table 3. 1), though not from DADA2 patients (Medina et al., 2012).  A 

number of disease states have been modelled using BOECs in vitro, including; co-culture with 

early EPCs, astrocytes and pericytes, osteoblasts, and fibroblasts; oxygen-glucose deprivation; 

hypoxia; high glucose exposure; shear stress response; cytokine storm responses; factor VIII 

secretion; generation of tissue engineered blood vessels;  anti-Platelet Profiling;  miR-150 

transfection;  response to infected cells and toxins; and CRISPR/Cas9‐ von Willebrand factor–

deficient engineered  (Abdulkadir et al., 2019; Ahmann et al., 2011; Au et al., 2008; 

Chantzichristos et al., 2018, 2018; Du et al., 2020; Ecklu-Mensah et al., 2018; Feitz et al., 2020; 

Hendrickx et al., 2010; Herzog et al., 2014; Medina et al., 2012; Reed et al., 2015; Schillemans 

et al., 2019; Tasev et al., 2018; Torres et al., 2014; van Beem et al., 2009; Wang and Cooper, 

2013).  However, BOECs response to pharmacological agents, especially those that mimic 

inflammatory conditions, along with the EC structural component, the glycocalyx, have not 

been examined and compared to that of HUVECs.   

In this chapter, BOEC and HUVECs have been compared by transcriptomics, morphology, cell 

surface marker expression, protein and secondary messenger expression, structure, function, 

and response to inflammatory signals.    
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3.2. Specific Aims 
This chapter assesses the suitability of using BOECs to study endothelial dysfunction in 

inflammatory disease, by comparison with HUVECs at mRNA, protein and functional levels.  

The null hypothesis is that there is no difference in the way that BOEC and HUVEC respond to 

inflammatory stimuli by mRNA, protein expression and EC function.    

The following aims will be addressed:  

1. Use the EndoDB to investigate transcriptomic data from BOEC vs HUVEC in health and 

disease. 

2. Compare and contrast BOEC and HUVEC in the following ways; 

a. To characterise the phenotype with respect to morphology and cell surface 

marker expression by flow cytometry.   

b. Observe the structure of the glycocalyx that covers the luminal surface of the 

different cell types.  

c. Quantify expression of the soluble signalling mediator nitric oxide and 

regulators of this pathway.  

d. Assess EC functional responses to inflammatory stimuli by proliferation, 

migration, and adhesion assays.  
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3.3. Methodology   
The methodologies used in this section are generally as outlined in Chapter 2.  However,  

where there are specific adaptations applied to the general methods, relevant to the results 

presented in this chapter, these are also described. 

3.3.1. Transcriptomics  

The publicly available EndoDB database consists of endothelial transcriptomics from 309 

studies, 4741 samples and 5847 single cell transcriptomes (Khan et al., 2019).  Specifically, 

there were 146 HUVEC studies and 4 BOEC studies.  4 additional studies were labelled as 

BOEC, but these were excluded, as an in-depth review of the data source revealed that these 

cells were not BOEC in identity.  The normalised data was then downloaded, manually sorted 

and examined using GraphPad Prism9 software.  The results discussed from EndoDB, are 

accurate as of the last accessed date, July 2020.  There were two steps to the bioinformatics 

analysis.  

Step one: Gene set enrichment analysis (GSEA) was compared across two studies to ascertain 

if BOEC and HUVEC cell types from inflammatory associated diseases, relative to healthy 

controls, had similar regulation of gene sets.  GSEA or pathway analysis methodology involves 

comparing pre-grouped genes on the basis of shared biological function.  EndoDB used the 

KEGG gene set and corresponding list of genes.  This is a popular method when working with 

a large number of genes and their expression data, to decipher biologically relevant results, 

in a non-biased manner.  Unsurprisingly, the database only contained one study involving 

HUVECs isolated from affected mothers (Accession ID: E-GEOD-49524).  The other 145 HUVEC 

studies concerned in vitro manipulation of cells isolated from healthy donors.  This is a 

limitation of working with HUVECs, as a model of disease, as the nature of these cells means 

it is difficult to isolate them from various affected patient groups.  The BOEC study (Accession 

ID: E-GEOD- 9877), was chosen from the four BOEC studies as a representative study, due to 

the cells being from individual’s afflicted with vascular diseases (sickle cell anaemia with 

predicted stroke risk), and this study contained the largest number of samples of the BOEC 

studies.   

Step two: To further examine the in vitro response of BOECs and HUVECs to pharmacological 

treatment the EndoDB was searched for any matching treatments in both BOEC and HUVEC 

studies.  One HUVEC study was found (Accession ID:  E-GEOD-27631) that also treated their 
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isolated cells with BMP-6 and BMP-9, as was the case in the BOEC study (Accession ID:  E-

GEOD-54416 

).  The sample numbers were limited for the HUVEC study, so GSEA could not be performed.  

Therefore, relative gene expression of all genes involved in the four chosen gene sets, were 

acquired from EndoDB and control was compared with BMP-6 and BMP-9 treatment 

conditions.  The data was manually sorted and heatmaps were produced to examine how 

BOECs and HUVECs respond to matching treatments in vitro.             

 

3.3.2. BOEC isolation   

In total 18 participants were recruited for this study.  Two donations were unsuccessful during 

venepuncture, leaving 16 blood donations.  3/16 BOEC isolations were unsuccessful by day 

21 and therefore, ultimately BOECs were isolated from 13 donors; the rate of success was 

thus 81%, 13/16.  The BOECs were isolated and cultured as described in section 2.4.1.  Donors 

were recruited if they were over 18, non-smokers and self-reported as healthy.  Participants 

were aged between 20 to 58 years old, and of those with successful donation and BOEC 

isolation, 7 were female and 6 were male.  For experiments, donor cells were not pooled and 

were used individually as biological replicates, with two technical replicates per donor, unless 

otherwise stated in the relevant methodology section.  

 

3.3.3. Flow cytometry 

3.3.3.1. Characterisation of endothelial cells   

Isolated BOECs were examined in terms of their endothelial phenotype- cell surface marker 

expression, in comparison to HUVECs.  The methodology in section 2.8 was followed, using 

the antibody panels laid out in Table 3. 2.   
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Table 3. 2 Fluorochrome conjugated antibodies for flow cytometry 
characterisation of isolated cells 

 

 

  

Panel  Target Isotype  Conjugate Clone  Dilution Source 

1 CD14 IgG2a, κ PB M5E2 1:50 BioLegend 

1 CD16 IgG1, κ PCP-Cy5.5 3G8 1:50 BD 

1 CD31 IgG1, κ PE-Cy7 WM59 1:50 BioLegend  

1 CD144 IgG1 APC 16B1 1:100  Invitrogen  

1 HLA-DR IgG2a, κ FITC G46-6 1:50 BD 

2 CD34  IgG2a, κ PE 561 1:50 BioLegend  

2 CD45 IgG1, κ FITC HI30 1:50 BioLegend 

2 CD54 IgG1, κ PB HA58 1:50 BioLegend 

2 CD105 IgG1, κ APC 266 1:50 BD  

2 CD106 IgG1, κ PCP-Cy5.5 51-10C9 1:50 BD 

2 CD144 IgG1 PE-Cy7 16B1 1:100 Invitrogen 

3 CD62e IgG1, κ PE 68-5H11 1:50 BD 

3 CD144 IgG1 APC 16B1 1:100  Invitrogen  

4 CD62p IgG1, κ PE AK4 1:50 BioLegend 

4 CD144 IgG1 APC 16B1 1:100 Invitrogen  
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3.3.3.2. Flow cytometry gating strategy   

Samples were acquired as described in section 2.8.3.  After flow cytometry acquisition, the 

data was analysed using Flow-Jo software (BD, USA). The gating strategy for the 

characterisation of BOEC and HUVECs is demonstrated with representative plots Figure 3. 1.   

 

 

Figure 3. 1 Flow cytometry dot plots and histograms demonstrating how the cell 
population was selected, endothelial cells gated, and specific marker expression 
was based upon percentage expression.  

Representative dot plots and histograms for panel 1. A) From the forward scatter, side scatter 
plot, the cell population was identified and gated upon.  Bi) To determine the number of 
endothelial cells within this cell population, the CD144+ population was selected.  Bii) 
Histogram plot to show CD144+ in blue and unstained in grey. Within the CD144+ population, 
further cell surface marker expression was measured by percentage expression; C) CD14+, D) 
CD16+, E) CD31+, F) HLA-DR+.  
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3.3.4. Immunocytochemistry    

Immunocytochemistry (ICC) was a method utilised was used to compare the 

glycosaminoglycan (GAG) composition protruding out of the cell membrane for the two EC 

types.  The antibodies and method, in section 2.9, were adhered to for this purpose.  Briefly, 

the GAG antibody which targeted extracellular polysaccharide chains of Heparan Sulphate 

(HS), along with the fluorescently labelled secondary antibody, were validated to check for 

non-specific binding, in addition to using a secondary antibody only control.  This meant that 

before fixation of the cells, another control well was established by incubation with GAG 

degrading enzymes, heparinase III (25 U/L), for 2 hours.  The cells were then washed, fixed 

and stained as described previously (refer to section 2.9).  Images were captured using a ZEISS 

LSM 900 confocal microscope.   

3.3.5. qRT-PCR 
qRT-PCR was used to look at mRNA expression for genes involved in the composition of the 

glycocalyx and the nitric oxide pathway under control and inflammatory conditions, after 

treatment with TNF-α (10ng/ml) for 24 hours.  Primers for glycocalyx components such as the 

genes for proteoglycan core proteins; Glypican 1 (GPC1), Heparan Sulphate Proteoglycan 2 

(HSPG2) and Syndecan 4 (SDC4), were designed and validated as outlined in the general 

methods. The list of the primer sequences, used for the qRT-PCR assessment of the BOEC and 

HUVEC glycocalyx components, can be found in Table 3. 3 and the positive control used for 

the primers were HEK 293T or Hep G2 cells.   The changes in mRNA level of the enzymes and 

key regulators involved in the production of the soluble mediator nitric oxide, were measured, 

using the primers listed in Table 3. 4 and the positive cDNA control for DDAH1 and DDAH2 

was HEK 293T; NOS2, CACO-2, and NOS3 was HUVEC.    
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Table listing the primer sequences DDAH1, DDAH2, NOS2 and NOS3, as well as the expected product 

length and the calculated efficiency from primer validation.  The NOS2 primer sequence was taken 

from (Lambden, 2016). 

 

Table listing the primer sequences for GPC1, HSPG2 and SDC4 genes, as well as the expected product 

length and the calculated efficiency from primer validation.   

Table 3. 3 Primers designed to detect components of the glycocalyx, at mRNA level 

 

 

Table 3. 4 Primers used for the examination of the nitric oxide pathway  

  

 

 

  

Gene  Sequence Product 
length 
(bp) 

Efficiency 
(%) Forward Primer 5’-3’ Reverse Primer 5’-3’ 

GPC1 CAGCTGTCCTGAACCGACTGA TGGCACTGGCAGGGTTATTATG 
 

178 96.72 

HSPG2 TACACACGCCACCTGATCTC 
 

GCTGCCAGTAGAAGGACTCA 181 103.07 

SDC4 GAGCCCTACCAGACGATGAG 
 

TCTAGAGGCACCAAGGGATGG 
 

139 109.87 

Gene  Sequence Product 
length 
(bp) 

Efficiency 
(%) Forward Primer 5’-3’ Reverse Primer 5’-3’ 

DDAH1 TATGCAGTCTCCACAGTGCC TCATCTGTTGCATGATCTTAAGGG 
 

133 96.05 

DDAH2 CTCCATCGACCTCTGGCCTA CAAAGCTCAAAGGGAGCACG 
 

191 98.93 

NOS2 TGGCCAGATGTTCCTCTATT 
 

CCAAAGGGATTTTAACTTG 182 97.25 

NOS3 GGAGAATGGAGAGAGCTTTGCAG TCTGAGCAGGAGATGCTGTTG 
 

120 101.00 
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3.3.6. Nitrite/nitrate assay 

Nitrite and nitrate production was quantified in cell culture supernatants by colorimetric 

assay after 24 hours of stimulation with TNF-α.  The quantification was performed as detailed 

in section 2.10.1, following the manufacturer’s instructions.  

 

3.3.7. Colorimetric BrdU ELISA 

A cell proliferation ELISA, BrdU (colorimetric) kit was purchased from Sigma-Aldrich (Roche) 

and was employed to assess BOEC and HUVEC proliferation under control and activated 

conditions (TNF-α treatment over 24 hours).  A more detailed description of the procedure 

can be found in section 2.11.    

 

3.3.8. Wound healing assay 
To assess cell migration a wound was rendered into a confluent monolayer of endothelial cells 

using a sterile WoundMaker™ tool (Essenbioscience), as communicated in section 2.12.   The 

cells were then subjected to inflammatory cytokine activation (TNF-α treatment) or control 

conditions.  Images were taken every 3 hours over a 24-hour period, using an Incucyte® 

incubation system.  The movement of the cells to close the wound was measured by relative 

cell density of the wound, over time, using Incucyte® ZOOM software.  

 

3.3.9. Static leukocyte adhesion assay 
To observe BOEC and HUVECs’ ability to recruit leukocyte after inflammatory stimulation a 

static adhesion assay was carried out.  A confluent monolayer of endothelial cells was 

stimulated with TNF-α, for 0,4 or 24 hours.  THP-1 monocytes were stained with a fluorescent 

label calcein AM (100nM) and co-cultured with the pre-stimulated endothelial cells for one 

hour.  Images were taken using a Leica DM IL LED microscope.  The number of adherent 

monocytes was quantified using Fiji software (Schindelin et al., 2012).   
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3.4. Results 
 

3.4.1. Meta-analysis of endothelial transcriptomics  

Initially meta-analysis was carried out using a public database of endothelial cell 

transcriptomics, named ‘EndoDB’ to investigate the importance of BOECS in the literature and 

to test their mature endothelial nature, rather than haemopoietic stem cell, monocyte, 

macrophage or other cell phenotype (Khan et al., 2019).   The purpose was to establish two 

points.  Firstly, whether BOEC and HUVECs, from healthy in comparison to inflammatory 

associated diseases, behave in a similar manner.  Secondly, to understand if BOECs respond 

to pharmacological treatment in vitro, by reflecting appropriate transcriptomic behaviour.  

The GSEA, (Figure 3. 2) highlights 15 shared gene sets across BOECs and HUVECs.  Within this 

group 13/15 show a parallel trend of expression of these genes sets.  Of interest to this study 

and modelling an inflammatory disease, there was an overlapping response to inflammatory 

disease for both cell types whereby there was an upregulation of the ECM-receptor 

interaction, cell adhesion molecules (CAMs), focal adhesion and TNF signalling gene sets.  

BOEC and HUVECs isolated from donors with inflammatory associated diseases, behave in a 

similar manner in comparison to controls.  
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Figure 3. 2 Cross-study GSEA: differential expression in inflammatory associated disease, compared to healthy controls, for 
BOEC and HUVEC 

Gene set enrichment analysis was performed using data curated by EndoDB (Khan et al., 2019) across two studies with accession IDs:  E-GEOD-
9877 (BOEC) and E-GEOD-49524 (HUVEC).  For each study, the reference conditions were samples from healthy donors and the experimental 
conditions were samples from patients with an inflammatory associated disease (sickle cell at risk of ischemic stroke- BOEC: E-GEOD-9877, and 
gestational diabetics- HUVEC: E-GEOD-49524).  Gene sets were selected as differentially expressed if the normalised enrichment score (NES) had 
a significant p-value.  A positive NES indicates an increase in gene set expression whereas a negative NES, indicates the reverse.  A Venn-diagram 
to display the total number of gene sets that were shared and differentially expressed in disease compared to healthy samples.  15 gene sets 
were shared between BOEC and HUVEC samples. BOEC and HUVEC differentially expressed 23 and 28 other gene sets, respectively.  B Interleaved 
plot illustrating the 15 shared gene sets.  The normalised enrichment score reflects the relative expression of each gene set in disease compared 
to healthy samples. C Tables listing the non-shared gene sets which were differentially expressed for BOEC or HUVEC. Abbreviation- NES: 
Normalised Enrichment Score, ECM: extracellular matrix.  
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The four gene shared genes sets which were identified from Figure 3. 2 (ECM-receptor 

interaction, cell adhesion molecules (CAMs), focal adhesion and TNF signalling) were then 

examined after in vitro pharmacological treatment (step two of the transcriptomic analysis).  

The results from can be visualised as cross-study heatmaps for the four gene sets (Figure 3. 3 

and Figure 3. 4).   The heatmaps for the four individual gene sets (Figure 3. 3), show relative 

gene expression for a number of genes with a colour coded scale from low expression, green, 

to high expression, red.  When comparing control samples of BOEC and HUVECs, the relative 

gene expression is largely parallel, in the ECM-receptor interaction, cell adhesion molecule 

and focal adhesion gene sets.  The gene set which showed the great disparity between BOECs 

and HUVECs was the TNF-signalling pathway gene set, whereby there is a greater proportion 

of genes expressed highly (in red) in the BOEC samples, whereas HUVEC control samples 

express the TNF-signalling pathway set at lower relative expression, illustrated by more green 

bars.  An example of one gene with differential expression in BOECs and HUVECs, across the 

TNF-signalling pathway and CAMs gene sets, is CD54 (ICAM-1), where there is high expression 

(in red) for BOECs across control, BMP-6 and BMP-9 treatments whereas, in HUVECs there is 

low expression (green) in all three conditions.   

Across all four gene sets, BMP-6 and BMP-9 treatment does not markedly shift relative gene 

expression from control, for either BOEC or HUVECs. HUVEC gene expression stays constant 

with BMP treatment across all four gene sets, however, there are particular genes within each 

gene set which are differentially expressed with pharmacological treatment for BOECs.  For 

example, within the ECM-receptor gene set, incubation with either BMP-6 or 9 increases 

ITGA10 and ITGA9 coding for integrin alpha subunits and decreases ITBG8 (Integrin Subunit 

Beta 8) in BOECs, but this is not seen in HUVECs.  With the TNF-signalling pathway, there are 

a number of genes (VEGFC, JAG1, CX3CL1, PTGS2, MAPK13 and CXCL6) which BMP-6 and 9 

upregulate in BOECs.  This is in contrast to the absence of any HUVEC response, again.     

Figure 3. 4 brings together all 4 gene sets into one heatmap and this highlights the similarity 

of control expression levels in the gene sets, ECM-receptor interaction, cell adhesion 

molecules and focal adhesions, but how the levels of expression of the TNF signalling pathway 

for HUVECs, are lower overall.  HUVEC lacked a transcriptomic response to stimulation with 

BMP-6 and 9, whereas particular genes are differentially expressed in response to stimulation 

for BOECs.   
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Overall, the meta-analysis of endothelial transcriptomics has demonstrated that BOECs 

respond comparably to HUVECs in terms of healthy versus disease, and in a superior manner 

in response to pharmacological agents, when handled in vitro.  With this information, BOECs 

from healthy donors were isolated and used in subsequent experimentation.     
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Figure 3. 3 Cross-study heatmaps, displaying relative gene expression after in vitro pharmacological treatment with BMP-6 and 
BMP-9 of BOEC and HUVEC samples  
Four heatmaps plotting different gene sets and the relative expression of the genes under control or treatment with BMP-6 or BMP-9.  The 
data was normalised and sourced from EndoDB (Khan et al., 2019) with accession IDs E-MTAB-2495 (BOEC) and E-GEOD-27631 (HUVEC).  The 
key shows a gradient from low to high expression using shades of green (low) to red (high).  
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Figure 3. 4 Overall heatmap displaying cross-study comparison of relative gene expression, after in vitro treatment 
Heat map plotting the relative expression of the genes within four sets of genes, under control or treatment with BMP-6 or BMP-9.   The data 
was normalised and sourced from EndoDB (Khan et al., 2019) with accession IDs E-MTAB-2495 (BOEC) and E-GEOD-27631 (HUVEC).  The key 
shows a gradient from low to high expression using shades of green (low) to red (high). 
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3.4.2. Cell structure 
Between days 7-21 after donation and start of culture, colonies of cells with cobbled shaped 

morphology emerged. 

Figure 3. 5  shows the culture of PBMCs from one donor at days 1, 7, 14 until a BOEC colony 

appearing, captured at day 17.  BOECs were then grown and expanded within T75 culture 

flasks.  Representative images of confluent BOEC and HUVEC T75 flasks are shown.    

 

Figure 3. 5 Isolated BOECs have cobbled shaped morphology akin to HUVECs 

Representative images of BOEC colony formation from one donor days 1, day 7, day 14 and 
day 17 where a BOEC colony is observed.  The BOEC colony was expanded to a T75 flask.  
Representative images of BOEC and HUVEC confluent T75 flasks are shown.  Scale bars 
represent either 100 or 300 µm, as indicated.  
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As the morphology of the isolated BOECs was consistent with HUVECs and distinctive of ECs, 

other structural components were examined.  A key structural component and mediator of 

endothelial signalling in vivo is the glycocalyx.  The components and structure of the BOEC 

and HUVEC glycocalyx in vitro were studied at mRNA and protein levels.  Shedding of GAGs 

and proteoglycan core proteins is considered a cause of endothelial dysfunction (Becker et 

al., 2015).  Both are shed from ECs, under conditions such as TNF-α stimulation (Ramnath et 

al., 2014; Wiesinger et al., 2013).  Proteoglycan core proteins which are able to covalently 

bind at least one GAG chain, are more difficult to detect at protein level, as enzymatic removal 

of the GAG chains is typically required before targeting with antibodies.  Therefore, 

proteoglycan expression levels were not measured in terms of proteins, but at mRNA level.  

Quantification of mRNA for the proteoglycan core proteins Glypican 1 (GPC1), Heparan 

Sulphate Proteoglycan 2 (HSPG2), Syndecan 4 (SDC4) was determined by qRT-PCR (Figure 3. 

6).   

In a quiescent state, BOECs HSPG2 was expressed significantly more than GPC1 (p=0.0005) or 

SDC4 (p=0.0192), but the difference between SDC4 and GPC1 was not significantly different.  

The same trend was seen in HUVECs, where HSPG2 was expressed significantly more than 

GPC1 (p=0.0038) or SDC4 (p=0.0097), but the difference between SDC4 and GPC1 was not 

significantly different.   
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Figure 3. 6 BOECs and HUVECs express more HSPG2 than SDC4 and GPC1  

Comparison of endothelial cell GPC1, HSPG2 and SDC4 mRNA by qRT-PCR using 2-ΔΔct method, 
of A) BOECs and B) HUVECs.  The data was obtained by 5 independent biological replicates 
(n=5), with two technical replicates per sample and normalised to an average of two 
housekeeping genes, GAPDH and ACTB.  All columns represent mean ± SEM.  Statistical 
analysis (one-way ANOVA with Tukey's multiple comparisons test) showed significant 
differences, p<0.05, denoted by (*).  
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The proteoglycan mRNA expression was then examined under quiescent and inflammatory 

conditions; TNF-α (10ng/ml) (Figure 3. 7).  GPC1 expression was 3.8x higher in BOECs than 

HUVEC (p=0.0191).  HSPG2 mRNA expression was equivalent in BOECs and HUVECs and there 

was significantly more BOEC, then HUVEC, SDC4 expression under quiescent conditions (6.8x, 

p=0.0359)  

Inflammatory stimulation caused a downregulation of GPC1 expression for BOECs only 

(p=0.0356).  HSPG2 did not significantly change under inflammatory stimulation for either EC 

type.  SDC4 expression was upregulated under inflammatory stimulation in BOECs (p=0.0325).   

 

 

Figure 3. 7 BOECs respond to inflammatory stimulation by regulation of 
proteoglycan core protein mRNA expression  

Determination of endothelial cell A) GPC1, B) HSPG2 and C) SDC4, mRNA by qRT-PCR using 2-

ΔΔct method.  Endothelial cells were incubated with media only (control) or TNF-α (10ng/ml), 
fo 24 hours.  The data was obtained by 3 independent biological replicates (n=5), with two 
technical replicates per sample and normalised to an average of two housekeeping genes, 
GAPDH and ACTB.  All columns represent mean ± SEM.  Statistical analysis (2way ANOVA with 
Tukey's multiple comparisons test) showed significant differences, p<0.05, denoted by (*).  
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The endothelial glycocalyx components were further assessed using confocal microscopy.  

The coverage of heparan sulphate (HS), the most prevalent glycosaminoglycan (GAGs) in vivo, 

were measured in vitro, for BOEC in comparison to HUVEC.  Due to concerns in the literature 

that trypsinisation of cells would remove the endothelial glycocalyx and limit detection, it was 

decided that immunocytochemistry was the most appropriate method to measure GAG 

coverage, over flow cytometry (Potter et al., 2009).  Incubation with the Heparinase III 

enzyme for 2 hours, successfully removed HS coverage across the cells (Figure 3.8).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 3. 8 Representative confocal images of Heparan sulphate  

 

Representative images from experiments carried out n=3 of heparan sulphate (green) 
expression in BOEC cells and HUVEC cells.  Nuclei were counterstained with Hoechst 33342 
(blue). There is greater coverage of HS across BOEC than HUVEC.  HS is removed after 
treatment with Heparinase III treatment (25U/L), for 2 hours. Magnification x400, scale bar 
represents 20µm.  
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3.4.3. Immune phenotype  
Once the BOECs were identified by light microscopy as a colony of cells with cobbled-shaped 

morphology, they were expanded to T75 flasks, up to passage 3.  Preliminary confocal images 

for 3 BOEC donors, showed that BOECs expressed another characteristic endothelial marker, 

vWF, intracellularly (Appendix V).    Multi-colour flow cytometry was used to assess the cell 

surface marker expression, in comparison to HUVECs (Figure 3. 9).  Flow cytometry was 

chosen to look at cell surface marker expression as, unlike western blots, tertiary protein 

structure is maintained.  The methodology described in section 2.8 was followed, using 4 

panels of antibodies.  BOECs have classical endothelial marker expression (CD144, CD31), akin 

to HUVECs.  There was also low expression of monocytic (CD14, CD16, CD45), smooth muscle 

cell (PDGF) and haematopoietic progenitor surface antigens (CD34).  Activated monocytic 

marker (HLA-DR), and activated endothelial cell markers (CD106, CD105, CD62e, CD62p) were 

expressed in low amounts.  Only CD54 (also known as ICAM-1) was expressed significantly 

more in BOECs than HUVECs, from 2.64 to 7.93% (p=0.0174).   

 

 

 

Figure 3. 9 Resting BOECs present similar phenotype to HUVECs 

Cell surface marker expression as measured by flow cytometry and presented as a percentage 
of all cells.  BOEC n=5, HUVEC n=5, error bars show mean ± SEM.  Statistical analysis (two-way 
ANOVA and Sidak’s multiple comparison test) show CD54 is significantly more expressed on 
BOECs (*p=0.0174).     
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3.4.4. Nitric oxide pathway    

The ability of ECs to produce the signalling molecule, NO, via NOS3 (eNOS), is critical to 

maintaining vascular homeostasis, by inhibiting platelet aggregation, causing smooth muscle 

relaxation and endothelial migration, amongst other effects.  Decreased NO production is a 

prominent part of endothelial cell dysfunction.  Therefore, expression of the regulators of the 

NO pathway (NOS3, DDAH1 and DDAH2) and the production of NO under inflammatory 

conditions, was evaluated using qRT-PCR and a colorimetric nitrite/nitrate assay.  The results 

(Figure 3. 10), demonstrate that mRNA expression of NOS3 was equivalent in BOECs and 

HUVECs, and under inflammatory stimulation (TNF-α, 10ng/ml), both EC types responded by 

downregulating NOS3 (BOEC, p<0.0001; HUVEC, p=0.0002).  No NOS2 expression was 

identified under these conditions for BOEC or HUVECs.     

NOS expression is highly regulated and so, it was essential to look at the expression of the 

regulators of NOS.  NOS is inhibited by ADMA, which in turn is regulated by the DDAH 

enzymes.  DDAH1 mRNA expression was equivalent in BOECs and HUVECs (Figure 3. 11), 

however, DDAH2 expression was much higher in BOECs than HUVECs (p<0.0001).  DDAH2 was 

expressed 12.3x more than DDAH1 in BOEC (p<0.0001), whereas HUVECs only expressed 4.7x 

more DDAH2 than DDAH1.  Under inflammatory conditions, DDAH1 expression stayed 

constant for both BOECs and HUVECs.  For DDAH2, under inflammatory conditions, the mRNA 

expression did not significantly change in BOEC, however, in HUVECs DDAH2 expression was 

upregulated (p=0.0254).   

Quantification of nitrates and nitrates, reflecting NO production, revealed that both BOECs 

and HUVEC produce little basal NO (Figure 3. 12), which did not change under inflammatory 

conditions.  The NO donor, DEA-NONOate, significantly increased nitrite and nitrate 

production in the cell supernatants (BOEC, p<0.0001; HUVEC, p<0.0001), with higher amounts 

of nitrite and nitrates produced in BOEC supernatants than HUVEC (p=0.0106).  
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Figure 3. 10 TNF-α downregulates NOS3 in BOECs and HUVECs 

  

Relative NOS3 mRNA expression of BOEC and HUVEC after TNF-α treatment for 24 hours.  The 
expression was normalised to an average of two housekeeping genes, GAPDH and ACTB.  Error 
bars show the mean ± SEM.  Experiments were carried in duplicate, five biological replicates. 
Statistical analysis, 2way ANOVA with Šídák's multiple comparisons test confirmed significant 
differences, p<0.05, shown by (*).   
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Figure 3. 11 BOECs express more DDAH2 than HUVECs 

  

Relative DDAH1 and DDAH2 mRNA expression in BOECs and HUVECs, determined using the 
2-ΔΔct method.  A) DDAH1 was similar in BOECs an HUVECs.  Both EC types expressed more 
DDAH2 than DDAH1.  BOECs expressed significantly more DDAH2 than HUVECs. B) DDAH1 
expression under inflammatory (TNF-α, 10ng/ml) did not significantly change from control 
conditions for both EC types. C) DDAH2 expression under inflammatory conditions did not 
change for BOECs, but for HUVECs DDAH2 was upregulated.  Error bars show the mean ± 
SEM.  Experiments were carried in duplicate, five biological replicates.  Statistical analysis 
(2way ANOVA with Šídák's multiple comparisons test) demonstrated significant differences, 
p<0.05, denoted by (*).   
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Figure 3. 12 NO donor increases nitrite and nitrate production to a greater extent 
in BOECs than HUVECs 

 

  

Cell supernatants were collected from culturing BOECs or HUVECs in presence of media 
alone, TNF-α (10ng/ml) or DEA-NONOate (100µM).  The supernatants were analyzed for the 
production of nitric oxide by determining nitrite and nitrate levels using a nitrite/nitrate assay 
colorimetric kit.  Error bars show the mean ± SEM.  Experiments were carried in duplicate, 
three biological replicates.  Statistical analysis (2way ANOVA with Tukey’s multiple 
comparisons test) demonstrated that there was a significant increase in production of nitrites 
and nitrates from control or TNF-α in comparison with DEA-NONOate treatment for BOEC 
(p<0.0001) and HUVEC (p<0.0001), but the increase observed in BOEC supernatants was 
significantly higher than in HUVECs (p=0.0106).  Abbreviation- DEA-NONOate: 2-(N,N-
Diethylamino)-diazenolate 2-oxide sodium salt hydrate.  
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3.4.5. Endothelial function in BOEC vs HUVEC 
The analysis of BOECs within this study thus far has focused on transcriptomics, morphology, 

immune phenotype and structure.  To fully access BOECs as a model, key endothelial 

functions were explored such as growth, migration, and adhesion of leukocyte. 

3.4.5.1. Proliferation    

Proliferation and migration and are stages in the progression towards angiogenesis.  This 

study looked at how BOECs responded to inflammatory cytokines through these key 

functions.  Cell proliferation was assessed using a BrdU ELISA. Figure 3. 13 confirms that the 

BOECs and HUVECs behave in a similar manner under TNF-α stimulation, which reduces 

growth in BOECs by 46.0% (p=0.0062) and by 64.4% in HUVECs (p=0.0009).   

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 13 Both BOEC and HUVEC cell proliferation is attenuated after 
stimulation with TNF-α 

 

 

  

Endothelial cells were plated and left overnight, before undergoing inflammatory stimulation 
with TNF-α, or treated with media only as a control.  Cell proliferation was assessed using cell 
proliferation BrdU ELISA.    Error bars show the mean ± SEM.  Experiments were carried in 
duplicate, 6 biological replicates.  Statistical analysis (2way ANOVA with Šídák's multiple 
comparisons test) showed significant differenced from control indicated by (*), where p<0.05.    
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3.4.5.2. Migration  
One of the steps in the angiogenic process is cell migration.  The two endothelial cell types 

were assessed in terms of their ability to migrate and close a ‘wound’ made into a confluent 

monolayer of cells.  HUVECs were able to migrate and close the wound by 24 hours, with a 

relative wound density of 84.1 ± 5.0%, whereas by 24 hours the mean wound density for 

BOECs was 54.5 ± 4.6%.  Overall HUVECs had a significantly higher relative wound density 

(p=0.0360), representing faster migration than BOEC (Figure 3. 14).  

 

Figure 3. 14 TNF-α inhibits endothelial cell migration and HUVEC migrate faster 
than BOEC  

A ‘wound’ was made into a confluent monolayer of endothelial cells and the cells were 
allowed to recover for 24 hours.  Images were taken every 3 hours and analysed by an 
Incucyte® ZOOM system.  Cell migration was quantified by measuring the cell density of the 
wound.   A)  HUVECs migrate faster than BOECs over 24 hours (p=0.0002, Paired T test).  B) 
At 24 hours TNF-α (10ng/ml) stimulation inhibits cell migration in both BOEC (p=0.0378) and 
HUVEC (p=0.0018) determined by statistical analysis, 2way ANOVA with Tukey's multiple 
comparisons test.  C) Representative images of wound healing assay at 0, 12 and 24 hours 
after scratch.  The black dashed line indicates a manual trace of the wound front.  Scale bar 
represents 300µm.  Experiments were carried out in duplicate, with 9 biological replicates 
(n=9).  
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3.4.5.3. Monocyte adhesion  
As part of the stages of the inflammatory process, endothelial cells respond by recruiting and 

adhering leukocyte before trans- endothelial migration.  To model this, confluent ECs were 

stimulated with TNF-α (10 ng/ml) for 0, 4 or 24 hours and then co-cultured with THP-1 

monocytes for 1 hour.  Prior to this the THP-1s had been fluorescently labelled with calcein 

AM.     

The results show (Figure 3. 15) that after 4 hours of TNF-α stimulation both BOECs (p<0.0001) 

and HUVECs (p<0.0001) significantly enhanced the adherence of THP-1 monocytes.  24 hours 

of TNF-α stimulation did not improve the adhesion of THP-1s further than the levels seen at 

4 hours, for either BOECs or HUVECs.    
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Figure 3. 15 Stimulated BOECs and HUVECs adhere monocytes  

Confluent BOEC and HUVECs were treated for 0, 4 and 24 hours with TNF-alpha before being 
co-cultured with calecin AM labelled-THP-1s.  3 random fields of vision were taken after one-
hour of co-culture.  Adherent cells were quantified using Fiji software (Schindelin et al., 2012).  
Experiments were carried out n=3.  A) BOECs, and,  B) HUVECs after 4 and 24  hours of TNF-α 
stimulation adhered significantly more THP-1s than control, but increasing the activation time 
from 4 to 24 hours did not significantly improve monocyte adhesion.  C) Representative 
images of THP-1 monocytes (green), adhered to a confluent monolayer of endothelial cells, 
with no TNF-α (control), or after 4, or, 24 hours of TNF-α stimulation (10ng/ml).  Statical 
analysis used one-way ANOVA and showed significant differences denoted using (*), 
p≤0.0001.  Scale bar represents 100µM.   
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3.5. Discussion  
 

The specific aims listed in section 3.2 have been met as follows: 

I. The transcriptomics from cells isolated from disease vs healthy, and those 

pharmacologically treated in vitro have been considered and BOECs follow the same 

trend as HUVECs,  

II. The endothelial characterisation of BOECs has been compared to HUVECs by the 

morphology and cell surface marker expression, which has also demonstrated BOECs 

are highly similar to HUVECs, apart from CD54 expression, which remains low but is 

still higher in BOECs than HUVECs,  

III. The expression of proteoglycan core proteins was determined as well as coverage of 

the glycosaminoglycan, heparan sulphate, in vitro, revealing a greater coverage in 

BOEC than HUVEC for GPC1, SDC4 and Heparan sulphate.    

IV. Production of nitric oxide and expression of the nitric oxide pathway mediators has 

revealed some unique features of BOEC; elevated DDAH2 for quiescent BOEC and 

higher nitrite and nitrate production with the NO donor treatment.  Though, BOEC 

follow similar trends, as those set by HUVEC, under inflammatory stimulation such as 

downregulation of NOS3.   

V. Proliferation, migration and adhesion assays have been performed to assess typical 

endothelial cell function and response to inflammatory stimuli.  BOECs performed at 

a slower rate in migration assays, but otherwise BOECs responded to inflammatory 

stimuli, consistent with HUVECs.  

The transcriptomics results showed HUVECs and BOECs reflect the patients they come from, 

and has shown that in vitro, BOECs respond to pharmacological stimulation more so than 

HUVECs.  This might be ascribed to HUVECs being fetal in nature.  Whilst BOECs, can be 

expanded from all ages of patient groups.   

In support of BOECs being endothelial in nature, a number of typical EC characteristics were 

examined.  Both BOECs and HUVECs have the same cobbled-shaped morphology, which was 

confirmed with BOECs from our donors, in line with previously published work (Lin et al., 

2000; Ormiston et al., 2015).  This is in contrast to early EPCs which do not have mature 

endothelial cell morphology (Hebbel, 2017).   Immune phenotype was compared between 



Chapter 3: 
Results 1- Endothelial nature of BOECs 

 

93 
 

HUVECs and BOECs and the quiescent BOECs isolated in this study showed classical 

endothelial cell marker expression, including high CD144, CD31 and lack of haematopoietic 

progenitor and monocytic markers CD34, CD14 and CD16.  The only difference observed was 

CD54 expression or ICAM-1, which was higher in BOECs, than HUVEC, suggesting a more 

activated phenotype (Li et al., 2013).  The transcriptomics cross-study data, also showed a 

difference in CD54 expression where BOECs expressed higher levels of CD54 than HUVECs.  

Therefore, the CD54 expression difference between BOECs and HUVECs was consistent at 

mRNA and protein expression levels.  Although, the CD54 protein expression level was still 

relatively low, <8%, and other markers of endothelial cell activation such as CD62e and CD62p 

were low and not different between the two EC types. 

BOECs in vitro, express more glycocalyx shown at mRNA (GPC1 and SDC4 not HSPG2) and 

protein levels (HS).  As far as I am aware this is the first time that BOEC glycocalyx expression 

has been reported in vitro.  For HUVECs the literature is mixed; some groups have reported 

the glycocalyx at protein level in HUVECs, others have not (Chappell et al., 2009b; Delgadillo 

et al., 2021; Klein et al., 1992; Potter and Damiano, 2008).  Our study involved pooled donor 

HUVECs so, perhaps the donor variance is why this study reported very little expression at 

protein level, despite proteoglycan core protein mRNA expression.  Other proposals for the 

lack of glycocalyx in vitro is the flow conditions, the use of blood products, such as FBS, or cell 

culture media (Chappell et al., 2009b; Dong et al., 2002; Fu and Tarbell, 2013; Urner et al., 

2012).   

In response to inflammatory stimuli at mRNA level, the amount of GPC1 is downregulated by 

BOECs, but stays constant in HUVECs.  HSPG2 stays constant in both BOECs and HUVECs, but, 

BOEC SDC4 expression increases with TNF-α treatment.  Consistent to the results shown in 

this chapter, it has been reported previously that in vitro TNF-α increased SDC4 mRNA 

expression in glomerular endothelial cells (GEnC) (Ramnath et al., 2014).  Despite the 

upregulation at mRNA level, TNF-α caused shedding of SDC4 and HS into the culture media 

and animal models have shown TNF-α induced shedding of the endothelial glycocalyx over 10 

minute infusions (Chappell et al., 2009a; Ramnath et al., 2014).  The divergence in response 

of BOECs in terms of SDC4 and GCP-1 to inflammatory stimuli may be down to a compensatory 

mechanism, which has been previously implied before when loss of SDC-1 increases GPC-1 

(Voyvodic et al., 2014).   
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Examination of the regulators of NO production revealed that NOS3 expression is equivalent 

in BOECs and HUVECs.  In response to inflammatory stimuli both EC types downregulated 

NOS3.  This response has been observed by others for HUVECs (Caravà et al., 2021; Choi et 

al., 2017; Sala et al., 2002; Yan et al., 2008). 

Both BOECs and HUVECs express more DDAH2 than DDAH1.  This result was expected as 

DDAH2 is the predominant form found highly vascularised tissues (Tran et al., 2000).  DDAH2 

expression was greater in BOECs in comparison to HUVECs, however, under inflammatory 

stimulation DDAH2 expression remains constant in BOECs but upregulated in HUVECs.   

DDAH1 expression does not change in either cell type.  Literature has shown that HUVEC 

DDAH1 mRNA has been downregulated after TNF-α stimulation (Sundar et al., 2019; Yang et 

al., 2018).  This is in contrast to the results presented in this study, however, the 

concentrations of TNF-α that these publications used, 30 and 50ng/ml over 24 hours, which 

are very high and causes cell death (Sundar et al., 2019; Yang et al., 2018; Zhou et al., 2017).  

A lower concentration of 10ng/ml was used and this may account for the observed difference.  

DDAH2 expression following 24 hours of TNF-α stimulation (10ng/ml), has been previously 

reported to be decreased in HUVECs and whilst a similar observation was found in BOECs, it 

was not seen in HUVECs, and could be attributed to the source of the HUVECs (Pullamsetti et 

al., 2011).   

Nitrite and nitrate levels reflecting NO production, were low in HUVEC and BOEC under 

quiescent conditions and this did not change under inflammatory conditions.  Following DEA-

NONOate treatment it is unclear why nitrite or nitrate levels were higher for BOEC, than 

HUVEC supernatants.  This may be due to a substance in the BOEC supernatant specifically 

that reacts with the NO donor, or the NO donor creating an upregulation of NO production in 

BOECs.   

At a functional level TNF-α stimulation inhibited BOEC and HUVEC proliferation and migration, 

in this study.  This phenomenon has been reported previously for HUVECs, though I believe 

that this is the first time this has been reported in BOECs (Jiang et al., 2016; Kim et al., 2017).  

In response to inflammatory stimuli, adhesion of monocytes was increased, which has been 

consistently reported prior to this for HUVECs (Kwon et al., 2007; Wang et al., 2016).  At a 

basal level however, adhesion of leukocytes was higher in BOEC than HUVECs and this may 
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be due to the higher CD54 level seen in BOECs than HUVECs.  The representative images seen 

in Figure 3.15 of calecin AM labelled-THP-1s, adhered to the monolayer of endothelial cells, 

show a different spread of the THP-1 cells dependent on the EC type adhered to.  The 

appearance of the THP-1s adhered to BOECs seemed more ‘clumped’ whereas the images of 

the THP-1s adhered to HUVECs, appear more like single cells.  The experiments on each of the 

EC types were performed simultaneously with the same batch of calecin AM labelled THP-1s.  

Hence, the difference observed is likely to be due to a difference in quantity and distribution 

of EC surface adherence markers expression (e.g. CD54) in BOECs in comparison to HUVECs.     

This chapter has demonstrated the suitability of BOECs as an endothelial model in terms of 

structure, function and inflammatory response at mRNA and protein levels.  In many ways 

BOECs in control conditions and inflammatory stimuli, respond in a similar fashion to HUVEC 

with respect to transcriptomics, morphology, cell surface marker expression, NOS3 

expression, proliferation and adhesion of leukocyte.  However, BOECs express some unique 

features such as elevated DDAH2 levels and extensive in vitro glycocalyx expression, unlike 

the pooled HUVECs.  These characteristics make BOECs a preferential model to study the 

endothelium as they appear to replicate those found in vivo.  BOECs are thought to show 

epigenetic individual differences and evidence has been presented previously, where isolated 

BOECs from smokers and COPD patients, in comparison to healthy controls showed 

epigenetic regulation of DNA damage and senescence (Paschalaki et al., 2013).  Accompanied 

by the fact that BOECs reflect a patient’s vascular health and can be isolated from all ages of 

patient groups, this chapter has established that BOEC are a better model than HUVEC to 

study endothelial health.  In Chapter 4 elements of the adenosine pathway in the BOECs will 

be studied, consolidating knowledge of the adenosine pathway in ECs.     
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4. Results 2- Adenosine pathway of BOECs 
 

4.1. Introduction  
In order to understand the impact of ADA2 on BOECs, the role of its metabolite, adenosine, 

must be understood.  Adenosine is a purine nucleoside which has many important roles in 

cellular metabolism.  These include binding to its transmembrane receptors for downstream 

signalling and forming part of the composition of the universal energy currency ATP and ADP, 

and of the secondary signalling molecule, cyclic adenosine monophosphate (cAMP).  Both 

intracellular and extracellular adenosine levels are regulated by the hydrolysis of ATP to 

adenosine by a series of transmembrane enzymes found on endothelial cells and immune 

cells (CD39, Alkaline Phosphatase and CD73) (Kaczmarek et al., 1996; Millán, 2006; Yegutkin, 

2008; Zimmermann, 1992).  ATP, which is maintained at low intracellular concentrations 

physiologically (30-1000nM), is released from ECs as well as other immune cells under hypoxic 

or inflammatory conditions (Bergfeld and Forrester, 1992; Bodin and Burnstock, 1995; 

Gorman et al., 2007; Schenk et al., 2008).  ATP is generally believed to be a pro-inflammatory 

agent, but can also act as anti-inflammatory agent depending on its concentration (Haskó et 

al., 2000b).  The prolonged ATP pro-inflammatory stimulation of cells, is prevented by the 

hydrolysis of ATP to adenosine (Yegutkin, 2008).    

As previously discussed adenosine is considered anti-inflammatory in its actions and is usually 

maintained at low concentrations; however, the adenosine concentration can increase when 

there is cell damage, inflammation or hypoxia (Marquardt et al., 1984; Ontyd and Schrader, 

1984; Rudolphi et al., 1992; Van Belle et al., 1987; Winn et al., 1981).  Locally, adenosine levels 

are controlled by adenosine deaminases, which decrease the concentration of adenosine by 

deamination of adenosine and 2’-deoxyadenosine, to inosine and deoxyinosine, respectively, 

or alternatively, by nucleoside transporters transporting adenosine intracellularly, expressed 

on ECs and some immune cells (Haskó et al., 2008; Wei et al., 2004).  Maintaining a delicate 

balance between ATP and adenosine concentrations controls the stages of inflammation 

between the activation and enhancement of inflammation and to the inhibition and 

resolution of inflammation (Faas et al., 2017).  Disruption of this balance can occur under 

extreme physiological conditions such as heavy exercise or hypoxia but can also occur with 
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pathologies, such as atherosclerosis or preeclampsia, or on the other hand cancer and chronic 

viral infection (Faas et al., 2017). 

Extracellular adenosine binds to cells via one of the four P1 purinergic receptors, also known 

as the adenosine receptors (AR), which are outlined in  Table 4. 1.   

 

Table 4. 1 Summary of the four purinergic or adenosine receptors  

A table describing the receptor, gene name as well as signalling properties of each adenosine 
receptor. Adapted from (Chen et al., 2013; Effendi et al., 2020; Faas et al., 2017).  

 

AR are all examples of G protein-coupled receptors (GPCR) that have different affinities for 

adenosine and either inhibit or activate adenylate cyclase and influence cAMP production 

(Fredholm et al., 2001a).  Although, there are some G protein independent effects of these 

receptors (Cronstein, 1994).   

Agonist-receptor binding to Gs linked receptors, such as A2A and A2B, increases production of 

cAMP by activating adenylyl cyclase to catalyse ATP conversion to cAMP.  cAMP is an 

important secondary messenger as it binds to effector molecules such as PKA or EPAC.  In 

contrast, agonist receptor binding to Gi linked receptors, such as A1 and A3 receptors, inhibits 

adenylate cyclase and prevents the catalysis of ATP to cAMP (Calker et al., 1979; Fredholm et 

al., 1994).   

In addition to the range of linked-G proteins to each AR, the affinity of adenosine for each of 

the ARs is concentration dependent.  It is thought that A1, A2A and A3 receptors, if there are 

abundant A3 receptors present, are activated at low, physiological concentrations of 

Adenosine 

receptor  

Gene  Coupled G protein  Intracellular 

signalling  

Affinity for 

adenosine 

A1 ADORA1 Gi/o;  ↓cAMP; ↑Ca2+ High  

A2A ADORA2A Gs/olf  ↑cAMP High  

A2B ADORA2B Gs; Gq/11; G12/13 ↑cAMP; ↑Ca2+ Low 

A3 ADORA3 Gi/o;Gq/11 ↓cAMP; ↑Ca2+ Low 
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adenosine (Fredholm et al., 2001b).  Whereas, under extreme physiological conditions, such 

as heavy exercise, and pathophysiological conditions such as ischemia and apoptosis or 

necrotic cell death, adenosine concentrations will increase and A2B receptors will also be 

affected (Fredholm et al., 2001b; Fredholm, 2007).     

A1 receptors are mostly found in the central nervous system, kidneys and testis; A2A ARs are 

predominantly distributed across the liver, heart, lungs and cells and organs within the 

immune system and the CNS; A2B ARs, the CNS, some immune cell types, lungs, bladder and 

bowel; A3 AR in the testis with high expression and to a lesser extent in the lungs, kidneys, 

heart and some parts of the CNS (Dixon et al., 1996; Fredholm et al., 2000; Zhou et al., 1992).  

ECs of different origins are thought to express predominantly A2A and/or A2B receptors 

(Feoktistov et al., 2002; Nguyen et al., 2003).   

Adenosine is known to be a potent vasodilator, primarily acting via the A2A receptor, so much 

so, that adenosine is used in clinical cardiovascular stress tests, to look at blood flow to the 

heart (Berne, 1963; Drury and Szent-Györgyi, 1929).  Here adenosine is given via an 

intravenous pump, and images of the heart are taken before and after adenosine 

administration to imitate the effect of stress on the heart (similar to that which is experienced 

under exercise).  Adenosine’s other function is considered generally to be anti-inflammatory 

and plays a part in the resolution of inflammation (Faas et al., 2017).  Evidence to substantiate 

this is diminished neutrophil recruitment, inhibition of pro-inflammatory classical 

macrophage activation and cytokine release (Cronstein et al., 1990; Csóka et al., 2012; Haskó 

et al., 2000a).  It is believed to be mediated via A2A ARs, which most commonly have anti-

inflammatory effects.  A2A AR agonists are in development for the treatment of asthma and 

COPD, arthritis, inflammatory bowel disease and wound healing (Flögel et al., 2012; Golzar 

and Doukky, 2014; Montesinos et al., 1997; Odashima et al., 2005).  Only Regadenoson 21, an 

A2A AR agonists is approved for human use (Jacobson et al., 2019; Palani and 

Ananthasubramaniam, 2013).   

However, adenosine’s homeostatic and anti-inflammatory categorisation in the literature 

maybe oversimplified, especially as the other ARs have roles as both pro-inflammatory and 

anti-inflammatory mediators, depending on duration and concentration.  For example, A1 AR 

agonists reduce the inflammatory response, preventing septic peritonitis, in mouse models, 
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though conversely will also induce secretion of VEGF and promote monocyte differentiation 

into osteoclasts (Clark et al., 2007; Gallos et al., 2005; Kara et al., 2010).  A2B ARs mediate most 

of their anti-inflammatory effects by coupling with Gs and, pro-inflammatory effects by 

coupling with Gq (Linden, 2006).  This is demonstrated where activation of A2B AR stimulates 

IL-6 in ECs but in macrophages, TNF-α production is inhibited (Figler et al., 2011; Németh et 

al., 2005).  A3 AR activation also has conflicting roles within the inflammatory process.  For 

example, these receptors promote inflammatory cell influx in the lung of eosinophils and 

macrophages, though A3 AR agonists suppress production of TNF-α, can be used to treat 

rheumatoid arthritis (Silverman et al., 2008; Spruntulis and Broadley, 2001).   

Moreover, there are conditions where chronic overproduction of adenosine is pathological 

such as; asthma, pulmonary fibrosis, cancer, Parkinson's disease, and more recently DADA2 

(Allard et al., 2014; Carmona-Rivera et al., 2019; Cieślak et al., 2008; Karmouty-Quintana et 

al., 2013; Luo et al., 2016).  High adenosine concentrations have been also reported in fetal 

plasma and from patients with preeclampsia.  Primary HUVECs isolated from these patients 

have displayed elevated A2B AR expression in comparison to healthy controls (Acurio et al., 

2014; Yoneyama et al., 1996).   

Adenosine, and signalling via its four receptors, has been shown to exhibit both anti-

inflammatory and pro-inflammatory mechanisms, leading to the development and use of 

pharmacological interventions (Effendi et al., 2020).  These opposing roles seem to depend 

on the abundance of the receptor and/or adenosine, and the duration of stimulation, where 

adenosine’s protective signalling functions (e.g. A2A AR anti-inflammatory functions) are 

unable to protect against chronic insults, and can even exacerbate disease states (Haskó et 

al., 2008).  This makes clinically successful pharmacological targeting of the ARs problematic, 

as discussed by a number of reviews (Borea et al., 2018; Chen et al., 2013; Effendi et al., 2020; 

Haskó et al., 2008; Peleli et al., 2017).   

To add to the understanding of how ECs respond to the changing extracellular environment 

and if this response is consistent across EC models, in vitro, this chapter will explore EC AR 

profile for BOECs in comparison to HUVECs and aim to understand how physiological (~0.02-

0.5µM), extreme physiological, such as found with strenuous exercise (~0.5-5µM), and 
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pathophysiological extracellular adenosine concentrations, such as found during ischemia 

(≥5µM), influences the structure and function of these cells.   
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4.2. Specific aims 
 

1. To examine adenosine receptor expression profile in BOECs and HUVECs by 

transcriptomic and qRT-PCR analysis.  

2. In vitro quantification at mRNA level of adenosine receptor profile of BOECs and 

HUVECs, subsequent to manipulation of extracellular adenosine.    

3. To understand how extracellular adenosine influences BOECs in the following ways: 

a. The EC glycosaminoglycan profile. 

b. The expression of soluble signalling mediators such as nitric oxide and its 

regulators. 

c. The function of BOECs by looking at proliferation, migration and leukocyte 

adhesion.  
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4.3. Methodology 

4.3.1. Transcriptomics  

EndoDB was used to identify adenosine receptor mRNA expression across multiple previous 

studies (Khan et al., 2019).  An advanced search by gene was performed for each of the four 

receptors ADORA1, ADORA2A, ADORA2B and ADORA3 to observe normalised log fold change 

in expression across samples, within each study.  Search constraints ‘Homo sapiens’, and cell 

types, ‘Blood outgrowth endothelial cells’ and ‘Umbilical vein endothelial cells’ were selected.  

The results for each of the genes were downloaded and manually sorted.  Samples were 

excluded if the reference cell type was not either HUVEC or BOEC in nature.  There were 4 

BOEC studies and 146 HUVEC studies in total.  To compare healthy versus inflammatory-

associated disease the studies utilised for BOEC were accession ID E-GEOD- 9877 (sickle cell 

at risk of ischemic stroke) and for HUVEC accession ID E-GEOD-49524 (gestational diabetes).  

Comparisons of BOEC and HUVEC in vitro treatment with BM-6 and BMP-9 was not carried 

out as the sample size was too small, n=1, for HUVEC (BOEC accession IDs E-MTAB-2495, and 

HUVEC E-GEOD-27631).   

4.3.2. qRT-PCR 
To examine how adenosine influences the expression of particular genes in BOECs and 

HUVECs, qRT-PCR was used.  Cells were treated with increasing concentrations of adenosine 

(0.05, 0.5 and 5µM) spanning physiological, extreme physiological (such as strenuous exercise 

or high altitude), and pathophysiological adenosine concentrations respectively.  The RNA 

was extracted and cDNA synthesised as described in the general methods.  As well as the 

primers validated in Chapter 2 and Chapter 3, additional primers for each adenosine receptor 

were validated from sequences previously published for the four adenosine receptors (Table 

4.2) (Tajadini et al., 2014).  qRT-PCR was carried out as described in the general methods.  Cq 

values were analysed to observe relative gene expression employing the 2-ΔΔct method (Livak 

and Schmittgen, 2001).      
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Table listing the primer sequences (Tajadini et al., 2014) for ADORA1, ADORA2A, ADORA2B, ADORA3, 

as well as the expected product length and the calculated efficiency from primer validation.   

Table 4. 2 Primers to target the genes of the four adenosine receptors 

 

 

4.3.3. Immunocytochemistry 
BOEC cells were plated onto gelatine coated chamber slides and grown until fully confluent, 

as detailed in the general methods.  HUVECs were not used in these experiments as results in 

chapter 3 highlighted the lack of heparan sulphate expressed, by HUVECs in vitro.   

To observe the effect that extracellular adenosine had on the recovery of the glycocalyx, the 

confluent cells were incubated with the degrading enzyme, Heparinase III (25 U/L) for 2 hours.  

Another two wells with no enzyme treatment were utilised for the secondary antibody control 

and the positive control.  The cells were then gently washed with pre-warmed PBS and 

incubated with adenosine (0.5µM) or media only.  The glycocalyx was then allowed to recover 

for 18 hours.  The cells were then washed 3x with PBS and fixed in 4% PFA and blocked with 

3% BSA for 30 mins.  The slides were then incubated overnight at 4˚C with the primary 

antibody, targeting heparan sulphate at a dilution of 1 in 100 in 1% BSA.  Following this, the 

primary antibody solution was removed, the cells were washed and then incubated with a 

fluorescently labelled FITC secondary antibody (at a dilution of 1 in 200).  Further staining 

with Hoechst 33342, (1 in 2000) targeted the nucleus of each cell.    

 

  

Gene  Sequence Product 
length 
(bp) 

Efficiency 
(%) Forward Primer 5’-3’ Reverse Primer 5’-3’ 

ADORA1 TCGCCATCCTCATCAACA ACCATCTTGTACCGGAGAG 
 

161 98.8 

ADORA2A CTCCATCTTCAGTCTCCTGG 

 
AAGCCATTGTACCGGAGC 

 
75 

 
96.7 

ADORA2B CTCCATCTTCAGCCTTCT 

 
ACCAAACTTTTATACCTGAGC 

 
78 

 
96.0 

ADORA3 TTGCCTACTGCTTATCTT 

 
TCTTGTATCTGACGGTAA 

 
98 

 
98.8 



Chapter 4: 
Results 2- Adenosine pathway of BOECs 

 

104 
 

4.3.4. Nitrite/nitrate assay  

Cell supernatants were collected from cells treated for 24 hours with increasing 

concentrations of adenosine (0, 0.05, 0.5 and 5µM) in DMEM complete media.  Addition of 

the NO donor, DEA-NONOate (100µM), was used as a positive control.  DMEM media was 

used as this does not contain either nitrites or nitrates, which would influence the readings.  

The manufacturer’s instructions for the Nitrite/nitrate kit were followed as described in 

Chapter 2.   

 

4.3.5. Colorimetric BrdU ELISA 
ECs were treated with increasing adenosine concentrations from 10nM (10-8 M) to 0.1mM 

(10-4M) spanning physiological, extreme physiological and pathophysiological concentrations, 

to form log dose response curves.  In conjunction with this cells were treated with a 

combination of the following: 

• adenylate cyclase inhibitor, SQ22536, 100µM,  

• adenosine receptor antagonists, 

• the A2A receptor antagonist SCH58261 (Sigma-Aldrich), 1µM, or,  

• the A2B receptor antagonist Alloxazine (Sigma-Aldrich), 10µM.  

 

4.3.6. Wound healing assay  

A log dose response curve of adenosine (0, 0.05, 0.5 and 5µM) in the presence and absence 

of the AR antagonists was performed.  Uniform scratches were made across confluent 

monolayers of  ECs using a ‘wound maker’.  The cells were then washed once with PBS and 

the pharmacological treatments were applied for 24 hours.  Images were taken every 2-3 

hours by an Incucyte® ZOOM system.  Cell migration to close the wound and relative wound 

density was measured using Incucyte® ZOOM software as explained in the general methods.  

 

4.3.7. Static leukocyte adhesion assay 
To understand if adenosine affects BOEC and HUVEC adhesion to monocytes, ECs were grown 

to confluence for 2-3 days in 96 well micro plates.  ECs were then pre-treated for 24 hours 

with increasing concentrations of adenosine (0, 0.05, 0.5 and 5µM) in EC defined medium 

with 2% FBS.  The media was removed and replaced with TNF-α (10ng/ml) for 4 hours to 
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stimulate the cells.  THP-1 monocytes were counted and 1x106/mL cells were resuspended in 

PBS containing, calcein AM (0.1µM) cell permanent dye for 30mins, at 37°C.  Conversion of 

calcein AM to green-fluorescent calein occurred in live cells and therefore fluorescently 

labelled the THP-1 monocytes.  The cells were washed 3x with PBS and resuspended in RPMI 

without FBS, at a seeding density of 5x105 cells/mL.  After stimulation with TNF-α, the ECs 

were then co-incubated with 100µL of the calcein AM labelled THP-1s at a seeding density of 

5x105 cells/mL, for 1 hour at 37°C.  The co-cultures were then washed with PBS to remove 

any unbound monocytes.  The EC with monocytes bound were then fixed with 4% PFA for 

10mins and washed with PBS.  3 random fields of each well were captured on a Leica DM IL 

LED microscope and image analysis to count the number of adherent cells was achieved using 

Fiji software, outlined in Chapter 2 (Schindelin et al., 2012).   
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Table listing the number of studies which report each of the four adenosine receptors 

ADORA1, ADORA2A, ADORA2B, ADORA3 across any of the BOEC and HUVEC samples, in the 

EndoDB (Khan et al., 2019).  

4.4. Results  

4.4.1. Adenosine receptor expression in BOECs and HUVECs  
The mRNA expression of the four adenosine receptors was observed across a variety of 

studies using the EndoDB. Table 4. 3 highlights the inconsistencies in reported expression 

across studies, for the same EC type.  For instance, although there are 4 BOEC studies in total, 

only 3 reported any ADORA1 expression in any of the samples, whereas there was no reported 

ADOR2A in any of the studies, and ADORA2B and ADORA3 expression were reported in all of 

them.  For HUVEC, with a total of 146 studies in the EndoDB, only 103 reported ADORA1, 42 

studies reported ADORA2A and ADORA2B, and only 54 studies reported ADORA3.   

Across the studies which reported gene expression in any of the four ARs, comparisons were 

carried out between cells isolated from healthy and inflammatory associated disease patients, 

with the aim to identify any changes in the expression with disease state.  Figure 4.1 shows 

that across the studies, no significant change in any of the four receptors expression in various 

disease states.  There was no reported expression of ADORA2A within BOEC samples.   

 
 
Table 4. 3 The number of studies which report expression of the four adenosine 
receptors across the EndoDB and the BOEC or HUVEC samples  

 

 Total number of 

studies  

ADORA1 ADORA2A ADORA2B ADORA3 

BOEC  4 3 0 4 4 

HUVEC  146 103 42 42 54 
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Figure 4. 1 Transcriptomic meta-analysis of BOEC and HUVEC shows no change in 
adenosine receptor expression in healthy vs inflammatory associated disease.  

 

Interleaved scatter with bars plot, for the four adenosine receptor gene sets displaying the log 
expression of BOEC and HUVEC samples from healthy and disease cohorts.  The data source 
was EndoDB (Khan et al., 2019).  Study accession ID BOEC: E-GEOD- 9877 (sickle cell at risk of 
ischemic stroke), HUVEC: E-GEOD-49524 (gestational diabetes).  Each dot represents a gene 
expression level in a sample, relative to control.  BOEC healthy n=5, BOEC inflammatory 
associated disease n=11; HUVEC healthy n=3, HUVEC inflammatory associated disease, n=3.  
The error bars show the mean ± SEM.  No expression of ADORA2A in BOECs was reported in 
controls or inflammatory associated disease.  Statistical analysis (2way ANOVA Šídák's multiple 
comparisons test) shows no significant change in regulation of the adenosine receptor genes, 
ADORA1, ADORA2A, ADORA2B, ADORA3, with disease. 
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The results produced from the EndoDB, show that AR expression in both EC types does not 

seem to change with inflammatory associated disease, however, there is inconsistent 

reporting of ARs across studies, highlighting the need to investigate the samples isolated in 

within this study.   

 

4.4.2. Extracellular adenosine and adenosine receptor expression  

Within the samples isolated for this study, exploration of AR mRNA expression has shown a 

difference in ADORA2A vs ADORA2B proportions in BOEC and HUVEC EC types (Figure 4.2).  

HUVECs express 8.6x more ADORA2A mRNA than BOECs (from 0.125 ±0.026, to 1.079 ±0.077 

p<0.001, n=5).  Whereas BOECs produce 3.9x more ADORA2B mRNA than HUVECs (from 0.078 

±0.028 to, 0.308 ±0.038 p=0.0065, n=5).   

After inflammatory stimulation with TNF-α, ADORA2A expression significantly increased in 

BOECs 5.3-fold (from 0.125 ±0.026 to, 0.659 ±0.211, p=0.0461, n=5) but remained constant 

in HUVECs.  ADORA2B expression did not significantly change in either EC cell type after TNF-

α stimulation.  Hep G2 cells were used as a positive control for ADORA2A and ADORA2B 

expression.    

No expression was observed by ADORA1 or ADORA3 in BOEC or HUVEC under control or after 

stimulation with TNF-α.  The positive controls for ADORA1 and ADORA3 were HEK 293T and 

NB-4 cells, respectively.  
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Figure 4. 2 In vitro HUVECs constitutively express more ADORA2A mRNA than 
BOECs, but BOECs express more ADORA2B than HUVECs  

 

 

  

Determination of the relative mRNA expression of ADORA2A and ADORA2B in ECs in vitro.  A) 
ADORA2A & ADORA2B distribution in BOEC in comparison to HUVEC. HUVECs significantly 
express more ADORA2A mRNA than BOECs (8.6x, *p<0.001, n=5).  BOECs produce more 
ADORA2B mRNA than HUVECs (3.9x, *p=0.0065, n=5).  B) Stimulation with TNF-α increases 
BOEC ADORA2A expression (5.3x, *p=0.0461, n=5) but remained constant in HUVECs.  C) 
ADORA2B expression did not significantly change in either EC cell type after TNF-α stimulation.  
The error bars show the mean ± SEM.  Experiments were carried in duplicate with three 
biological replicates.  Statistical analysis was carried out employing 2way ANOVA with Tukey’s 
multiple comparisons test.    
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In vitro, the ECs were treated with increasing concentrations of extracellular adenosine 

(Figure 4.3).  HUVECs responded to this stimulation from extracellular adenosine, by a 

diminished ADORA2A mRNA expression, at adenosine concentrations of 0.05µM (p=0.002, 

n=3) and 5µM (p=0.0023, n=3), however, this effect was not significant at 0.5µM.  BOEC 

ADORA2A mRNA expression remained unchanged from control.  ADORA2B mRNA remained 

level with control expression levels for both BOEC and HUVEC across extracellular adenosine 

concentrations ranging from physiological to pathophysiological levels.  When treated with 

increasing concentrations of extracellular adenosine in HUVECs ADORA1 and ADORA3 

expression was not detected for either EC type.   

 

Figure 4. 3 Extracellular adenosine downregulates ADORA2A expression in 
HUVECs only 

 

 

  

In vitro exploration of the influence of extracellular adenosine on the relative mRNA 
expression of ADORA2A and ADORA2B in ECs.  A) ADORA2A HUVEC expression is reduced at 
0.05µM (*p= 0.002, n=3) and 5µM ado (*p=0.0023, n=3).  There is no significant change in 
BOEC expression. B) Both BOEC and HUVEC ADORA2B expression does not significantly change 
after extracellular adenosine stimulation.  The error bars show the mean ± SEM.  Experiments 
were carried in duplicate with three biological replicates.  Statistical analysis was carried out 
using 2way ANOVA with Dunnett’s multiple comparisons test. Abbreviation- Ado: Adenosine.     
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4.4.3. The influence of adenosine on cell glycocalyx structure 

The influence of extracellular adenosine on the expression of EC glycosaminoglycan core 

proteins glycpican-1 (GPC1), heparan sulphate proteoglycan 2 (HSPG2) and syndecan 4 (SDC4) 

was evaluated by qRT-PCR (Figure 4.4).  In HUVEC, expression of all three core proteins 

remained low under the influence of increasing concentrations of extracellular adenosine.  In 

BOECs high, pathophysiological concentrations of adenosine (5µM) significantly diminished 

GPC1 expression (p=0.0316, n=3).  In contrast at physiological concentrations of adenosine, 

HSPG2 and SDC4 expression was significantly elevated (0.05µM, HSPG2 p=0.0113, SDC4 

p=0.0027, n=3) and fell to back control levels at extreme physiological concentrations.  

In vivo Glycocalyx removal precedes endothelial cell damage.  The ability of the glycocalyx to 

repair following enzymatic degradation was observed, using immunocytochemistry, for the 

glycosaminoglycan, heparan sulphate (HS) (Figure 4.5).  BOECs were treated with Heparinase 

III for 2 hours and then allowed to recover with media only or adenosine.  As a positive control 

a treatment without enzymes was used.  18 hours post enzymatic degradation, control cells, 

treated with media only, had recovered to 52 ±3.6% (p=0.0055, n=3) of their initial coverage.  

It took a further 18 hours before control ECs recovered their full glycocalyx expression.  HS 

recovery was inhibited by exogenously applied adenosine.  At 18 hours, ECs treated with 

extracellular adenosine had only recovered to 10.16 ±1.2% (p= 0.0002, n=3) of their initial 

coverage, which was 42±9.4% less than media only controls (p=0.0098, n=3).  No HUVEC were 

used for these experiments as previous experiments, illustrated in chapter 3, had shown a 

lack of HS coverage in vitro for pooled HUVECs.    
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Figure 4. 4 Adenosine dose dependently influences mRNA expression of GAG core 
proteins in BOECs 

 

In vitro glycosaminoglycan core proteins GCP1, HSPG2, SDC4 mRNA expression under the 
influence of increasing concentrations of extracellular adenosine.  A) GPC1 expression is only 
significantly reduced at pathophysiological concentration of adenosine (5µM, *p=0.0316, n=3) 
for BOECs, no change is seen in HUVECs.  B) HSPG2 expression is significantly enhanced in 
BOECs, at low, physiological concentrations of adenosine (0.05 µM, *p=0.0113, n=3).  C) SDC4 
expression is significantly enhanced in BOECs, at low, physiological concentrations of 
adenosine (0.05 µM, *p=0.0027, n=3).  The error bars show the mean ± SEM.  Experiments 
were carried in duplicate with three biological replicates.  Statistical analysis was carried out 
using 2-way ANOVA with Dunnett’s multiple comparisons test. Abbreviation- Ado: Adenosine.     

  



Chapter 4: 
Results 2- Adenosine pathway of BOECs 

 

113 
 

 

Figure 4. 5 Extracellular adenosine decreases the recovery of heparan sulphate in BOECs.  

Ability of BOECs to recover Heparan sulphate glycosaminoglycan coverage, in vitro.  A) BOECs were treated with Heparinase III for 2 hours to 
remove HS.  Then treated with media alone or extracellular adenosine.  At 18 hours media only control had recovered 52 ±3.6% (*p=0.0055, 
n=3) and adenosine 10.16 ±1.2% (*p= 0.0002, n=3), in comparison to no enzymatic degradation of HS. Extracellular adenosine significantly 
inhibited HS recovery from media only control (*p=0.0098, n=3).  The error bars show the mean ± SEM. Scale bar =100µM.  Statistical analysis 
was carried out using One-way ANOVA with multiple comparisons.  Representative images B) media alone control, C) adenosine (0.5µM), D) 
no heparinise III treatment (positive control) E) secondary antibody only. Scale bar =100µM.  Abbreviation- HS: Heparan sulphate.     
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4.4.4. The influence of adenosine on the NO pathway 
Expression of NO is a marker of EC function.  The impact of extracellular adenosine on the 

expression of NO and the proteins involved in regulating NO production was scrutinised at 

the mRNA level looking at the genes for endothelial nitric oxide synthase (NOS3), 

dimethylarginine dimethylaminohydrolase 1 (DDAH1), and dimethylarginine 

dimethylaminohydrolase 2 (DDAH2), as well as, NO concentration in supernatants.  

Figure 4.6 demonstrated that NOS3 was higher in BOECs than HUVECs at physiological 

concentrations of adenosine (0.05µM, p=0.0387).  DDAH2 expression was significantly 

elevated in BOECs in comparison to HUVECs at control (p<0.0001), physiological (0.05µM, 

p=0.0204) and extreme physiological (0.5µM, p=0.0012) concentrations of adenosine.  

Increasing the concentration of exogenously applied adenosine did not significantly affect 

NOS3 or DDAH1 levels from control conditions, in either BOECs, or HUVECs.  However, 

adenosine decreased BOEC DDAH2 levels at pathophysiological concentrations, from a 

relative expression of 12.2±0.9 to 7.7±1.3 (p=0.0307, n=3). 

Typically, at basal conditions BOECs and HUVECs produced low levels of basal NO in vitro, 

however, at 0.5µM adenosine where there was a significant increase in NO metabolites in 

BOEC supernatants from 1.0±0.6, to, 9.8±1.9% (p=0.0170, n=3) (Figure 4.7).  At this 

concentration of extracellular adenosine BOECs produced significantly more NO than HUVECs 

(p=0.0081, n=3).  Exogenously applied adenosine did not alter NO production in HUVECs at 

any concentration. 
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Figure 4. 6 Extracellular adenosine decreased DDAH2 expression at 
pathophysiological concentrations of adenosine in BOECs only, though no 
significant effect was observed in the mRNA expression of NOS3 and DDAH1 in ECs 

  

Determination of the influence of extracellular adenosine on the relative mRNA expression of 
NOS3, DDAH1 and DDAH2 in ECs.  A) At 0.05µM adenosine BOECs express more NOS3 than 
HUVECs (*p=0.0387, n=3) though, NOS3 expression does not significantly change from control 
for BOECs or HUVECs.  B) Both BOEC and HUVEC DDAH1 expression does not significantly 
change after extracellular adenosine stimulation. C) At 0, 0.05, and 0.5µM adenosine BOECs 
express more DDAH2 than HUVECs (*p<0.0001, *p=0.0204, *p=0.0012, respectively).  DDAH2 
expression is decreased at 5µM adenosine for BOECs (*p=0.0307, n=3).  No significant change 
in HUVEC DDAH2 expression.  Error bars show the mean ± SEM.  Statistical analysis was 
carried out using 2way ANOVA with Šídák's multiple comparisons test. Abbreviation- Ado: 
Adenosine.     
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Figure 4. 7  Extracellular adenosine stimulates nitric oxide production in BOECs at 
extreme physiological concentrations 
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Normalised percentage of total nitrite and nitrate production in EC supernatants from cells 
exposed to DEA-NONOate, or after stimulation with extracellular adenosine.  0.5µM 
adenosine significantly increases NO production in BOECs (*p=0.0170, n=3), but not at any 
other adenosine concentration.  0.5µM adenosine was the only concentration whereby there 
was a significant difference between BOEC and HUVEC total nitrite/nitrate production 
(*p=0.0081, n=3).  No adenosine concentration significantly changed the NO production from 
control in for HUVEC cells.  The positive control, DEA-NONOate (100µM) significantly increased 
the NO production for both BOECs (*p<0.0001, n=3) and HUVECs (*p<0.0001, n=3) in 
comparison to control levels, and the increase was significantly greater in BOECs than HUVECs 
(*p=0.0001, n=3).  Error bars show the mean ± SEM.  Statistical analysis was carried out using 
2way ANOVA with Tukey’s multiple comparisons test. Abbreviation- Ado: Adenosine.     
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4.4.5. The influence of adenosine on BOEC functionality 
 

4.4.5.1. Proliferation  
An important part of EC function is the ability to repair the endothelial layer and vessels via 

the process of angiogenesis and cell proliferation is one of the steps contributing to the 

process.  The effect of extracellular adenosine and AR receptors on cell proliferation was 

explored (Figure 4. 8).  Extracellular adenosine promoted BOEC cell proliferation in a dose 

dependent manner; at 0.5 and 5µM cell proliferation increased by 60.4% (p=0.0198) and 

67.6% (p=0.0082) from control, respectively.  At 0.5µM, this effect was mediated by A2A 

receptor, illustrated by the presence of the A2A receptor antagonist, SCH58261, which 

decreased proliferation from 0.5µM adenosine alone (-63.4%, p=0.0114).  At 5µM adenosine 

the rise in proliferation was mediated, in part by A2A and A2B receptors; demonstrated 

following the addition of either SCH58261, or the A2B receptor antagonist, Alloxazine, and 

each significantly reduced BOEC proliferation (SCH58261, - 52.9%, p=0.0381 and Alloxazine,  

-59.7%, p=0.0178).  

A similar trend was seen in HUVEC, whereby adenosine increased cell proliferation at 0.5µM 

and 5µM by 103% (p=0.0009) and 119.5% (p=0.0001) respectively from control.  Inhibition of 

the A2A receptor by SCH58261, significantly diminished the adenosine induced HUVEC 

proliferation, at all concentrations of adenosine, HUVEC proliferation was reduced by 107.5%, 

(0.05µM p=0.0009), 160.3% (0.5µM p<0.0001) and by 165.8 % (5µM p<0.001).  Alloxazine 

treatment did not influence the adenosine induced proliferation at any adenosine 

concentration.   
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Figure 4. 8 Adenosine has a dose dependent effect on EC cell proliferation and 
which is mediated by both A2A and A2B receptors in BOEC, but only A2A in HUVEC 

  

Investigation of EC proliferation by examining the log dose response of adenosine vs. BrdU 
incorporation relative to control.  A) Adenosine dose dependently increases BOEC 
proliferation at 0.5µM (*p= 0.0198, n=3) and 5µM (*p=0.0082, n=3).  B) BOEC proliferation is 
removed at 0.5µM by the A2A receptor antagonist SCH58261 (*p=0.0114, n=3).  At 5µM ado 
BOEC proliferation is reduced in the presence of either SCH58261 (*p=0.0381, n=3) or 
Alloxazine (*p=0.0178, n=3).  C) HUVEC proliferation is increased at 0.5µM (*p=0.0009, n=3) 
and 5µM (*p=0.0001, n=3) adenosine.  D) HUVEC enhanced proliferation is removed by A2AR 
antagonists (SCH58261) at 0.05µM (*p=0.0009, n=3), 0.5µM (*p<0.0001, n=3) and 5µM 
(*p<0.0001, n=3)   adenosine.   There is no significant change with the A2BR antagonist, 
Alloxazine, at any adenosine concentration.  Error bars show the mean ± SEM.  Experiments 
were carried in duplicate with three biological replicates.  Statistical analysis was carried out 
using 2way ANOVA with Dunnett’s multiple comparisons test. Abbreviation- Ado: Adenosine.     
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4.4.5.2. Migration 
Another step in the angiogenesis process is migration of cells.  Adenosine dose-dependently 

increased EC migration in both cell types, mediated by the A2A and A2B adenosine receptors 

(Figure 4.9).  For BOECs the increase in cell migration was only seen at extreme physiological 

adenosine concentrations (0.5µM), mediated by both A2A and A2B adenosine receptors, as in 

the presence of the A2A receptor antagonist, SCH58261, and to a greater extent A2B receptor 

antagonist, Alloxazine, removed the increase in migration seen at 0.5µM adenosine.  The 

migration seen at 5µM adenosine was also mediated by the A2B receptor and not the A2A 

receptor, illustrated by the greatly reduced cell migration at the pathophysiological 

concentration, in the presence of Alloxazine.  HUVEC cell migration was also dose-

dependently increased in the presence of adenosine and is significantly increased at 0.5 and 

5µM adenosine.  The HUVEC migration is mediated by A2A receptors at physiological and 

pathophysiological concentrations of adenosine, shown by the reduction in the presence of 

SCH58261 antagonist at 0.05 and 0.5µM.  At 5µM, HUVEC cell migration is mediated by A2B 

receptors alone, where there was a reduction in the increased cell migration, in the presence 

of Alloxazine, at 5µM.  
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Figure 4. 9 Adenosine dose dependently improves EC migration, and this is 
mediated via both A2A and A2B receptors, in each EC type 

  

Investigation of EC migration by log dose response for adenosine vs. density of the wound, 
relative to control.  Confluent monolayers of EC were scratched, introducing a ‘wound’ to 
form and the cells were allowed to heal by cell migration for 12 hours, under different  
pharmacological treatments. A)  BOEC migration is improved at 0.5µM ado (*p=0.008, n=3). 
B) The adenosine improvement in migration at 0.5µM is removed by the A2A receptor 
antagonist, SCH58261 (*p<0.0001, n=3), and to a greater extent A2B receptor antagonist, 
Alloxazine (*p<0.0001, n=3).  Alloxazine also significantly reduced BOEC migration at 5µM 
ado (*p<0.0001, n=3).  C) HUVEC migration is significantly improved at 0.5µM (*p=0.0042, 
n=3) and 5µM (*p=0.003, n=3) ado.  D) This improvement in HUVEC migration is removed in 
the presence of SCH58261 at 0.05µM (*p<0.0001, n=3) and 0.5µM (p<0.0004, n=3) and 
Alloxazine at 5µM (*p<0.0001).  Error bars show the mean ± SEM.  Experiments were carried 
in duplicate with three biological replicates.  Statistical analysis was carried out using 2way 
ANOVA with Tukey’s multiple comparisons test. Abbreviation- Ado: Adenosine.     
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4.4.5.3. Monocyte adhesion   
Another feature of the inflammatory process, leukocyte adhesion to EC, was investigated. 

Treatment with different concentrations of adenosine preceding stimulation with TNF-α, 

dose-dependently reduced the number of adherent leukocyte for both EC types (Figure 4.10).  

For BOECs, treatment with adenosine at 0.5µM (p=0.0283) and 5µM (p=0.0014) significantly 

reduced monocyte adhesion compared to TNF-α only enhancement, and the levels were not 

significantly different from control (media only).  For HUVECs, adenosine reduced leukocyte 

adhesion from TNF-α at all adenosine concentrations (0.05µM p=0.0246, 0.5µM p=0.0051, 

5µM p<0.0001).  However, monocyte adhesion was only diminished to control levels at 

pathophysiological concentrations of adenosine, 5µM.  Representative images are shown in 

Figure 4. 11. 
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Figure 4. 10 Adenosine dose dependently diminishes monocyte adhesion and this 
is enhanced by TNF-α stimulation  

Confluent ECs, BOECs or HUVECs, were pre-treated with adenosine (0, 0.05, 0.5, or, 5µM) for 
24 hours and then stimulated with TNF-α for 4 hours, before co-culture with calcein AM 
labelled THP-1 monocytes, for 1 hour.  The adhered monocytes were washed once with PBS 
and fixed with paraformaldehyde.  Images were captured of 3 random fields and the number 
of adherent monocytes were determined using Fiji software.  A) For BOECs co-culture, TNF-α 
enhanced THP-1 adhesion (*p<0.0001).  There was no significant difference after pre-
stimulation with 0.05µM ado from TNF-α stimulated and this was significantly different from 
control (*p<0.0001).  Both 0.5µM (*p=0.0283) and 5µM (*p=0.0014) diminished the TNF-α 
stimulated adhesion and reduced the number of adherent cells back to control.  B)  For HUVEC 
co -cultures, TNF-α enhanced monocyte adhesion (*p<0.0001).  Pre-treatment with all 
concentrations of ado, reduced TNF enhanced monocyte adhesion (0.05µM *p=0.0246, 0.5µM 
*p=0.0051, 5µM *p<0.0001).  THP-1 adhesion was still significantly higher than control at 
0.05µM (*p=0.0009) and 0.5µM (*p=0.0038) ado, but was returned to control levels with 5µM 
ado pre-treatment.  Error bars show the mean ± SEM, n=3.  Statistical analysis was carried out 
using one-way ANOVA with Tukey’s multiple comparison test.  Abbreviation- Ado: Adenosine.     
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Figure 4. 11 Calcein AM labelled THP-1 cells adhering to ECs, pre-treated with adenosine and stimulated by TNF-α.  

  

Representative images of calcein AM labelled THP-1s adhered to confluent monolayers of BOEC and HUVECs, following EC pre-treatment with 
adenosine (0, 0.05, 0.5, or, 5µM) for 24 hours and then stimulated with TNF-α for 4 hours.  Images taken at 100x magnification, scale bar 100µM.  
Abbreviation- Ado: Adenosine.     
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4.5. Discussion  

 
  The objectives listed for this chapter have been met as follows: 

1. The AR expression profile in BOECs and HUVECs was evaluated using cross-study  

transcriptomic assessment and quantitative PCR analysis of this study’s donor cells 

and pooled HUVEC stocks.  This showed a difference in AR distribution in the EC types, 

HUVECs A2A>A2B, BOECs A2B>A2A.  

2. Quantification of adenosine receptors at the mRNA level successfully showed that 

extracellular adenosine dose dependently decreases the adenosine receptor profile of 

ADORA2A from HUVECs, though ADORA2B remains constant in HUVECs and BOECs.   

3. Extracellular adenosine’s influence on EC structure, production of soluble mediators 

and function were observed in a number of ways: 

a. In vitro extracellular adenosine influenced the glycocalyx structure and 

recovery shown at both mRNA and protein levels, particularly in BOECs.   

b. At physiological concentrations of adenosine, NOS3 expression was higher in 

BOECs than HUVECs.  BOEC expression was also higher than HUVEC for the NO 

associated gene, DDAH2, at basal, physiological and pathophysiological 

concentrations of adenosine.  Extracellular adenosine dose-dependently 

influenced BOEC DDAH2 mRNA, by reduction at pathophysiological adenosine 

concentrations, but other NO-related genes remained constant in BOECs.  NO 

levels in EC supernatants increased at 0.5µM adenosine for BOECs, but no 

change from low basal levels was seen in HUVECs.  

c. EC function was influenced by extracellular adenosine whereby proliferation, 

migration was increased, mediated by A2A and A2B receptors, in contrast to 

leukocyte adhesion which was inhibited by adenosine dose dependently.    

Adenosine receptors are responsible for many downstream pathways and behaviours in ECs 

and immune cells.  It has been reported that different endothelial cell models have differing 

expression levels of adenosine receptors expression.  Work by Feoktistov and colleagues 

(2002) has suggested that EC derived from larger vessels express predominantly A2A receptors 

and A2B in predominantly small vessels or capillaries, and vessels of microvascular origin.  In 

particular, it has been reported that HUVEC preferentially express A2A, over A2B whereas, 
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HMEC-1, express A2B (Feoktistov et al., 2002).  The in vitro evaluation of the samples 

generated in this study, showed that BOECs and HUVECs only express ADORA2A and 2B.  

BOECs predominantly express ADORA2B and to a greater extent than the levels reported for 

HUVEC.  HUVECs predominantly express ADORA2A, a result which is consistent with previous 

studies (Feoktistov et al., 2002; Hassanian et al., 2014).  ADORA2A expression in HUVEC was 

much greater than BOECs, in which low levels were detected.  ADORA2A expression in both 

EC types was an expected result for an EC, but this was in contrast to the cross study 

transcriptomic analysis, where no BOEC ADORA2A expression was reported.  This difference 

is might be a donor specific difference from our study, to the studies in the EndoDB, or, the 

analytical sensitivity for the microarray data in the EndoDB, may be inferior to the qRT-PCR 

data for a low expression gene, as has been reported before (Morey et al., 2006; Raymond et 

al., 2009).     

Under inflammatory conditions, the BOECs upregulating ADORA2A expression, to levels 

similar to those expressed by HUVECs.  This suggest that the BOECs could respond to the 

inflammatory stimuli by producing more anti-inflammatory receptors (ADORA2A). 

A1 and A3 receptors have not been reported in HUVECs or have been identified at very low 

levels in vitro (Feoktistov et al., 2002; Hassanian et al., 2014; Wyatt et al., 2002).   In a similar 

fashion, our study found no expression of ADORA1 or ADORA3 for either EC type.  Any small 

variability in A1 and A3 receptors reported by in vitro studies might be attributed to donors 

from which the cells are derived and whether the ECs were pooled, as well as the conditions 

of culture (in particular the presence of AR agonists).  The ambiguity in A1 and A3 expression 

was reflected in the cross-study transcriptomic analysis, where, for HUVECs, a differing 

number of studies reported each of the ADORA genes.  As far as I am aware, BOEC adenosine 

receptor profile has not been reported in the literature previously, however, scrutiny of the 

publicly available EndoDB showed that 3 of the ADORA genes, aside from ADORA2A, were 

reported across the 4 BOEC studies.  Our qRT-PCR data, which illustrated ADORA2A 

expression in contrast to this, maybe be a donor specific expression.  To add to this, there are 

only 4 BOEC studies in the database, and as seen with the HUVEC studies, there are a large 

proportion of studies which do not report some or any of the ADORA genes in their samples 

at all, when this would be expected for an EC profile.  For example, the ADORA1 gene was 

most frequently reported with 103/146 studies, but in vitro studies have reported ADORA1 
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gene expression at low levels, or not all (Feoktistov et al., 2002; Hassanian et al., 2014; Wyatt 

et al., 2002).  This suggests that there are some inconsistencies in Microarray and qPCR data, 

a phenomenon which has been reported and discussed previously, but the qPCR data 

presented within this chapter is consistent with both the broad expectation that ECs 

physiologically express AR, and previous in vitro HUVEC data (Morey et al., 2006).   

Extracellular adenosine administration only influenced ADORA2A expression in HUVECs, 

unlike the expression in BOEC where ADORA2A levels remained constant.  The application of 

extracellular adenosine onto cells did not influence ADORA2B expression in either EC type.  

Many G-protein coupled receptors are believed to be negatively regulated by stimulation with 

their agonist, which may explain why higher concentrations of adenosine downregulate the 

HUVEC ADORA2A expression (Tsao et al., 2001).  BOEC ADORA2A expression was independent 

of the adenosine concentration and this may be due to the far lower levels seen in comparison 

to HUVEC.  However, neither the BOEC nor HUVEC ADORA2B expression was affected by 

adenosine concentration, unlike ADORA2A and this might be explained by the fact that 

ADORA2B is a low affinity receptor if only the high adenosine concentrations and is therefore 

not negatively regulated to the same extent as the other G protein coupled receptor 

ADORA2A.  

In this study, assessment of adenosine receptors was limited to mRNA analysis due to the lack 

of specific antibodies for A2B AR and this limitation has been discussed by others previously  

(Carmona-Rivera et al., 2019).  Once suitable antibodies for the ARs become available, it 

would be important to observe whether the results presented in this chapter at mRNA level 

are also reflected at protein level.        

Adenosine has been implicated in the maintenance of the EC glycocalyx, in opposing, 

concentration dependent ways.  High adenosine levels are believed to cause EC shedding, and 

reduced exclusion of circulating blood, as a pro-inflammatory mechanism, along with other 

inflammatory mediators such as TNF-α (Brands et al., 2013; Henry and Duling, 2000).  In vivo 

A3 AR activation causes modification of the glycocalyx in hamster and mouse capillaries, 

whereby there is failure to exclude dextran-labelled plasma, supplementing the A3 AR-

dependent pro-inflammatory effects already reported (Platts and Duling, 2004).  However, in 

vivo it has been demonstrated that glycocalyx modification by ischemia-reperfusion is 
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attenuated by adenosine A2A AR activation (Platts et al., 2003).  Therefore, adenosine has both 

concentration-dependent effects and AR profile-dependent effects producing diverse actions 

of adenosine on the glycocalyx.  Our results show that at low levels of adenosine there is an 

upregulation of the glycosaminoglycan core proteins HSPG2 and SDC4 but this falls back to 

controls levels at higher concentrations, in BOEC only, and GPC1 is reduced below control at 

pathophysiological concentrations of adenosine, in BOEC.  This may reflect a switch from an 

anti-angiogenic profile at low adenosine concentrations to pro-angiogenic profile at higher 

adenosine concentrations.  Once the EC glycocalyx has been removed by enzymatic 

degradation (mimicking inflammation and endothelial cell injury), the results demonstrated 

that extreme physiological concentrations of adenosine inhibited glycocalyx recovery (Arfian 

et al., 2019).  This result suggests that in BOECs, adenosine-mediated prevention of glycocalyx 

recovery, may contribute to increased permeability and mechanotransduction, but that a 

chronic lack of EC glycocalyx recovery can lead to endothelial cell dysfunction (Nieuwdorp et 

al., 2006a).   

Extracellular adenosine can also increase NO production, in a dose-dependent manner and 

this has been demonstrated previously, using porcine carotid artery endothelial cells (PCAEC) 

(Li et al., 1995).   The same study, did not find this in the human model, human saphenous 

vein endothelial cells, and have suggested that there may be heterogeneity between EC from 

artery and veins (Li et al., 1995).  Using rat aortic endothelium, in vitro assays have shown that 

adenosine stimulated NO release was via A1 and A2A receptors and that activation of the A2A 

receptor releases NO in two ways.  The first by being coupled to KCa channels to facilitate Ca2+ 

influx, so activating eNOS, and secondly, adenylate cyclase activation, causing an increase in 

cAMP downstream of this and subsequent phosphorylation of eNOS by PKA (Ray and 

Marshall, 2006).  In HUVECs isolated from healthy pregnancies in comparison to those 

isolated from preeclamptic pregnancies and late-onset preeclampsia (LOPE) pregnancies, 

there is a high level of adenosine extracellularly, and upregulation of A2B receptors and 

endothelial dysfunction.  The HUVECs isolated from LOPE pregnancies have an altered A2B AR 

dependent L-arginine/NO signalling pathway.  This is thought to be caused by A2B AR signalling 

increasing P-Thr495 of eNOS which inactivates this enzyme and results in a reduction of NO 

(Acurio et al., 2014; Salsoso et al., 2021).  These examples provide evidence that adenosine 

and its receptors are influencing NO and EC function.   
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In this chapter the results reflect that extracellular adenosine can influence NO production 

and the expression of NO related genes, in BOECs.  BOEC’s expression of NO related genes is 

higher than HUVEC for NOS3 mRNA at physiological concentrations of adenosine, and for 

DDAH2 at physiological and extreme physiological adenosine concentrations.  DDAH  is known 

to be downregulated in disease pathology resulting in an increase in ADMA and depletion of 

NO leading to endothelial dysfunction (Fliser et al., 2005; Lambden et al., 2015; Sibal et al., 

2010; Tran et al., 2000).  This is manifested in the results whereby DDAH2, which is more 

highly expressed in BOECs, in comparison to HUVECs, is significantly downregulated under 

pathophysiological concentrations of adenosine.   

NOS3 and DDAH1 expression remain constant despite stimulation with adenosine.  However, 

the quantification of NO metabolites in cell supernatants revealed that adenosine upregulates 

NO production by BOECs under extreme physiological adenosine conditions, in line with 

previous literature (Li et al., 1995).  However, under pathophysiological conditions, the NO 

levels returned to low basal levels, which occurred concurrently with a downregulation of 

DDAH2.  This suggests a mechanism whereby extreme physiological adenosine 

concentrations (0.5-5µM) increase NO, as a vasoprotective function, but pathophysiological 

concentrations of adenosine (>5µM) may cause a decrease in DDAH2, which in turn increases 

ADMA and the inhibition of NOS3, reducing the ability of BOECs to produce NO.   

Angiogenesis is another AR dependent function in ECs.  Functionally extracellular adenosine 

has pro-angiogenic effects on the ECs.  In relation to cell proliferation, an in vitro study of 

HUVECs has shown extracellular adenosine to be a mitogen with effects mediated by the A2A 

AR (Sexl et al., 1995).  Adenosine is also believed to influence EC growth by inducing 

macrophages to produce VEGF, via the A2A AR (Hashimoto et al., 1994; Leibovich et al., 2002).  

The results in this chapter show how adenosine dose dependently increases EC growth.  In 

HUVECs this was mediated via the A2A AR from low to high concentrations of extracellular 

adenosine and not the A2B AR.  BOEC cell proliferation was mediated by both the A2A and A2B 

ARs at high concentrations of adenosine (extreme and patho-physiological).  This could be 

attributed to the fact that ADORA2B is a low affinity receptor, that is expressed at low levels 

in HUVEC but not BOEC.    
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Another stage in the angiogenic pathway is cell migration and extracellular adenosine has 

influenced this pathway as well.  In animal models, topical A2A AR agonist application, 

significantly accelerated wound healing related angiogenesis, thought to be via a cAMP-

dependent pathway (Montesinos et al., 1997).  It has also been reported that HUVEC A2A AR 

overexpression by gene transfer blocks E-selectin mediated monocyte adhesion to TNF-α 

activated ECs (Sands et al., 2004).  In this study it was found that HUVEC migration was dose-

dependently increased by adenosine, and this was via the A2A AR, at physiological and 

extreme physiological adenosine concentrations, and, via the A2B AR at pathophysiological 

concentrations.  In BOECs, cell migration was only significantly increased at extreme 

physiological concentrations of adenosine and was diminished to control levels at high 

adenosine.  The enhancement of cell migration was mediated via an A2A and A2B AR 

mechanism.   

Another important component of the balance between endothelial damage from 

inflammation and repair, is leukocyte adhesion.  Adenosine is reported to inhibit leukocyte 

adhesion.  EC also recruit leukocyte as a part of a wider response to inflammation, whilst 

inhibiting leukocyte adhesion to maintain homeostasis.  In vitro,  adenosine dose dependently 

inhibits monocyte adhesion for stimulated HUVECs via an A2A mediated mechanism 

(Hassanian et al., 2014).  This occurs due to down-regulation of the cell surface markers 

VCAM-1, ICAM-1 and E-selectin and inhibition of IL-6 and MCP-1 (Hassanian et al., 2014).  Our 

results also show dose-dependent effects, whereby increasing adenosine concentrations 

inhibits TNF-α-enhanced monocyte adhesion.  For BOECs it took extreme physiological and 

patho-physiological concentrations of adenosine to reduce monocyte adhesion back to levels 

seen with control conditions.  For HUVECs, the cells responded at lower adenosine 

concentrations to significantly reduce stimulated monocyte adhesion.  However, in a 

significant fashion, it was only at patho-physiological concentrations of adenosine that 

brought the levels back to control.  The images in Figure 4.11 show a difference in the 

distribution of calcein-AM labelled THP-1s adhered to each of the EC types.  This is thought to 

be due to an increase in overall CD54 percentage expression per cell for BOECs in comparison 

to HUVECs, as discussed in Chapter 3.  

In summary, BOECs respond in similar ways to adenosine stimulation as HUVEC.  There were 

three concentrations at which adenosine was observed to create a variety of opposing 
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responses.  These responses were mediated via diverse receptors in each cell type leading to 

different responses from these EC types.  Adenosine-mediated actions in BOEC seemed to be 

predominantly via the A2B AR, whereas, HUVEC was predominantly mediated via the A2A, 

mirroring the difference in AR profile.       

At low adenosine concentrations, in BOEC, anti-inflammatory and anti-angiogenic effects, 

were promoted, where GAG related genes are upregulated (BOEC only), NO-related genes 

were unchanged from control, and migration and proliferation remain unchanged.  Adhesion 

of monocytes to stimulated endothelial cells remained constant in BOECs.   

At extreme physiological concentrations of adenosine, increased BOEC proliferation, 

migration and NO production, whilst decreasing the ability of ECs to restore the glycocalyx 

and in the presence of TNF-α, inhibiting leukocyte recruitment.  At pathophysiological 

concentrations of adenosine, NO levels were diminished to control levels and DDAH2 

expression attenuated.  While proliferation and migration were maintained alongside the 

decrease in adhesion of leukocyte.  

In DADA2 patients, elevated adenosine plasma levels, occur in the ranges between 0.2-0.6µM, 

which this study has labelled as extreme physiological concentrations, which is similar to 

levels reported in plasma in other inflammatory diseases (Carmona-Rivera et al., 2019).   What 

is interesting when looking at the results from this chapter, is that one concentration of 

adenosine, 0.5µM (5x10-7 M), which falls within the elevated range seen in DADA2 patients, 

seems to have a positive pivotal effect on the glycocalyx recovery, NO production and DDAH2 

expression, growth, migration, and adhesion of leukocyte for BOECs.   

This chapter has observed the effect of extracellular adenosine via its receptors on BOECs and 

compared to typically studied HUVECs.  The results from this chapter will contextualize and 

inform the next chapter which will explore the ADA2 pathway in BOECs (using HUVECs as a 

comparator), in the presence of its substrate adenosine, which is elevated in the DADA2 

disease. 
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5. Results 3- Adenosine deaminase 2 pathway of BOECs 
 

5.1. Introduction 
ADA2 is an extracellular enzyme which deaminates adenosine into inosine under conditions 

induced by hypoxia and low pH.  ADA2 is predominantly expressed by 

monocytes/macrophages and has been reported in B cells and endothelial cells (Dhanwani et 

al., 2020; Schena et al., 2020; Zavialov et al., 2010b; Zavialov and Engström, 2005).  In humans, 

ADA2 activity decreases with age from childhood onwards, though no established ranges for 

the healthy population are widely accepted; highlighting the concern for the possible lack of 

appropriate age-matched controls when measuring ADA2 (Bowers et al., 2020; Nanthapisal 

et al., 2016; Zhou et al., 2014).  A causative mechanism for the reduction of ADA2 activity in 

adults, with age, remains unclear, but is not reflected in total ADA2 concentration, and the 

reason for this lack in correlation remains unknown (Bowers et al., 2020).   

Altered ADA2 levels have been implicated in disease, including; breast cancer, viral infections 

such as HIV, inflammatory-associated diseases such as rheumatic diseases and COPD (Aghaei 

et al., 2005; Goodarzi et al., 2010; Khodadadi et al., 2011; Sari et al., 2003).  Most recently lack 

of either ADA2 production, or, if present, low activity, has been implicated in a paediatric 

monogenic form of vasculitis, DADA2 (Navon Elkan et al., 2014; Zhou et al., 2014).   In contrast, 

abnormally high levels of ADA2 are associated with negative clinical outcomes in disease, such 

as with triple negative breast cancer where high plasma ADA2 is found at the most advanced 

stages of cancer development (Kutryb-Zajac et al., 2021).  As ADA2 activity changes with age, 

and either very high or very low ADA2 levels are associated with disease states, it seems that 

ADA2 levels and activity must be tightly controlled to fall within a physiological useful range.       

ADA2 binds to diverse populations of immune cell types, predominantly neutrophils, but to a 

lesser extent monocytes, natural killer cells, B cells and T cells (Kaljas et al., 2017).  Research 

to date suggests that ADA2 has a short range of action performing paracrine or autocrine 

signalling with a short half-life in serum of about 6.4 hours (Ombrello et al., 2015).  Many 

studies have focused on the relationship of ADA2 with monocytes and macrophages.  Human 

ADA2 is shown to induce T cell-dependent differentiation of monocytes to macrophages 

(Zavialov et al., 2010b).  ADA2 acts as a mitogen for macrophages and ADA2 deficiency in 

vitro, polarises monocytes to differentiate into M1 pro-inflammatory macrophages (Zavialov 
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et al., 2010b; Zhou et al., 2014).  It has been observed that for both macrophages and 

monocytes, ADA2 is located lysosomally.  Under these acidic conditions, ADA2 functions as a 

DNase enzyme (Greiner-Tollersrud et al., 2020).  It is believed that this drives the DADA2 

interferonopathy reported (Greiner-Tollersrud et al., 2020).      

In other immune cells, such as T helper cells, ADA2 behaves as a growth factor (Zavialov and 

Engström, 2005; Zavialov et al., 2010b).  In contrast, for neutrophils, ADA2 inhibits adenosine-

mediated NETosis formation (Carmona-Rivera et al., 2019).   

Less is known about the function of ADA2 on ECs, or whether there is an endothelial receptor 

for ADA2.  Indirect evidence has suggested that ADA2 might be a growth factor for endothelial 

cells (Zhou et al., 2014).  The reasoning behind this includes the vasculopathy displayed by 

DADA2 patients, the loss of EC integrity seen in vitro when EC are co-cultured with DADA2 

patient monocytes, and the intracranial bleeding observed with knockdown of a zebrafish 

ADA2 homologue (Zhou et al., 2014).  A role for ADA2 involvement in innate immunity has 

been elucidated, where loss of ADA2 in HUVECs, stimulates IFN-β and this is thought to occur 

by the uptake of extracellular deoxy-adenosine (Dhanwani et al., 2020).  

Overall, ADA2 and its deficiency is implicated in a number of diseases and seems to have some 

adenosine-dependent and adenosine-independent effects, across multiple cell types, as well 

as both intracellular and extracellular functions.  Moreover, the impact of elevated adenosine 

levels as a consequence of its deficiency, makes ADA2’s functions unclear, and consequently, 

poses a threat to finding more therapeutics to treat the vast array of symptoms DADA2 

displays (Carmona-Rivera et al., 2019).  This chapter aims to reveal any direct influence of 

ADA2 on endothelial cells.   
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5.2. Specific aims  
This chapter builds on the results in the previous chapters utilising BOEC as an endothelial 

model and understanding of the influence of adenosine on BOECs.  In doing so, it aims to 

expose the influence that extracellular ADA2 has on endothelial cells.   

Specifically, this chapter will; 

1. Elucidate whether BOECs express ADA2: 

a. At mRNA level, using transcriptomics and qRT PCR.  

b. At protein level using immunofluorescence.  

c. At functional level using the ADA activity assay. 

2. Assess the influence of ADA2 on: 

a. Cellular glycocalyx structure.  

b. Adenosine receptor expression. 

c. ADA2 mRNA expression. 

d. Nitric oxide regulation and expression. 

e. EC function in terms of growth, migration, and adhesion.   

3. Evaluate the influence of ADA2 in the presence of its substrate adenosine on: 

a. Adenosine receptor expression. 

b. Cellular glycocalyx structure.  

c. Nitric oxide and inflammatory cytokine expression.  

d. EC function in terms of growth, migration, and adhesion.   
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5.3. Methods  

5.3.1. Cross-study ADA2 transcript analysis  

A gene of interest search on the EndoDB database was carried out on the ADA2 gene, 

constrained to species: ‘Homo sapiens’ and cell type: ‘Umbilical vein endothelial cells’ and 

‘Blood outgrowth endothelial cells’ (Khan et al., 2019).  There was not a large enough data set 

(HUVEC samples; n=1, accession ID: E-GEOD-49524), to carry out pre-calculated pair-wise 

differential gene expression analysis (DGEA) between experimental conditions, so 

comparisons between BOEC and HUVEC in disease and healthy were not made.   

 

5.3.2. qRT-PCR 

BOECs were grown until confluent and then treated with ADA2 (0, 5, 10 U/L), with or without 

ADA2’s substrate, adenosine (0.5µM).  0.5µM Adenosine was chosen as this falls within the 

elevated range reported in DADA2 plasma levels (Carmona-Rivera et al., 2019).  RNA was 

isolated, cDNA synthesised and qRT-PCR was carried out described in chapter 2.  In addition 

to the primers validated in the previous chapters; ADORA2A, ADORA2B, DDAH1, DDAH2, 

GCP1, HSPG2, NOS3 and SDC4, a primer was used to target the ADA2 mRNA (QT01667862; 

Qiagen).     

 

5.3.3. Immunofluorescence 

5.3.3.1. ADA2 protein   

To observe intracellular ADA2 in BOECs and THP-1s, cells were plated on chamber slides and 

incubated until confluent.  The cells were then fixed, permeabilised, and blocked as outlined 

in the general methods.  The primary anti-ADA2 antibody was diluted in 1% BSA, 1in 50, 

overnight at 4˚C.  The slides were washed three times with PBS and incubated with anti-rabbit 

IgG Alexa Fluor 488, in 2% goat serum, for 1 hour (1:200).  Secondary antibody only was used 

as a negative control for each cell type.  The slide was washed three times with PBS and then 

stained with Hoechst 33342 (ThermoFisher Scientific) (1:2000, for 3 mins). This was washed 

3x, mounted and imaged.  3 random fields of vision were taken, for three biological replicates 

(n=3), using a Leica DM IL LED inverted microscope.   
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5.3.3.2. Heparan sulphate glycosaminoglycan recovery    
Heparan sulphate glycosaminoglycan coverage was analysed by fluorescent microscopy.  

Samples were prepared as described in Chapter 2.  5 random fields of vision were captured 

using an EVOS M5000 Imaging System, the negative controls were used to set exposure time 

for acquisition of all images.   

 

5.3.4. ADA activity assay 

There are a number of methods and kits whereby ADA2 activity can be measured and activity 

can be presented as U/L or ng/ml.  For the purposes of this study, ADA2 activity was measured 

using a colorimetric ADA activity assay (Diazyme), with 100nM Erythro-9-(2-hydroxy-3-nonyl) 

adenine (EHNA), to inhibit the ADA1, following the protocol as previously described 

(Nanthapisal et al., 2016).  This method was chosen primarily because this publication 

compared ADA2 levels in 4 different patient groups: DADA2 patients, carriers, healthy 

controls and paediatric controls, and measuring our cell culture supernatants and 

recombinant ADA2 levels in the same way, enabled direct comparisons to physiological levels.  

The activity assay was carried out as per the manufacturer’s instructions with the addition of 

EHNA (100nM) to each of the samples.  An internal ADA2, positive control, of known ADA2 

concentrations was used as a standard, as well as an ADA1 standard.   

 

5.3.5. Comparison of recombinant ADA2 activity 
Throughout this study (2017-2021), two commercially available ADA2 products were 

recombinantly made, by 2 different companies.  Using the same concentration of ADA2 

(738ng/ml), the two products produced different activity levels.  The R&D systems ADA2 was 

used for the standards for patient samples as previously described (Nanthapisal et al., 2016).  

This was far more active than the Biorbyt enzyme (Figure 5.1) (8.5x more active, p<0.0001).  

The majority of the R&D systems enzyme activity could be inhibited by either adding a 

neutralising antibody (p<0.0001) or the pan-ADA inhibitor, pentostatin (p<0.0001) and 

therefore the R&D systems ADA2 was used in future assays in this thesis.   
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Figure 5. 1  Comparison of ADA2 activity from commercially available ADA2  

Recombinant ADA2 was available from two commercial companies.  These two differently 
sourced proteins were compared in terms of ADA2 activity using the same concentration of 
ADA2 (738ng/ml) and inhibition by an ADA2 antibody, and a pan-adenosine deaminase 2 
inhibitor, pentostatin.  Statistical analysis used 2way ANOVA with Tukey’s multiple 
comparisons test and showed significant difference donated by (*), p<0.05.   

 

5.3.6. Nitrite/nitrate assay 

BOECs were grown until confluent and then treated for 24 hours with ADA2 alone (0, 5 and 

10U/L) and in the presence of adenosine (0.5µM).  The cell supernatants were collected after 

24 hours, centrifuged at 1000 x g for 5 mins and stored at -80˚C, for up to one month, before 

the Nitrite/nitrate assay was carried out.  The manufacturer’s guidelines were followed as 

detailed in the general methods.  

 

5.3.7. Colorimetric BrdU ELISA   
To assess cell proliferation a colorimetric BrdU ELISA (Roche) assay was utilised.  At a seeding 

density of 2x104 cell/ml, EC were plated onto a 96 well plate and incubated overnight for cells 

to adhere.  The spent media was removed carefully, and ECGM 2% FBS was added containing 

pharmacological agents in duplicate.  These included; recombinant ADA2 (0,5,10U/L), with 

and without adenosine (0, 0.05, 0.5 & 5µM), the A2A receptor antagonist SCH58261 (1µM), 

or, the A2B receptor antagonist Alloxazine (10µM).  
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5.3.8. Wound healing assay 
The ability of ECs to migrate following pharmacological intervention was measured over 24 

hours.  ECs were plated onto 96 well plates and allowed to reach confluence over 2-3 days.  A 

sterile WoundMaker™ tool (Essenbioscience) created homogenous scratch wounds in each 

well, across the confluent monolayer.  The ECs were washed with PBS and treatments were 

added in duplicate, including: recombinant ADA2 (0, 2.5, 5, 10, 20 U/L), adenosine (0, 0.05, 

0.5, 5µM), the A2A receptor antagonist SCH58261 (1µM), the A2B receptor antagonist 

Alloxazine (10µM), or the adenylate cyclase inhibitor, SQ22536 (100µM).    

 

5.3.9. Static leukocyte adhesion assay  

In order to assess the influence of ADA2 on BOECs and their ability to adhere to monocytes 

(THP-1 cells), an adhesion assay was carried out.  A confluent monolayer of BOECs were pre-

treated for 24 hours with ADA2 (0, 5, 10 U/L) in the presence or absence of adenosine 

(0.5µM).  Then the cells were stimulated for 4 hours with TNF-alpha (10ng/ml) and a TNF-α 

only condition was included as a positive control.  After this time the BOEC were washed once 

with PBS and co-cultured with 5x105 THP-1 cells/mL, at 37˚C for 1 hour.  Prior to co-culture 

with the EC monolayer, the monocytes were fluorescently labelled with the cell-permeant 

dye, calcein AM (0.1µM).  To achieve this, 1x106 cells/mL in PBS were labelled with 0.1µM 

calcein AM (ThermoFisher Scientific), for 30mins in the dark, at 37˚C.  The fluorescently 

labelled cells were then washed three times with PBS and resuspended in basal RPMI media.  

After 1 hour of co-culture non-adherent monocytes were then washed off with PBS three 

times.  Three random fields of the fluorescently labelled adherent monocytes were taken 

using a Leica DM IL LED (Leica Microsystems, UK), inverted microscope.  Monocyte adherence 

was quantified using Fiji software (Schindelin et al., 2012), as outlined in the general methods, 

Chapter 2.  
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5.4. Results   

5.4.1. ADA2 expression in EC- comparing BOEC with HUVEC 
 

5.4.1.1. Measuring ADA2 expression in quiescent and activated ECs across the 

EndoDB transcriptomics database 

The EndoDB database was used to observe whether the ADA2 gene was expressed across 

studies for BOECs and HUVECs (Khan et al., 2019).  4/4 BOEC studies but only 60/146 HUVEC 

studies reported ADA2 expression in the study’s samples.   

 

5.4.1.2. Measuring ADA2 expression by qRT-PCR in quiescent and activated ECs  
Within this study, ADA2 expression in the BOECs isolated were compared to the pooled 

HUVECs, in addition to the positive control, the monocytic cell line, THP-1s.  ADA2 mRNA 

expression was assessed using qRT-PCR (Figure 5. 2).  Both BOECs and HUVECs expressed 

ADA2 and there was significantly more ADA2 expressed in BOEC than HUVEC (p=0.0039, n=5; 

BOEC 2.177±0.17, HUVEC 1.043±0.16).  However, when compared to THP-1 cells, expression 

of ADA2 in both EC types was low (BOEC vs THP-1 p<0.0001, HUVEC vs THP-1 p<0.0001; THP-

1 12.16±1.37, n=5).   

 

5.4.1.3. ADA2 expression observed by immunofluorescence  

Immunofluorescence microscopy detected ADA2 in monocyte cells (THP-1s) however, ADA2 

was undetectable in either EC type (Figure 5. 3).  

 

5.4.1.4. Determination of ADA2 activity  
Figure 5. 4, shows the results for the assessment of ADA2 activity in cell supernatants and 

revealed the presence of enzymatic activity in the BOEC (1.657 ± 0.6 U/L) and THP-1 (5.456 ± 

0.4 U/L) supernatants, whilst HUVEC supernatants contained negligible amounts of active 

ADA2 enzyme (0.03397 ± 0.03 U/L).  Comparing ADA2 activity in BOEC and HUVEC, BOEC cell 

supernatants produced significantly more than HUVEC (p=0.0002), but significantly less than 

THP-1 supernatants (p<0.0001).   
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Figure 5. 2 BOECs express more ADA2 mRNA than HUVEC 

 

 

 

 

 

 

Determination of ADA2 mRNA expression by qRT-PCR.  The data was obtained by 5 
independent biological replicates, with two technical replicates per sample and normalised to 
an average of two housekeeping genes, GAPDH and ACTB.  The error bars show the mean ± 
SEM.  BOEC 2.177±0.17, HUVEC 1.043±0.16 and THP-1 12.16±1.37.  Statistical analysis (Brown-
Forsythe and Welch ANOVA with Dunnett’s multiple comparisons test) shows that THP-1s 
expressed significantly more ADA2 than both BOEC (*p<0.0001) and HUVEC (*p<0.0001).  
BOECs expressed significantly more ADA2 than HUVEC (2.1x, *p=0.0039). 
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Figure 5. 3 ADA2 is detected intracellularly in THP-1 cells but not BOEC 

Representative immunofluorescence images of THP-1, BOEC and HUVEC cells showing   
intracellular ADA2 protein expression in THP-1s, but absent in HUVECs and BOECs.  Cells were 
fixed and permeabilised with 0.5% Triton X-100 in PBS.  ADA2 protein was targeted by 
incubation with a primary antibody, anti-ADA2, and fluorescent secondary antibody, anti-
rabbit 4 (green) and the cell nucleus was stained with Hoechst 33342 (Blue).  3 random fields 
were taken, n=3.  Scale bar represents 50µm.  
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Figure 5. 4 BOECs produce active ADA2 which is detected in cell supernatants 

 

 

  

ADA2 activity measured by ADA activity assay with the addition of EHNA (Erythro-9-(2-
hydroxy-3-nonyl) adenine, ADA1 specific inhibitor).  BOEC express active ADA2 enzyme 
extracellularly (1.657 ± 0.6 U/L, n=12), but little to no enzyme activity is shown from HUVEC 
supernatants (0.03397 ± 0.03 U/L, n=12) (BOEC vs HUVEC, *p=0.0002).  THP-1s express 5.456 
± 0.4 U/L (n=3) extracellularly and this is significantly more than both BOECs (**p<0.0001) 
and HUVECs (***p=0.0043).  Statistical analysis utilised the Brown-Forsythe and Welch 
ANOVA test with Dunnett’s T3 multiple comparisons test.      
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5.4.2. Influence of recombinant ADA2 on BOECs  
ADA2 expression in BOEC is approximately 3.3x less than THP-1 monocytes.  To examine 

potential effects of exogenous ADA2 on EC structure and function, BOEC were cultured for up 

to 24 hours with physiologically relevant concentrations of exogenous ADA2 (0-10U/L).  

Following this, EC structure (the glycocalyx), protein expression (ADA2, ARs), signalling 

molecule production (nitric oxide and its pathway), and function (proliferation, migration and 

adhesion, were studied.  The following subsections examine how exogenous ADA2 influences 

each of these in turn.   
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5.4.2.1. ADA2 mRNA expression   
To confirm that basal ADA2 expression was not altered by this variable in BOEC, exogenous 

ADA2 was incubated with confluent ECs and mRNA expression was measured (HUVEC was 

used as a reference).  EC ADA2 expression did not significantly alter in the presence of 

recombinant ADA2 (Figure 5. 5).   

 

 

 

 

 

 

 

 

Figure 5. 5 Exogenous recombinant ADA2 does not influence ADA2 mRNA 
expression  

 

  

Assessment of EC ADA2 mRNA expression by qRT-PCR, after pharmacological treatment with 
recombinant ADA2 (0, 5, 10 U/L).  There was no change in ADA2 expression at any 
concentration and there was significantly more ADA2 expressed by BOECs than HUVECs, at 0 
(*p=0.0039), and 5 U/L (*p=0.0374, 2way ANOVA with Šídák's multiple comparisons test).  
Although the difference between BOEC and HUVEC expression became non-significant at 
10U/L.  The data was obtained by 3 independent biological replicates (n=3), with two technical 
replicates per sample and normalised to an average of two housekeeping genes, GAPDH and 
ACTB.  The error bars show the mean ± SEM.  
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5.4.2.2. The glycocalyx structure  
Results reported in Chapter 4 demonstrated the impact of diverse pharmacological 

treatments on the structure of the EC glycocalyx.  This section examined the impact of ADA2 

on the glycocalyx, and its components such as, the proteoglycan core protein and the 

glycosaminoglycans (Figure 5. 6).   

Proteoglycan core protein mRNA expression was significantly improved, from control, in 

BOECs, for GPC1, at 10U/L (p<0.0001), HSPG2 at both 5 (p=0.0003), and 10 U/L (p=0.0003), 

and SDC4 at 10U/L (p=0.0009).  As a reference expression in HUVEC cells was examined but 

there was no significant change in the proteoglycan core protein mRNA expression for 

HUVECs, and I continued to use BOECs as the principal model for the glycocalyx.  Likewise, 

glycosaminoglycan, HS, in response to prior heparinase action, was more abundant in the 

presence of exogenous ADA2, in comparison to media only controls (an increase of 

72.01±13.74%, p=0.0027).  Over 18 hours ADA2 restored the HS coverage to a level equivalent 

to the no heparinase III treatment control (representative images are illustrated in Figure 

5.15).   
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Figure 5. 6 ADA2 increases BOEC proteoglycan core protein and GAG expression  

  

The EC glycocalyx was evaluated by observing changes in proteoglycan core protein mRNA 
expression utilising qRT-PCR, and immunocytochemistry targeting HS, after recombinant 
ADA2, in vitro treatment (0, 5 and 10 U/L).  A) GCP1 was upregulated at 10U/L ADA2 for BOECs 
alone.  BOEC expression was significantly higher than HUVEC at all concentrations. B)  HSPG2 
expression was increased at both 5 and 10 U/L ADA2 for BOECs alone.   10U/L ADA2 created a 
significant difference in BOEC and HUVEC HSPG2 expression.  C) BOEC SDC4 was increased at 
10U/L ADA2.  All concentrations of ADA2 yielded a significantly higher BOEC, than HUVEC SDC4 
expression.   D) 18 hours after enzymatic HS removal, ADA2 improves HS recovery, above 
control (p= p=0.0027), and back to coverage in accordance with no heparinase II treatment.  
HS coverage was achieved by capturing images of 3 random fields of vision across, three 
biological replicates.   The error bars show the mean ± SEM. The qRT-PCR data was obtained 
by 3 independent biological replicates (n=3), with two technical replicates per sample and 
normalised to an average of two housekeeping genes, GAPDH and ACTB.   Statistical analysis 
employed either 2way ANOVA with Tukey’s multiple comparison test, for qRT-PCR data, or, 
one-way ANOVA with Tukey’s multiple comparison test for HS coverage and revealed 
significant differences shown by (*), where p<0.05.   Abbreviation- HS: Heparan sulphate.  
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5.4.2.3. AR mRNA expression   
As previously described in Chapter 4, BOEC predominantly expressed ADORA2B, unlike 

HUVEC, under quiescent conditions.  The application of exogenous ADA2 (Figure 5. 7) did not 

alter this relationship and ADORA2A expression remained lower in BOEC than HUVEC mRNA 

expression at 5 (p=0.0187), and 10 U/L (p<0.0001).  ADORA2B remained higher in comparison 

to HUVEC at 10 U/L (p=0.0106), but not at 5U/L (p=0.1696).   

 

 
 
Figure 5. 7 BOEC ADORA2A and ADORA2B receptor expression is not influenced by 
recombinant ADA2   

ADORA2 and ADORA2B mRNA expression determined by qRT-PCR, after recombinant ADA2 in 
vitro treatment (5 and 10 U/L).  A) No significant change in ADORA2A for either BOECs or 
HUVECs was seen and HUVEC levels remained superior to BOEC at all ADA2 concentrations 
(0U/L *p<0.0001, 5U/L *p=0.0187, and, 10U/L *p<0.0001).  B) ADA2 did not significantly alter 
the expression of ADORA2B for either EC type.  BOEC ADORA2B amount was higher in 
comparison to HUVEC at 0 and 10U/L (*p=0.0098, and *p=0.0106 respectively). The data was 
obtained by 3 independent biological replicates (n=3), with two technical replicates per 
sample and normalised to an average of two housekeeping genes, GAPDH and ACTB.  The 
error bars show the mean ± SEM.  Statistical analysis used 2way ANOVA with Tukey’s multiple 
comparisons test.  
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5.4.2.4. mRNA expression in the nitric oxide pathway 
NO production is a key secondary signalling molecule produced by ECs.  Disruption to the NO 

generating pathway leads to endothelial cell dysfunction.  Therefore, ADA2’s impact on the 

mediators of NO production, and NO production in cell supernatants was assessed (Figure 5. 

8).   

NOS3 expression did not significantly increase from controls with increasing concentrations 

of ADA2, in either BOEC or HUVEC.  However, the trend was for ADA2 at 10U/L to decrease 

NOS3 in BOEC and increase in HUVEC, such that NOS3 expression was significantly different 

between each EC type (p=0.0125).  DDAH1 expression was upregulated from control in BOECs, 

at both 5 (p=0.0109) and 10U/L (p=0.0005) ADA2, and was significantly enhanced in 

comparison to HUVEC at 5U/L (p=0.0421), and 10U/L (p=0.0039).  Although, DDAH2 

expression remained relatively high in BOECs in comparison to HUVECs at control (p<0.0001) 

and 5U/L (p=0.0083).  DDAH2 was not significantly different from control at any ADA2 

concentration.    
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Figure 5. 8 ADA2 upregulates DDAH1 expression significantly in BOECs 

 

  

The nitric oxide pathway was evaluated using qRT-PCR observing changes in expression of 
NOS3, DDAH1 and DDAH2 and determination of NO production in cell supernatants using a 
nitrite/nitrate kit, after ADA2 in vitro treatment (0, 5 and 10 U/L).  A) NOS3 expression does 
not significantly change for BOECs or HUVECs across the ADA2 concentrations but the 
difference between NOS3 BOEC and HUVEC at 10U/L, becomes significantly more in HUVECs. 
B) DDAH1 mRNA expression is upregulated in BOECs at 5 and 10 U/L and is significantly higher 
in BOECs than HUVEC at these concentrations.  C) DDAH2 expression remains consistent for 
BOECs and HUVECs despite ADA2 treatment.  There is significantly more DDAH2 expressed by 
BOECs than HUVECs, although the difference because non-significant at 10U/L ADA2.   he data 
was obtained by 3 independent biological replicates (n=3), with two technical replicates per 
sample.  qRT-PCR data was normalised to an average of two housekeeping genes, GAPDH and 
ACTB using the 2-ΔΔct method.  The error bars show the mean ± SEM.  Statistical analysis used 
a 2way ANOVA with Tukey’s multiple comparison test and revealed significant differences 
shown by (*), where p<0.05. 
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5.4.2.5. Nitrite and nitrate production 

NO metabolites, nitrite and nitrates, in the cell supernatants, were low in BOEC and HUVEC 

and did not significantly change under ADA2 pharmacological treatment in vitro, although an 

upward trend was seen with increasing concentrations of ADA2 on BOEC (Figure 5. 9).  

 

 

 

 

 

 

 

Figure 5. 9 ADA2 influence on nitrite and nitrate production 
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Determination of NO production in cell supernatants using a nitrite/nitrate kit, after ADA2 in 
vitro treatment (0, 5 and 10 U/L).  ADA2 treatment does not affect the low basal nitrite/nitrate 
production seen in BOEC and HUVEC cell supernatants.  The data was obtained by 3 
independent biological replicates (n=3), with two technical replicates per sample.  The error 
bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with Tukey’s multiple 
comparison test and revealed no significant differences where p<0.05. 
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5.4.2.6. EC function    
The aim of the following experiments was to investigate the impact of ADA2 on BOEC function 

using HUVEC as a reference.  

5.4.2.6.1. Proliferation  

The BrdU assay was used to assess the effect of ADA2 on EC proliferation.  The results shown 

in Figure 5. 10 show that ADA2 reduces EC proliferation.  For BOECs this effect was significant 

at 10 U/L (p=0.0132) where there was a 44.09% reduction in cell proliferation.  In HUVECs the 

inhibition of cell proliferation was seen at both 5U/L (p=0.0012), and at 10U/L, where there 

was a 67.93% decrease in cell proliferation (p=0.0002).   

To assess if ADA2 inhibition in EC proliferation was mediated by ARs, BOECs and HUVECs were 

cultured in the presence of ADA2, with or without either the A2A receptor antagonist 

SCH58261, or, the A2B receptor antagonist, Alloxazine.  There was no significant change in cell 

proliferation in BOEC from 55.91±2.7% for ADA2 treated cells, when cultured in the presence 

of either AR antagonist, or in HUVECs.  
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Figure 5. 10 ADA2 dose dependently diminishes EC proliferation and this is not 
AR mediated 

  

Extracellular ADA2’s in vitro influence on BOEC and HUVEC proliferation was measured by Cell 
Proliferation ELISA, BrdU, after 24 hours of treatment.  A)  ADA2 reduces cell proliferation for 
BOECs at 10U/L and for HUVECs significantly at 5 and 10U/L.   B) For both EC types, incubation 
with either SCH58261 or, Alloxazine, in the presence of ADA2, did not significantly change the 
proliferation from ADA2 treatment alone.  SCH58261 and alloxazine treatment alone, did not 
change the cell proliferation significantly from control.  The data was obtained by 3 
independent biological replicates (n=3), with two technical replicates per sample.  The error 
bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with Tukey’s multiple 
comparison test and revealed significant differences from control, indicated by (*), where 
p<0.05. 
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5.4.2.6.2. Migration  
EC cell migration was mimicked in vitro by a ‘wound healing’ assay.  Scratches were made into 

confluent monolayers of EC and then cells were allowed to migrate to close the wound in the 

presence of ADA2, with or without AR antgonists for 24 hours, as previouly described.   

ADA2 dose-dependently, reduced BOEC and HUVEC migration Figure 5. 11.  The IC50 for ADA2 

was lower in BOECs (IC50 8.81 U/L) than that observed for HUVECs (IC50 9.98 U/L).  ADA2 

reduction in BOEC migration (to 31.6±6.7% by 10U/L ADA2, p<0.0001) did not significanlty 

change in the presence of the A2A receptor antagonist, SCH58261 and was also significantly 

reduced in comparison to control conditions (p=0.0031).  Alloxazine, the A2B receptor 

antagonist, restored BOEC migration to control levels in the samples incubated with ADA2. 

10U/L ADA2 reduced HUVEC migration to 42.0±6.4% of control (p<0.0001) and in the 

presence of SCH58261 there was a return to migration levels observed under control 

conditions.  However, for HUVECs, ADA2 with alloxazine, did not alter the reduction in wound 

density and this was still significantly diminished from control (p<0.0001).          

As the ADA2 mediated reduction in BOEC migration was mediated by A2B ARs, it was 

speculated that this might be cAMP-dependent.  To test this, BOECs were incubated with 

ADA2 in combination with the adenylate cyclase inhibitor, SQ22536 (100µM).  When the 

adenylate cyclase inhibitor was added in combination with ADA2, BOEC migration was 

restored to control, removing the ADA2 effect (Figure 5. 12).   
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Figure 5. 11 Extracellular ADA2 dose-dependently reduces EC migration and in 
BOECs this effect is mediated by the A2B adenosine receptor, whereas in HUVECs 
this effect is mediated by the A2A receptor.   

 

 

BOEC and HUVECs were treated with extracellular ADA2 in the presence or absence of 
adenosine receptor antagonists, for 24 hours of treatment after a ‘wound’ was created in a 
confluent monolayer of cells.  Cell migration was estimated by measuring the density of cells 
migrated within the wound, using Incucyte® ZOOM software. A)  ADA2 dose-dependently 
reduces wound density/cell migration for BOECs with an IC50 of 8.812.  B) ADA2 dose- 
dependently reduces wound density/cell migration for HUVECs with an IC50 of 9.980.  C) For 
both cell types, ADA2 significantly reduced cell migration at 10U/L.  For BOECs this was 
restored back to control condition levels when co-incubated with Alloxazine, the A2B receptor 
antagonist.  For HUVECs cell migration was restored when treated with both ADA2 and  
SCH58261, the A2A receptor antagonist.  The data was obtained by 3 independent biological 
replicates (n=3), with two technical replicates per sample.  The error bars show the mean ± 
SEM.  Statistical analysis used a 2way ANOVA with Tukey’s multiple comparison test and 
revealed significant differences from control, indicated by (*), where p<0.05. 
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Figure 5. 12 Extracellular ADA2 reduction in BOEC migration is mediated by 
adenylate cyclase     

 

 

  

BOECs were treated with extracellular ADA2 in the presence or absence of the adenylate 
cyclase inhibitor SQ22536, for 24 hours of treatment after a ‘wound’ was created in a 
confluent monolayer of cells.  Cell migration was estimated by measuring the density of cells 
migrated within the wound, using Incucyte® ZOOM software. The data was obtained by 3 
independent biological replicates (n=3), with two technical replicates per sample.  The error 
bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with Tukey’s multiple 
comparison test and revealed significant differences from control, indicated by (*), where 
p<0.05. 

0

20

40

60

80

100

120

R
e
la

ti
v
e
 w

o
u

n
d

 d
e

n
s
it

y
 (

%
)

✱ ✱

ADA2 (10U/L)
SQ22536 (100μm)

-
-

+
-

+
+



Chapter 5: 
Results 3 - Adenosine deaminase 2 pathway of BOECs 

 

155 
 

5.4.2.6.3.  Monocyte adhesion 
EC adhesion was simulated in vitro by co-culture of TNF-α stimulated confluent ECs with 

monocytes (THP-1s).  In both BOECs and HUVECs TNF-α stimulated cells encouraged 

monocyte adhesion (Figure 5. 13).  ADA2 dose-dependently decreased cell adhesion but this 

was not significant, until 10U/L (BOEC p=0.0401, HUVEC p=0.0019), but this was still 

significantly greater than control (BOEC p=0.0386, HUVEC p=0.0105).   

 

Figure 5. 13 ADA2 decreased TNF-α stimulated monocyte adherence to 
endothelial cells    

Confluent ECs, BOECs or HUVECs, were pre-treated with ADA2 (0, 5, 10 U/L) for 24 hours and 
then stimulated with TNF-α for 4 hours, before co-culture with calcein AM labelled THP-1 
monocytes, for 1 hour.  Images were captured of 3 random fields and the number of adherent 
monocytes were determined using Fiji software.  A) For BOECs co-culture, TNF-α enhanced 
THP-1 adhesion.  There was no significant difference with pre-stimulation with 2.5 or 5U/L 
ADA2 from TNF-α stimulated and these were significantly different from control.  10 U/L 
diminished the TNF-α stimulated adhesion but this was still significantly enhanced from 
control conditions.  B)  For HUVEC co -cultures, TNF-α enhanced monocyte adhesion.  Pre-
treatment only with 10U/L significantly reduced TNF-α enhanced monocyte adhesion but this 
was still above adhesion seen under control conditions.  2.5 and 5U/L failed to reduced 
monocyte adhesion from TNF-α stimulated HUVECs.  Error bars show the mean ± SEM, n=3.  
Statistical analysis was carried out using one-way ANOVA with Tukey’s multiple comparison 
test.   
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5.4.3. Influence of ADA2 in the presence of adenosine on BOECs 
ADA2’s substrate is adenosine, and the extracellular adenosine concentration depends on the 

cellular local environment (as previously discussed in Chapter 4).  It is reported in a number 

of diseases, including DADA2, that plasma adenosine levels are elevated, to between 0.2-

0.6µM, and is elevated in comparison to healthy controls (Dhanwani et al., 2020).  Therefore, 

it was important to describe how ADA2, in the presence of adenosine, would influence EC 

structure (the glycocalyx), protein expression (ADA2, ARs), signalling molecule production 

(nitric oxide and its pathway), and function (proliferation, migration and adhesion).  The 

following subsections examine how exogenous ADA2, with adenosine, influence each of these 

in turn.  Investigating ADA2 in combination with adenosine is directed towards gaining insight 

as to what may occur in patients deficient in ADA2.  A concentration of 0.5µM of adenosine 

was used based on the work in Chapter 4 which demonstrated that this concentration had a 

positive effect on BOEC:  glycocalyx recovery, NO production, growth, migration, and 

adhesion of leukocyte, as well as, this concentration falling within the range of plasma 

adenosine levels seen in DADA2. 
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5.4.3.1. The glycocalyx structure  
The results reported previously (Figure 5. 6, page 145) show that for BOECs, ADA2 alone 

increased proteoglycan core protein mRNA expression, and ADA2 improves HS GAG recovery 

above control.  Proteoglycan core protein expression was examined by qRT-PCR after ADA2 

in combination with adenosine (0.5µM), was incubated with the cells.  The results in Figure 5. 

14 illustrate that for GPC1 and SCD4 adenosine negated the positive impact of ADA2.  This 

was not observed however, for HSPG2, where adenosine had a negligible effect on enhanced 

proteoglycan core protein expression induced by ADA2 (HSPG2, ADA2 and adenosine is 

significantly more than control, p=0.0073).   

Analysis of immunofluorescence images shows that following enzymatic degradation (Figure 

5. 15), the combination of both ADA2 and adenosine, improved the adenosine-mediated 

inhibition of the HS restoration, in line with control.  The combination of both ADA2 and 

adenosine was significantly less than ADA2 alone (p=0.0320), though significantly more than 

adenosine alone (p=0.0056).   
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Figure 5. 14 In the presence of extracellular adenosine ADA2 enhancement of 
GPC1 and SDC4 mRNA expression is removed, but HSPG2 remains high 

A) GCP1, B) HSPG2 and C) SDC4 BOEC and HUVEC mRNA expression by qRT-PCR, after in-vitro 
treatment with ADA2 (10 U/L) in the presence or absence of adenosine (0.5µM).  The data was 
obtained by 3 independent biological replicates (n=3), with two technical replicates per 
sample and normalised to an average of two housekeeping genes, GAPDH and ACTB.  The 
error bars show the mean ± SEM.  Statistical analysis used One-way ANOVA with Tukey’s 
multiple comparisons.  (*) represents a significant difference, p<0.05. Abbreviation- Ado: 
Adenosine.     
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Figure 5. 15 ADA2 improves HS recovery and restores adenosine mediated 
inhibition of HS recovery  

A) Recovery of HS following enzymatic treatment with Heparinase III. Data were plotted as mean 

values of 5 random fields ±SEM, n=3.  (*) represents a significant difference, p<0.05.   BOECs were 

treated with heparinase III and then allowed to recover with B) media alone, C) ADA2 (10U/L), D) 

adenosine (0.5µM), and E) ADA2 in the presence of adenosine, for 18 hours.  F) No heparinase III 

treatment (positive control), G) No heparinase III treatment and secondary only antibody (negative 

control).  Scale bar represents 100µM.  
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5.4.3.2. AR mRNA expression    
As described in section 5.4.2.3, page 146, ADA2 did not impact the expression of ADORA2A 

(predominantly expressed by HUVEC) or ADORA2B (predominantly expressed by BOEC).  

When treating ECs with ADA2, in the presence of adenosine, (Figure 5. 16), ADORA2A mRNA 

expression was not affected in BOECs.  There was no change seen in EC ADORA2B mRNA 

expression, either.  

It should be noted that, as a reference, HUVEC ADORA2A expression was significantly reduced 

by the combination of both ADA2 and adenosine, from control (p=0.0018) and ADA2 

(p=0.0011).  Neither ADA2, nor, adenosine (0.5µM) alone significantly changed the ADORA2A 

expression from control.   
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Figure 5. 16 ADA2 in the presence of adenosine had no effect on BOEC AR mRNA 
expression  

ADORA2A and ADORA2B mRNA expression was assessed by qRT-PCR, after recombinant ADA2 
(10U/L) in the presence or absence of adenosine (0.5µM).  A) No significant change in 
ADORA2A expression for BOECs.  For HUVECs, ADA2 with adenosine downregulates ADOAR2A 
to be significantly less than control and ADA2 alone.  ADA2 or adenosine alone were not 
significantly different from control.  B) ADORA2B for either EC type was not statistically 
significantly altered under the pharmacological treatments for either BOECs or HUVECs. The 
data was obtained by 3 independent biological replicates (n=3), with two technical replicates 
per sample and normalised to an average of two housekeeping genes, GAPDH and ACTB.  The 
error bars show the mean ± SEM.  Statistical analysis (2way ANOVA with Tukey’s multiple 
comparisons test) demonstrated significant differences, p<0.05, denoted by (*).  Abbreviation- 
Ado: Adenosine.     

A 

B 
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5.4.3.3. mRNA expression in the nitric oxide pathway  
Examining the mRNA expression of the regulators of the NO pathway showed that NOS3 

expression was upregulated from control when treated with both ADA2 and adenosine 

together (BOEC, p=0.0205) (Figure 5. 17).  This combination of both ADA2 and adenosine 

significantly expressed more NOS3 than ADA2 alone (p=0.0200), but not adenosine only.  This 

was also reflected in HUVEC. 

In BOECs, the ADA2-induced increase in DDAH1 expression, was removed in the presence of 

adenosine (p=0.0027).  There was no alternation in DDAH2 expression in either BOECs or 

HUVECs.     

 

Figure 5. 17 BOEC upregulate NOS3 expression in the presence of both ADA2 and 
adenosine  

Regulators of the nitric oxide pathway expression were assessed using qRT-PCR observing 
changes in expression of A) NOS3, B) DDAH1 and C) DDAH2.  The data was obtained by 3 
independent biological replicates (n=3), with two technical replicates per sample.  The data 
was normalised to an average of two housekeeping genes, GAPDH and ACTB using the 2-ΔΔct 
method.  The error bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with 
Tukey’s multiple comparison test and revealed significant differences shown by (*), where 
p<0.05. Abbreviation- Ado: Adenosine.     
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5.4.3.4. Nitrite and nitrate production   
In cell supernatants, adenosine by itself mediated an increase in nitrite and nitrate production 

(Figure 4. 7, page 116).  This was no longer present in the presence of ADA2, and the levels 

were not significantly different from control, for BOECs (Figure 5. 18).  

 

 

 

 

 

 

 

 

 

 

Figure 5. 18 The adenosine increase in nitrites and nitrates is removed in the 
presence of ADA2, for BOECs 

  

Determination of NO production in cell supernatants was carried out using a nitrite/nitrate kit, 
after ADA2 (10U/L) with or without adenosine (0.5µM), in vitro treatment.  The data was 
obtained by 3 independent biological replicates (n=3), with two technical replicates per 
sample.  The error bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with 
Tukey’s multiple comparison test and revealed significant differences shown by (*), where 
p<0.05. Abbreviation- Ado: Adenosine.     
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5.4.3.5. Endothelial cell function   

5.4.3.5.1. Proliferation  

Figure 5. 19 illustrates how ADA2 in the presence of adenosine influences EC growth, utilising 

the BrdU cell proliferation assay.  The null hypothesis that the EC50 ratio is 1.0 (no shift), was 

tested within GraphPad Prism version 9.2.0.  ADA2 in the presence of adenosine causes a left 

shift in BOEC proliferation from adenosine alone; the LogEC50 of ADA2 with adenosine is -

7.3M, in comparison to adenosine alone, LogEC50 -6.8M (p<0.001).  An opposite trend is seen 

in HUVECs.  There is a right shift in HUVEC proliferation, from adenosine only logEC50 -6.9M, 

to, ADA2 in the presence of adenosine logEC50 -6.2M (p<0.0001).  

ADA2 alone, as reported in section 5.4.2.6.1 page, 150, decreases proliferation in BOECs.  

However, in the presence of both ADA2 and adenosine cell proliferation increased by 59.9% 

from control (p=0.0103), and by 104% from ADA2 alone (p<0.0001), to be equivalent to cell 

proliferation seen with adenosine only.  HUVEC cell proliferation in the presence of both ADA2 

and adenosine was reduced by 54.9% from control (p=0.0224), to be equivalent to the 

reduction seen in ADA2 only.   

The observed trends reported when incubating BOECs with recombinant ADA2, in 

combination with adenosine, were also observed when treating BOECs with total ADA (ADA1 

and ADA2), extracted from intestine (Sigma-Aldrich), in combination with the ADA1 specific 

inhibitor (EHNA) and adenosine (Appendix VI).  
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Figure 5. 19 ADA2 in the presence of adenosine promotes cell proliferation in 
BOECs but reduces cell proliferation in HUVECs  

Endothelial cell proliferation was quantified using BrdU cell proliferation assay. A) BOEC log 
dose adenosine with or without ADA2, shows a left shift in the presence of ADA2.  B) HUVEC 
log dose shows a right shift with adenosine in the presence of ADA2 C) The treatment of ADA2 
(10U/L) in the presence or absence of adenosine (0.5µM) was observed.  For BOECs, the ADA2 
inhibition of proliferation was removed, and enhanced, to adenosine-only augmented levels.  
Whereas, for HUVECs, in the presence of both ADA2 and adenosine proliferation remained 
low, significantly reduced from both  control and adenosine only.  The data was obtained by 3 
independent biological replicates (n=3), with two technical replicates per sample.  The error 
bars show the mean ± SEM.  Statistical analysis used a 2way ANOVA with Šídák's multiple 
comparisons test and revealed significant differences from control, shown by (*), where 
p<0.05. Abbreviation- Ado: Adenosine.     
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5.4.3.5.2. Migration  
EC cell migration was determined by a wound healing assay and the quantification of wound 

cell density (Figure 5. 20).  For BOECs, there was no difference in the dose response curve to 

either adenosine or adenosine with ADA2, as the same logEC50 of -6.7M was observed.   

As a reference, for HUVEC migration there is a right shift for ADA2 with adenosine, LogEC50 -

6.5M, in comparison to adenosine only, LogEC50 -7.4M (p<0.0001).  

Focusing on one adenosine concentration (0.5µM), adenosine restored the decrease in 

wound healing created by ADA2, to control levels.  This effect was not seen in HUVECs where 

ADA2 with adenosine, continues to significantly reduce cell migration, from control (-43.3% 

p<0.0001) and adenosine alone (p<0.0001).   

  



Chapter 5: 
Results 3 - Adenosine deaminase 2 pathway of BOECs 

 

167 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 20 ADA2 in the presence of adenosine restores the ADA2 induced 
reduction in BOEC migration   

Endothelial cell migration was quantified using Incucyte® Zoom software analysis of wound 
density.  A) For BOECs the log dose curve for adenosine with or without ADA2, shows no 
significant shift in the presence of ADA2.  B) For HUVECs the log dose curve shows a right shift 
with adenosine in the presence of ADA2 C) The treatment of ADA2 (10U/L) and/or adenosine 
(0.5µM) was observed.  For BOECs, the ADA2 inhibition of migration was removed to control 
levels.  Whereas, for HUVECs, the ADA2 reduction in cell migration was not improved in the 
presence of adenosine.  The data was obtained by 3 independent biological replicates (n=3), 
with two technical replicates per sample.  The error bars show the mean ± SEM.  Statistical 
analysis used a 2way ANOVA with Šídák's multiple comparisons test and revealed significant 
differences from control, shown by (*), where p<0.05.  Abbreviation- Ado: Adenosine.     
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5.4.3.5.3. Monocyte adhesion  
EC were pre-treated with ADA2 in the presence or absence of adenosine, and then stimulated 

with TNF-α for 4 hours.  The stimulated ECs were co-cultured with calcein AM labelled-THP-

1s.  The number of adherent monocytes after various combination of treatments, was 

quantified and displayed in Figure 5. 21.   

When BOECs were pre-treated with both ADA2 and adenosine, the monocyte adhesion 

returned to control levels, compared to the reduction seen with ADA2 (p=0.0043), or 

adenosine alone (p=0.0017).  ADA2 in combination with adenosine was also, significantly 

different from control (p<0.0001) and equivalent to TNF-α alone in BOECs.   

Pre-treatment with ADA2 and adenosine, restores HUVEC monocyte adhesion significantly 

from control (p<0.0015).  Monocyte adhesion to HUVEC was inhibited by either ADA2, or 

adenosine alone, and this was not significantly increased when treated with ADA2 in 

combination with adenosine.  However, the increase in adhesion of monocytes to HUVECs 

with ADA2 in combination with adenosine, was increased to levels to become non-significant 

from TNF-α alone.    
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Figure 5. 21 ADA2 in the presence of adenosine enhances monocyte adhesion to 
stimulated BOECs and HUVECs.  

 

 

 

 

  

Monocyte adhesion to TNF-α stimulated BOECs or HUVECs, was evaluated after pre-treatment 
with ADA2 (10 U/L), in the presence, or absence of adenosine (0.5µM).  Images were captured 
of 3 random fields and quantification of adherent monocytes was achieved using Fiji software 
(Schindelin et al., 2012).  A) BOEC reduction in monocyte adhesion by ADA2, or adenosine, is 
reversed after pre-treatment with both ADA2 and adenosine together.  B) HUVEC monocyte 
adhesion reduction by ADA2 or adenosine is restored by ADA2 in the presence of adenosine.  
The error bars show the mean ± SEM.  Statistical analysis used a one-way ANOVA with Tukey’s 
multiple comparisons test and revealed significant differences, shown by (*), where p<0.05.  
Abbreviation- Ado: Adenosine.     
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5.5. Discussion   
The objectives listed in chapter have been met as follows: 

1. ADA2 is expressed by both BOECs and HUVECs, but to a greater extent in BOECs, 

demonstrated by cross-study transcriptomics, qRT-PCR, and activity assay.  

Extracellular adenosine or ADA2 does not influence this.    

2. ADA2 influenced EC structure by dose-dependently upregulating proteoglycan core 

protein genes, GCP1, HSPG2 and SDC4, in BOECs, and improving heparan sulphate 

recovery after its removal.  BOEC ADORA2A and ADORA2B mRNA expression was not 

influenced by ADA2.  Within the NO pathway, DDAH1 was upregulated in BOECs after 

ADA2 treatment, though NO production remains low.  EC functional assays have 

demonstrated how ECs were influenced dose-dependently by ADA2, for both BOECs 

and HUVECs, as proliferation, migration and adhesion are inhibited.  ADA2 dependent 

inhibition of cell migration, was mediated via A2B AR for BOECs, and A2A AR for HUVECs.      

3. In the presence of its substrate adenosine, ADA2 affected both EC structure and 

function.  The observed ADA2-induced increase in proteoglycan core protein mRNA 

(GPC1 and SDC4), was removed in the presence of adenosine.  In contrast, adenosine 

did not influence the effects observed with ADA2 for BOEC HSPG2 mRNA expression, 

and this was reflected in the ICC images where HS coverage was restored to control 

levels by ADA2, following adenosine mediated inhibition.  In BOEC mRNA expression 

of either ADORA2A or ADORA2B was not affected by adenosine in the presence of 

ADA2.   NO pathway; NOS3 expression was upregulated in BOEC with ADA2 and 

adenosine.  EC functional assays showed the two EC types behaving differently in 

response to ADA2 in the presence of adenosine.  In BOECs ADA2 in the presence of 

adenosine promoted cell proliferation and migration, whereas in HUVECs, this 

combination reduced proliferation and migration.  In terms of monocyte adhesion, 

when both EC types were pre-treated with ADA2 in combination with adenosine, 

there was an increase in monocyte adhesion from adenosine or ADA2 treatment 

alone. 
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5.5.1. ADA2 expression in EC- comparing BOEC with HUVEC 
When DADA2 was first identified in 2014, it was originally thought that ECs (HUVECs and 

HCACE) did not express ADA2 (Zhou et al., 2014). However, scrutinization of protein levels in 

cell supernatants has shown that various endothelial cell types, including HUVEC, express 

ADA2 and secrete ADA2 protein extracellularly, unlike monocytes which express large 

amounts of ADA2, but this is predominantly active intracellularly (Dhanwani et al., 2020).  The 

data presented in this chapter supports the view that ECs express ADA2 and secrete active 

ADA2 extracellularly, as well as reporting BOEC ADA2 expression for the first time.     

However, examination of intracellular ADA2 protein by ICC failed to observe any ADA2 protein 

expression in BOECs, when compared to THP-1s as the positive control, despite the ADA2 

mRNA and activity in BOECs.  Previously published data has also failed to detect ADA2 protein 

in EC lysates (intracellular protein) (Zhou et al., 2014).  Preliminary titrations of the anti-ADA2 

antibody at 1:50 was the most appropriate dilution and within manufacturer’s guidelines.  As 

THP-1 ADA2 mRNA levels were 5.6x more, and enzyme activity 3.3x higher, than BOEC, ADA2 

protein might actually be present at such concentrations to require amplification of the 

antibody signals.   

However, there might be a biological reason for this result.  The ICC reported in this chapter 

examined ADA2 intracellularly by permeabilising the cells.  Dhanwani and colleagues (2020) 

detected ADA2 in western blots of concentrated EC supernatants (extracellular protein).  

ADA2 is an ectoenzyme with a classical signal peptide and perhaps ECs are rapidly exporting 

ADA2, which is why this study, along with previously published work, failed to detect ADA2 

protein intracellularly, despite the presence of mRNA and supernatant activity (Dhanwani et 

al., 2020; Zavialov et al., 2010a; Zhou et al., 2014).  In future, it would be beneficial to explore 

whether non-permeabilization ICC technique or flow cytometry could identify any membrane 

bound ADA2.  In addition to this, following a similar methodology to Dhanwani et al., (2020), 

western blot analysis of the concentrated cell supernatants could be used to look for ADA2 

using the available anti-ADA2 antibody.  The methodology reported to detect ADA2 in the 

concentrated cell supernatants of ECs involved serum-starvation for 48 hours and this fell 

outside the initial scope of this study to establish whether ADA2 was expressed under basal 

conditions.  Although, for future work it would be beneficial to establish if the results seen in 

other ECs are reproducible in BOECs (Dhanwani et al., 2020).  



Chapter 5: 
Results 3 - Adenosine deaminase 2 pathway of BOECs 

 

172 
 

This chapter also highlights that BOECs produce more ADA2 than HUVECs, in terms of mRNA 

and activity assay.  This reflects the data published by Dhanwani and colleagues (2020) where, 

across four EC lines (HKVEC, HBVEC, HDVEC and HUVEC), HUVEC expressed the least ADA2 at 

mRNA level and the lowest secreted ADA2 activity.  Although ADA2 activity is approximately 

3.3x less in BOECs than THP-1 monocytes, the ADA2 that is produced by ECs may have an 

autocrine effect on ECs and add to the exogenously available ADA2.  BOECs are thought to 

arise from circulating ECFC and may repair the endothelium.   The intrinsic ADA2 expression 

level that BOECs express, may aid their proposed role in the repair of the endothelium. 

5.5.2. The influence of recombinant ADA2 on BOECs  

5.5.2.1. AR mRNA expression    

Once it was established that BOECs and HUVECs were also contributing to extracellular ADA2 

pools, albeit to a lesser extent than monocytes, the influence of extracellular adenosine on 

EC structure and function was studied.  ADORA2A and ADORA2B mRNA expression was not 

influenced by extracellular ADA2 for either BOECs or HUVECs.  Although, the mRNA 

expression was not affected, previous work has shown, in a different cell phenotype to ECs 

(Chinese hamster ovary cells); ADA2 increases the binding of adenosine receptor agonists (for 

A2A and A2B receptors), and modulates adenosine receptor affinities towards their ligands, 

similar to ADA1 (Zavialov et al., 2010b).  

 

5.5.2.2. The glycocalyx structure  

ADA2 also influenced BOEC proteoglycan core protein mRNA expression of GPC1, HSPG2 and 

SDC4, in a dose-dependent manner.  ADA2 also significantly improved heparan sulphate 

recovery.  The trend was not emulated in HUVECs, which might be due to the overall 

significantly lower proteoglycan core protein mRNA expression and heparan sulphate protein 

expression for HUVECs.  It is known that dimerization of ADA2 forms a glycosaminoglycan-

binding site, ADA2 binds to both HS and CS, and the dimerization is required for full enzymatic 

activation (Zavialov et al., 2010a).  It is feasible that the ADA2 effects seen in BOEC and not in 

HUVEC, may be driven by the EC glycocalyx produced in vitro, by each cell type. 
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5.5.2.3. mRNA expression in the nitric oxide pathway, and nitrite/nitrate 

production   

Another difference reported in this chapter, between BOECs and HUVECs, is the expression 

of DDAH1, which is an upstream regulator of NOS production.  This is dose-dependently 

upregulated by ADA2 in BOECs, but not in HUVECs.  Although NOS3 and DDAH2 expression 

remained constant in both EC types, upregulation of DDAH1 in BOECs, may promote more 

NOS3 activity and NO production, by the metabolism of ADMA.  However, nitrite and nitrate 

levels for BOECs and HUVECs remained low and similar to basal levels.        

    

5.5.2.4. EC function  
Furthermore, EC function was affected by extracellular ADA2 and this is the first time that this 

has been directly studied in either BOECs or HUVECs.  BOEC and HUVEC proliferation, 

migration and leukocyte adhesion were dose-dependently inhibited by ADA2.  This effect was 

not adenosine receptor-mediated for EC proliferation but was for EC migration.  The ADA2 

reduction in migration was mediated by A2B receptors in BOEC and the A2A adenosine receptor 

in HUVEC.  The difference in AR dependency may be attributed to the fact that BOECs express 

A2B>A2A and HUVECs A2A>A2B.  When the adenylate cyclase inhibitor (SQ22536) was added in 

the presence of ADA2, ADA2’s effects were removed, providing further evidence that this 

ADA2 effect was cAMP-dependent.  The receptor mediating the cell proliferation effect was 

neither A2A nor A2B ARs.  However, it has been demonstrated that in T cells ADA2 can also bind 

via a GAG binding site and another unknown receptor (Zavialov et al., 2010b).  Therefore, the 

ADA2-mediated decrease in cell proliferation could signal by binding to the 

glycosaminoglycans, or another unknown receptor.       

In summary, extracellular ADA2 on its own has homeostatic effects; inhibiting proliferation, 

migration, upregulating DDAH1 and promoting coverage of the glycocalyx and decreasing 

leukocyte adhesion.  These effects were mediated via either adenosine receptors, or other 

receptors independent of ARs.  However, this is probably an oversimplified initial model.  

Under inflammatory conditions, and in DADA2 disease, the substrate for ADA2, adenosine, is 

produced at elevated levels, which may alter the effects observed by ADA2 alone. 
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5.5.3. Influence of ADA2 in the presence of adenosine on BOECs 

5.5.3.1. AR mRNA expression    

In the presence of ADA2, with adenosine, no change was seen in BOEC ADORA2A expression 

or BOEC and HUVEC ADORA2B expression.  It was important to establish that ADA2 in the 

presence of adenosine, was not influencing the AR expression for BOECs, as this may have 

impacted the subsequent experimental work.    Although, HUVECs downregulate ADORA2A 

mRNA expression compared to control and ADA2 alone.  

 

5.5.3.2. The glycocalyx structure  
Proteoglycan core proteins, GPC1 and SDC4, mRNA expression enhancement mediated by 

ADA2, was removed when ADA2 was in the presence of extreme physiological concentrations 

of adenosine.  However, for the proteoglycan core protein, HSPG2, mRNA expression was 

unaffected.  It was previously reported (section 4.4.3) that under conditions where adenosine 

is low, there was an increase in HSPG2 expression but when adenosine levels were elevated 

there was no change in HSPG2 expression from control.  The combination of the HSPG2 

expression results from Chapter 4 and Chapter 5 may suggest that ADA2 is working 

independently of the adenosine deaminase function to promote EC glycocalyx and this result 

is particularly important as this is the proteoglycan core protein which is expressed 

significantly more than the other two proteins.   

 

5.5.3.3. mRNA expression of the nitric oxide pathway and nitrite/nitrate 

production  

The nitric oxide pathway is also influenced by exogenous ADA2 in the presence of extreme 

physiological concentrations of adenosine.  NOS3 expression was upregulated in ECs when 

treated with ADA2 in the presence of adenosine.  This was enhanced from ADA2 or adenosine 

only effects, which may suggest an effect independent of the enzymatic function of ADA2.  

The observed increase in DDAH1 expression by ADA2, was not present with adenosine.  This 

may be reflective of ADA2 metabolising adenosine or ADA2 and adenosine competing for the 

same receptors.  The nitrite and nitrate levels which are increased by BOECs in the presence 

of adenosine, were removed with the addition of ADA2, which implies an effect of 

metabolising adenosine.      
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5.5.3.4. EC function  

When incubated with ADA2 in the presence of adenosine, the EC functional responses 

became divergent for BOECs and HUVECs.  BOEC proliferation was enhanced with both ADA2 

and adenosine, causing a left shift in the dose response curves.  This result may suggest a 

deaminase-independent effect where ADA2 acts as a growth factor under these conditions.  

Whereas, for HUVECs the adenosine effect caused a right shift, suggesting ADA2 was working 

by metabolising extracellular adenosine (a deaminase-dependent effect).   

Adenosine improved BOEC migration mediated via A2A and A2B ARs (reported in Chapter 4), 

whereas ADA2 reduced migration below control, via A2B ARs.  BOEC migration was restored 

to control levels by adenosine, when ADA2 and adenosine were in combination.  These results 

combined suggest that adenosine and ADA2 might be via working two different signalling 

mechanisms, where ADA2 metabolises adenosine reducing migration, in addition to reducing 

migration below control by another mechanism.  In contrast, for HUVECs ADA2 in the 

presence of adenosine reduces the adenosine-mediated effect, causing a right shift in the 

dose response curves, suggesting an effect of metabolising adenosine.  This could be 

potentially due to a number of differences in BOEC and HUVEC cell types, and their individual 

responses to ADA2, which will need to be investigated further.  However, proposed 

explanations may involve, the fact that BOECs produce more glycosaminoglycans in vitro than 

HUVECs, and so more ADA2 can bind to BOECs via the glycosaminoglycan binding site or, the 

fact that ADA2 in the presence of adenosine downregulates ADORA2A in HUVECs. 

Preceding stimulation with TNF-α, adenosine in the presence of ADA2, increased monocyte 

adhesion in BOECs and HUVECs, restoring effects seen either with adenosine or ADA2 alone.  

This might be attributed to ADA2 and adenosine binding.  This flip from anti-inflammatory 

with either ADA2 alone, or adenosine alone, to pro-inflammatory with ADA2 and adenosine 

together, suggests a repair mechanism which is evoked in response to inflammatory stimuli.          

In summary, ADA2 in the presence of adenosine, has beneficial effects of repair and renewal 

on the ECs, which are more evident in BOECs than HUVECs.  For example, increasing 

glycosaminoglycan recovery, upregulation of NOS3, enhancement of proliferation, restoring 

migration to control and increasing monocyte adhesion in response to inflammatory 

stimulation.   
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5.5.4. Summary  
The results in this chapter, have demonstrated that ADA2 has a direct effect on endothelial 

cells, rather than simply just metabolising extracellular adenosine or effects mediated via 

other inflammatory cells.  Extracellular ADA2 in unstimulated conditions promotes 

homeostasis whereas, ADA2 in the presence of extracellular adenosine, which is elevated in 

extreme physiological (strenuous exercise) and pathological conditions, promotes repair and 

pro-inflammatory mechanisms.  Both the lack of ADA2 and the increase in adenosine can both 

have deleterious effects, and, therefore, in ADA2-deficient, DADA2 patients, this may 

contribute to the endothelial damage causing the inflammation and vasculitis that is observed 

in these patients.  In addition, in conditions where ADA2 is over-expressed, this may be 

damaging as there are chronic repair and pro-inflammatory mechanisms which do not resolve 

the inflammation.  Nevertheless, this work does not directly identify the ADA2 receptor for 

ECs, and this would be of great interest moving forward in ADA2 and EC studies.  
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6.  Conclusions  
DADA2 is a rare monogenic disease with fatal outcomes for some young patients (Navon Elkan 

et al., 2014; Zhou et al., 2014).  This disease has an expansive phenotype (Lee et al., 2020a).  

Whilst treatment options such as TNF-α inhibitors seem to work well, especially for patients 

within the vascular cluster, HSCT is the only alternative to effectively treat the symptoms for 

patients within the haematological, or immunodeficiency clusters (Ombrello et al., 2019).  As 

a highly invasive treatment, this is not routine.  In addition, there are several family members 

of affected children, who have less severe symptoms (or asymptomatic) DADA2, as well as 

carriers.  This raises the question as to whether these patients need to be pro-actively treated 

before onset of symptoms.  Therefore, there is an urgent need to understand the disease 

mechanism and identify appropriate therapeutic targets.   

The overall aim of the research presented throughout this thesis, was to improve upon the 

understanding of ADA2’s action on the endothelium.  Exploring the endothelial pathways and 

functions which might be directly affected by ADA2 was addressed, in the hope of driving 

towards consensus on ADA2’s physiological functions.  This in turn would gain insight into the 

understanding of the pathogenesis of deficiency of adenosine deaminase 2, and elucidating 

novel therapeutic targets.  In the following subsections, each aim from section 1.5 is stated, 

and will be discussed.     

 

6.1. To isolate and grow BOECs from healthy donors and examine this 

progenitor cell model comparing it to HUVEC 

BOECs were successfully isolated, and confirmation of endothelial cell characteristics were 

confirmed in Chapter 3.  Morphology and endothelial cell surface marker phenotype were 

confirmed in this study and this in in agreement with previous work (Martin-Ramirez et al., 

2012b; Ormiston et al., 2015).  Overall, BOECs and HUVECs behaved in a similar fashion.  

However, BOECs showed potential to be a more relevant endothelial cell model in vitro, due 

to enhanced glycocalyx expression and elevated DDAH2 expression, in comparison to 

HUVECs, and I believe that this is the first time that this has been shown.   

The ability to isolate BOECs is also important in terms of personalised medicine.  BOECs have 

the potential to be used for autologous therapies (Paschalaki and Randi, 2018).  Of particular 
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interest to monogenetic diseases akin to DADA2, BOECs have been shown to be useful as a 

carrier cell for gene therapy (Lin et al., 2002).  An example of a recent study were BOECs were 

used as the vector for gene delivery is in a rat model of pulmonary hypertension (Somani et 

al., 2019).  Rat BOEC cultures were established and genetically altered to over-express human 

eNOS.  The infusion of the genetically modified BOECs showed encouraging and significant 

efficacy for both prevention and intervention in rats with pulmonary hypertension (prevented 

worsening of right ventricular hypertrophy and partially reversed arteriolar muscularisation) 

(Somani et al., 2019).  Therefore, exploring the use of BOECs in the development of DADA2 

gene therapies would be beneficial.   

 

6.2. To identify any involvement of adenosine receptors, and downstream 

pathways on BOEC in comparison to HUVEC by means of expression 

profile, structure, and function.     

Elucidating the effect of the ADA2 metabolite, adenosine, on BOECs, was important before 

moving onto understanding ADA2 itself.  Adenosine works via ARs.  In vitro EC models have 

been reported as having predominantly ADORA2A and ADORA2B expression (Feoktistov et 

al., 2002).  The results from chapter 4 were in agreement with this and revealed the BOEC AR 

profile to be A2B > A2A, in contrast to HUVECs that displayed A2A>A2B.   

Adenosine is generally regarded as anti-inflammatory in its actions, though this is 

concentration dependent (Faas et al., 2017).  The results concurred with this as the effect of 

increasing adenosine concentrations on BOECs, increased cell growth and migration, 

mediated by A2A and A2B ARs, whilst reducing TNF-α stimulated monocyte-endothelial 

adhesion.  I also found that BOECs upregulate ADORA2A under inflammatory conditions, 

which may represent the BOECs trying to compensate by upregulating the adenosine receptor 

known to have anti-inflammatory actions downstream.   

Adenosine levels can rise under conditions such as strenuous exercise (extreme physiology) 

or ischemia (pathophysiology).  At these high concentrations there is some evidence of a 

switch to thrombotic and pro-inflammatory functions in an attempt by the ECs to repair (GAG 

inhibited recovery as well as increased proliferation, migration).  Though, potential 

endothelial dysfunction was observed by downregulation of DDAH2.  It is known that a 
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decrease in DDAH2 is associated with cardiovascular disease (Lambden et al., 2015).  Chapter 

4 showed that DDAH2 was downregulated at pathophysiological concentrations of adenosine 

by BOECs.  This suggests that in disease states such as DADA2, where adenosine plasma levels 

are elevated, nitric oxide production may also be reduced, leading to the endothelial 

dysfunction that is observed.    

 

6.3. To elucidate any physiological, or pathophysiological, effects of ADA2 

in the presence of adenosine, on the endothelial cell expression, 

structure and function  

The earliest reports of DADA2 disease suggested that ADA2 was not expressed by endothelial 

cells (Zhou et al., 2014).  However, recently, work by Dhanwani and colleagues (2020) have 

demonstrated ADA2, at mRNA and protein levels, in four EC types.  Specifically measuring 

ADA2 in endothelial cell culture supernatants rather than cell lysates, identified ADA2 protein 

and activity.  As ADA2 is an ectoenzyme with a signalling peptide, these observations appear 

to be in line with predicted function.  The results in Chapter 5 agree with this and contribute 

BOECs as another EC type which express ADA2, to the other four types identified.   

The transcriptomic analysis of ADA2 expression in Chapter 5 used EndoDB, however, other 

datasets are available.  EndoDB was chosen as a specialist endothelial database, which was 

important due to the ambiguity surrounding the definition of endothelial progenitor cells and 

BOECs, despite EndoDB being a smaller dataset.  Geo Datasets were checked for additional 

BOEC data sets and ADA2 expression data.  A Geo profiles search using both ADA2 as the Gene 

Symbol, and, blood outgrowth endothelial cells, returned no items.  Manually inspecting any 

BOEC study data and using the ‘Analyze with GEO2R’ function provided no additional datasets 

for ADA2 expression in BOECs and therefore transcriptomic analysis was limited to the data 

already scrutinised and discussed from the EndoDB in Chapter 5.    

Data presented in Chapter 5 identifies direct influences of ADA2 on the endothelium.  

Increased proteoglycan core protein structure, alongside accelerated glycocalyx recovery and 

upregulation of DDAH1 is indicative of vaso-protective actions.   

Indirect evidence in the literature, to date, has suggested that ADA2 might be a growth factor 

for ECs (Zavialov and Engström, 2005; Zhou et al., 2014).  In contrast, the results have 
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demonstrated that ADA2 dose-dependently decreases proliferation, migration (A2B AR 

mediated) and monocyte adhesion, reflecting anti-angiogenic and antithrombotic actions. 

However, the action of ADA2 changes in the presence of its substrate adenosine.  This is 

important to determine as adenosine levels fluctuate, responding to the extracellular 

environment (strenuous exercise or hypoxia), and plasma adenosine is elevated in DADA2 

patients.   

For BOECs, ADA2 in the presence of adenosine promotes cell proliferation, overcoming the 

ADA2 mediated reduction, and increases proliferation above the adenosine only effect.  This 

result suggests that ADA2’s effect is not just as an adenosine deaminase, but perhaps a 

receptor mediated effect.  Migration is also promoted in the presence of ADA2 and 

adenosine.  In accordance with this result, ADA2 in the presence of adenosine, reverses the 

reduction in monocyte adhesion caused by either adenosine, or ADA2, alone (after TNF-α 

stimulation).  Finally, ADA2 with adenosine upregulates NOS3.  The positive effect on 

proliferation, migration and NOS3 expression, ADA2 had in the presence of adenosine, 

appears to be an adenosine deaminase-independent effect.  ADA2 in the presence of 

adenosine, switches to a pro-angiogenic action supporting growth and repair.  

In contrast to the adenosine metabolism-independent effects, for BOECs, ADA2 in the 

presence of adenosine, also has an adenosine deaminase-dependent effect.  This is where 

ADA2 with adenosine restores glycocalyx recovery to control levels, from the adenosine 

inhibition.        

The results presented therefore suggest that, in the absence of ADA2, and with increased 

adenosine levels, as found in DADA2 patients, there is a decrease in structural integrity of the 

glycocalyx, alongside the proliferation and migration, working directly and indirectly through 

NOS3 and DDAH2.    

The aims of this thesis have been met as discussed above.  The results explored in this thesis, 

contribute to the current understanding of the endothelial cell model, BOECs, and provide 

evidence for direct ADA2 effects on ECs.  This work highlights the need for appropriate 

endothelial in vitro models, and the complex nature of ADA2 in the presence of adenosine 

signalling pathways.    
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6.4.  Limitations of this study 

Measurement of NO is known to be technically difficult (Csonka et al., 2015; Möller et al., 

2019). NO has a short half-life, 0.1-10 seconds, and so indirect methods are often deployed 

measuring the derivatives of NO.  However, there are many advantages and disadvantages of 

these methods which have been discussed widely in the literature (Coneski and Schoenfisch, 

2012; Hetrick and Schoenfisch, 2009).  In this study, a well established technique was used, 

quantification of nitrite/nitrate production, as metabolites of NO, to indicate NO production 

in the cell supernatants.  Despite the increases in expression of DDAH2 mRNA in BOECs in 

comparison to HUVECs, the results showed no significant increase nitrite/nitrate production 

and the levels remained low in both cell types under basal and inflammatory conditions.  The 

reason for this might be due to this assay being unable to detect low levels of NO production 

via nitrites/nitrates and it is thought that human cells in culture produce less NO than animal 

cells (Hetrick and Schoenfisch, 2009).  Electrochemical NO sensors are another alternative 

that could be used but these also have disadvantages such as the signal reduction by oxygen, 

carbon monoxide and other interferents (Hetrick and Schoenfisch, 2009).  Therefore, the data 

at mRNA level for genes involved with the NO pathway (NOS3, DDAH1 and DDAH2), provided      

more useful insight into the NO pathway than the nitrite/nitrate production data.      

As candidate receptors for ADA2, and the receptor for ADA2’s metabolite, ARs were studied.  

This analysis was limited to observing changes of mRNA expression and was not assessed 

further at protein level.  This is due to the lack of specific A2B AR antibodies, as discussed 

within Chapter 4 (Carmona-Rivera et al., 2019).  Once these antibodies become available in 

the future, it would be prudent to look at the influence both adenosine and ADA2 has on the 

cell surface expression of the ARs using methods such as immunofluorescence, flow 

cytometry or western blot.    

The isoenzyme of ADA2, ADA1, is also expressed in BOECs.  Transcriptomic analysis using the 

EndoDB showed expression of ADA1 mRNA across all 4 BOEC data sets (data not shown).  The 

expression of another adenosine deaminase by this cell type, raises the question as to 

whether this could influence the results reported in Chapters 4 & 5 by altering the 

concentrations of adenosine.  In this study we chose not to inhibit ADA1 produced by the cells 

during in vitro experiments for a number of reasons.  Firstly, although ADA1 & ADA2 are both 

adenosine deaminases, they differ in optimal conditions for enzymatic activity.  For instance, 
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by location: ADA1 is primarily located intracellularly, unlike ADA2 which is found 

extracellularly, and there are great differences in the optimal pH and environment such as 

normoxia versus hypoxia.  In addition to this, inhibiting ADA1 and influencing adenosine levels 

intracellularly will influence cell signalling, introducing another variable that would not be 

related to the extracellular ADA2 effect that this study intended to be measure. 

     

6.5.  Future work   

In terms of developing the understanding of both the BOEC model, and DADA2 pathogenesis, 

it would be interesting to see how BOECs isolated from DADA2 patients might behave in vitro 

and whether any BOEC function/dysfunction could be restored with therapeutic agents.   

This study has showed adenosine deaminase-independent effects of ADA2 which might be 

attributed to ADA2 binding to an endothelial receptor, potentially an AR, and altering 

downstream signalling pathways.  Identification of the ADA2 endothelial receptor, is pivotal 

and would advance the understanding of the mechanism of action of this protein and drug 

targets and potential therapy for patients.  In other cell types, such as monocytes and T cells, 

this has been carried out by fluorescently labelling ADA2 and allowing it to bind to the cells, 

in combination with pharmacological agents, such a GAG degrading enzymes, and observing 

any changes in ADA2 binding, by flow cytometry (Zavialov et al., 2010b).  For a number of 

immune cells lack of recombinant ADA2 binding was seen after enzymatic removal of the 

glycocalyx.  However, for T cells the binding of the fluorescently labelled ADA2 was only 

partially prevented when the glycocalyx was removed and this was suggestive of another 

ADA2 receptor on T cells.  Similar experiments should be carried out with endothelial cells, 

such as BOECs, to identify the ADA2 receptor on these cells.  In addition to this, techniques 

such as immunoprecipitation would be useful in identifying the ADA2 receptor.    
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Appendix I- Materials and suppliers  
 

Supplier  Materials  

Abcam Goat Anti-Mouse IgG+IgM H&L (FITC) preadsorbed (ab47830) 

Amsbio Heparinase III (Heparitinase I) Flavobacterium heparinum (EC 
4.2.2.8), 0.1 IU 

Ab Heparan Sulfate, purified (clone F58-10E4), 50ug pack 

Biorbyt Human CECR1 protein 

Cole Parmer PROPLATE48 

PROSEAL48  

Lonza EGM-2 MV BulletKit 

PromoCell Freezing Medium Cryo-SFM 

Qiagen QuantiTect Primer Assays, ADA2 primer (QT01667862) 

R&D systems Recombinant Human Adenosine Deaminase 2/CECR1 Protein, 
CF 

Adenosine Deaminase 2/CECR1 Antibody (NBP1-89238), 

Pentostatin- pan-adenosine deaminase inhibitor 

EHNA hydrochloride – selective ADA1 inhibitor 

SIGMA-aldrich Adenosine 

Alloxazine – A2B receptor antagonist 

Bovine Serum Albumin 

Cell proliferation kit ELISA BrdU 

Custom oligo primers (various) 

Diethylamine NONOate diethylammonium salt 

Dulbecco’s Phosphate Buffered Saline 

Dulbecco′s Modified Eagle′s Medium 

Ethylenediaminetetraacetic acid solution 

Endothelial Cell Basal Medium without Phenol Red (500 ml) 

Endothelial Cell Growth Supplement without FBS (5ml-2 parts) 

Glacial Acetic Acid 

RNaseZAP™, Cleaning agent for removing RNase 

Nitrite/Nitrate Assay Kit, colorimetric 

RPMI-1640 Medium 

SCH 58261 – A2A receptor antagonist 

SQ22536 - adenylate cyclase inhibitor 

Tris base  

Trypsin Solution 10X 

ThermoFisher Scientific 6X TriTrack DNA Loading Dye 

8-well Chamber Slide w/ removable wells 

Collagen I Rat Protein, Tail 

DNase I, RNase-free (1 U/µL) 

Fetal Bovine Serum, qualified, heat inactivated, US origin 100ml 
(batch 1856052) 

Ficoll-Paque PLUS 

GeneRuler Low Range DNA Ladder, ready-to-use 
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Glycogen, RNA grade 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, 
Alexa Fluor 488 

Hoechst 33342, Trihydrochloride, Trihydrate, 100 mg 

Maxima SYBR Green/Fluorescein qPCR Master Mix (2X), 

RevertAid First Strand cDNA Synthesis Kit 

Sodium citrate vacutainers 

TRIzol™ Reagent 

TrypLE™ Select Enzyme (1X), no phenol red (100ml), 

Water, nuclease-free 

VWR GelRed® nucleic acid gel stain, 10,000x in water 
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Appendix II- Buffers and solution  
 

TAE buffer  

10x stock of TAE buffer was prepared using 12.1g Tris, 2.85ml of glacial acetic acid and 5ml of 

0.5mM EDTA.  dH2O was used to make the solution up to 250ml.   

 

TBS buffer  

10x stock of TBS buffer was prepared by 24g Tris base and 88g NaCl dissolved in 900ml of 

dH2O and adjusted to pH 7.6.   dH2O was added to make a final volume of 1L.   
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Appendix III- Consent form 
1617/024 V2  CONSENT FORM 

WRITTEN CONSENT TO PARTICIPATE IN A RESEARCH STUDY 

 

 

Statement by participant 

 

• I confirm that I have read and understood the information sheet/letter of invitation for this study. 
I have been informed of the purpose, risks, and benefits of taking part. 

 

Use of blood and blood derived cells to study vascular inflammation. 

 

• I understand what my involvement will entail and any questions have been answered to my 
satisfaction. 

 

• I understand that my participation is entirely voluntary, and that I can withdraw at any time without 
prejudice. 

 

• I understand that all information obtained will be confidential. 
 

• I agree that research data gathered for the study may be published provided that I cannot be 
identified as a subject. 
 

• Contact information has been provided should I (a) wish to seek further information from the 
investigator at any time for purposes of clarification (b) wish to make a complaint. 

 
 
       Participant’s Signature---------------------------------------------------------------------------------------------- 
 
 
       Date ------------------------------------------------------------------------------------------------------------------- 

Statement by investigator 

 

• I have explained this project and the implications of participation in it to this participant without 
bias and I believe that the consent is informed and that he/she understands the implications of 
participation. 

 

Name of investigator ----------------------------------------------------------------------------------------------- 

 

Signature of investigator ------------------------------------------------------------------------------------------- 

 

 Date ------------------------------------------------------------------------------------------------------------------- 
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Appendix IV- qRT-PCR primer validation  

Each of the primers in this study was validated by performing a cDNA serial dilution as 

described in the general methods (Figure A.1).  Primer effeciency was calculated using the 

equation of the line (Cq values plotted against the log of the quantity of cDNA used).  To 

confirm that a single pcr product is formed and no off-target amplification, a melt cruve was 

performed at the end of each qRT-PCR run (confired by a single peak), and then the pcr 

products were run on a 2% agarose gel (confirmed by a single band at the expected product 

sizeand no amplifiaction in the no template control).     

  

 

Figure A. 1 Example of primer validation 

Primer efficiency was validated for all primers using cDNA serial dilutions.  This figure shows 
GAPDH primer validation. A) The equation of the line was used to calculate the efficiency and 
an R2 value. B) The PCR products for each of the cell lines and a no template control (NTC) 
were run on a 2% w/v agarose gel, stained with 1x GelRed® (Biotium) fluorescent nucleic acid 
stain.  Visualization shows 1 product at the expected product size of 105bp. C) The derivative 
melt curve was used to screen for unintended products.  Only one peak was seen for the 
GAPDH serial dilution, suggestive of one pcr product.   
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Appendix V- Preliminary observation of intracellular BOEC vWF expression  

Another characteristic marker of ECs is von Willebrand Factor (vWF).  Expression of vWF was 

compared using ICC and confocal microscopy, as this method allowed visualisation of the 

distribution of vWF intracellularly.  BOECs express vWF as shown in the representative images 

from 3 BOEC donors (Figure A. 2).   

 

 

Figure A. 2 Representative confocal images show vWF intracellularly in BOECs 

Images taken of BOECs isolated from 3 different donors (A, B and C), using confocal imaging 
showing, vWF (green) and the nuclear stain, Hoechst 33342 (blue). Magnification x400, scale 
bar represents 20µM. 
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Appendix VI- Effect of total ADA on BOEC proliferation  

BOEC cells were treated with increasing concentrations of adenosine, total ADA (isolated from 

calf intestine, Sigma-Aldrich), in the absence or presence of the ADA1 specific inhibitor, EHNA, 

for 24 hours.  BOEC proliferation was measured using a BrdU ELISA as outlined in the general 

methods.  Total ADA (both ADA1 and ADA2) did not influence BOEC proliferation, however, 

in the presence of the ADA1 specific inhibitor, EHNA, proliferation was reduced; an ADA2 

mediated effect (Figure A. 3).  Adenosine affects BOEC proliferation in a dose dependent 

manner and in the presence of total ADA, proliferation is increased further at every 

concentration of adenosine.  In the presence of increasing concentrations of adenosine, total 

ADA and the ADA1 specific inhibitor (EHNA), a significant spike in growth is seen at 0.5µM; an 

ADA2 influence on BOEC proliferation at extreme physiological concentrations of adenosine 

(+65 +/- 17.4% n=5, p <0.01).    

 

Figure A. 3 At 0.5µM adenosine, ADA2 influences BOEC proliferation  

BOEC proliferation was measured by colorimetric BrdU assay.   A)  BOECs were incubated with 
total ADA, in the presence or absence of EHNA (the ADA1 specific inhibitor).  Total ADA with 
EHNA significantly decreased BOEC proliferation (*p=0.0221, unpaired t test). B) ADA2 only 
influences BOEC proliferation in the presence of adenosine, at 0.5µM, creating a significant 
spike in growth (p=0.0150, 2way ANOVA).  The error bars show the mean ± SEM, n=5.   
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