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Abstract 

Invasive revascularisation procedures such as coronary artery bypass grafting 

(CABG) and percutaneous coronary intervention (PCI) are used to treat advanced 

atherosclerosis. The CABG procedure is the most common type of cardiac surgery 

performed in the UK and the great saphenous vein (SV) remains the most widely 

used conduit largely due to availability and length. However, recent reports 

suggest that approximately 50% of all SV grafts fail at 10 years following CABG 

and the incidence of arterial restenosis, following drug-eluting stent (DES) 

implantation remains around 10%. Vascular smooth muscle cells (VSMCs) 

proliferation- and migration- driven neointimal formation post CABG- and/or 

PCI- induced vascular injury has been considered a major pathological driver of 

both vein graft disease (VGD) and in-stent restenosis (ISR) ultimately leading to 

treatment failure. 

Accumulating evidence suggests that extracellular vesicles (EVs) play a 

significant role in intercellular communication in both physiological and 

pathophysiological conditions, and due to their promising therapeutic potential, 

EVs are currently being extensively studied as disease mediators and therapeutic 

delivery vehicles. Understanding the different mechanisms that may be involved 

in the regulation of VSMC-driven neointimal formation remains an important step 

towards successfully developing therapeutic strategies that could improve 

clinical outcomes associated with both CABG and PCI. Therefore, the primary 

aim of this thesis was to study the effect of VSMC-derived EVs on recipient cell 

responses with a particular focus on EV-mediated autocrine regulation of VSMC. 

Since abnormal signalling mediated by platelet-derived growth factor (PDGF), 

has been implicated in the development of neointimal formation post vascular 

injury, prolonged PDGF stimulation of human SV smooth muscle cells (HSVSMCs) 

was used to model the pathological conditions under which neointimal lesions 

develop in an in vitro setting. Following the optimisation of an EV purification 

method, EVs were obtained from the conditioned culture media (CCM) of 

HSVSMCs +/- PDGF stimulation and successfully characterised in terms of size, 

concentration, protein content and morphological appearance. It was found that 

while EV size and morphology remained unaltered, PDGF stimulation of HSVSMCs 
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resulted in increased EV secretion. Further studies determined that PDGF was 

not packaged into EVs after prolonged PDGF treatment of HSVSMCs. 

Next, following small RNA sequencing (RNAseq) analysis, it was found that PDGF 

stimulation of HSVSMCs induced significant changes in their EV cargo. Six known 

differentially expressed miRNAs: miR-24-3p, miR-409-3p, miR-21-5p, let-7A-5p, 

miR-1-3p and miR-224-5p, were found to be significantly upregulated in PDGF 

EVs compared to control EVs. Four out of six differentially expressed miRNAs 

(miR-24-3p, miR-224-5p, miR-409-3p and, let-7A-5p) were also successfully 

validated by qRT-PCR analysis. Gene set enrichment analysis (GSEA) revealed 

that miR-24-3p and miR-224-5p miRNAs may be involved in the regulation of 

biological processes such as cell proliferation, migration, and apoptosis - all 

previously implicated in the development of neointimal formation. 

Next, the effects of miR-24-3p or miR-224-5p EVs on HSVSMC proliferation, 

migration and cell viability were assessed. It was found that, while neither miR-

24-3p EVs nor miR-224-5p EVs had any significant effect on PDGF-induced 

HSVSMC proliferation and cell viability compared to naïve EVs, miR-224-5p EVs 

significantly inhibited EV-depleted foetal bovine serum (FBS)-induced HSVSMC 

migration compared to both naïve EVs and miR-24-3p EVs through an unknown 

mechanism. 

Finally, it was found that serum EVs from mice with carotid artery ligation-

induced vascular injury do not significantly differ compared to EVs from control 

mice in terms of size and concentration. However, qRT-PCR analysis of miR-24-

3p and miR-224-5p suggested that the expression of both miRNAs was 

significantly upregulated in serum EVs isolated from injured mice at day 14 and 

day 5 after surgery respectively compared to control mice. 

Overall, these studies provide evidence that prolonged PDGF signalling in 

HSVSMCs significantly alters the EV population secreted by those cells in terms of 

concentration of particles released and miRNA expression profile. Additionally, 

the demonstrated ability of miR-224-5p EVs to supress HSVSMC migration 

compared to naïve EVs and miR-24-3p EVs provides valuable insights into an 

alternative mechanism of EV-mediated regulation of VSMCs with promising 

potential for future therapeutic studies.  
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1.1 Coronary artery disease 

Atherosclerosis is considered the most common cause of coronary artery disease 

(CAD). It is a progressive and inflammation-driven condition characterised by the 

process of atheroma (atherosclerotic plaque) formation and thickening of the 

innermost layer of the artery (arterial intima) resulting in an insufficient supply 

of oxygen and nutrients to target tissues such as the heart (Figure 1-1) (Falk, 

2006; Knuuti et al., 2020; Stary et al., 1995). Common complications of CAD 

include angina pectoralis, myocardial infarction (MI), cardiac arrythmias and 

chronic heart failure (Cassar et al., 2009). The traditional risk factors for 

developing CAD include age, obesity, smoking, type 2 diabetes mellitus (T2DM), 

hypertension, dyslipidaemias, and chronic kidney disease (Hajar, 2017). To date, 

CAD continues to be a leading cause of morbidity and mortality globally, 

affecting approximately 2.3 million people in the UK (3.5%) (Bhatnagar et al., 

2015; Tsao et al., 2022). The treatment options generally depend on the severity 

of the disease and can be non-invasive and/or invasive. Non-invasive treatments 

include life-style modifications, such as exercise, healthy diet, smoking 

cessation, and drug treatments, such as blood pressure- and cholesterol- 

lowering medication (da Luz et al., 2011). In severe cases of advanced 

atherosclerotic disease, invasive revascularisation procedures such as 

percutaneous coronary intervention (PCI) (or angioplasty with a stent) and 

coronary artery bypass grafting (CABG) are used to restore adequate blood 

supply (Lawton et al., 2022; Neumann et al., 2019). 

 
Figure 1-1 Schematic representation of atherosclerotic plaque development within the 
coronary artery.  The coronary artery wall consists of three distinct layers: the innermost layer 
(tunica intima), the middle layer (tunica media), and the outermost layer (tunica adventitia or 
externa). Continuous atherosclerotic plaque formation and intimal thickening drives CAD resulting 
in obstructed blood flow to cardiac tissue (Milutinović et al., 2020). Image taken and adapted from 
Servier Medical Art (Creative Commons Licence). 
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1.2 Treatment of advanced CAD – CABG and PCI 

CABG is a surgical method which uses the internal mammary artery (IMA), the 

radial artery (RA) or the great saphenous vein (SV) of the leg to bypass one or 

more severely occluded coronary arteries (Harris et al., 2013). CABG procedure 

is the most common type of cardiac surgery performed in the UK (National 

Institute for Cardiovascular Outcomes Research, 2021) with more than 20,000 

CABG procedures performed annually in UK (average over a 15-year period – 

2002-2016) (Ohri et al., 2022). CABG surgery remains the standard of care for 

patients with left main or complex three-vessel CAD (Lawton et al., 2022; 

Neumann et al., 2019), and the great SV remains the most commonly used 

conduit for all non-left arterial descending coronary artery cases of CAD (80 – 

90% of all patients) (Caliskan et al., 2019). SV grafts are advantageous compared 

to arterial conduits largely due to their availability and length, which makes 

them suitable for most patients suffering from multivessel disease, but also 

because they are easier to harvest, easier to handle when performing 

anastomoses, not influenced by vasospasm, and do not increase the risk of 

sternal wound infection (de Vries et al., 2016).  

PCI, on the other hand, is a non-surgical technique used to widen narrowed or 

blocked arteries involving the implantation of a stent such as bare metal stent 

(BMS) or drug-eluting stent (DES) (Lawton et al., 2022; Neumann et al., 2019; 

Windecker et al., 2014). The use of DES has been found to be advantageous 

compared to BMS due to the association of DES with considerably improved 

safety (reduction in MI/stent thrombosis) and efficacy (reduced target vessel 

revascularization) profile in the 1st year after implantation (Jensen and 

Christiansen, 2019; Piccolo et al., 2019). Following the recent guidelines of the 

National Institute for Health and Care Excellence (NICE), the use of DES is 

recommended in people with acute coronary syndrome (ACS) undergoing 

revascularisation by PCI (NICE, 2020). However, despite recent advances in 

coronary artery interventions, both CABG and PCI are associated with 

considerably high failure rates arising from the development of vein graft 

disease (VGD) and in-stent restenosis (ISR), respectively (Buccheri et al., 2016; 

Caliskan et al., 2019). 
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1.3 VGD and ISR  

Both CABG and PCI interventions have been found to cause vascular injury which 

results in the development of VGD and ISR, respectively. The development of 

VGD is characterised by the occurrence of three major pathogenic mechanisms 

including early thrombosis (Grondin et al., 1974), neointimal lesion formation 

(Kockx et al., 1996) and accelerated atherosclerosis (Bulkley and Hutchins, 

1977), all of which contribute to vein graft failure (Figure 1-2). On the other 

hand, intimal hyperplasia leading to neointimal formation is considered the main 

pathological mechanism underlying ISR following PCI with stent implantation 

(Buccheri et al., 2016; Kim and Dean, 2011; Looser et al., 2016). The 

introduction of the ‘no-touch’ technique for SV graft harvesting has improved 

the patency rate of SV grafts to 83% at 16-year follow-up, a patency rate 

comparable to IMA grafts (Samano et al., 2015). However, recent reports suggest 

that between 10-25% of vein grafts fail within 1 year of surgery primarily due to 

the23édium23ent of neointimal formation with an overall vein graft patency rate 

of approximately 40–50% at 10 years follow-up (Caliskan et al., 2019; 

McKavanagh et al., 2017). In comparison, following the introduction of DES, the 

incidence of arterial restenosis has been reduced to less than 10% with 

improvement of both frequency and extent of intimal hyperplasia (Buccheri et 

al., 2016). Current research efforts are focusing on developing therapeutic 

strategies to target different stages of VGD and ISR development.  

1.4 Vascular injury and intimal hyperplasia/neointimal 
formation 

Intimal hyperplasia is defined as an abnormal accumulation of cells within the 

innermost layer of an artery or a vein, and it has generally been accepted as the 

main feature of vascular repair responses following injury. During this process 

different coagulation and inflammatory factors and cells stimulate proliferation 

and migration of vascular smooth muscle cells (VSMCs) from the tunica media to 

the tunica intima (Newby and Zaltsman, 2000). Neointimal lesion formation 

driven by intimal hyperplasia is a common pathological event observed in diverse 

proliferative vascular diseases, such as atherosclerosis/CAD, VGD following CABG 

(Figure 1-2) and arterial restenosis post-PCI (Cizek et al., 2007; Kijani et al., 

2017; Newby and Zaltsman, 2000). The pathophysiological mechanisms 
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underlying the development of both – VGD and ISR, include similar molecular and 

cellular processes contributing to vessel remodelling and neointimal formation 

that occur mainly due to induced-vascular injury (Chaabane et al., 2013; de 

Vries and Quax, 2018; Gaudino et al., 2017; Newby and Zaltsman, 2000). VSMCs 

have been recognised as major contributors to the development of neointimal 

formation post vascular injury (in both VGD and ISR) with excessive VSMC 

proliferation and migration identified as key pathological drivers (Kockx et al., 

1992; Marx et al., 2011; Wu et al., 2020; Zou et al., 1998). 

1.4.1 Mechanical injury-associated vascular changes and 
thrombosis 

In the case of CABG surgery, early vein graft failure (during the 1st postoperative 

month) occurs predominantly due to acute thrombosis, secondary to either 

direct endothelial injury or endothelial activation (Parang and Arora, 2009; 

Storey, 2011). However, the introduction of the “no touch” technique for 

harvesting the venous conduit which maintains its endothelium-intact, resulted 

in increased short- (<12 months) (Tian et al., 2021) and long-term (8.5 years) 

patency rates comparable to the left internal thoracic artery (Papakonstantinou 

et al., 2016; Souza et al., 2006). Technical factors such as size mismatch 

between the graft and the target vessel creating turbulent flow as well as 

mechanical trauma and manual distention could also lead to acute thrombosis as 

a result of endothelial layer damage (Parang and Arora, 2009). The venous tissue 

undergoes a period of ischaemia and reperfusion immediately after harvesting 

the graft and following engraftment into the arterial circulation, respectively, 

which leads to significant endothelial cell (EC) damage and subsequently EC 

activation resulting in a prothrombotic phenotype (Parang and Arora, 2009; Solo 

et al., 2019; Tsui et al., 2002; Wise and Brophy, 2016). The 

observed ischaemia/reperfusion injury is aggravated by adverse neutrophil-

mediated myocardial inflammation involving the generation of reactive oxygen 

species (ROS) (Alam et al., 2015; Hausenloy et al., 2007; Vinten-Johansen, 

2004). Endothelial denudation results in the exposure of extracellular matrix 

(ECM) components to the circulation, tissue factor release, and reduction of 

prostacyclin and nitric oxide (NO) bioavailability, all of which contribute to 

increased platelet activation, fibrin deposition and ultimately thrombus 

formation (de Vries and Quax, 2018; Ward et al., 2017). Engraftment in the 



 
 

 

25 

arterial circulation triggers vessel remodelling mechanisms involved in the 

process of arterialisation (vein adaptation). The venous graft is exposed to 

augmented pressure, flow and longitudinal and circumferential shear stress 

which may additionally cause damage to ECs and smooth muscle cells (SMCs) 

consequently triggering an inflammatory response (Figure 1-2) (Stark et al., 

1997; Wadey et al., 2018; Westerband et al., 2001). 

Similarly, the mechanical damage induced during PCI with stent implantation 

also leads to EC damage, platelet activation and thrombus formation along with 

an inflammatory response (Adriaenssens et al., 2017; Chaabane et al., 2013). 

Stent implantation induces platelet adhesion, activation, and thrombus 

formation which demonstrates the mandatory need for an effective anti-platelet 

therapy for a period of time after the procedure (Gawaz et al., 1996). Technical 

factors such as stent under-sizing, coronary dissection, postprocedural TIMI flow, 

and particularly, premature discontinuation of anti-platelet therapy, have all 

been associated with an increased risk of early stent thrombosis (Tyczyński et 

al., 2014). Additionally, delayed vessel healing, characterised by persistent 

fibrin deposition and poorer re-endothelialisation after the deployment of DES, 

has also been recognised as a major contributing factor to late stent thrombosis 

(Finn et al., 2007a; Joner et al., 2006) with stent strut coverage reported as an 

important determinant of thrombosis risk (Finn et al., 2007a). Although, it is 

important to note, that the implementation of dual anti-platelet therapy has 

significantly reduced the risk of thrombosis after both CABG surgery and PCI with 

stent implantation (Généreux et al., 2015; Solo et al., 2019). 

Early vessel healing, following venous or arterial injury, has been linked to the 

early process of re-endothelialisation with proliferating ECs observed during the 

first two weeks post vein graft and DES implantation in experimental animal 

models (Finn et al., 2007b; Tseng et al., 2014). Early repairment of the EC 

monolayer is a crucial disease limiting step in the context of vascular injury. 

Indeed, increased re-endothelialisation has been correlated with reduced 

neointimal formation in experimental rat models of vascular injury (Kleinedler et 

al., 2012; Ren et al., 2020); therefore, highlighting the process of EC monolayer 

recovery as a valuable therapeutic target in VGD and ISR.  
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Figure 1-2 Schematic representation of neointima formation and accelerated atherosclerosis leading to vein graft failure. Within hours of vein graft 
implantation, the endothelial layer becomes damaged due to exposure to increased shear stress leading to fibrin deposition at the site of injury. Circulating 
inflammatory cells including neutrophils, monocytes, and lymphocytes start to accumulate and infiltrate the intima. Under atherogenic conditions, macrophages within 
the vessel wall can uptake lipids, thus turning into foam cells. SMCs from the media and adventitial fibroblasts become activated and start migrating towards the intima 
where they are further stimulated to proliferate by different growth factors and cytokines released by cells in the vessel wall. This process of cell population expansion 
and ECM deposition results in neointimal formation. Taken and modified from (Pashova et al., 2020). 
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1.4.2 Intimal hyperplasia/neointimal formation 

After the initial phase of endothelial damage and endothelial dysfunction, the 

next step is the adaptation of the vein to its new arterial environment 

(arterialisation) which involves the activation and proliferation of VSMCs (Figure 

1-2) (Kwei et al., 2004; Owens, 2010; Owens et al., 2006). During this process, 

the vein graft undergoes structural vessel wall remodelling and intimal 

thickening, resulting in a more stable intimal layer capable of withstanding the 

arterial pressure and shear stress. Therefore, moderate intimal hyperplasia 

within the vein graft is physiological and is required for optimal 

adaptation/arterialisation and long-term graft patency (de Vries et al., 2016). 

One of the theories explaining the potential origin of the observed highly 

proliferative VSMCs within the intima proposes that, under certain conditions, 

fully matured quiescent ‘contractile’ VSMCs migrate from the media to the 

intima where they switch phenotype to a de-differentiated, proliferating 

‘synthetic’ VSMCs (Figure 1-2) (Cooley, 2004; Miano et al., 1993; Wadey et al., 

2018). The EC damage and dysfunction trigger abnormal interactions between 

ECs and VSMCs creating a localised state of inflammation regulated by positive 

feedback loops, which induce more inflammation, and therefore, more 

endothelial dysfunction (de Vries and Quax, 2018; Ward et al., 2017). In this pro-

inflammatory state observed at the site of injury, activated ECs, platelets, 

monocytes, and leukocytes secrete various pro-inflammatory mediators including 

E- and P-selectin, interleukin (IL) -6, IL-8, platelet-derived growth factor 

(PDGF), transforming growth factor beta 1 (TGF-β1) and basic fibroblast growth 

factor (b-FGF), thereby promoting local inflammation and VSMC phenotypic 

switching, proliferation, migration and ultimately neointimal formation (Figure 

1-2) (Barrientos et al., 2008; Christiansen et al., 2004; Goel et al., 2012; Marmur 

et al., 1992; Sterpetti et al., 1996a; Tsai et al., 2009; Tseng et al., 2014). Even 

though these mechanisms are important for adaptive vein graft remodelling, 

pre-clinical studies have demonstrated that TGF-β1 (Wolff et al., 2006), PDGF 

(Hu et al., 1999), FGF (Dol-Gleizes et al., 2013), IL-1b (Li et al., 2014) and 

tumour necrosis factor α (TNF-α) (Zhang et al., 2004) promote VSMC phenotype 

switching and vein graft neointimal formation. It has been previously shown that 

targeting some of those growth factors and/or their receptors (e.g., PDGF, 

PDGFR, TGF-β1) in vivo negatively affects the development of both venous and 



 
 

 

28 

arterial neointimal hyperplasia (Guan et al., 2014; Hu et al., 1999; C. Huang et 

al., 2017; Sun et al., 2012). Early remodelling of the engrafted vein was found to 

be predictive of consequent vein graft failure (Gasper et al., 2013), and both ex 

vivo and in vivo studies demonstrated that strategies for inhibition of excessive 

intimal hyperplasia as therapeutic approaches may potentially improve vein 

graft patency (Longchamp et al., 2014; Moodley et al., 2013). 

Vessel recoil is major contributor to arterial restenosis following balloon 

angioplasty and risks associated with it could virtually be eliminated by the 

placement of a stent during PCI (Sigwart et al., 1987). However, stent 

underexpansion during implantation is a procedure-related equivalent of vessel 

recoil resulting in similar mechanisms of arterial restenosis associated with both 

types of procedures (Dangas et al., 2010; de Ribamar Costa et al., 2007). 

Notably, PCI with stent implantation introduces some additional stent-related 

factors influencing the risk of restenosis (Dangas et al., 2010; de Ribamar Costa 

et al., 2007). The cascade of events initiated following stent placement during 

PCI is a very broad concept and many processes have been proposed to be 

involved. Similar to the mechanisms involved in neointimal formation within the 

engrafted vein, arterial neointimal hyperplasia is primarily driven by VSMC 

proliferation and migration and ECM formation (Jukema et al., 2011; Marx et al., 

2011). A complex interplay between several cellular and molecular responses, 

including platelet, leukocyte and EC activation and the secretion of various GFs 

and pro-inflammatory mediators such as PDGF, TGF-β, IL-1, IL-6, and IL-8, 

contributes to intimal hyperplasia and the development of restenosis (M. S. Lee 

et al., 2004). After vessel injury, activated platelets release PDGF and other 

mitogenic factors that penetrate the vascular wall and trigger medial VSMC 

proliferation and migration (Forrester et al., 1991; Herring et al., 2014; Welt 

and Rogers, 2002). Although such wound healing-related reactions are 

physiological to some extent, in some cases the proliferative response becomes 

excessive resulting in re-narrowing of the treated vessel. Since VSMCs have been 

proposed as major drivers of arterial restenosis following injury (Marx et al., 

2011), therapeutic approaches involving the inhibition of VSMC proliferation and 

migration had been successfully utilised to limit the process of intimal 

hyperplasia and subsequently reducing the rates of arterial restenosis (Liu et al., 

2009, 2021; O’Sullivan et al., 2011; Tsai et al., 2009). In clinical settings, a 
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therapeutic strategy targeting local VSMCs proliferation and migration with DES 

coated with specific inhibitors of cell proliferation, including plumericin, 

xanthohumol, paclitaxel, and sirolimus, has been shown to successfully inhibit 

intimal hyperplasia after PCI both in vivo and also in clinical studies (Dibra et 

al., 2005; Heiss et al., 2016; R. Liu et al., 2017) through potentially different 

mechanisms of action (Heiss et al., 2016; Kim et al., 2018). Although, the 

introduction of DES greatly improved PCI as a treatment option for advanced 

atherosclerotic disease, it has been previously shown that drugs used in this 

technology could indiscriminately target both ECs and VSMCs leading to severe 

side effects because of impaired re-endothelialisation, increasing the risk of late 

thrombosis (Finn et al., 2007a). 

Matrix metalloproteinases (MMPs), a group of enzymes with proteolytic activity 

which could extensively modify the ECM within the vasculature, have also been 

shown to play a significant role during vascular remodelling and inflammation 

(Nagase et al., 2006). It has been reported that MMPs, including MMP2 and MMP9 

– both capable of degrading collagen and other ECM components, were highly 

expressed in engrafted veins during structural remodelling (Berceli et al., 2004), 

and inhibition of MMPs with doxycycline was linked to a significant reduction of 

intimal hyperplasia in vitro and in vivo (Lardenoye et al., 2005). MMPs have also 

been implicated in the pathogenesis of ISR after PCI (Ge et al., 2006; Kusnierova 

and Pleva, 2017). 

Another important aspect of the development of neointimal formation is the 

immune system which is involved in all phases of VGD (Figure 1-2) and arterial 

restenosis (de Vries and Quax, 2018; Inoue et al., 2011; Maleknia et al., 2020). 

Damage of the vessel wall associated with vein graft implantation results in 

increased selectin-mediated leukocyte adhesion on vascular endothelium and 

subsequent endothelial dysfunction and vessel wall infiltration (Schlitt et al., 

2006; Tseng et al., 2014). Similarly, in the context of injured arteries, 

neutrophils have been found to infiltrate the vessel wall through the damaged 

endothelial layer following angioplasty (Welt et al., 2000). Findings indicating 

that leucocyte activation is increased by coronary stent implantation (Inoue et 

al., 2000) may help to explain the increased neointimal formation seen in the 

presence of stent. Indeed, leukocyte depletion in a rabbit model of restenosis 
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has been linked to reduced neointimal formation in injured arteries (Miller et 

al., 2001). As known inflammatory mediators, due to their ability to secrete a 

wide range of pro-inflammatory molecules such as cytokines, GFs and proteases 

(including MMP2 and MMP9), activated neutrophils have been implicated in the 

development of diverse vascular pathologies (Leclercq et al., 2007; Packard et 

al., 2009) including neointimal formation. In the context of the latter, 

neutrophils adherent to sites of endothelial injury, have been reported to 

promote VSMC proliferation (Cole et al., 1988). In addition to neutrophils, soon 

after graft or stent implantation, monocytes start to accumulate in the vessel 

wall where they become macrophages actively contributing to the inflammatory 

process by secreting various cytokines and GFs mainly targeting VSMCs (Eslami et 

al., 2001; Malinska et al., 2013; Rubin et al., 1998). Interestingly, it has been 

reported that macrophages become the most common type of inflammatory cells 

present in the vein graft which may be able to serve as an early marker of graft 

occlusion (Malinska et al., 2013). Furthermore, both direct or indirect inhibition 

of macrophages, by targeting macrophage activating factors, have been 

successfully explored as potential strategies in preventing the inflammatory 

response and VGD (Ewing et al., 2012; Koga et al., 2015; Schepers et al., 2006) 

The late stages of vein graft failure and arterial restenosis are characterized by 

the development of accelerated atherosclerosis (Figure 1-2) and accelerated 

neoatherosclerosis, respectively (Lardenoye et al., 2002; Otsuka et al., 2014; 

Yahagi et al., 2016). Hallmark features involve increased oxidised low-density 

lipoprotein (ox-LDL) retention and subsequent lipid accumulation into the vessel 

wall (Lardenoye et al., 2002; Yazdani et al., 2012) and accumulation of lipid-

loaded foam cells within the neointima, with or without necrotic core formation, 

calcification or complications of thrombosis (Lardenoye et al., 2002; Romero et 

al., 2015). 

1.5 PDGF signalling in VSMCs 

Abnormal PDGF signalling has been implicated in the development of various 

cardiovascular pathologies including neointimal formation after vascular injury 

(Hu et al., 1999; M. S. Lee et al., 2004; Raines, 2004). Using different in vivo 

models of vascular injury, it has been possible to study the kinetics of VSMC 

migration and proliferation following acute injury, and to determine the factors 
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capable of modulating VSMC accumulation, including the role of PDGF (Ebert et 

al., 2021; Raines, 2004). Analysis of the time course of PDGF and PDGFR 

expression following vascular injury demonstrated that the expression of PDGF-

A/B and PDGFR-α/β was significantly dysregulated at both the mRNA and protein 

level with variable expression patterns detected for all factors at different 

disease stages (Raines, 2004). The dysregulation of PDGF-mediated signalling, 

leads to a subsequent alteration of multiple downstream pathways controlling 

VSMC phenotype (Frismantiene et al., 2018). Indeed, the contribution of PDGF to 

neointimal lesion formation has been successfully demonstrated. It has been 

shown that inhibition of PDGF signalling (i.e., through a blockade of PDGF 

ligands or receptors) results in reduction of VSMC proliferation and migration, 

and ultimately neointimal formation (Ferns et al., 1991; Hu et al., 1999; Jackson 

et al., 1993; Lewis et al., 2001). Therefore, fully elucidating the role of PDGF-

mediated signalling in the context of vascular injury could potentially provide 

targets for treatment/prevention of VGD/vein graft failure and ISR.  

1.5.1 PDGF ligands and PDGF receptors 

There are four classical types of PDGF polypeptide chains/subunits, including 

PDGF-A, PDGF-B, PDGF-C and PDGF-D, encoded by four different genes – PDGFA, 

PDGFB, PDGFC and PDGFD respectively, which can form five distinct PDGF 

isoforms. Functional PDGF ligands include PDGF-AA, -BB, -CC, and -DD 

disulphide-linked homodimers and a PDGF-AB heterodimer consisting of both 

PDGF-A and PDGF-B subunits (reviewed in (Chen et al., 2013)).  

Although the α-granules of platelets represent the main storage site for PDGF, 

various other cell types in addition to platelets have been found to synthesize 

PDGF including fibroblasts, VSMCs, vascular ECs, and macrophages amongst 

others (Heldin and Westermark, 1999). The expression of PDGF changes in 

response to a number of factors. External stimuli such as low oxygen tension 

(Kourembanas et al., 1997), thrombin (Daniel et al., 1986; Harlan et al., 1986) 

or stimulation with different cytokines and growth factors, including IL-1β and 

TNF-α (Au et al., 2005; Battegay et al., 1995; Peracchia et al., 1991), have been 

found to increase PDGF synthesis and alter PDGF-mediated signalling. Acting 

through their transmembrane cell surface receptors, PDGF ligands exert potent 

mitogenic activity in fibroblasts, SMCs, and other cells of mesenchymal origin 
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(Hannink and Donoghue, 1989; Heldin and Lennartsson, 2013; Heldin and 

Westermark, 1999; Kohler and Lipton, 1974; Ross et al., 1974), thus having a 

critical role in the regulation of embryonic development, especially the 

formation of vessels and organs (Andrae et al., 2008). In adulthood, however, 

PDGF expression levels are tightly controlled as PDGF overexpression has been 

implicated in several pathological conditions, including atherosclerosis, 

fibroproliferative diseases and various cancers (Östman and Heldin, 2001). 

PDGFR-α and PDGFR-β, which belong to the class III receptor tyrosine kinases 

(RTKs), are transmembrane surface proteins encoded by PDGFRA and PDGFRB 

respectively (Chen et al., 2013). The PDGF-α receptor can bind three PDGF 

isoforms including A, B, and C, but not D, whereas the β receptor can bind only 

PDGF-B and -D; therefore, PDGF receptor binding can induce the formation of 

αα-, αβ-, or ββ-receptor dimers depending on the type of PDGF isoform 

(Miyazawa et al., 1998; Shim et al., 2010). For example, PDGF-BB is able to bind 

to both receptors – PDGFR-α and PDGFR-β in both their heterodimer and 

homodimer forms (Raines, 2004). All RTKs act as signal transducers, relating 

extracellular signals into the cell (Lemmon and Schlessinger, 2010).  

The32édium32ionn patterns of PDGF receptors are complex and dynamic with 

relatively low mesenchymal expression of PDGFRs reported in vivo which has 

been found to considerably increase under inflammatory conditions as well as in 

culture (Heldin and Westermark, 1999; Hoch and Soriano, 2003). There is 

evidence suggesting that PDGFR-α is expressed in cells of mesenchymal origin 

with particularly high expression of this receptor reported in lung, skin, and 

intestine (Andrae et al., 2008; Betsholtz, 2004; Boström et al., 1996). PDGFR-β 

has been found to be expressed in VSMCs and pericytes (Andrae et al., 2008; 

Hellström et al., 1999). Notably, variable expression levels of both receptors 

have also been observed in VSMCs derived from normal and diseased vessels 

(Raines, 2004). A number of cytokines and growth factors have been reported to 

affect the expression levels of PDGF receptors in cultured cells including TGF-β, 

IL-1, b-FGF and TNF-α (Battegay et al., 1990; Gronwald et al., 1989; Paulsson et 

al., 1993; Schöllmann et al., 1992; Tingstrom et al., 1992). Interestingly, it has 

been proposed that, in general, soluble mediators, such as serum and cytokines, 

have relatively small effects on expression levels of PDGFRs, in contrast to other 
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determinants such as “cell context/environment” (i.e., cell-cell contact, 

spreading, and attachment of cells) which was found to have markedly stronger, 

and potentially overriding, effects on receptor expression levels (Barret et al., 

1996). Such determinants of “cell context/environment” in vivo may be altered 

during physical trauma (as in dermal wounds or vascular injury) or pathological 

matrix degradation (as in inflammation) (Barret et al., 1996). 

1.5.2 PDGF signalling cascades 

Ligand binding induce PDGFR activation and dimerization resulting in receptor 

autophosphorylation on tyrosine residues within the intercellular cellular 

tyrosine domain (Rupp et al., 1994), thus providing docking sites for downstream 

signalling molecules (Kazlauskas and Cooper, 1989). Activation of both PDGFR-α 

and PDGFR-β mediates a number of well-studied intercellular signalling 

cascades/pathways including RAS-MAPK (MAPK, mitogen-activated protein 

kinase), PI3K/AKT (PI3K, phosphoinositide 3-kinase), and PLC-γ (PLC-γ, 

phospholipase C-γ) — which are known to be involved in the regulation of 

multiple cellular responses (Andrae et al., 2008) which will be discussed in the 

next sections. Following PDGFR activation, an extensive cross talk between 

downstream signalling pathways occurs (Heldin et al., 1998) (Figure 1-3) PDGF 

signalling is tightly regulated by feedback control mechanisms. The simultaneous 

presence of stimulatory and inhibitory signals is possible, and the ultimate 

response depends on the balance between these signals (Heldin et al., 1998). 

Following ligand binding, transphosphorylation of PDGFRs activates the 

RAS/MAPK pathway, the first RAS effector pathway to be identified (Warne et 

al., 1993), via recruitment of adaptor proteins, containing sequence homology 2 

(SH2) domains, such as growth factor receptor-bound protein 2 (GRB2) and SHC-

transforming protein 1 (Pawson, 1995; Schlessinger, 2000, 1994) (Figure 1-3). Via 

its SH3 domain, GRB2 recruits son of sevenless (SOS), a guanine exchange factor 

(GEF) for RAS, which induces the exchange of guanosine diphosphate (GDP) for 

nucleotide guanosine triphosphate (GTP) at the cell membrane, thus activating 

RAS (Schlessinger, 2000). RAF-1 (proto-oncogene serine/threonine-protein 

kinase) is then recruited to the cell membrane by activated RAS through its 

switch I domain and by lipid binding (Marais et al., 1995) leading to downstream 

activation of the MAPK cascade (MEK/ERK, mitogen-activated protein 
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kinase/extracellular signal-regulated kinase) (Seger and Krebs, 1995). Signalling 

through the MAPK cascade causes phosphorylation and activation of multiple 

transcription factors, thus, altering gene expression in the cell leading to 

multiple cellular responses including cell growth, proliferation, migration and 

survival (reviewed in (Plotnikov et al., 2011; Seger and Krebs, 1995)). 

Activation of PDGF receptors could also engage the PI3K/AKT signalling pathway 

(Figure 1-3). The class I PI3Ks are predominantly acting in growth factor 

mediated signalling pathways where activated RTKs, such as PDGFR-α and 

PDGFR-β, recruit PI3K complexes to the plasma membrane where RAS-dependent 

activation of PI3K occurs (Castellano and Downward, 2011; Cuesta et al., 2021; 

Klinghoffer et al., 1996). Activated PI3K could then convert phosphatidylinositol 

(4,5)-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at 

the plasma membrane (Vanhaesebroeck et al., 2010). Acting as a second 

messenger, PIP3 propagates the signal by directly binding to proteins 

with pleckstrin homology domains (Cantley, 2002), such as phosphoinositide-

dependent kinase 1 (PDK1) and AKT. Following PIP3-dependent recruitment of 

PDK1 and AKT to the plasma membrane, PDK1 phosphorylates and activates AKT 

(Alessi et al., 1997; Currie et al., 1999). The activation of AKT kinase could then 

exert both direct and indirect regulatory effects on multiple downstream 

molecules such as B-cell lymphoma 2 (BCL2) proteins, nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB), tuberous sclerosis complex ½ 

(TSC1/2), mammalian target of rapamycin complex 1 (mTORC1), and RAS 

homolog mTORC1 binding (Rheb) (Cantley, 2002; Duronio, 2008; Engelman et al., 

2006). Therefore, stimulation of the PI3K/AKT pathway affects a significant 

number of intracellular events including cell growth, proliferation, survival, and 

metabolism (Vanhaesebroeck et al., 2012). 
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Figure 1-3 PDGF-PDGFR-mediated signalling. Binding of PDGF ligands to their respective 
PDGFRs causes receptor dimerization and autophosphorylation of the tyrosine residues within 
their intracellular domains. Activation of PDGFRs may lead to signal transduction via multiple 
intracellular signalling pathways including RAS/MAPK, PI3K/AKT and PLC-𝛾 engaging various 
downstream effector molecules. Hydrolytic conversion of RAS-GDP to RAS-GTP leads to 
activation of PI3K and consequently AKT which is important for the regulation of cell proliferation, 
survival, and metabolism. Additionally, activated RAS can trigger the MAPK cascade which 
involves the activation of various kinases such as MEK1/2 and ERK1/2 via RAF-1, resulting in gene 
target transcription. This pathway is important for cell growth, proliferation, differentiation, and 
migration. PDGFR activation can also directly interact with PLC-𝛾, which similar to PI3K, can 
stimulate the conversion of PIP2 into DAG and PIP3, key second messenger molecules involved in 
the regulation of other effector molecules including PDK1, PKC and intracellular Ca2+ levels.PLC-𝛾 
signalling is important for cell growth, migration, apoptosis, and proliferation. Abbreviations: PDGF, 
platelet-derived growth factor; PDGFRA/B, PDGF receptor A/B; GRB2, growth factor receptor-
bound protein 2; SHC, SHC-transforming protein 1; SOS, son of sevenless; GDP, guanosine 
diphosphate; GTP, guanosine triphosphate; PI3K, phosphatidylinositol 3-kinase;PIP2, 
phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; DAG, 
diacylglycerol; PLC-γ , phospholipase-γ; RAF-1, proto-oncogene serine/threonine-protein kinase; 
MEK1/2, mitogen-activated protein kinase ½; ERK1/2, extracellular signal-regulated kinase ½; 
PKC, protein kinase C; Ca2+, calcium ++; PDK1, phosphoinositide-dependent kinase 1; mTOR, 
mammalian target of rapamycin; 
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PDGFR signalling is also implicated in PLC-γ-mediated cellular responses (Figure 

1-3). Activated PDGFRs phosphorylate and activate PLC-γ which ultimately 

catalyses the hydrolysis of PIP2 to PIP3 and diacylglycerol (DAG) (Meisenhelder et 

al., 1989). These second messenger molecules are critical regulators of the 

activation of protein kinase C (PKC) and the release of Ca2+ from intracellular 

stores (Daniel and Kumjian, 1992) which in turn are responsible for initiating 

signalling cascades involved in the regulation of cell growth, proliferation, 

motility and survival (Berridge, 1993; Bill and Vines, 2020; Corbit et al., 2003; 

Kawakami et al., 2004; Kundra et al., 1994; Li et al., 1999). 

1.5.3 PDGF signalling pathways in the vasculature and beyond – 
dysregulation and functional effects  

Although it is well established that PDGF-PDGFR signalling is important during 

organ development (Andrae et al., 2008), the expression of both PDGFs and 

PDGFRs are tightly regulated in adulthood. Increased PDGF-PDGFR signalling, 

except for a short period of time during wound healing (Pierce et al., 1991; 

Robson et al., 1992), is generally considered abnormal, and is a significant 

feature observed in several diseases involving excessive cell proliferation, 

including many types of cancers, inflammation, pulmonary fibrosis and 

restenosis, injury-related vessel remodelling and also atherosclerosis (Choi et 

al., 2005; Folestad et al., 2018; He et al., 2015; Heldin and Westermark, 1988; 

Heldin, 2013; Kardas et al., 2020). Therefore, tight regulation of PDGF-PDGFR 

signalling is extremely important to prevent the development of the above-

mentioned pathological conditions.  

Despite that PDGF-PDGFR signalling is generally well regulated (Heldin et al., 

1998; Lake et al., 2016), failure of the control mechanisms for PDGF-mediated 

signalling pathways can occur leading to the development of pathological 

conditions. Unsurprisingly, PDGFRs and other key downstream mediators, 

including RAS and PI3K, have been implicated in the regulation of crucial 

biological processes associated with neointimal formation and modifying the 

expression levels of the genes encoding these effector molecules have been 

found to successfully regulate cell proliferation, migration, and apoptosis in 

various disease settings (as discussed below). 
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Since PDGF is one of the main regulatory signals that drives mitosis in VSMCs (Shi 

and Chen, 2014), and its biological effects are initiated through both tyrosine 

receptors (PDGFR-α and PDGFR-β)(Raines, 2004), dysregulation of any of its 

receptors could potentially interfere with downstream signalling and 

consequently PDGF function. For example, increased expression of PDGFR-β 

following cytomegalovirus infection in VSMCs has been previously associated with 

a consequent increase in cell proliferation and migration (Zhou et al., 1999). 

More recently, in the context of vascular restenosis, it was found that direct 

targeting of PDGFR-β by a microRNA-9 (miR-9) led to decreased expression of 

PDGFRB and subsequent disruption of the downstream (ERK and AKT) signalling 

cascades mediated by PDGF resulting in inhibition of VSMC proliferation and 

migration (Ham et al., 2017).  

Class I PI3K heterodimers consist of one of four catalytic p110 subunits (p110α, 

β, δ or γ) that catalyse the production of PIP3 and a regulatory subunit p85α (or 

its splice variants p55α and p50α), p85β, p55γ, p101 or p84 (Vanhaesebroeck et 

al., 2010) which negatively regulate the catalytic subunit by inhibiting both 

substrate access and kinase activity (Cuesta et al., 2021; Vanhaesebroeck et al., 

2010). The class I PI3Ks predominantly act in growth factor mediated signalling 

pathways where activated RTKs, such as PDGFR-α/β, recruit PI3K complexes to 

the plasma membrane where RAS-dependent, RTK or GRB2-mediated activation 

of PI3K can occur relieving the catalytic subunit from inhibition imposed by the 

regulatory subunit (Castellano and Downward, 2011; Cuesta et al., 2021).  

Phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3, or p55γ) in humans is 

encoded by the PIK3R3 gene (Jean and Kiger, 2014). The role of PIK3R3 has been 

mostly studied in the context of cancer where several studies reported that 

PIK3R3 positively regulates cancer cell proliferation and tumorigenesis 

(Soroceanu et al., 2007; Wang et al., 2013a, 2013b; W. Xu et al., 2020; Yoon et 

al., 2021; Zhou et al., 2012) whereas PIK3R3 knockdown was associated with 

increased apoptosis in ovarian cancer cells (Zhang et al., 2007). Although the 

role of PIK3R3 has been extensively studied in cancer, its biological and 

pathological functions in the cardiovascular system, particularly in the 

regulation of the fate of VSMCs, have not been widely investigated yet. 

Interestingly, in contrast to the effects seen in cancer cells, in the context of 
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neointimal formation and PDGF-mediated cell responses, upregulation of PIK3R3 

was reported to inhibit VSMC proliferation in vitro and injury-induced arterial 

neointimal formation in vivo through PI3K-independent actions (G. Li et al., 

2015). Similarly, N24 peptide, a functional mimetic of PIK3R3/p55γ, was shown 

to suppress PDGF-induced VSMC proliferation and migration in vitro and balloon 

injury-induced neointimal formation in vivo via a PI3K-independent mechanism 

which involved activation of the p53-p21 signal cascade (Guo et al., 2015). A 

more recent study in vascular ECs demonstrated that PIK3R3 was involved in the 

regulation of EC responses via a PI3K/AKT dependent mechanism where the 

direct targeting of PIK3R3 by miR-24-3p was associated with inhibition of EC 

proliferation and migration, as well as increased EC apoptosis (Y. Xu et al., 

2020).  

RAS is another crucial signal transduction molecule that can regulate PDGFR-

mediated cellular responses through both the regulation of PI3K/AKT signalling 

pathway and the MAPK cascade which is also involved in the regulation of cell 

proliferation, migration, and apoptosis (Castellano and Downward, 2011; Roux 

and Blenis, 2004). In cancer, the role of RAS proteins, including HRAS, NRAS, and 

KRAS, also known as oncogenes, have been widely studied and implicated in the 

regulation of various cellular outcomes including cell cycle progression, growth, 

migration, cytoskeletal changes and apoptosis (Fernández-Medarde and Santos, 

2011; Gimple and Wang, 2019). In the context of vascular injury, several studies 

demonstrated that VSMC proliferation may be regulated by interfering with RAS 

signalling (Dong et al., 2010; Sedding et al., 2009; Wu et al., 2009). It has been 

shown that PDGF-induced RAS/MAPK mediated proliferation was attenuated by 

lercanidipine-dependent reduction of RAS activity (Wu et al., 2009). Similarly, 

smooth muscle 22α binding to RAS inhibited PDGF-induced RAS-mediated RAS-

RAF-MEK-ERK MAPK signalling pathway and consequently VSMC proliferation in 

vitro and neointimal hyperplasia induced by balloon injury in vivo (Dong et al., 

2010).  

1.6 MicroRNAs 

MicroRNAs (MiRNAs) are a class of short non-coding RNAs, with an average length 

of 22 nucleotides, which are known to be important post-transcriptional 

regulators of gene expression (Makarova et al., 2016). Almost all miRNAs are 
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transcribed from DNA sequences into primary miRNAs (pri-miRNAs) and 

processed into precursor miRNAs (pre-miRNAs) and mature miRNAs via the 

canonical or non-canonical pathways (Figure 1-4). Primarily, miRNAs interact 

with the 3′ untranslated region (UTR) of target messenger RNAs (mRNAs) to 

suppress gene expression (Ha and Kim, 2014). However, interactions of miRNAs 

with other regions have also been reported, including the 5′ UTR, coding 

sequence, and gene promoters (Broughton et al., 2016). Since miRNAs were first 

discovered in 1993 (Lee et al., 1993; Wightman et al., 1993), there are now 

approximately 2,600 annotated mature miRNAs in the human genome (miRBase 

v22.1) estimated to regulate over 60% of human genes (Friedman et al., 2009).  

1.6.1 Biogenesis of miRNAs 

MiRNAs are predominantly processed by the canonical biogenesis pathway 

(Figure 1-4). In this pathway, RNA polymerase II transcribes miRNA genes 

producing pri-miRNA stem loop structures (Y. Lee et al., 2004) which are then 

processed into precursor-miRNAs (pre-miRNAs) by a microprocessor complex, 

consisting of an RNA binding protein DGCR8 (DiGeorge Syndrome Critical Region 

8) and Drosha (a ribonuclease III enzyme) (Denli et al., 2004). The DGCR8 

component of the complex recognises the pri-miRNA, while Drosha cleaves the 

pri-miRNA transcript at the base of the stem loop (Alarcón et al., 2015; Han et 

al., 2004; Lee et al., 2002) resulting in the formation of a hair-pin structure 

called a pre-miRNA, which is approximately 70 nucleotides (nts) in length and is 

characterised by a ~2 nt 3′ overhang (Bohnsack et al., 2004; Han et al., 2004). 

Pre-miRNAs are then exported to the cytoplasm through the nuclear pore 

complex by the exportin 5 (XPO5)/RanGTP complex (Wang et al., 2011). In the 

cytoplasm, the pre-miRNA duplex is released from the XPO5/RanGTP complex by 

hydrolysis of RanGTP to RanGDP before being processed by Rnase III 

endonuclease Dicer, in complex with transactivation response element RNA-

binding protein (TRBP). This processing involves the cleavage of the terminal 

loop of the pre-miRNA duplex, resulting in the formation of a mature miRNA 

duplex comprised of two mature miRNA strands, 3p and 5p, the name of which is 

determined by the directionality of the strands (Chendrimada et al., 2005). TRBP 

mediates loading of the duplex into Argonaute (AGO) family of proteins (AGO1-4 

in humans) – key components of the RNA-induced silencing complex (RISC) (Su et 

al., 2009). One of the two mature miRNA strands within the duplex is selected 
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and anchored into the AGO protein, while the other strand is passively unwound 

from the complex and degraded (Medley et al., 2021). The selection of the 

strand (5p or 3p) is partially based on the identity of the 5’ nucleotide at each 

strand and the relative thermodynamic stability of the two ends of the miRNA 

duplex (Medley et al., 2021). A mature RISC complex is formed following the 

integration of the guide strand into an AGO which directs the miRNA-induced 

silencing complex (miRISC) to target mRNAs resulting in inhibition of gene 

expression (Kwak and Tomari, 2012).   
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Figure 1-4 Canonical and non-canonical pathways of miRNA biogenesis. The biogenesis of 
miRNAs via the canonical pathway begins with the generation of pri-miRNA transcript by RNA 
polymerase II (Y. Lee et al., 2004). A microprocessor complex comprised of DGCR8 and 
Drosha(Denli et al., 2004) cleaves the pri-miRNA transcript at the base of the stem loop to 
generate pre-miRNA (Alarcón et al., 2015; Han et al., 2004; Lee et al., 2002). Pre-miRNA is 
transported out of the nucleus via Exportin 5/RanGTP-dependent manner (Wang et al., 2011). 
Processing of the free pre-miRNA by Dicer, which is part of a complex with TRBP, produce a 
mature miRNA duplex which is then loaded into an AGO protein. A single strand, either 5p or 3p, is 
retained by the AGO proteins forming a mature RISC (miRNA-induced silencing complex (miRISC) 
(Chendrimada et al., 2005). The biogenesis of miRNAs via the non-canonical pathways occurs in 
the absence of either Dicer or Drosha/DGCR8 (Felekkis et al., 2010). For instance, shRNAs are 
first cleaved by DGCR8/Drosha (Yang et al., 2010) and then exported out of the nucleus by 
Exportin 5/RanGTP where pre-miRNAs are further directly cleaved by AGO proteins (AGO2) in 
Dicer-independent manner (Cheloufi et al., 2010). Mirtrons (generated by spliceosomes and 
exported via Exportin 5/RanGTP) (Ruby et al., 2007) and m7G-pre-miRNAs (exported via Exportin 
1) (M. Xie et al., 2013) are processed in Drosha/DGCR8-independent manner. Once outside the 
nucleus, both mirtrons and m7G-pre-miRNAs are dependent on Dicer to complete their cytoplasmic 
maturation (Havens et al., 2012; M. Xie et al., 2013). Abbreviations: pri-miRNA, primary miRNA; 
pre-miRNA, precursor miRNA; shRNA, small hairpin RNA; m7G, 7-methylguanosine; DGCR8, 
DiGeorge syndrome critical region 8; TRBP, transactivation response element RNA-binding 
protein, AGO, argonaute family of proteins; RISC, RNA-induced silencing complex; miRISC, 
miRNA-induced silencing complex; shRNA, small hairpin RNA. Figure adapted from (O’Brien et al., 
2018) under Creative Commons Attribution License (CC BY 4.0). 
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The non-canonical miRNA biogenesis pathway utilises different combinations of 

the components involved in the canonical pathway, and they can be generally 

categorised as Drosha/DGCR8-independent and Dicer-independent pathways 

(Figure 1-4). Drosha/DGCR8-independent pathway is known to produce pre-

miRNAs called mirtrons, generated from the introns of mRNA during splicing 

(Ruby et al., 2007), and 7-methylguanosine (m7G)-capped pre-miRNA, pre-

miRNAs generated directly by RNA polymerase II transcription (M. Xie et al., 

2013). In contrast, in the Dicer-independent pathway, endogenous short hairpin 

RNA (shRNA) transcripts are processed by Drosha (Yang et al., 2010), followed by 

AGO2-mediated splicing of the 3p strand within the cytoplasm as the pre-miRNA 

sequences are of insufficient length to be Dicer-substrates (Cheloufi et al., 

2010). Despite differences in the upstream processing of pre-miRNAs, all 

biogenesis pathways converge at the miRISC to induce post-transcriptional 

silencing of target genes. 

1.6.2 Mechanisms of miRNA-mediated gene regulation 

MiRNAs recognise their target mRNAs through Watson-Crick, full or partial 

complementary, base pairing between the miRNA ‘seed region’ and the mRNA 

target (Bartel, 2009). It is widely accepted that miRNA binding sites are 

primarily located within the 3’UTR of target mRNAs and such interactions induce 

translational repression and mRNA deadenylation and decapping (Huntzinger and 

Izaurralde, 2011; Ipsaro and Joshua-Tor, 2015). However, alternative miRNA: 

mRNA interactions can also occur through miRNA binding sites located within 

other mRNA regions (Xu et al., 2014), such as the 5’ UTR and the coding 

sequence (CDS region) (Plotnikova et al., 2019), resulting in distinct miRNA 

functions. While binding of miRNAs to 5′ UTR and coding sequences has been 

reported to exhibit inhibitory effects on gene expression (Forman et al., 2008; J. 

Zhang et al., 2018), it has been suggested that binding of miRNAs to promoter 

regions could have an opposing effect (i.e., activation of transcription) (Dharap 

et al., 2013). A recent experimental identification of microRNA-binding regions 

performed by Plotnikova et al. suggested that miRNA-binding regions were 

almost evenly distributed across all types of mRNA regions, including 3’UTR, CDS 

or 5’UTR, with no enrichment in miRNA-binding sites demonstrated within 

3’UTRs (Plotnikova et al., 2019). However, since miRNA: mRNA interactions 

within the 3’UTR have been predominantly studied, more research focusing on 
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studying alternative miRNA: mRNA interactions is required to fully understand 

their functional significance. 

1.6.2.1 MiRNA-mediated gene silencing 

There are two main mechanisms associated with miRISC function – target 

recognition mediated by the incorporated guide stand and silencing of the 

targeted transcript executed by the protein components of the complex 

(Kawamata and Tomari, 2010). The key components of mammalian miRISC 

include AGO proteins (AGO1–4) and Argonaute-bound glycine-tryptophan protein 

of 182 kDa (GW182) (La Rocca and Cavalieri, 2022). Full complementarity base 

pairing between the miRNA ‘seed region’ and the miRNA response element 

(MREs) – sequences located on the target mRNA, leads to cleavage of the target 

mRNA mediated by catalytically active AGO2 which results in mRNA degradation 

and gene silencing (Jo et al., 2015). In contrast to AGO2, AGO1, 3 and 4 do not 

exhibit independent cleavage activity (Su et al., 2009). In the case of partial 

complementarity base pairing, the recruitment of effector AGO-binding proteins 

such as the GW182 protein family, which interacts with AGO proteins via an 

AGO-binding domain, is required to aid the interaction between AGO proteins 

and downstream components mediating gene silencing in a manner independent 

of endonucleolytic cleavage (reviewed by (Jonas and Izaurralde, 2015)). In 

general, when cleavage is not possible, gene silencing post-transcriptionally 

occurs via two main mechanisms: translational repression (Figure 1-5) and mRNA 

degradation/decay, which includes deadenylation, decapping, and 5’-to-3’ 

degradation (Jonas and Izaurralde, 2015) (Figure 1-6). 
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Figure 1-5 Post-transcriptional gene silencing via miRNA-mediated translational repression. Initially, translation is triggered by the recruitment of PABP to the 
poly(A) tail of mRNAs and recognition of the 5’-cap by the eIF4E which together with the scaffolding protein eIF4G and eIF4A form the eIF4F complex (Gallie, 2014). 
Following binding of the miRNA-induced silencing complex (miRISC) to the 3’ UTR of target mRNAs, translational repression can occur via three main mechanisms: (1) 
GW182-mediated PABP displacement (Zekri et al., 2013), (2) recruitment of the translational repressors through GW182 including DDX6 and 4E-T Chen et al., 2014; 
Mathys et al., 2014; Rouya et al., 2014; Waghray et al., 2015), and (3) dissociation of eIF4A from the cap-binding complex eIF4F (Fukao et al., 2014; Fukaya et al., 
2014). Abbreviations: AGO, argonaute family of proteins; miRISC, miRNA-induced silencing complex; eIF4, eukaryotic initiation factor 4; PABP, poly(A)-binding protein; 
DDX6, DEAD-Box Helicase 6; 4E-T, 4E-Transporter. 
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In eukaryotes, translation is a complex process which mediates the conversion of 

mRNA to protein in three distinct steps – initiation, elongation and termination 

(Jackson et al., 2010), where the initiation step represents the rate-limiting step 

in the eukaryotic canonical translation (Hinnebusch, 2014; Sonenberg and 

Hinnebusch, 2009). It has been previously suggested that miRNAs can induce 

translational repression by interfering with the initiation step of translation 

(Joerg E. Braun et al., 2012; Eichhorn et al., 2014; Huntzinger and Izaurralde, 

2011) (Figure 1-5). Although, the precise mechanisms of miRNA-mediated 

inhibition of translation remain unclear, three main mechanisms have been 

proposed, including: (i) GW182-mediated poly(A)-binding protein (PABP) 

displacement (Zekri et al., 2013) (Figure 1-5), (ii) recruitment of the 

translational repressors through GW182 (Chen et al., 2014; Mathys et al., 2014; 

Rouya et al., 2014; Waghray et al., 2015) (Figure 1-5), and (iii) dissociation of 

eukaryotic initiation factor 4 (eIF4) A from the eIF4F complex (Figure 1-5) (Fukao 

et al., 2014; Fukaya et al., 2014). However, an in vitro ribosomal profiling study, 

investigating the impact of decreased translational efficiency and destabilization 

of target mRNAs on changes in mRNA and protein levels, suggested that while 

translational repression plays a role in gene silencing it is not the primary 

method of gene silencing (Guo et al., 2010). 

In contrast, both genome-wide studies, investigating the effects of miRNAs on 

mRNA and protein levels, and ribosome profiling experiments, have 

demonstrated that target mRNA degradation is the primary method accounting 

for most (66–90%) of the miRNA-mediated gene silencing observed in cultured 

mammalian cells (Baek et al., 2008; Eichhorn et al., 2014; Guo et al., 2010; 

Selbach et al., 2008). Increasing evidence suggest that miRNA-induced mRNA 

degradation is driven by enzymes involved in the cellular 5′-to-3′ mRNA decay 

pathway (Braun et al., 2011; Chekulaeva et al., 2011; Chen et al., 2009; Fabian 

et al., 2011). In this pathway, target mRNAs first undergo deadenylation, which 

refers to the removal of the poly(A) tail of mRNAs by poly(A)-specific 3′ 

exonucleases (deadenylases) (Charenton and Graille, 2018) (Figure 1-6). The 

process is triggered by the action of cytoplasmic deadenylase complexes – 

poly(A)-nuclease (PAN2-PAN3) and the carbon catabolite repression 4-negative 

on TATA-less (CCR4-NOT) (Wahle and Winkler, 2013) (Figure 1-6), where the 

CCR4-NOT complex is the main initiator of miRNA-mediated deadenylation and 
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mRNA decay (Braun et al., 2011; Chen et al., 2009; Piao et al., 2010). Following 

deadenylation, target mRNAs can either be directly degraded in 3′-to-5′ 

direction via the recruitment of cytoplasmic RNA exosome – a ribonuclease 

complex that controls the quantity and quality of RNA transcripts (Kowalinski et 

al., 2016), or undergo decapping which is the main response to deadenylation 

(Anderson and Parker, 1998; Behm-Ansmant et al., 2006; Joerg E Braun et al., 

2012; Charenton and Graille, 2018) (Figure 1-6). In this process, the mRNA de-

capping enzyme – de-capping protein 2 (DCP2, the catalytic subunit of de-

capping complex DCP1/DCP2), catalyses the removal of the 5′ m7G-cap leading 

to mRNA degradation via exoribonuclease 1 (XRN1)-mediated 5’-to-3’ mRNA 

decay pathway (Charenton and Graille, 2018) (Figure 1-6).  
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Figure 1-6 Post-transcriptional gene silencing via miRNA-mediated mRNA degradation. The 
main steps involved in miRNA-mediated mRNA degradation include deadenylation, decapping, and 
5’-to-3’ decay. Firstly, miRISC binds to the 3’ UTR of target mRNAs. Then, target mRNAs undergo 
deadenylation which refers to the partial or total cleavage of the poly(A) tail triggered by PAN2-
PAN3 and CCR4-NOT deadenylase complexes (Charenton and Graille, 2018). Following 
deadenylation, target mRNAs can be either directly degraded in 3’-to-5’ direction by RNA exosome 
complexes (Anderson and Parker, 1998; Kowalinski et al., 2016) or, more commonly, undergo 
decapping (Behm-Ansmant et al., 2006; Joerg E Braun et al., 2012; Charenton and Graille, 2018). 
Decapping refers to the removal of the 5′ m7G-cap by the decapping enzyme – DCP2. Finally, 
decapped target mRNAs undergo 5’-to-3’ decay via XRN1, leading to mRNA degradation 
(Charenton and Graille, 2018). Abbreviations: ORF, open reading frame. miRISC, miRNA-induced 
silencing complex; DCP2, decapping protein 2; XRN1, exoribonuclease 1.   
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1.6.3 Role and therapeutic potential of miRNAs in vascular 
remodelling 

In addition to their traditional gene regulatory functions intracellularly, miRNAs 

can also be released from cells and act in a paracrine and endocrine manner 

regulating the translational activity of target genes in recipient cells. Even 

though it was initially considered that miRNAs were passively released from 

dying or injured cells, extensive research findings, from gene expression 

profiling studies in various disease settings and studies focusing on the 

characterisation of circulating miRNA, suggest that miRNAs exert biological 

effects in recipient cells, thus supporting their active role as crucial intercellular 

communicators (reviewed in (Sohel, 2016)). 

Accumulating evidence suggest that miRNAs are significant mediators of vascular 

remodelling processes in response to different kinds of injury demonstrating 

their promising therapeutic potential (Gareri et al., 2016; Jamaluddin et al., 

2011). 

A study by Ji et al. 2007, investigating the role of miR-21 in VSMCs, reported 

that the miRNA was overexpressed in vascular walls following balloon injury (Ji 

et al., 2007). In the same study, downregulation of miR-21 inhibited VSMC 

proliferation and promoted cell apoptosis in vitro, and had a significant negative 

effect on neointimal lesion formation after vascular injury in vivo (Ji et al., 

2007). The proposed underlying mechanism involved a combination of actions 

including direct targeting of phosphatase and tensin homolog (PTEN) and 

possibly indirect targeting of BCL2, suggesting that miR-21 may exert its effect 

in VSMCs through the regulation of multiple pathways (Ji et al., 2007). The same 

miRNA (miR-21) has also been shown to be upregulated in mouse, pig, and 

human vein graft models of vascular injury (McDonald et al., 2013). In this study, 

inhibition of miR-21 resulted in target gene de-repression and substantially 

reduced neointimal formation in a mouse model of vein grafting, demonstrating 

its considerable therapeutic potential in the prevention of pathological vein 

graft remodelling (McDonald et al., 2013). It was proposed that the observed 

effect may be mediated through de-repression of PTEN, however, other target 

genes, including signal transducer and activator of transcription 3 (STAT3), 

PTEN, and bone morphogenetic protein receptor type 2 (BMPR2), were also 
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found to be re-pressed following anti-miR-21 treatment of human saphenous vein 

smooth muscle cells (HSVSMCs) suggesting that further mechanistic studies are 

required to properly investigate the role of these genes in VGD (McDonald et al., 

2013). 

The upregulation of other miRNAs, including miR-221/222 cluster and miR-424, 

after vascular injury in vivo had been implicated in the regulation of vascular 

remodelling processes (Liu et al., 2012, 2009; Merlet et al., 2013). The miR-

221/222 cluster has been shown to inhibit cell proliferation and migration, while 

promoting cell apoptosis in both VSMCs, whereas, opposite effects were 

observed in ECs which were also verified in vivo (Liu et al., 2012). Generally, 

overexpression of miR-221/222 resulted in extensive neointimal growth while 

their suppression led to 40% reduction of neointima formation (Liu et al., 2012, 

2009). The observed effects of the miR-221/222 cluster on vascular remodelling 

processes in response to injury may be due to a direct inhibition of their target 

genes, including cyclin-dependent kinase inhibitor 1B (CDKN1B) or p27Kip1, cyclin-

dependent kinase inhibitor 1C or p57kip2 (CDKN1C), and proto-oncogene c-kit 

(CD117) (Liu et al., 2012, 2009). The inconsistent effects resulting from the 

overexpression of those miRNAs might be due to the observed difference in the 

expression profile of their target genes between VSMCs and ECs (Liu et al., 2012) 

suggesting a cell-specific effect. 

The expression levels of both miR-143 and miR-145 were found to be 

downregulated in response to vascular injury and their overexpression has been 

shown to prevent neointimal hyperplasia (Cheng et al., 2009; Elia et al., 2009). 

Both miRNAs are believed to cooperatively promote the contractile VSMC 

phenotype by targeting a network of transcription factors, including KLF4, and 

ELK1 (Cheng et al., 2009; Cordes et al., 2009; Elia et al., 2009). Similarly, miR-

133 and miR-195 have also been shown to modulate VSMC phenotypic switch. 

Targeting of stimulating protein-1 (SP1) by miR-133, resulted in inhibition of 

VSMC proliferation and migration, and its overexpression promoted cell growth 

in a rat model of vascular injury (Torella et al., 2011). MiR-195 is thought to be 

another significant modulator of VSMC phenotype which has been shown to 

negatively regulate VSMC proliferation and migration, as well as the release of 

proinflammatory cytokines (e.g., IL-6, IL-8, IL-1β)(Y. S. Wang et al., 2012a). The 
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overexpression of miR-195 downregulated the expression of different VSMC 

regulator molecules, including cell division control protein 42 (CDC42), fibroblast 

growth factor 1, (FGF1) and cyclin D1 (CCD1) (Liu et al., 2008; Y. S. Wang et al., 

2012a), which led to a substantial reduction of neointimal formation in injured 

carotid arteries (Y. S. Wang et al., 2012a). Notably, the negative regulation of 

cyclin D1 by miR-195 may be as a result of both – direct CCD1 targeting or 

indirect targeting of CCD1 through CDC42, which is upstream of CCD1 (Y. S. 

Wang et al., 2012a). Furthermore, the expression levels of miR-16-5p and miR-

423 were also found to be downregulated in the context of CABG surgery. For 

instance, a very recent study by Zhang et al. 2022 reported that miR-16-5p 

levels were significantly reduced in the vein graft of a rat model over time and 

in PDGF-treated HSVSMCs compared to the levels detected in the contralateral 

jugular vein and control cells, respectively (D. Zhang et al., 2022). This aberrant 

expression of miR-16-5p was linked to increased neointimal thickness and area 

after CABG and phenotypic switching of HSVSMCs, proposing the inadequate 

suppression of zyxin (ZYX) target gene expression by miR-16-5p as a potential 

underlying mechanism. Upregulating the expression of miR-16-5p attenuated 

neointimal formation in vein grafts and inhibited HSVSMC phenotypic switching 

in vitro (D. Zhang et al., 2022). Similarly, decreased miR-423 levels were 

observed in the plasma of CHD patients following CABG surgery compared to 

healthy subjects (Ren et al., 2020). Interestingly, in this study, it was found that 

overexpression of miR-423 suppressed the expression of its target gene – a 

disintegrin and metalloproteinase with thrombospondin motifs 7 (ADAMTS7), 

resulting in decreased proliferation and migration of human umbilical vein 

smooth muscle cells (HUVSMCs), in contrast to the observed increase in 

proliferation and migration of human umbilical vein endothelial cells (HUVECs) in 

vitro. Upregulation of miR-423 also improved re-endothelialisation and 

attenuated neointimal formation in a rat vein graft model (Ren et al., 2020). 

Notably, as major modulators of inflammation and endothelial dysfunction, miR-

126, miR-92a and miR-221/222, have also been implicated in the regulation of 

vascular remodelling processes in response to injury. For instance, miR-126 has 

been shown to play a role in the regulation of EC inflammatory responses and 

endothelial dysfunction through inhibition of sprouty-related, EVH1 domain-

containing protein 1 (SPRED1) and VCAM-1, leading to enhanced EGF- and FGF-
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mediated angiogenesis and disrupted leukocyte adhesion to ECs (Harris et al., 

2008; Wang et al., 2008). MiR-92a is another key EC miRNA, the inhibition of 

which led to enhanced blood vessel growth and functional recovery of damaged 

tissue in different in vivo models, acting, at least in part, through suppression of 

the integrin α5 (ITGα5)(Bonauer et al., 2009). In line with these findings, 

Laconetti et al. 2012 demonstrated that systemic administration of miR-92a 

significantly improved re-endothelialisation in injured carotid arteries and 

reduced neointimal formation in an in vivo injury model (Iaconetti et al., 2012). 

Additionally, both miR-551b-5p and miR-200c-3p have been implicated in the 

development of neointimal formation post CABG-induced injury in venous and 

arterial grafts, respectively (D. Chen et al., 2021; Dong et al., 2017). In their 

study, Dong et al. 2017 demonstrated that increased miR-551b-5p expression in 

HUVECs, subjected to mechanical stretch, promoted cell proliferation. In an 

attempt to investigate the potential underlying mechanism, the authors assessed 

the expression levels of early growth response protein 1 (EGR1) – one of the 

identified gene targets through bioinformatics analysis. Through loss- and gain- 

of-function experiments, it was found that miR-551b-5p potentially positively 

regulated EGR1 expression in HUVECs subjected to mechanical stretch; however, 

this proposed mechanism remains uncertain since following miR-551b-5p 

overexpression in HUVECs, the expression levels of the miRNA were found to be 

increased by 793-fold, while EGR1 levels only increased by 1.9-fold (Dong et al., 

2017). It is possible that any of the other differentially expressed miRNAs in 

mechanically injured cells may have contributed to the observed upregulation of 

EGR1. It has been previously reported that the let-7 family miRNAs 

downregulated EGR1 expression (Worringer et al., 2014), and in this study, let-

7a-5p expression was found to be decreased following mechanical stretch 

stimulation (Dong et al., 2017), which may have contributed to the slight 

increase in EGR1 expression compared to the massive upregulation of miR-551b-

5p. The studies discussed above collectively suggest that miRNAs are important 

modulators of vascular remodelling processes in response to injury, 

demonstrating a great therapeutic potential for targeting pathological 

neointimal formation. 
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1.6.4 MiRNAs as potential biomarkers 

Following biogenesis, miRNAs are predominantly located intracellularly where 

they exert their actions, however, they can also be released from cells and, 

therefore, are found within the extracellular environment including blood or 

other extracellular fluids such as urine and saliva (Arroyo et al., 2011; Cortez et 

al., 2011; Weber et al., 2010). In the blood, circulating miRNAs may occur 

freely, within extracellular vesicles, such as exosomes and microvesicles, or be 

bound to other molecules such as lipoproteins and extracellular binding protein 

(AGO2) (Arroyo et al., 2011; Faraldi et al., 2018; Gallo et al., 2012; Seeliger et 

al., 2014; Sohel, 2016; Yuan et al., 2009). 

MiRNAs play a significant regulatory role during development as evident by the 

observed defects acquired during organogenesis and embryonic lethality in 

murine models of tissue-specific or germline Dicer knockouts respectively 

(Bernstein et al., 2003; Park et al., 2010). Furthermore, dysregulation of miRNAs 

is also linked to the aetiology and/or pathogenesis of different pathological 

conditions such as cancer, metabolic diseases, viral infections (Hammond, 2015), 

CAD (Churov et al., 2019) and associated pathologies, including ISR (Varela et 

al., 2019) and VGD (Błażejowska et al., 2021). In disease settings, miRNAs can 

have both a causative role, where a particular miRNA could be functioning as an 

initiator or maintainer of a condition, or be a consequence of a pathology, in 

which case observed changes in miRNA levels may be due to unregulated 

secretion from injured/stressed cells, or as a response to a particular insult 

(Mendell and Olson, 2012). Therefore, by measuring the changes in miRNA 

expression profiles in an individual at different disease stages (i.e., before, 

during, and after recovery), it may be possible to identify how miRNAs are 

behaving in terms of aetiology and pathogenesis. Diagnostic miRNA tests for 

diseases (e.g., certain cancers) based on the quantification of either a single 

miRNA or a panel of miRNAs already exist, demonstrating successful proof of 

concept for the use of miRNA as biomarkers in disease (Bajan and Hutvagner, 

2020; Bonneau et al., 2019). Accumulating evidence suggest that certain 

miRNAs, expressed at local tissue sites, such as atherosclerotic plaques, or in the 

circulation, may potentially be used to distinguish between individuals with 

different cardiovascular health statuses (Condorelli et al., 2010; D’Alessandra et 

al., 2010; Fichtlscherer et al., 2010). 
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1.6.4.1 MiRNAs as potential biomarkers of CAD/atherosclerosis 

Changes in the circulating levels of a number of miRNAs have been associated 

with CAD. The levels of miR-17, miR-92a, miR-126, miR-145, and miR-155 were 

found to be significantly lower in patients with CAD compared to healthy 

individuals (Fichtlscherer et al., 2010). Altered circulating levels of miR-1, miR-

133a, miR-499, and miR-663 family associated with AMI has also been reported 

(Meder et al., 2011; Wang et al., 2010). In addition to using miRNAs as 

differentiative markers to distinguish between individuals with and without CAD, 

it has also been proposed that assessment of circulating levels of certain miRNAs 

may serve as a valuable tool to evaluate vascular disease severity. A study 

investigating the miRNA expression profile in patients with stable versus 

unstable carotid plaques, reported that the reduced expression of miR-210, and 

consequently the increased expression and activity of relevant target genes, 

resulted in substantial reduction of fibrous cap stability of an atherosclerotic 

plaque (Eken et al., 2017). 

At tissue level, the expression of specific miRNA markers has also been detected 

at the site of atherosclerotic plaques., Raitoharju et al. 2011, investigated the 

miRNA expression profiles of human atherosclerotic plaques derived from 

peripheral arteries (carotid, femoral, and abdominal aorta) in comparison to left 

internal thoracic arteries, and reported that miR-21, miR-34a, miR-146a, miR-

146b-5p, and miR-210 were the most upregulated miRNAs in atherosclerotic 

plaques in comparison to controls (Raitoharju et al., 2011). In the same study, 

further analysis revealed that some of the predicted gene targets of these 

miRNAs were downregulated in the plaque lesions. Following gene set 

enrichment analysis (GSEA), these miRNAs were linked to the regulation of 

relevant processes associated with atherosclerosis development such as VSMC 

proliferation as well as high density lipoprotein (HDL) and low density 

lipoprotein (LDL) metabolism (Raitoharju et al., 2011). Another human study 

investigating the expression levels of miRNAs in human atherosclerotic plaques 

identified a panel of miRNAs (miR-100, miR-127, miR-133a, miRNA-133b, and 

miR-145) correlated with clinical features of plaque destabilization supporting 

the prognostic significance of miRNAs for stratifying the risk of vulnerable 

plaques (Cipollone et al., 2011). 
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1.6.4.2 MicroRNAs as potential biomarkers of vascular injury 

Although symptomatic VGD continues to be a major health problem for a growing 

number of people due to the impact of an aging population and the persistent 

increase in the incidence of patients with CABG (Brilakis et al., 2011; Escaned, 

2012; Lang et al., 2017), there is still urgent need for establishing novel disease 

biomarkers that predict CABG surgery outcomes. To date, there is no reliable 

diagnostic marker, which predicts graft patency, and only a limited number of 

studies have explored the potential of miRNAs as biomarkers for the 

development of post-transplant vein restenosis/VGD.  

A comprehensive study, using multiple in vivo (mouse and porcine vein graft 

models), ex vivo (human SV surplus vein tissue), and in vitro (human SV-derived 

EC and SMCs) models of VGD, investigated the expression of miRNAs in 

neointimal lesions at different timepoints after surgery (McDonald et al., 2013). 

In this study, it was found that 21 miRNAs were significantly up-regulated in 

porcine vein grafts 7- and 28-days post-engraftment including miR-21, miR-34a, 

miR-138, miR-424, miR-142-3p, miR-146b-5p, and miR-449a (McDonald et al., 

2013). Interestingly, the finding that miR-21 was dysregulated during neointima 

formation in the setting of vein graft failure is unsurprising since this miRNA has 

previously been implicated in SMC and fibroblast proliferation following vascular 

injury (Ji et al., 2007; F. Wang et al., 2012). Additionally, another more recent 

study, investigating the miRNA expression profile in rat neointimal lesions of 

transplanted left external jugular veins compared to control, identified that 

postoperative neointimal lesions have a significantly dysregulated miRNA 

expression profile compared to control vessels (Wan et al., 2020), thus, further 

highlighting a potential role for miRNAs as biomarkers for the development and 

progression of VGD. 

Investigations of circulating miRNAs in patients following CABG surgery identified 

that the expression of certain miRNAs may be upregulated in response to cardiac 

and inflammatory injury. For instance, circulating levels of miR-1, a well-known 

marker of cardiac injury (Jayawardena et al., 2022), were found to be increased 

in patients with ACS after CABG surgery, however, it did not correlate with 

cardiac muscle troponin T (cTnT) (Z. Wang et al., 2018), a widely used marker of 

myocardial damage. Recently, the serum levels of miR-126-3p were also 



 
 

 

55 

measured in a cohort of 67 patients who underwent CABG surgery (Mukaihara et 

al., 2021). It was found that, on day 7 after surgery, miR-126-3p levels in serum 

were lower in patients with peripheral artery disease (PAD), who suffered from 

endothelial dysfunction due to atherosclerosis, than in patients without PAD, 

while the opposite finding was observed for vascular endothelial growth factor A 

(VEGF-A) levels. VEGF-A is a known positive regulator of VSMC migration and 

proliferation, thus promoting graft stenosis (Podemska-Jedrzejczak et al., 2018). 

MiR-126-3p, on the other hand, regulates intracellular VEGF-A signalling by 

downregulating PIK3R2 and sprouty-related, EVH1 domain-containing protein 1 

(SPRED1), which suppresses PIK3 and ERK1/2 pathways and ultimately affects 

VEGF-A-mediated cellular responses (Yuan et al., 2019). Therefore, it was 

proposed that this inverse relationship between miR-126-3p levels and VEGF-A 

levels observed in PAD patients may be associated with potential complications 

following CABG, such as graft stenosis, however, this relationship needs to be 

further investigated (Mukaihara et al., 2021). Another recent human study 

demonstrated the potential of miR-423 as both a novel biomarker and a 

therapeutic target for vein graft failure, where this cardioprotective miR-423 

was found to be downregulated in the plasma of patients with CAD compared 

with healthy individuals (Ren et al., 2020). Aberrant expression of other miRNAs, 

including miR-133, miR-199, mir-208, miR-499, in patients undergoing CABG 

surgery and their potential as biomarkers for CABG surgery-related 

complications, such as perioperative myocardial infarction, cardiac and 

inflammatory injury, re-vascularization, heart failure symptoms and stroke, have 

also been reported (Błażejowska et al., 2021). 

To date, only a few studies have assessed the utility of miRNAs as potential ISR 

biomarkers. One of the pioneer case-control studies, investigating the ability of 

miRNAs to serve as novel biomarkers for ISR, identified a set of four miRNAs -	

miR-21, miR-100, miR-143 and miRNA-145 - as potential candidate ISR markers, 

where miR-143 and miR-145 demonstrated the highest sensitivity and specificity 

as suggested by receiver operating characteristic (ROC) curve analysis (He et al., 

2014). Interestingly, these findings were consistent with a previously proposed 

relationship between these four miRNAs and the development of vascular 

diseases such as neointimal lesion formation (Ji et al., 2007), and the regulation 

of relevant cellular processes including cell proliferation, migration, and 
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differentiation (Cordes et al., 2009; Davis et al., 2008; Grundmann et al., 2011; 

O’Sullivan et al., 2011). Additionally, the same four miRNAs – miR-21, miR-100, 

miR-143 and miR-145, were also found to be able to distinguish between diffuse 

vs. focal ISR (He et al., 2014), however, this finding should be interpreted with 

caution as it was based on additional analyses performed on a fraction of the 

total sample, thus, potentially introducing bias such as reduced statistical power 

related to the smaller sample size and/or loss of randomization (i.e. unbalanced 

cases and controls groups). In their recent study, O’Sullivan et al. 2019 

measured plasma miRNA levels in a cohort of CAD patients, with and without 

ISR, reporting promising results regarding miR-93-5p as a robust independent ISR 

predictor (O’Sullivan et al., 2019). In this study, it was found that the addition 

of miR-93-5p levels to a common predictive model considering the main risk 

factors for ISR e.g., diabetes, stent length and diameter, in combination with 

the Framingham Heart Study risk factors such as age, sex, active smoking, 

diabetes, hypertension, and hyperlipidaemia, significantly improved the 

performance of that model (O’Sullivan et al., 2019). Despite these results being 

promising, the lack of validation in an independent cohort represents an 

important weakness of this study to be considered. Recently, it was reported 

that four miRNAs, miR-19a, miR-126, miR-210, and miR-378, independently 

associated with decreased restenosis risk in CAD patients who underwent PCI 

with DES (Dai et al., 2019). ROC curve analysis suggested that these miRNAs as a 

group had a considerably improved predictive value for restenosis occurrence 

following PCI in a Chinese population than each miRNA on its own (Dai et al., 

2019). Additionally, another recent case-control study proposed that high 

miRNA-223 serum levels were strongly and positively associated with ISR risk, 

highlighting the ability of this miRNA to distinguish between ISR and non-ISR 

patients even after adjusting for common risk factors including age, sex, HDL-C, 

LDL-C, fasting blood sugar, and statin consumption (Ganjali et al., 2022). 

Although, many candidate biomarkers have been investigated and showed 

considerable potential as biomarkers for various cardiovascular disease 

pathologies, there are still a number of challenges associated with their use 

clinically (Gonzalo-Calvo et al., 2022). For instance, despite growing research 

interest in the area, there is still limited understanding of the roles of miRNAs in 

different disease settings. Additionally, the lack of standardised methodology, 
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when it comes to normalising measured values of miRNAs across samples and 

accounting for natural variation observed in the healthy population, significantly 

hinders the development of miRNA-based biomarker assays for routine clinical 

use. 

1.7 Extracellular vesicles 

Extracellular vesicles (EVs) are membrane cargo carriers secreted by cells under 

both physiological and pathophysiological conditions (Davidson et al., 2023; 

Yuana et al., 2013) EVs have the ability to exchange various functional 

components between cells, including nucleic acids (e.g., RNAs and DNA), lipids 

and proteins, demonstrating their role as signalling vehicles actively 

participating in cell-to-cell communication. The generic term ‘extracellular 

vesicles’ has been introduced relatively recently and is commonly used to refer 

to all subcategories of membrane vesicles which could be highly heterogeneous 

varying in size, composition and subcellular origin (Colombo et al., 2014; Teng 

and Fussenegger, 2021; Willms et al., 2016). Based on the current knowledge of 

EV biogenesis, they can be broadly categorised into two distinct classes: 

exosomes and microvesicles (Figure 1-7). Exosomes are generally smaller in size 

(~40–150nm) compared to microvesicles (~100–1000nm) and there is a 

considerable overlap in size ranges between the two classes (Davidson et al., 

2023)(Figure 1-7A). Although the generation of exosomes and microvesicles 

within the cell follows distinct pathways, common intracellular mechanisms and 

components are involved in the biogenesis of both EV types which further 

complicates the possibility of differentiating between them (Colombo et al., 

2014). Therefore, due to their overlapping characteristics in terms of size, 

morphology, and composition, the development of a more precise nomenclature 

for EVs has been exceedingly challenging (Gould and Raposo, 2013; Kowal et al., 

2016). 

In general, exosomes are intraluminal vesicles (ILVs) formed by the inward 

budding of endosomal membrane, resulting in the formation of multivesicular 

endosomes (MVEs), with exosomes secreted upon fusion of the outer MVE 

membrane with the cell surface (Harding et al., 1984; Pan et al., 1985)(Figure 

1-7A). On the other hand, microvesicles are released by “donor” cells through 

the outward budding of the plasma membrane, termed shedding or membrane 
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budding (Li et al., 2012; Muralidharan-Chari et al., 2009) (Figure 1-7A). It is now 

known that virtually all cells secrete EVs, and individual cells modify the 

biogenesis of EVs depending on their physiological state, resulting in the release 

of EVs, including both exosomes and microvesicles, with a specific composition 

and cargo signature (Colombo et al., 2014; Doyle and Wang, 2019). Therefore, 

EVs can be isolated from various different biological fluids, such as conditioned 

culture medium (CCM), blood, plasma, serum, broncho-alveolar lavage fluid, 

cerebrospinal fluid, saliva, urine, breast milk and tissues (Admyre et al., 2007; 

Carnino et al., 2019; Hurwitz et al., 2019; Langevin et al., 2020; Lobb et al., 

2015; Martins et al., 2018). However, due to limitations associated with 

commonly used protocols for EV purification, the isolated EV populations 

represent mixtures of particles of mostly unknown origin (Willms et al., 2016), 

thus, limiting the ability to study the role of specific EV types in a 

comprehensive manner and make direct functional comparisons between EV 

subtypes (Willms et al., 2018). 
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Figure 1-7 General features of extracellular vesicles.  (A) Schematic representation of EV size 
ranges and biogenesis. When EVs are formed through budding of the plasma membrane, they are 
referred to as microvesicles (~100-1000 nm). In the case when EVs are formed as ILEs within 
MVEs, which fuse with the plasma membrane to release ILEs in the extracellular space, then they 
are referred to as exosomes (~40-150 nm). Taken and modified from (Pashova et al., 2020). (B) 
Visualisation of EVs. EV processing for observation by conventional TEM, causes their shrinkage, 
leading to an artefactual cup-shaped morphology. Abbreviations: extracellular vesicles, EVs, early-
sorting endosome, ESE; late-sorting endosome, LSE; multivesicular body, MVB; multivesicular 
endosome, MVE; intraluminal vesicles, ILEs; intraluminal vesicles; MVEs, multivesicular 
endosomes; transmission electron microscopy, TEM;
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1.7.1 Biogenesis and release of exosomes 

In the process of exosome biogenesis, multiple endosomal structures are formed 

including early-sorting endosome (ESE) followed by late-sorting endosome (LSE) 

and finally MVEs containing several ILVs which are ultimately secreted to the 

extracellular space as exosomes (Colombo et al., 2014; Kalluri and LeBleu, 2020; 

Mathieu et al., 2019). Additionally, MVEs may also fuse with lysosomal 

compartments in which case the exosomal cargo becomes destined for 

degradation (Buschow et al., 2009). Exosomal membrane cargoes reach 

endosomes via two distinct routes – either through the Golgi apparatus or are 

directly internalized from the plasma membrane, before being sorted to ILVs 

during endosome maturation (Klumperman and Raposo, 2014). Sorting of EV 

cargo on microdomains of the limiting membrane of MVEs, prior to internal 

budding of the small membrane vesicles (known as ILVs) (Figure 1-8), is an 

important step in exosome biogenesis. 

The components of the endosomal-sorting complex required for transport 

(ESCRT) system have been shown to be involved in the biogenesis of ILVs. The 

ESCRT machinery acts in a phased manner wherein all four complexes (ESCRT-0, 

-I, -II and –III) play a significant role in facilitating MVE formation, vesicle 

budding, and protein cargo sorting (Figure 1-8) (Adell et al., 2014; Gurunathan 

et al., 2021; Mathieu et al., 2019; Morvan et al., 2012) Additionally, all four 

members of the ESCRT machinery are also involved in the clustering of 

ubiquitylated transmembrane proteins on microdomains, found on the limiting 

membrane of MVEs, and then budding and fission of these microdomains, 

delivering the ubiquitinated proteins to the degradation machinery (Gurunathan 

et al., 2021). The significance of the ESCRT machinery in exosome biogenesis has 

been demonstrated by the observed alerted exosomal protein content and rate 

of exosome secretion by cancer cells following depletion of specific ESCRT-

family members (Colombo et al., 2013). The involvement of other proteins, such 

as alpha-1,3/1,6-mannosyltransferase interacting protein X (ALIX) and the 

tumour susceptibility gene 101 (TSG101), in exosome biogenesis has also been 

reported (Gurunathan et al., 2021; Kowal et al., 2014). For instance, ALIX was 

found to participate in a parallel, also known as non-canonical, pathway of 

recruiting ESCRTs for ILV formation and cargo sorting (Baietti et al., 2012), and 

indeed, inhibition of ALIX resulted in an impaired ability of dendritic or muscle 
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cells to secrete CD63-enriched exosomes (Colombo et al., 2013; Romancino et 

al., 2013). 

ESCRT-independent processes can also functionally contribute to the biogenesis 

of exosomes and such mechanisms became evident when studies demonstrated 

that MVEs, containing ILVs enriched in CD63, were still formed in ESCRT-

depleted cells (Stuffers et al., 2009). The generation of ceramide by neutral 

type II sphingomyelinase-mediated hydrolyses of sphingomyelin was proposed to 

be involved in an ESCRT-independent mechanism of ILV formation (Trajkovic et 

al., 2008) where ceramide facilitated the induction of a spontaneous membrane 

invagination through the generation of membrane subdomains (Goñi and Alonso, 

2009). Notably, blocking the activity of neutral sphingomyelinase resulted in the 

partial inhibition of exosome formation (Trajkovic et al., 2008). Another study 

found that ceramide could also be metabolized to sphingosine 1-phosphate (S1P) 

by sphingosine kinase 2 via sphingosine which subsequently activated Gi-coupled 

S1P receptor on the MVE, an essential mediator of cargo sorting into exosomal 

ILVs (Figure 1-8) (Kajimoto et al., 2013). Furthermore, members of the 

tetraspanin family have also been shown to regulate ESCRT-independent 

endosomal sorting. Some of these proteins, including CD63, CD81, CD82 and CD9, 

have been implicated in the sorting of various cargoes to exosomes (Buschow et 

al., 2009; Chairoungdua et al., 2010; van Niel et al., 2011). 

The final step of exosome secretion into the extracellular space is the fusion of 

MVBs with the plasma membrane. Several proteins have been identified as 

regulators of this process including RAB GTPases, such as RAB11, RAB35 (Abrami 

et al., 2013), RAB2B, RAB5A, RAB9A, RAB27A and RAB27B (Ostrowski et al., 

2010), which act as molecular switches, and soluble NSF attachment protein 

receptor (SNARE) proteins (Gurunathan et al., 2021). The role of SNARE proteins 

in membrane fusion, including exocytosis, has been extensively studied and 

multiple members of the family, including syntaxin 1A (SYX1A), synaptobrevin 

homolog YKT6 (YKT6) and vesicle associated membrane protein 7 (VAMP7), have 

been implicated in the regulation of this process (Hessvik and Llorente, 2018). 

Overall, the mechanism of exosome biogenesis and release may determine the 

type of exosomal cargo. 
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Figure 1-8 Biogenesis of extracellular vesicles. EV biogenesis involves several steps during 
which different sorting machineries are employed. Initially, lipids and membrane-associated 
proteins are clustered forming membrane microdomains on the plasma membrane for 
microvesicles (top) and on the limiting membrane of the MVE for exosomes (bottom) (step 1). 
These microdomains also contribute to the requirement and sorting of soluble cargo, such as 
cytosolic protein and RNA molecules, into EVs (Step 2). Finally, the formation of such clustered 
microdomains, in addition to other machineries, facilitates membrane budding followed by a fission 
process either at the plasma membrane towards the extracellular medium (for microvesicles) or at 
the limiting membrane of the MVE towards the lumen of the MVE (for exosomes) (step 
3). Generally, mechanisms of exosome biogenesis involve components of the ESCRT system, 
although to different degrees. For example, ESCRT-III is known to be required for the scission of 
the ILVs into the MVE lumen, however, both the clustering of cargo and membrane budding can 
occur through ESCRT-dependent or ESCRT-independent mechanisms. With the exception of the 
well-described mechanism of microvesicle biogenesis involving the flipping of specific lipid species 
between the leaflets of the budding membrane, the molecular machineries participating in the 
different stages of EV biogenesis are partially common between exosomes and microvesicles 
(including some ESCRT components and the generation of ceramide by sphingomyelinase). 
Therefore, the identification of the origin of EVs remains a complicated matter and cannot be 
addressee simply by impairing the function of a given mechanism involved in the biogenesis of 
both EV types. Abbreviations: MVE, multivesicular endosome; ESCRT, endosomal sorting complex 
required for transport; ILVs, intraluminal vesicles; ALIX, ALG-2 interacting protein X; ARF6, ADP-
ribosylation factor 6. The figure was reproduced with permission from Springer Nature under 
Licence No: 5440220815991 (van Niel et al., 2018).
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1.7.2 Biogenesis and release of microvesicles 

The molecular mechanisms of the biogenesis of microvesicles are less well 

understood compared to exosomes, though a number of cellular events have 

been implicated in the process, including alterations in lipid and protein 

composition of the plasma membrane at the site of microvesicle origin, and 

changes in Ca2+ levels (Minciacchi et al., 2015). The latter leads to the 

recruitment of Ca2+-dependent enzymes, such as scramblase and floppase, which 

subsequently drive the modification of the plasma membrane in terms of lipid 

composition where phosphatidylserine (PS) is exposed from the inner leaflet to 

the outer cell surface (Piccin et al., 2007). Externalization of PS causes physical 

bending of the plasma membrane and cytoskeleton disruption, thus facilitating 

the budding of microvesicles (Figure 1-8) (Piccin et al., 2007). In addition to 

lipids, proteins regulating the cytoskeleton have also been implicated in 

microvesicle biogenesis. In their study, Li et al. 2012 identified Rho A GTPase 

along with its downstream targets involved in the regulation of actin dynamics – 

Rho-associated protein kinase (ROCK) and LIM kinase (LIMK), as important 

mediators of microvesicle biogenesis in different populations of tumour cells (Li 

et al., 2012). ADP-ribosylation factor 6 (ARF6), an important regulator of 

cytoskeleton proteins, has also been reported as a component of the 

microvesicle biogenesis machinery (Muralidharan-Chari et al., 2009). In their 

study, Muralidharan-Chari et al. 2009, identified an ARF6-regulated mechanism 

of microvesicle shedding in tumour cells involving its downstream targets – ERK 

and myosin light-chain kinase (MLCK), where inhibition of either ARF6 activity or 

the activity of its targets led to a reduction in microvesicle release 

(Muralidharan-Chari et al., 2009). Analysis of the microvesicles generated 

through this mechanism demonstrated an enrichment with specific cargo 

proteins including major histocompatibility complex – I (MHC-I) and β1-integrin 

receptors (Muralidharan-Chari et al., 2009). 

The release of microvesicles requires their fission from the plasma membrane. In 

addition to the widely accepted Ca2+-dependent mechanism of microvesicle 

release (discussed above), other mechanisms, resulting in rearrangement of the 

plasma membrane, have been identified. In glial cells, an activation of the P2X 

purinoceptor 7 (P2RX7) is associated with rapid activation of acid 

sphingomyelinase, translocation of acidic sphingomyelinase to the plasma 
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membrane, where it generates ceramide, thereby promoting membrane bending 

and microvesicle release (Bianco et al., 2009). Interestingly, TSG101 and the 

ATPase vacuolar protein sorting-associated protein (VPS) 4, primarily involved in 

ESCRT-dependent exosome generation, were reported to engage in the scission 

and release of a specific type of microvesicles (Nabhan et al., 2012). 

Mechanistically, it was shown that an interaction of TSG101 with arrestin 

domain-containing protein 1 (ARRDC1) through tetrapeptide PSAP leads to 

relocation of TSG101 from endosomes to the plasma membrane and 

consequently a VPS4 ATPase-mediated ‘pinch-off’ of the plasma membrane. As a 

result microvesicles enriched in TSG101, ARRDC1, and other cellular proteins 

were released through this mechanism (Nabhan et al., 2012).  

1.7.3 Uptake of extracellular vesicles 

EV-mediated intercellular communication involves several complex steps, which 

are not yet very well understood, including, EV docking at the plasma membrane 

of target/recipient cells, followed by the activation of surface receptors and 

signalling, vesicle internalization though endocytosis or EV fusion with target 

cells. The specific targeting of EVs to their recipient cells is, at least in part, 

determined by the occurrence of specific interactions between proteins present 

on the surface of EVs and receptors at the plasma membrane of the recipient 

cells (Chivet et al., 2014; Mallegol et al., 2007; Nolte-’t Hoen et al., 2009). It is 

important to note that it is also possible the EV producing cell itself could be an 

acceptor cell participating in EV-mediated autocrine signalling (Matsumoto et 

al., 2017). Several EV surface molecules, regulating these interactions, have 

been identified including tetraspanins, integrins, lipids, lectins, heparan 

sulphate proteoglycans and ECM components (van Niel et al., 2018). For 

instance, the interaction of EV-associated integrins with cell surface adhesion 

molecules, such as ICAMs, and extracellular matrix proteins (primarily 

fibronectin and laminin) present on the surface of recipient cells, have been 

identified as important mechanisms of EV binding to target cells (Hoshino et al., 

2015; Leiss et al., 2008; Purushothaman et al., 2016; Sung et al., 2015). 

Interestingly, one study reported that heparan sulphate played a dual role in 

exosome-cell interaction where heparan present on exosomes was found to 

capture fibronectin, and when present on recipient cells, it acted as a receptor 

for fibronectin facilitating exosome-mediated signalling (Purushothaman et al., 
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2016). Inhibition of heparan sulphate or fibronectin resulted in either markedly 

reduced exosome-target cell interaction or inhibited fibronectin-mediated 

exosome signalling in myeloma cells, respectively (Purushothaman et al., 2016). 

Additionally, a clinical study, revealed that distinct integrin expression patterns 

on exosomes derived from cancer patients were associated with metastasis 

within specific organs, including lung and liver, demonstrating that exosomal 

integrins are important for cell targeting and could be used to predict organ-

specific metastasis (Hoshino et al., 2015). Exosomal tetraspanins could also 

regulate cell targeting where exosome docking and uptake by target cells has 

been shown to be stimulated by an Interaction between tetraspanins, including 

tetraspanin 8 and CD9, and integrins (Nazarenko et al., 2010; Rana et al., 2012, 

2011). 

Following their binding to target cells, EVs may be internalized via different 

mechanisms, including clathrin-mediated or clathrin-independent endocytosis, 

such as macropinocytosis and phagocytosis (Feng et al., 2010; Nakase et al., 

2015; T. Tian et al., 2014a), or through endocytosis involving caveolae and lipids 

(Kamerkar et al., 2017; Laulagnier et al., 2018; Vargas et al., 2014). One 

example demonstrating the involvement of lipids, present on recipient cells, in 

EV internalisation is the disruption of lipid rafts by cholesterol depletion leading 

to reduced uptake of EVs by target cells (Escrevente et al., 2011). Following EV 

internalisation mediated by different mechanisms, they enter the endocytic 

pathway which in most cases leads to lysosomal degradation (Chen et al., 2016; 

Tian et al., 2010), however, it is also possible for internalised EVs to escape 

digestion through a mechanism involving back fusion of vesicles with the limiting 

membrane of the MVE, thereby releasing their contents into the cytoplasm of 

the recipient cell (Bissig and Gruenberg, 2014). 

EVs could also exert their effect by binding to and activating receptors 

expressed on the surface of recipient cells, thereby inducing EV-mediated 

signalling cellular responses (Antonyak et al., 2011; Raposo et al., 1996; Zitvogel 

et al., 1998). One of the early examples demonstrating the ability of EVs to 

interact with cell surface receptors was a study in dendritic cells (Zitvogel et 

al., 1998).It was found that tumour-derived EVs expressing MHCs were capable 

of priming T-cell lymphocytes in vivo, resulting in a T-cell-dependent inhibition 
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of tumour growth in mice (Zitvogel et al., 1998). EV-mediated signalling in 

recipient cells could also be induced post-EV internalisation, via endocytosis or 

direct membrane fusion, which leads to the release of their intralumenal cargo 

in the cytoplasm of acceptor cells. This is an essential mechanism for EV-

mediated signalling involving miRNAs and mRNAs, where cargo delivery to the 

cytoplasm of recipient cells is required to elicit functional responses i.e., 

modulating gene expression (Skog et al., 2008a; Valadi et al., 2007).  

1.7.4 Extracellular vesicles and their RNA cargo 

EVs carry a wide range of biological molecules, such as nucleic acids (RNA and 

DNA), proteins, lipids and metabolites, which may have both metabolic 

significance and signalling potential (Y. Chen et al., 2021; Mir and Goettsch, 

2020; Pathan et al., 2019). There has been substantial research effort toward 

understanding RNA content within EVs. As a result, several RNA biotypes have 

been successfully identified in EVs, including mRNA, miRNA, small nucleolar RNA 

(snoRNA), small nuclear RNA (snRNA), long non-coding RNA (lncRNA), vault RNA 

(vRNA), Y-RNA, transfer RNA (tRNA) and ribosomal RNA (rRNA), or fragments 

thereof (Dellar et al., 2022). There are a number of important reasons why EVs 

containing RNA cargo are believed to have great clinical potential not only as 

prognostic and diagnostic disease biomarkers but also as therapeutic delivery 

vehicles. For instance, as membrane vehicles, EVs have been found to protect 

RNAs from degradation in the extracellular environment (Pua et al., 2019; 

Shurtleff et al., 2017). Additionally, based on their physical properties, EVs 

could be separated from other components of different biofluids, and EV 

preparations could then be concentrated to optimal levels for downstream 

analysis (Gyuris et al., 2019; F. Liu et al., 2017). Finally, it has been reported 

that RNAs contained within EVs encode biological state-specific information 

(Konstantinidou et al., 2016; Murillo et al., 2019; Pua et al., 2019), which, in 

combination with the idea that EVs participate in intercellular communication by 

transferring bioactive molecules between cells in a targeted manner without 

eliciting an immune response (Mathieu et al., 2019; Stahl and Raposo, 2019), 

demonstrates their great potential in delivering therapeutic RNAs. However, it is 

still important to consider that the delivery of any given EV-associated RNA 

molecule is accompanied by the delivery of multiple other, potentially 
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bioactive, components which may introduce some significant challenges when 

studying the effects of specific EV RNA cargoes. 

Huang et al. 2013 performed a systematic characterisation of the RNA expression 

profile of human plasma EVs using a RNA sequencing approach (Huang et al., 

2013). It was found that miRNAs were the most abundant RNA molecules in EVs 

accounting for 76.2% of all mappable reads (Huang et al., 2013). Another more 

recent study, also using RNA sequencing to assess the small RNA expression 

profile of human serum EVs, reported that 52.1% of small RNAs within circulating 

EVs were miRNAs (Zhao et al., 2020). This inconsistency between studies may be 

due to variation between the studied EV populations possibly introduced by the 

origin of the EV sample (i.e., plasma vs serum EVs). Nevertheless, many recent 

studies suggested that EV-miRNAs play significant roles in the regulation of 

various diseases, including cancer and CVD (Chong et al., 2019; Kesidou et al., 

2020; Vu et al., 2020), and others successfully demonstrated the clinical 

potential of EV-associated miRNAs as disease biomarkers (Cheng et al., 2018; X. 

He et al., 2021; Paterson et al., 2022). 

1.7.5 Extracellular vesicle signalling in response to vascular 
injury 

Pathological neointimal formation post vascular injury (i.e., following PCI or 

CABG) develops progressively over time as a result of complex interaction 

between several molecular and cellular processes driven by different cell types 

including vascular ECs, VSMCs, platelets and various inflammatory cells 

(discussed in Section 1.4). Therefore, understanding the different means of 

communication between cells is fundamental to successfully develop therapeutic 

strategies for maintaining vascular health. The key function of EVs in cell-to-cell 

communication as well as their therapeutic potential in neointimal formation 

post vascular injury has been studied to some extent, however, the exact role of 

EVs, and more specifically of VSMC-derived EVs, remains to be fully elucidated. 

ECs are critical regulators of vascular homeostasis and consequently vascular 

health. In addition to being a permeability barrier between the blood and vessel 

wall, ECs are also important mediators of vascular function, including regulation 

of VSMC contractility, cell migration, proliferation and apoptosis, and ultimately 



 
 

 

68 

vascular remodelling processes (Chien, 2007). As such, disruption of EC 

homeostasis could lead to endothelial dysfunction, characterised by an 

inappropriate EC activation and a shift towards a pro-inflammatory state, a 

hallmark of CVD (Sun et al., 2020). Therefore, EC monolayer repair and 

restoration of cellular homeostasis post vascular injury represents a crucial step 

in limiting development of vascular pathologies, including neointimal growth 

(Evans et al., 2021; Ren et al., 2020; Vanhoutte, 2010), and EC-derived EVs have 

been shown to be involved in the regulation of various vascular remodelling 

processes, e.g., cell proliferation and migration (Jansen et al., 2017, 2013). 

Several miRNAs, including miR-126, miR-146b, miR-625, miR-197 and miR-615, 

have been found to be highly enriched in ECs (Fish et al., 2008), with miR-126 

shown to be involved in the regulation of EC migration, proliferation, 

cytoskeleton reorganisation, capillary network stability and cell survival (Fish et 

al., 2008; Qu et al., 2017). In addition to its abundance in ECs, miR-126-3p has 

also been shown to be highly enriched in EC-derived EVs (Jansen et al., 2017, 

2013) which could potentially explain some of the protective effects associated 

with EC-derived EVs in both ECs and VSMCs. In the context of vascular 

remodelling, EC-derived EV mediated transfer of miR-126-3p to recipient ECs 

and VSMCs has been shown to increase EC regeneration and inhibit VSMC 

migration, proliferation and consequently neointimal formation after vascular 

injury (Figure 1-9) (Jansen et al., 2017, 2013).The proposed underlying 

mechanisms involve direct targeting of SPRED1 (Figure 1-9) (Jansen et al., 2013) 

and by miR-126-3p in ECs and low-density lipoprotein receptor-related protein 6 

(LRP6) in VSMCs (Figure 1-9) (Jansen et al., 2017). Interestingly, EC-derived EVs 

have also been shown to promote VSMC dysfunction in the context of diabetes 

(Togliatto et al., 2018). EC-derived EVs from individuals with T2D were found to 

be enriched in membrane bound PDGF resulting in increased VSMC migration and 

improved apoptotic resistance through a mechanism possibly involving miR-296-

5p overexpression and direct targeting of BRI1-associated kinase 1 (BAK1) 

following EV-mediated PDGF cargo delivery from ECs to VSMCs (Togliatto et al., 

2018). 

Interestingly, it has been reported that the EVs secreted by quiescent, 

contractile VSMCs are profoundly different compared to EVs secreted by 

synthetic, activated VSMCs as suggested by the differentially expressed cargo 
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proteins between the two EV populations (Comelli et al., 2014). Similarly, the 

miRNA expression profile of EVs derived from activated VSMCs under PDGF 

stimulation has been shown to be significantly different compared to VSMCs EVs 

secreted under normal conditions with 95 highly dysregulated mRNAs (Heo et al., 

2020). In the same study, the reduced expression of miR-1246, miR-182, and 

miR-486 in PDGF VSMC EVs was associated with an increase in EC migration, 

however, the exact molecular mechanism responsible for this effect remains 

unclear (Figure 1-9) (Heo et al., 2020). 

EVs derived from other cells have also been implicated in vascular remodelling. 

In peripheral blood, for example, platelet-derived EVs represent the most 

abundant EV population accounting for around 70–90 % of all circulating EVs 

(Berckmans et al., 2001; Italiano et al., 2010; Joop et al., 2001), and platelet-

derived EVs have been associated with 50–100 times higher coagulation activity 

in comparison to activated platelets (Sinauridze et al., 2007). In addition to their 

role in the early stages of vein graft failure where platelets are known to 

contribute to acute thrombosis (Gaudino et al., 2017), it has also been shown 

that platelets may contribute to the development of neointima formation after 

vascular injury (Wang et al., 2005). 

Platelet-derived EVs have been found to interact with and modulate the cellular 

function of both vascular ECs and VSMCs (Nomura et al., 2001; Vajen et al., 

2017). The proapoptotic effects of platelet-derived EVs have also been 

previously demonstrated in vascular ECs where EV-mediated transfer of different 

miRNAs, including miR-223 and miR-142-3p, to recipient ECs promoted cell 

apoptosis possibly through the negative regulation of IGF-1 receptor (IGF-1R) and 

BCL2 like 1 (BCL2L1), miRNA target genes of miR-223 and miR-142-3p 

respectively (Figure 1-9) (Bao et al., 2017; Pan et al., 2014). In contrast, when 

miR-142-3p mimic and inhibitor were both assessed in vitro, the authors 

reported that EC apoptosis appeared to be supressed (Bao et al., 2017). Further 

emphasizing the contrasting effects of platelet-derived EVs, platelet-derived EV-

mediated transfer of miR-142-3p to ECs led to increased EC proliferation in vitro 

possibly as a results of direct targeting of BCLAF1 (BCL2-associated transcription 

factor 1) gene (Figure 1-9) (Bao et al., 2018). This inconsistency between 

findings may potentially be explained by the fact that a single miRNA is capable 
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of regulating multiple genes and miR-142-3p has been found to have many 

apoptosis-related targets including BCL2L1, BCLAF1 and PRKCA (Protein Kinase C 

Alpha) (Bao et al., 2018, 2017). It is also possible that the functional effects of a 

given miRNA may be cell status dependent. Furthermore, in these studies, 

platelet-derived EVs were isolated via centrifugation at a relatively low speed of 

20,500 g (Bao et al., 2018, 2017) which may have resulted in the isolation of a 

highly heterogeneous population of EVs (Kowal et al., 2016) potentially 

containing a wide-range of bioactive molecules with various functions. Further 

highlighting the potential involvement of platelet-derived EVs in the 

development of vascular pathologies such as neointima formation, it has been 

shown that platelet-derived EVs may also directly interact with proliferating 

VSMCs causing them to switch towards a differentiated quiescent state, 

inhibiting VSMC proliferation, migration and intimal hyperplasia in vivo (Zeng et 

al., 2019). 

Intercellular communication between VSMCs and other cells within the vascular 

wall including adventitial fibroblasts (aFs), mesenchymal stem cells (MSCs), and 

macrophages has also been reported (Tong et al., 2018; D. Wang et al., 2019; Z. 

Wang et al., 2019). EV-mediated cross talk between VSMCs and aFs in vascular 

remodelling in the context of hypertension was demonstrated where aFs derived 

from spontaneously hypertensive rats (SHR) were shown to influence VSMC 

behaviour through EV-mediated transfer of miR-155-5p and angiotensin 

converting enzyme (ACE) (Figure 1-9) (Ren et al., 2019). Both increased ACE and 

reduced miR-155-5p in EVs from SHR aFs promoted VSMC proliferation (Ren et 

al., 2019). Interestingly, an opposite effect of MSC-derived EVs on VSMC 

proliferation was reported in the context of neointimal formation (D. Wang et 

al., 2019). MSC-derived EV mediated transfer of miR-125b to recipient VSMC was 

shown to inhibit VSMC proliferation and migration possibly through inhibition of 

Myosin 1E (MYO1E) expression levels (Figure 1-9) (D. Wang et al., 2019). Another 

recent study, investigating the communication between macrophages and VSMCs 

revealed that M1 macrophage-derived EVs could stimulate VSMC proliferation 

and migration through EV-mediated delivery of miR-222 from M1 macrophages to 

VSMCs resulting in reduced CDKN1B and CDKN1C protein expression ultimately 

promoting cell proliferation and migration in vitro and neointimal formation in 

vivo (Figure 1-9) (Z. Wang et al., 2019). 



 
 

 

71 

The above-mentioned studies clearly demonstrate the importance of EV-

mediated intercellular communication in the regulation of vascular pathologies 

(Figure 1-9). Although most of these studies entailed VSMC communication with 

other cells within the vessel wall (i.e., ECs and blood cells), in-depth research 

into autocrine regulation of VSMCs via EV miRNAs is also necessary to better 

understand the possible underlying mechanisms involved in the regulation of 

vascular remodelling processes and to fully elucidate the therapeutic potential 

of EVs in different vascular pathologies, including neointimal formation. 
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Figure 1-9 Summary of the highlighted miRNAs involved in the regulation of vascular remodelling processes and their effects on different cell types. 
Abbreviations: SPRED1, sprouty-related protein–- 1; LRP6, low-density lipoprotein receptor-related protein 6; BCL2L1, BCL2-like protein 1; BCLAF1, BCL2 associated 
transcription factor 1; IGF-1, insulin-like growth factor 1; PDGFRβ, platelet-derived growth factor receptor β; ACE, angiotensin-converting enzyme; CDKN1B, cyclin 
dependent kinase inhibitor 1B; CDKN1C, cyclin dependent kinase inhibitor 1C; MYO1E, myosin IE. 
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1.7.6 Improving the therapeutic potential of extracellular 
vesicles–- bioengineering approaches 

The ability to selectively load therapeutic cargo into EVs and to control their in 

vivo targeting specificity are important factors for the effectiveness of EV-based 

therapeutic strategies. Based on knowledge of EV biogenesis, secretion, and 

uptake processes, through various genetic and non-genetic methodologies, 

bioengineering of EVs with novel functions and properties has proven successful. 

Currently, commonly used EV engineering methods include cargo loading and 

target delivery both in vitro and in vivo (Riazifar et al., 2017; Vader et al., 2016; 

Wiklander et al., 2019). 

Generally, different EV cargo loading approaches could be categorised as 

endogenous and exogenous. Endogenous EV loading is based on the loading of 

therapeutics into cells from which the EVs are derived. This approach relies on 

the endogenous EV loading machinery of the cells which may result in 

subsequent EV loading with the cargo of interest (Kosaka et al., 2012, 2010; Pan 

et al., 2012). On the other hand, exogenous EV loading involves loading of 

therapeutic cargos into EVs after their isolation. For example, one study, using a 

cell transfection-based approach showed, that transfection of human embryonic 

kidney cells (HEK293) and COS-7 cells (CV-1 cell line exhibiting fibroblast 

morphology) with miR-16, -21, -143, -146a, or -155 expressing vectors resulted in 

successful overexpression of these miRNAs in the cells as well as in the EVs 

released by those cells (Kosaka et al., 2010). It was also found that the same 

miRNA-loaded EVs were able to induce gene silencing in recipient COS-7 cells 

(Kosaka et al., 2010). Alternatively, EV-releasing cells could also be transfected 

directly with small RNAs (Akao et al., 2011; Zhang et al., 2010). However, the 

main disadvantage associated with these approaches is that EV RNA 

incorporation efficiency may depend on the RNA species and/or sequence (Abels 

and Breakefield, 2016; Batagov et al., 2011; Koppers-Lalic et al., 2014). Other 

cargo molecules, such as mRNAs and proteins, have also been successfully 

loaded into EVs using an endogenous approach (Vader et al., 2016). 

Exogenous loading of EVs with small RNAs through electroporation, the most 

commonly used method for exogenous loading of EVs, has also been successfully 

demonstrated (Alvarez-Erviti et al., 2011; Wahlgren et al., 2012). A very recent 
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study investigated five different methodologies to load miRNAs into EVs 

exogenously–- transfection by Exo-Fect or cholesterol-modified miRNA and 

membrane permeabilization by a detergent (saponin), electroporation or heat 

shock (de Abreu et al., 2021). It was reported that, transfection of EVs using 

Exo-Fect was the most efficient method with > 50% transfection efficiency 

compared with the other methods (de Abreu et al., 2021). Further analysis 

revealed that this high transfection efficiency was maintained for small EVs 

isolated from multiple sources including CCM, urine, and foetal bovine serum 

(FBS). In this study, the main limitation identified associated with the membrane 

permeabilization methods (electroporation, heat shock and saponin detergent) 

was miRNA precipitation/aggregation, potentially affecting the transfection 

efficiency of EVs (de Abreu et al., 2021). Further analysis confirmed that Exo-

Fect transfected miR-155 into small EVs was functionally active, demonstrated 

by the observed inhibition of mCherry expression in the HEK293T reporter line, 

though, a critical selection of the optimal Exo-Fect concentration for EV loading 

to avoid cytotoxicity was shown to be extremely important. Nevertheless, since 

the functional effects of miR-155 loaded EVs through the other EV-modulation 

methods were not studied, it is possible that methods with lower transfection 

efficiency than Exo-Fect, such as electroporation, may still prove to be valuable 

in a given cellular model and/or therapeutic application (de Abreu et al., 2021). 

Several studies proposed that systemic administration of exogenous EVs leads to 

rapid uptake by the mononuclear phagocyte system, therefore, resulting in 

accumulation in the spleen and liver (Vader et al., 2016). However, in an 

attempt to address this potential problem associated with EV-based 

therapeutics, many studies have demonstrated that it is possible to engineer EVs 

in such a way, that improved targeting to other tissues/specific cell types is 

achieved. Transfection of EV-donor cells, thus, forcing the expression of 

targeting moieties fused with EV membrane proteins represents one of the best 

studied approaches to improve EV targeting properties (Alvarez-Erviti et al., 

2011; Wiklander et al., 2015). To achieve improved targeting of EVs to the brain 

in mice, Alvarez-Erviti et al. 2011, engineered self-derived dendritic cells to 

express lysosome-associated membrane glycoprotein 2b (LAMP2B), an exosomal 

membrane protein, fused to brain-specific rabies viral glycoprotein (RVG) 

peptide–- a neuron specific peptide that binds the acetylcholine receptor 
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(Alvarez-Erviti et al., 2011). It was found that systemic injection of siRNA loaded 

EVs successfully targeted the brain in mice as demonstrated by the significant 

depletion of a specific gene target – decreased β-site amyloid precursor protein 

cleaving enzyme 1 (BACE1) mRNA (by 60%) and protein (by 62%) expression 

(Alvarez-Erviti et al., 2011). In an attempt to further improve this specific 

strategy, it was discovered that glycosylation of targeting peptide- LAMP2B 

fusion protein may protect the peptide against proteolytic degradation, thereby 

enhancing its targeting performance and increasing EV targeting specificity 

(Hung and Leonard, 2015). 

Together, these studies highlight the possibilities of engineering of EVs to 

improve EV properties such as enhanced expression of therapeutic cargo and 

increased specific tissue targeting, which could potentially contribute to 

developing EV-based therapeutics
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1.8 Hypotheses and aims 

In this project, an in vitro model of the pathological conditions under which 

neointimal lesions develop following vascular injury was utilised to study the 

effect of HSVSMC-derived EVs on cell proliferation and migration. Additionally, 

an in vivo model of arterial vascular injury was utilised in a preliminary study of 

profiling circulating EVs. 

It was hypothesised that: (1) the release of EVs from HSVSMCs is altered under 

pathophysiological conditions; (2) prolonged pathological PDGF signalling in 

HSVSMC induces changes in the miRNA cargo component of EVs secreted by 

stimulated cells; (3) unmodified HSVSMC-derived EVs and HSVSMC EVs loaded 

with specific miRNAs of interest are part of a signalling pathway involved in the 

autocrine regulation of HSVSMCs. 

The main aims were: 

• To determine the effects of PDGF treatment on the release of EVs from 

HSVSMCs, including physical characteristics and cargo through unbiased 

RNA sequencing (RNAseq), and then to analyse the effect of EVs on the 

proliferation of recipient HSVSMCs. 

• To exogenously load HSVSMC-EVs with miRNAs of interest, to characterise 

these modified EV populations and then to determine their functional 

effects on recipient HSVSMCs and human saphenous vein endothelial cells 

(HSVECs). 

• To characterise the circulating EVs from the carotid artery injury mouse 

model and to investigate their EV miRNA expression profile. 
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Chapter 2 Materials and methods



78 
 

 

2.1 General laboratory practice 

Separate laboratory coats were used for cell culture experiments requiring 

sterile conditions and general laboratory experiments. Nitrile powder-free 

gloves, safety specs, laminar flow hoods and fume hoods were used where 

appropriate. All laboratory equipment and consumables required for cell culture 

experiments were thoroughly disinfected using 70% ethanol (EtOH) prior to 

introducing them to the laminar flow hood where cells were handled. 

2.2 Sourcing of human saphenous vein samples 

Surplus SV segments were obtained from patients undergoing CABG procedure at 

the Golden Jubilee National Hospital in Glasgow (UK) after ethical approval in 

collaboration with the NHS Greater Glasgow & Clyde Biorepository (REC 

reference 16/WS/0207; Bio-repository project reference 107). Ethical permission 

was obtained from the West of Scotland Research Ethics Committee 4 (reference 

number: 10/S0704/60) and the investigation conformed to the principles 

outlined in the Declaration of Helsinki. Written informed consent was obtained 

from each donor patient prior to surgery. Anthropometric patient characteristics 

of samples used in vitro experiments are presented in Table 2-1. Patient samples 

were used to isolate primary HSVSMCs and HSVECs. 

Table 2-1 Summary of anthropometric donor patient characteristics. 
 

Anthropometric parameters Mean ± SEM1 (N = 10)2 Range 

Male/Female 
7/2  

(1 unknown) 
 

Age (years) 55.5 ± 4.1 41– 79 
1 SEM (Standard error of the mean)  
2 There was no information regarding age and sex available in the official records kept 
by the university for one of the donor patients. 
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2.3 Cell culture 

All tissue culture was performed under sterile conditions in biological safety 

cabinet class II MSC-Advantage™, Thermo Scientific™, ThermoFisher Scientific, 

UK) with vertical laminar flow. Cabinets were disinfected before and after use 

with Chemgene followed by 70% EtOH. Cells were maintained under normal cell 

culture conditions–- in humidified carbon dioxide (CO2) incubator (Forma™ Steri-

Cycle™ i160, Thermo Scientific) set to 5% CO2 at 37˚C. Details about all types of 

media used with each cell type can be found in Table 2-2 and Table 2-3. 

2.3.1 Primary HSVSMC isolation and expansion 

HSVSMCs were isolated by Mrs Elaine Friel (School of Cardiovascular and 

Metabolic Health, University of Glasgow), following a well-established protocol. 

For the isolation of HSVSMCs, venous samples were first transferred to a glass 

petri dish containing Sylgard resin and immersed in dissection medium. Then, 

veins were cut open longitudinally using a pair of sterile scissors. A plunger from 

a 5 mL syringe was used to carefully remove the EC layer. After that, using 

sterile forceps, the medial layer was gently separated from the vessel wall, 

transferred to a petri dish containing SMC dissection medium and then chopped 

into small 1 mm pieces using a tissue chopper (McIlwain, Norwich, UK). All tissue 

pieces were then transferred into a 50 mL falcon tube to be washed with SMC 

dissection medium and left to sink to the bottom of the tube before carefully 

removing the supernatant containing the floating debris. The homogenised tissue 

was then covered in high-serum growth medium for HSVSMCs (Table 2-2) and 

transferred to an appropriate number of T-25 cm2 (cat.no.: CLS430639, Corning, 

Sigma-Aldrich) vented cell culture flasks using as little medium as possible. After 

transferring, the tissue homogenate was smeared onto the bottom of the flask 

and excess media was removed. The flasks were then left in an incubator at 

37°C and 5% CO2 overnight before adding 5 mL of high-serum HSVSMCs growth 

media (Table 2-2) the following day.After reaching confluence, cells were 

transferred to an appropriate number of T-75 cm2 vented cell culture flask 

(cat.no.: CLS430641U, Corning, Sigma-Aldrich) and expanded before being used 

in different in vitro studies. Complete HSVSMCs growth media was used to 

maintain cells during the cell expansion stage (Table 2-2).
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Table 2-2 Details of the different cell culture media used with HSVSMCs. All specialized growth media and supplements were obtained from PromoCell GmbH, 
Germany 

Type of medium Cell Type Purpose Description  

Dissection/ 
Wash medium 

H
SV

SM
Cs

 

HSVSMC isolation 

• 500mL Minimum essential80édiumm (MEM, cat. no.: 11090081, ThermoFisher Scientific) 
• 25mM HEPES (cat. no.: 75277-39-3, VWR International) 
• 2mM L-glutamine (cat. no.: 25030081, ThermoFisher Scientific) 
• 100nM sodium pyruvate (cat. no.: 11360070, ThermoFisher) 
• 1% (v/v) penicillin-streptomycin 100 units/mL – 100 µg/mL (cat. no.: 15070063, ThermoFisher 

Scientific) 

High-serum growth 
medium 

Initial HSVSMC 
cultivation post 

isolation 

• Smooth Muscle Cell Growth Medium 2: Smooth Muscle Cell Growth Medium 2 SupplementMix (Cat. 
No: C-22062, PromoCell) containing:  

• 2mM L-glutamine 
• 1% (v/v) penicillin-streptomycin 100 units/mL–- 100 µg/mL 
• additional 10% (v/v) heat inactivated FBS (15% total FBS) (cat. no.:10500064, Invitrogen, 

ThermoFisher Scientific) 
Complete growth 

medium 
Maintaining cell 

growth 
• Smooth Muscle Cell Growth Medium 2: Smooth Muscle Cell Growth Medium 2 SupplementMix 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 

Low-serum 
(starvation) 

medium 

Cell quiescence/ 
Experimental 

medium 

• 500mL Dulbecco’s Modified Eagle Medium (DMEM, cat.no.:41966-029, Gibco, ThermoFisher 
Scientific) 

• 0.2% (v/v) EV-depleted FBS (cat.no.:A2720803, Gibco, ThermoFisher Scientific) 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 

Cryopreservation 
medium 

Cryopreservation 

• Smooth Muscle Cell Growth Medium 2: Smooth Muscle Cell Growth Medium 2 SupplementMix 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 
• additional 15% (v/v) heat inactivated FBS  
• 10% (v/v) dimethyl sulfoxide (DMSO; cat. no.: D/4120/PB08, ThermoFisher Scientific). 
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2.3.2 Primary HSVEC isolation and expansion 

HSVECs were isolated by Mrs Elaine Friel (laboratory technician at the School of 

Cardiovascular and Metabolic Health, University of Glasgow), following a well-

established protocol (described below). 

For the isolation of HSVECs, venous samples were first transferred to a sterile 

petri dish before closing one end of the vein using a sterile clip. The vein was 

then filled with dissection medium containing 2 mg/mL collagenase type II 

(Sigma-Aldrich®, Irvine, UK) (Table 2-3) and clipped at the other end to 

completely seal the collagenase-containing medium within the lumen of the 

vessel. The double-clipped vein was then placed into a fresh sterile petri dish 

and incubated for 15 min in the hood at room temperature. Following the 

incubation, the inside of the vein was washed using dissection medium (Table 

2-3) to recover the EC suspension. The same process was repeated one more 

time with a shorter incubation period (10 min). After the second vein wash, the 

EC suspension was transferred into a 15 mL falcon tube and spun for 5 min at 

(750 RCF). After discarding the supernatant, the pellet was then resuspended in 

5 mL of high-serum HSVECs growth medium (Table 2-3) and transferred to the 

appropriate number of T-25 cm2 vented cell culture flasks for an overnight 

incubation at 37°C and 5% CO2. The medium was changed after cells had 

attached to the bottom of the flask (24 – 48 hr later). After reaching confluence, 

cells were transferred to an appropriate number of T-75 cm2 vented cell culture 

flasks and expanded before being used in different in vitro studies. Complete 

HSVECs growth media (Table 2-3) was used to maintain cells during the cell 

expansion stage.
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Table 2-3 Details of the different cell culture media used with HSVECs. All specialized growth media and supplements were obtained from PromoCell 
GmbH, Germany. 

Type of medium 
Cell 
Type 

Purpose • Description  

Dissection / Wash 
medium 

H
SV

EC
s 

HSVEC isolation 

• DMEM, low glucose, GlutaMAX™ Supplement, pyruvate (cat.no.: 21885025, Gibco, 
ThermoFisher Scientific) 

• 15mM HEPES 
• 1% (v/v) penicillin-streptomycin (100units/mL–- 100µg/mL) 

High-serum 
growth medium 

Initial HSVEC cultivation 
post isolation 

• Endothelial Cell Growth Medium: Endothelial Cell Growth Medium SupplementMix (Cat. No: 
C-22010, PromoCell) 

• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 
• additional 10% (v/v) heat inactivated FBS (12% total FBS) 

Complete growth 
medium 

Maintaining cell 
growth/Experimental 

medium 

• Endothelial Cell Growth Medium: Endothelial Cell Growth Medium SupplementMix 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 

Low-serum 
alternative 

experimental 
medium  

More basic experimental 
conditions eliminating 

contaminating FBS-related 
EVs 

• DMEM, low glucose, GlutaMAX™ Supplement, pyruvate 
• 1% EV-depleted FBS 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL), 2% (v/v) exosome-depleted 

FBS 

Cryopreservation 
medium 

Cryopreservation 

• Endothelial Cell Growth Medium: Endothelial Cell Growth Medium SupplementMix 
• 1% (v/v) penicillin-streptomycin (100 units/mL–- 100 µg/mL) 
• additional 15% (v/v) heat inactivated FBS  
• 10% (v/v) dimethyl sulfoxide (DMSO; cat. no.: D/4120/PB08, ThermoFisher Scientific) 



83 
 

 

2.3.3 Sourcing commercially available human primary cells 

Cryopreserved HSVECs were obtained from PromoCell (Heidelberg, Germany) and 

ThermoFisher Scientific (UK) and stored at in the vapour phase of liquid nitrogen 

prior to use. 

2.3.4 Maintenance of primary cells  

Cells were maintained in culture using the appropriate cell culture media (see 

Table 2-2 and Table 2-3) replenishing media every two days. Cells were grown in 

a monolayer until reaching ~90% confluence when cells were sub-cultivated using 

a proteolytic enzyme–- 0.05% (1X) trypsin ethylenediamine tetra-acetic acid 

(trypsin-EDTA; cat.no.: 59427C, Millipore Sigma-Aldrich), to prevent overgrowth. 

Cells were first washed twice with Dulbecco’s Phosphate Buffered Saline, 

without calcium (Ca2+) or magnesium (Mg2+) (DPBS, cat. no.: 10010023, Gibco, 

ThermoFisher Scientific) before adding 3 mL trypsin-EDTA to cells and incubating 

at 37ºC for 2-3 min until most adherent cells had detached from the bottom of 

the flask. Immediately after, 12 mL trypsin-EDTA neutralising medium (DMEM, 

cat.no.: 21885025, 10% (v/v) heat inactivated FBS, (v/v) penicillin-streptomycin 

100 units/mL–- 100 µg/mL) was added to the cells to stop the proteolytic 

process. 

The cell suspension was then transferred to a 50 mL falcon tube and then 

subjected to centrifugation at 220 RCF for 3 min at room temperature to pellet 

the cells at the bottom of a sterile falcon tube and to remove the supernatant 

containing trypsin-EDTA. Supernatant was discarded and the cell pellet was then 

re-suspended in complete media and transferred to the relevant number of cell 

culture vessels. Cells were expanded 1:3 until passage (P)4 before being 

cryopreserved (Whaley et al., 2021) for storage purposes. During the expansion 

process, cells were maintained in T-75 cm2 flasks containing 15 mL of the 

relevant complete growth media was used (Table 2-2 and Table 2-3). When 

necessary, manual cell counting using a haemocytometer, was performed to 

ensure accurate seeding of cells at a specific seeding density depending on the 

cell culture vessel and/or experimental protocol (Table 2-4). Human HSVSMCs 

and HSVECs used for experiments were within passages 5-7. 
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Table 2-4 Details of the specific seeding density used for each cell culture dish with each 
cell type. 

 

2.3.5 Cell counting 

Cells were counted using a Bright Light Haematocytometer (Sigma Aldrich) and a 

light microscope. Ten µL of cell suspension was pipetted under the coverslip 

onto the grid. The number of cells within the four 1 mm corner squares were 

counted and then averaged to determine the average number of cells in each 1 

mm corner square. This number was multiplied by 104 to estimate the number of 

cells per mL in the suspension. The calculated concentration (cells/mL) of the 

cell suspension was used to seed cells at the desired density. 

2.3.6 Cryopreservation and recovery of cultured primary cells 

Before cryopreservation, cells were washed twice with DPBS and then 

trypsinised and pelleted through centrifugation as described in Section 2.3.4. 

The cell pellet was then re-suspended in 1 mL of the relevant complete media 

(Table 2-2 and Table 2-3). One mL of cell suspension (cells from a confluent T-75 

cm2 flask) was then aliquoted into a 2 mL cryo-preservation vial (cat. no.: BCS-

2502, Brooks Life Sciences) and stored for 24 hr at -80 ºC using a freezing 

container Mr. Frosty™ (Nalgene®, Thermo Scientific™) containing 100% (v/v) 

isopropanol which provides the steady cooling conditions of a -1 ºC /min 

constant cooling rate required for successful cryopreservation of cells. The next 

day, cells were transferred to liquid nitrogen for long-term storage. 

In preparation for recovery of cryopreserved cells, 15 mL of the relevant 

complete media was added to the cell culture flasks and warmed to 37 ºC in the 

cell incubator. The vials with cryopreserved cells were transferred to the 

laboratory on dry ice allowing the thawing process to take place rapidly. Vials 

were dipped half-way into the water bath containing water at 37 ºC for about 1-

Culture vessel: Seeding density: HSVSMCs  Seeding density: HSVECs  

6-well plate 1.5x105 cells/mL (2 mL/well) - 

12-well plate  1.5x105 cells/mL (1 mL/well) - 

24-well plate 1.5x105 cells/mL (500 µL /well) - 
96-well plate 6x104 cells/mL (200 µL /well) 1x105 cells/ mL (200 µL /well) 
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2 min for a rapid thawing of the cells. After that, cells were mixed gently using a 

p1000 Gilson pipette with filter tips and then transferred into a T-75 cm2 flask 

containing the pre-warmed complete media relevant to the cell type. The cell 

suspension was then gently mixed by tilting the flask allowing the cells to spread 

evenly over the surface of the flask. After cell attachment to the surface of the 

flask (usually overnight), the DMSO-containing media was removed and replaced 

with fresh complete media. 

2.4 Cell work methodology 

Throughout this project, an in vitro model of the pathological conditions under 

which neointimal lesions develop following vascular injury was utilised. In this 

model, HSVSMCs were exposed to pathophysiological stimulation with PDGF-BB 

(Cat. no.: 220-BB, R&D Systems) or treatment with vehicle (VEH) (0.2% bovine 

serum albumin (BSA) 10 mM acetic acid). PDGF-BB was the pathophysiological 

stimuli of choice since, as a potent mitogen involved in the regulation of VSMC 

phenotype, it has been implicated in the development of neointimal formation 

post vascular injury (Hu et al., 1999; M. S. Lee et al., 2004; Raines, 2004) 

(discussed in Chapter 1). 

2.4.1 Experimental protocols designed to study the effect of 
unmodified EVs on activated HSVSMCs 

The extracellular vesicles used in these studies were generated as described in 

Section 2.10.1. Briefly, quiesced cells were treated with either 20 ng/mL PDGF 

or VEH control for 48 hr. At the end of the incubation period, CCM was collected 

and EVs derived from PDGF stimulated cells (pEVs) and VEH treated cells (vEVs) 

were isolated as described in Section 2.10.3.1. 

2.4.1.1 Cell proliferation studies 

The protocols described below were designed to study the effect of unmodified 

HSVSMCs-derived EVs (vEVs and pEVs) on proliferation of activated recipient 

HSVSMCs co-treated with PDGF. Cell proliferation was assessed via BrdU 

incorporation assay (detailed procedure described in Section 2.9.1). 
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Recipient HSVSMCs were first quiesced for 48 hr, and then cells were co-treated 

with EVs and 20 ng/mL PDGF (Figure 2-1A). In this study, the effect of two 

different EV concentrations (C1 = 8.0x108 EV particles/mL and C2 = 1.0x1010 EV 

particles/mL) and two different timepoints (6 hr and 24 hr treatment) were 

assessed. The corresponding number of EV particles used to treat the cells in one 

well was 8.0x107 EV particles and 1.0x109 EV particles for C1 and C2 respectively 

(Figure 2-1A). The BrdU labelling reagent was added at the time of treatment 

after cells were first quiesced for 48 hr period. All treatments were performed 

in the relevant quiescence medium for the cell type used. 

2.4.1.2 MicroRNA target gene expression studies 

The ability of unmodified vEVs and pEVs, containing endogenous concentration 

of miRNAs, to regulate the cellular expression levels of different miRNA gene 

targets in HSVSMCs was assessed following the protocol described below.  

In this experiment, 1.5x105 cells/mL (500 µL) were seeded onto 24-well 

plates.HSVSMCs were first quiesced for 48 hr in the relevant quiescence medium 

before stimulation (Figure 2-1B). Cells were then co-treated with vEVs or pEVs 

(2.4x1010 EVs/mL or 6.0x109 EV particles/well) combined with 20 ng/mL PDGF 

for 6 hr and 24 hr (Figure 2-1B). After the treatments, RNA was purified, and 

gene target expression levels were assessed as described in sections 2.6.2 and 

2.6.5, respectively.
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Figure 2-1 Schematic representation of the experimental protocols designed to study the effect of unmodified vEVs and pEVs on recipient 
PDGF-treated HSVSMC. (A) Experimental protocol followed to study the effect of vEVs and pEVs on proliferation of PDGF-activated HSVSMCs. In this 
protocol, conditions (1) and (2) were included as background controls; conditions (3) and (4) were included to control for the effect of cell proliferation. 
(B) Experimental protocol followed to assess the ability of unmodified HSVSMC-derived EVs (vEVs and pEVs) to regulate the expression levels of 
miRNA gene targets in recipient PDGF-activated HSVSMCs. Quiesced HSVSMCs were co-treated with 20 ng/mL PDGF combined with either vEVs or 
pEVs (2.4x1010 EVs/mL or 6.0x109 EV particles/well) and target gene expression was assessed by qRT-PCR.

48hr  HSVSMC 
quiescence

A.

1. No cells, + BrdU
2. – BrdU

3. + BrdU + VEH
4. + BrdU + *PDGF

5. + BrdU + *PDGF + vEVs (C1/C2)
6. + BrdU + *PDGF + pEVs (C1/C2)

* 20ng/mL PDGF-BB

C2C1

C1 C2

C1 = 8.0 x 107 EVs/well (8.0 x 108 EVs/mL) 
C2 = 1.0 x 109 EVs/well (1.0 x 1010 EVs/mL)

1. VEH
2. *PDGF

3. vEVs + *PDGF
4. pEVs + *PDGF

* 20ng/mL PDGF-BB

48hr  HSVSMCs 
quiescence

6.0 x 109 EVs/well  
(2.4 x 1010 EVs/mL) 

B.
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2.4.2 Experimental protocols designed to study the effect of 
miRNA loaded EVs on HSVSMCs 

The effects of miRNA loaded EVs (miEVs, EVs electroporated with miR-24-3p 

mimic or miR-224-p5 mimic) on cell proliferation, migration, target gene 

expression and cell viability were assessed via two different cell treatment 

protocols. The functional assays used to assess these cellular processes included 

BrdU incorporation assay for cell proliferation (Section 2.9.1), the wound scratch 

method and the gap closure method for assessing cell migration (Sections 2.9.3.1 

and 2.9.3.2, respectively) and MTT assay for assessing cell viability (Section 

2.9.2). The main difference between the two cell treatment protocols was the 

inclusion or exclusion of a cell preconditioning step where naïve EVs (naEVs) and 

miRNA loaded EVs (miEVs) were used to pre-treat recipient cells before co-

stimulation with 20 ng/mL PDGF or 5% EV-depleted FBS together with 

naEVs/miEVs. The EVs used in these experiments were generated as described in 

Section 2.10.2 and miRNA mimics were exogenously loaded into EVs via 

electroporation (details can be found in Section 2.10.6). The exact EV 

concentration used in each experiment was dependent on the number of cells 

seeded on the required cell culture dish. For studies, including cell proliferation 

assays, where 96-well plates were used, 6.0x104 cells/mL (200 µL) were seeded, 

and 1.0x1010 EVs/mL (1x109 EVs/well) were used for treatments. For cell 

migration studies, 1.5x105 cells/mL (500 µL) were seeded onto 24-well plates and 

2.4x1010 EVs/mL (6.0x109 EV particles/well) were used to treat the cells. When 

the ability of miEVs to regulate the expression levels of target genes was 

assessed, 1.5x105 cells/mL (500 µL) were seeded onto 24-well plates and 

2.4x1010 EVs/mL (6.0x109 EV particles/well) were used to treat the cells. RNA 

was extracted and expression levels of target genes were assessed as described 

in Section 2.6.2 and Section 2.6.5, respectively. 

2.4.2.1 Studies with no EV pre-treatment step 

In these experimental setups, HSVSMCs were first quiesced for 48 hr in the 

relevant quiescence media before stimulation. Cells were then co-treated with 

naEVs/miEVs combined with 20 ng/mL PDGF for cell proliferation and target 

gene expression studies (Figure 2-2). When studying the effect of naEVs/miEVs 

on cell viability, cells were treated with EVs alone (Figure 2-2).
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Figure 2-2 Schematic representation of the cell treatment protocol used to study the effects of naEVs/miEVs on HSVSMCs.  
Cells were first quiesced for 48 hr before they were co-treated with naEVs/miEVs combined with 20 ng/mL PDGF for cell proliferation and target gene 
expression studies or treated only with naEVs/miEVs for cell viability studies. The EV concentration used in each experiment was dependent on the 
number of cells seeded on the cell culture dish used in each experiment. In general, ~ 8.0x104 EVs/cell were used throughout these experiments.
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2.4.2.2 Studies with an EV pre-treatment step 

In these experiments, an EV pre-treatment step was included where cells were 

preconditioned by the addition of EVs – naEVs (naïve EVs) or miEVs (miR-24-3p 

EVs or miR-224-5p EVs), for 6 hr prior to co-stimulation with naEVs/miEVs 

combined with 20 ng/mL PDGF, for cell proliferation and target gene expression 

studies, or 5% EV-depleted FBS for cell migration studies (Figure 2-3). 

2.4.3 Experimental protocol designed to study the effect of 
miRNA loaded EVs on HSVECs 

In this experiment, the effects of miEVs (EVs electroporated with miR-24-3p 

mimic and miR-224-p5 mimic) on cell viability after 4 hr of EV treatment were 

assessed. HSVECs were seeded in a 96-well plate at seeding density of 1x105 

cells/mL (200 µL/well) and 1.0x1010 EVs/mL (1x109 EVs/well) were used to treat 

the cells. As HSVECs are very sensitive cells could not withstand the typical 

starvation conditions used with HSVSMCs, those cells were not quiesced prior to 

treatment. Instead, experiments were performed in two different media types – 

low-serum DMEM medium supplemented with 1% EV-depleted FBS and complete 

HSVEC medium (Table 2-3). Cell viability was assessed via MTT assay and a 

detailed protocol describing the procedure can be found in Section 2.9.2.
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Figure 2-3 Schematic representation of the cell treatment protocol, involving a 6hr naEV/miEV pre-treatment step, used to study the effects of these EV 
populations on HSVSMCs.  In these experiments, cells were again first quiesced for 48 hr. Then, an EV pre-treatment step was introduced where cells were preconditioned by 
the addition of EVs (naEVs and miEVs) for 6 hr prior to co-stimulation with naEVs/miEVs combined with 20 ng/mL PDGF, for cell proliferation and target gene expression studies, 
or 5% EV-depleted FBS for cell migrations studies. The EV concentration used in each experiment was dependent on the number of cells seeded on the cell culture dish used. In 
general, ~ 8.0x104 EVs/cell were used throughout these experiments. 
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2.5 Immunofluorescence  

HSVSMCs isolated in-house were stained to detect one of the typical smooth 

muscle cell markers – alpha smooth muscle cell actin (α-SMA). Following the 

general immunofluorescence (IMF) protocol described below. 

HSVSMCS were first seeded in a black sterile 96-well microplate with clear flat 

bottom (SCREENSTAR, Cat no.: 655866, Greiner Bio-One Ltd) at a seeding density 

of 5x104 cells/mL and left in complete media overnight to recover. The next day, 

cells were washed once with DPBS and then fixed in 4% (w/v) paraformaldehyde 

powder (PFA, dissolved in DPBS) for 10 mins at room temperature. Immediately 

after that, cells were washed 2x5 mins with DPBS (on a slow shaker). After 

washing, the membrane was permeabilised using 0.1% DPBS-Tween (DPBS-T) 

solution (Tween® 20, Sigma Aldrich) for 10 mins at room temperature (no 

shaking). Following this step, cells were washed again 3x5 mins with DPBS at 

room temperature on a slow shaker. Then, wells were blocked in 1xDPBS-T/1% 

(v/v) goat serum (Cat. No.: S-1000, Vector Laboratories) for 30 mins at room 

temperature (no shaking). After blocking, cells were washed once more (1x5 

mins with DPBS at room temperature on a slow shaker) before incubating with 

the appropriate primary antibody (Ab) diluted in 1xDPBS-T/1% (v/v) goat serum. 

The primary Ab used was rabbit polyclonal IgG Ab to α-SMA (Cat. no: Ab5694, 0.2 

mg/mL, 1/200 dilution, Abcam). An appropriate normal rabbit IgG control 

(Cat.no.: 10500C, 3 mg/mL, Thermo Fisher Scientific) was diluted to the 

corresponding concentration in 1xDPBS-T/1% (v/v) goat serum to control for non-

specific staining. Cells were incubated with anti-α-SMA IgG and control rabbit 

IgG at 4°C overnight (no shaking). 

The next day, cells were first washed 3x5 mins with DPBS at room temperature 

on a slow shaker and then incubated with the appropriate fluorescent secondary 

Ab diluted in DPBS-T. The secondary Ab used was goat anti-rabbit IgG Alexa 

Fluor® 488 (Cat. No.: A-11008, 2 mg/mL, 1/500, Invitrogen, Thermo Fisher 

Scientific). Cells were incubated with the secondary Ab for 1 hr at room 

temperature in the dark on a slow shaker. Following this step, cells were washed 

3x5 mins with DPBS at room temperature on a slow shaker protected from light 

before performing a short staining step with 4′,6-diamidino-2-phenylindole (DAPI) 

solution (Cat. No.: D9542, 10 mg/mL, Sigma Aldrich) diluted 1/1000 in DPBS. 
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Finally, cells were washed again 3x5 mins with DPBS at room temperature on a 

slow shaker protected from light before adding DPBS to each well for storage at 

4°C until ready to image. 

The next day, the plastic seal covering the bottom of the plate was removed 

immediately prior to imaging the cells with Leica DMi8 Inverted Microscope 

(Leica Microsystems Wetzlar, Germany) and images were acquired using the LASx 

software (Leica Microsystems Wetzlar, Germany). For each related set of wells 

(cells from the same patient), laser settings, including exposure time, were 

guided by imaging negative control samples first to control for non-specific 

background fluorescence. The rest of the wells were then imaged based on the 

same microscope settings to allow unbiased comparisons between the negative 

control wells and wells stained with anti-α-SMA. Scale bar of 100 µm was 

imported using the LASx software to all images. Alpha-SMA was detected in cells 

isolated from SV segments from three different patients. 

2.6 Gene expression analysis 

2.6.1 RNA extraction from cells and EV samples 

Total RNA extraction was performed using the miRNeasy Mini Kit (cat. no.: 

217004, Qiagen) in a standard biological safety class II cabinet with vertical 

laminar flow to prevent exposure to toxic phenol fumes. Manufacturer’s 

instructions were followed throughout this protocol. 

Briefly, for adherent cells, cell culture medium was first removed, and cells 

were washed twice in ice cold sterile DPBS. An appropriate volume of QIAzol 

Lysis Reagent (provided in the kit) (Table 2-5) was directly added to washed 

adherent cells or to EVs in DPBS. Adherent cells were gently rubbed away from 

the surface of the cell culture dish using the rubber end of a sterile 1 mL syringe 

plunger. The lysed cell suspension was then transferred to a sterile RNase-free 

1.5 mL microcentrifuge tube and then stored at -80°C before extracting the 

RNA. When harvesting RNA from EVs, after the addition of QIAzol to the EV 

sample, the RNA extraction process was completed without interruption. The 

rest of the RNA extraction procedure was the same for both cells and EVs. 
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Table 2-5 Details of the reagent volumes used throughout the RNA extraction process. 

 

2.6.2 RNA purification 

Cells/EVs lysed in QIAzol were vortexed thoroughly to homogenize the sample 

and to achieve optimal release of RNA contained in the sample by causing a full 

disruption of plasma and organelle membranes. The homogenate was then 

incubated at room temperature for 5 min to promote the dissociation of 

nucleoprotein complexes. 

The appropriate volume of chloroform (Table 2-5) was added to the 

homogenate, the tubes were mixed vigorously for 15 sec by shaking up and down 

and then left on the benchtop at room temperature for 2-3 min. After that, 

tubes were subjected to centrifugation at 12 000 RCF at 4°C for 15 min to 

separate the samples into 3 phases: a pink organic phase, a white DNA-

containing interphase and an upper clear aqueous phase containing the RNA. 

Using a Gilson pipette with filter tips, the upper aqueous phases were carefully 

transferred to a new set of RNA-free Eppendorf tubes and 1.5X volume of 100% 

ethanol was added to each sample (Table 2-5). Following the addition of 

ethanol, RNA/ethanol samples were mixed thoroughly by pipetting up and down 

prior to transferring 700 µL of the sample mix to the RNeasy Mini spin columns in 

collection tubes (provided in the kit). The RNeasy Mini spin columns containing 

the ethanol/RNA sample were subjected to centrifugation at 10,000 RCF for 30 

sec at room temperature allowing the RNA to bind to the silica membrane on the 

bottom of the spin column. After discarding the flow through, this step was 

repeated with the remaining sample (up to 700 µL) if necessary. The columns 

were then washed with two ready-made buffers (provided in the kit) to remove 

any impurities.Initially, 700 µL of RWT buffer was added to the spin columns 

which were then subjected to centrifugation at 8 000 RCF for 30 sec at room 

temperature (only 350 µL of RWT buffer was used for this initial washing step in 

cases when on-column DNase digest was carried out). The flow through was 

discarded, and the columns were washed again by adding 500µL RPE buffer via 

QIAzol lysis 
reagent (µL) 

Chloroform 
(µL) 

Approximate volume of 
upper aqueous phase (µL) 

100% Ethanol (µL) 

500 100 300 450 
750 150 450 675 
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centrifugation at 8000 RCF for 30 sec at room temperature. After discarding the 

flow through, a longer centrifugation step was performed. Five hundred µL RPE 

buffer was added to the columns again and the columns were then subjected to 

centrifugation at 8000 RCF for 1 min at room temperature. This longer 

centrifugation step was required to dry the column membranes, ensuring that no 

ethanol was carried over during the RNA elution step as ethanol may interfere 

with downstream analysis. After this step, the spin columns were carefully 

removed from the collection tubes and placed into a new set of collection tubes 

which were then subjected to centrifugation at full speed for 1 min. This step 

was performed to eliminate possible carryover of RPE buffer. Finally, the spin 

columns were transferred into new 1.5 mL RNA-free Eppendorfs to collect the 

eluting RNA. After pipetting 30-50 µL RNase-free water (provided in the kit) 

directly onto the column membranes, the spin columns were left for 1 min at 

room temperature to allow better hydration of the column membranes. 

Immediately after, the columns were subjected to centrifugation at 8000 RCF for 

1 min to elute the RNA. A second RNA elution step was performed using the first 

elute and the same collection tube to increase the final RNA concertation. The 

spin columns were then discarded, and RNA samples were placed on ice. 

NanoDrop® (ND-1000 spectrophotometer; Thermo Scientific) was used to 

determine the concentration and quality of each RNA sample and the average of 

two readings was taken. The ratios of 260nm/280nm and 260nm/230nm were 

used as indicators of RNA purity providing information about the presence of 

common RNA contaminants such as protein and phenol respectively. A 260/280 

ratio of ³ 2.0 and a 260/230 ratio between 1.8 - 2.2 generally reflect pure RNA. 

RNA samples were either directly subjected to complementary cDNA synthesis or 

stored at -80°C. 

2.6.3 On-column DNase digest 

Where appropriate, an on-column DNase digest was carried out during RNA 

isolation. RNase-free DNase (Qiagen, West Sussex, UK) treatment was carried out 

on RNA isolation samples whenever the aim was to measure mRNA gene 

expression levels. The purpose of this step was to remove any contaminating 

DNA and was carried out following the manufacturer’s instructions. Three 

hundred and fifty µL of RWT Buffer was added to the spin column and subjected 

to centrifugation at 8000 RCF for 15 secs. The flow-through was discarded and 



96 

 

80µL DNase/buffer solution (10 µL DNase + 70 µL Buffer RDD per sample) was 

added to each column. Samples were incubated for 15 mins at room 

temperature. Following incubation, 350 µL RWT Buffer was added to each 

column before centrifugation at 8000 RCF for 15 sec. Finally, the flow through 

was discarded. 

2.6.4 Reverse transcription polymerase chain reaction (RT-PCR) 

The reverse transcription reaction was performed for each RNA sample to 

generate cDNA. 

2.6.4.1 RT-PCR for the detection of miRNA expression levels 

RT reactions were performed for each miRNA of interest along with a control 

miRNA. The housekeeping control miRNA measured when studying the expression 

of miRNAs in cells was RNU48. When studying the expression of miRNAs in EVs, 

the control miRNA used was Caenorhabditis elegans cel-miR-39 (synthetic cel-

miR-39, Cat. No.: 4464066, Qiagen). For this purpose, EV samples were first 

spiked with a known amount of cel-miR-39 (27 pg or 1.95x10-3 pmol / sample) 

prior to purifying the RNA as described in Section 2.6.2. To create cDNA for 

miRNAs, reverse transcription reactions (½ reactions = 7.5 µL) were performed 

in a 96-well plate (cat. no.: E1403-5200, Skirted, Low-Profile, STARLAB) using 

the TaqMan™ miRNA Reverse Transcription Kit (cat. no.: 4366596, Applied 

Biosystems by ThermoFisher Scientific). The initial RNA input for EV and cell 

samples was 2.5 µL and 5 ng respectively. Non-template control (NTC) where 

nuclease-free water was used instead of RNA sample, was added to the plate for 

each miRNA mastermix including the control miRNAs (cel-miR-39 and RNU48). A 

separate mastermix for each miRNA was prepared containing the relevant 

TaqMan® miRNA RT primer (Table 2-6). To convert the RNA into cDNA, the 

following reaction constituents and temperature parameters of cycling 

conditions were used. 
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Mastermix:        Final concentrations: 

dNTPs (100 mM)      1 mM 

Multiscribe™ RT enzyme (50 U/µL)    3.33 U/µL 

Reverse Transcription Buffer (10X)    1X 

RNase Inhibitor (20 U/µL)     0.25 U/µL 

2.08µL Nuclease-free water (Qiagen).    N/A 

TaqMan® miRNA RT primer (5X)    1X  

Multi-Block PCR Thermal Cycler (PTC-225, MJ Research) was used to run the RT-PCR 

using the following settings:  

 

16°C for 30 min - primer binding to the RNA template. 

42°C for 30 min - reverse transcription reaction. 

85°C for 5 min - RT enzyme inactivation. 

 

The newly synthesized cDNA samples were stored at -20°C until next used. 

Table 2-6 List of TaqMan® miRNA Assays used throughout this study.  All assays were 
purchased from ThermoFisher Scientific. Provided in this table are details regarding the miRNA’s 
corresponding miRBase/NCBI Identifiers (accession numbers), the Cat. No., and the respective 
Assay ID as identified by Life Technologies. 

 

2.6.4.2 RT-PCR for the detection of mRNA expression levels 

To create cDNA for protein coding genes, 20 µL reverse transcription reactions 

were performed in a 96-well plate using the TaqMan Reverse Transcription 

Reagents. The amount of RNA transcribed was between 200-1000ng and this was 

kept consistent within experiments. RNA samples were diluted in RNase-free H2O 

 
TaqMan® miRNA 

Assay 
miRNA 

 
miRBase/NCBI 

Accession Number 

Cat. No. 
(ThermoFisher 

Scientific) 

Assay ID 
(Applied 

Biosystems) 

hsa-miR-24 miR-24-3p MIMAT0000080 4427975 000402 

hsa-miR-1 miR-1-3p MIMAT0000416 4427975 002222 

hsa-let-7a let-7a-5p MIMAT0000062 4427975 000377 

hsa-miR-21 miR-21-5p MIMAT0004494 4427975 000397 

hsa-miR-409-3p miR-409- 3p MIMAT0001639 4427975 002332 

hsa-miR-224-5p miR-224-5p MIMAT0000281 4398987 CTFVKZX 

cel-miR-39 miR-39-3p MIMAT0000010 4427975 00200 

RNU48 RNU48 NR_002745 4427975 001006 
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directly on the 96-well plate on ice. An NTC was also included for each 

experiment. A mastermix containing the following components was added to 

each well: 

Mastermix:         Final concentration: 

SuperScript™ II buffer (SSII, Invitrogen, 5X)     1X  

dNTP Solution mix (NEB, 10 mM)     1 mM 

dTT (Invitrogen, 0.1 M)      10 mM 

Random Hexamers (Invitrogen, 50 µM)    5 µM 

RNasin® Ribonuclease Inhibitor (Promega, 40U/µL)   2 U/µL 

Superscript® II RT enzyme (Invitrogen, 200 U/µL)   20 U/µL 

1.5µL Nuclease-free water (QIAgen)     N/A 

 

A Multi-Block PCR Thermal Cycler (PTC-225, MJ Research) was used to run the 

RT-PCR. Firstly, the RNA was denatured at 70ºC for 10 min before adding the 

mastermix. Upon addition of the mastermix to the wells, the RT-PCR reaction 

was carried out using the following temperature settings: 

- 25ºC for 10 min - primer binding to the RNA template. 

- 42ºC for 60 min - reverse transcription reaction. 

- 72ºC for 15 min – RT enzyme inactivation.  

 

After completion of the reaction, samples were diluted with 80-180 µL of 

nuclease-free water, and this was kept consistent within experiments. The 

newly synthesized cDNA samples were stored at -20°C until next used. 

2.6.5 Real-time quantitative RT-PCR (qRT-PCR) 

Throughout the studies, relative mRNA expression levels of target genes were 

determined by TaqMan® qRT-PCR system (Applied Biosystems™) which was used 

to detect and quantify the expression of different genes in real time. Details 

about each miRNA and mRNA assay could be found in (Table 2-6) and (Table 

2-7), respectively. 

The TaqMan® qRT-PCR system uses TaqMan® probes which are labelled with a 

fluorescent dye (FAM™ or VIC™) at their 5’end. The probes also contain a minor 

groove binder (MGB) and nonfluorescent quencher (NFQ) at their 3' end. During 
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the initial stage of the reaction, the temperature is raised denaturing the 

double-stranded cDNA. In the next step, the lowered reaction temperature 

allows for primers (forward and reverse) and probe to anneal specifically to their 

complimentary sequences. The synthesis of the new strands by the Taq DNA 

polymerase starts with the unlabelled primers. When the polymerase reaches a 

TaqMan probe, it cleaves the probe separating the dye from the quencher, thus, 

allowing the detection and quantification of the fluorescent dye. If the target 

sequence is not present and probe annealing does not take place, then the probe 

remains intact, and the fluorescent signal is not detected as it is inhibited by the 

quencher. The quencher molecule quenches the fluorescence emitted by the 

fluorophore when excited by the cycler's light source via a process known as 

Förster resonance energy transfer (FRET). The accumulation of PCR product can 

be detected in real time by measuring the increase of fluorescence signal at 

each amplification cycle with the amount of target amplified being directly 

proportional to the starting template concentration during the exponential 

phase of the PCR cycling. 

To study the expression of different miRNAs of interest, TaqMan® miRNA probes 

were used (Table 2-6). Two types of negative controls were also included – NCT 

RT product and nuclease-free water instead of an RT RNA product. Each reaction 

contained 2 µL of RT product (or 0.7 µL of RT product for cel-miR-39-3p spike-in 

detection) and the following components as part of the mastermix: 

Mastermix:         Final concentration: 

TaqMan® Universal PCR Master Mix II (no UNG) (2X)  1X 

TaqMan® miRNA probe (20X)      1X 

* 2.5/3.8µL Nuclease-free water     N/A 

* When detecting the expression of the spike-in control cel-miR-39-3p, a higher amount 

of nuclease free water was added to the reaction mixture to make up for the use of 

lower amount of RT product. 

 

To study the expression of different protein coding genes of interest, TaqMan® 

mRNA probes were used (Table 2-7). Two types of negative controls were also 

included – NCT RT product and nuclease-free water. Each reaction contained the 

following components: 



100 

 

Mastermix:         Final concentration: 

TaqMan® Universal PCR Master Mix II (no UNG) (2X)  1X 

TaqMan® mRNA probe (20X)      1X 

2.5µL Nuclease-free water      N/A 

 

Table 2-7 List of human TaqMan® assays used for the detection of mRNA gene expression.  
All assays were purchased from ThermoFisher Scientific. 

All reactions were performed in 384-well optical plates (cat. no.: 4309849, 

Thermo Fisher Scientific) using a QuantStudio 12K Flex Real-Time PCR System 

(Applied Biosystems by Life Technologies) with temperature parameters of 

cycling conditions as follows: 

Hold stage:  

50ºC for 2 min (step deleted when amplifying miRNA sequences) 

95ºC for 10 min – activation 

 

Cycling conditions (x40 cycles): 

95ºC for 15 sec – denaturation  

60ºC for 1 min – annealing and extension 

 

2.6.5.1  Analysis of qRT-PCR 

In qRT-PCR reactions, the cycle threshold (Ct) is defined as the number of cycles 

required for the fluorescent signal (amplification curve) to cross the threshold 

(i.e., exceeds background level) which is set in the linear phase of the reaction. 

The Ct values are determined in the exponential phase of the reaction and are 

inversely proportional to the amount of target nucleic acid in the sample (i.e., 

Gene Name 
Gene 

symbol 
TaqMan® Assay ID Cat. No.  

Platelet derived growth factor receptor α PDGFRA Hs00998018_m1 4331182 

Platelet derived growth factor receptor β PDGFRB Hs01019589_m1 4331182 

RAS Related RRAS Hs00196699_m1 4331182 

Neuroblastoma RAS viral oncogene homolog NRAS Hs00180035_m1 4331182 

Phosphoinositide-3-kinase regulatory subunit 3 PIK3R3 Hs01103591_m1 4331182 

Polyubiquitin-c UBC Hs00824723_m1 4331182 

x 40 cycles 
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the lower the Ct value the higher the amount of target nucleic acid in the 

sample). 

The expression of miRNAs/mRNA genes of interest were always measured 

relative to a control miRNA/mRNA gene. In cells, the ‘housekeeper’ controls of 

choice were RNU48 and UBC when investigating the expression of miRNAs and 

mRNA genes, respectively. When detecting miRNAs in EV samples, the expression 

levels of the miRNAs of interest were normalized to that of cel-miR-39 spike-in 

control. 

The data collected was analysed using the ΔΔCt method (Livak and Schmittgen, 

2001). Data normalization was performed by first calculating the mean Ct value 

of three technical replicates for the same miRNA/mRNA gene. Then, the ΔCt was 

calculated which is the difference between the Ct value of the miRNA or gene of 

interest and the Ct of the control miRNA or gene for that sample. Subsequently, 

the ΔΔCt was calculated using the following equation: 

∆∆𝐶𝑡 = ∆𝐶𝑡 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) − ∆𝐶𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑎𝑚𝑝𝑙𝑒) 

 

Finally, the fold change in miRNA/mRNA gene expression levels between the 

treatment group and the control samples was calculated. This is also called 

relative quantification (RQ) and was calculated using the following equation: 

𝑅𝑄 = 2−∆∆𝐶t 

 

This method determines gene expression levels normalized to a control relative 

to a calibrator selected from within the experiment (i.e., a single sample or a 

sample group assigned to have relative gene expression level of 1.0). 

2.7 Protein expression analysis 

2.7.1 Protein extraction 

To extract proteins from cells and EVs, samples were prepared on ice using RIPA 

lysis buffer for whole protein (Pierce™, ThermoFisher Scientific) containing 25 

mM Tris HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% 

sodium dodecyl sulphate (SDS). Phosphatase Inhibitor Cocktail (Sigma Life 
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Science) and Protease Inhibitor Cocktail tablets (cOmplete, Roche Diagnostics) 

were both added to the buffer prior to use to prevent proteolysis and maintain 

phosphorylation status of proteins. 

Cells were first washed quickly with DPBS before adding 100-700 µL RIPA buffer 

(depending on the number of cells being lysed) and then scraped off the bottom 

of the culture dish using a regular cell scraper. Prior to measuring the protein 

concentration and preparing samples for Western Blotting (WB), all samples 

were quickly vortexed. 

To extract proteins from EVs in preparation for Western Blotting, EV samples 

were mixed with RIPA lysis buffer in 4:1 ratio. Both cell lysates and EV lysates 

were vortexed and incubated on ice for 30 min prior to sonication. Samples were 

sonicated twice for 5 seconds using Ultrasonic Processor (120 watts, 20 kHz, 

Fisher Scientific) on the following settings: pulse – 30 and amplitude – 50%, and 

then stored at -20°C. Only for the purpose of measuring EV protein 

concentration, EV samples were mixed with NaOH (0.2 mM) in 1/20 ratio (no 

RIPA buffer), then samples were vortexed and left on ice for 30 mins prior to 

sonication using the same settings as described above. 

2.7.2 Protein quantification 

Protein concentration in cell lysates and EV lysates was determined in flat 

bottom 96-well plates using a Pierce™ BCA Protein Assay Kit (cat. no.: 23227, 

Pierce™, Thermo Scientific™) or Pierce™ Micro BCA™ Protein Assay Kit (ca. no.: 

23235 Pierce™, Thermo Scientific™) respectively. The assays were carried out 

following manufacturer’s instructions. 

Protein concentration of cell lysates was estimated with reference to a standard 

curve generated using BSA diluted in DPBS. A new standard curve (25 µg/µL – 

2000 µg/µL) was prepared for each individual assay. Reagents A and B from the 

kit were mixed in 50:1 ratio respectively, before being used. Cell lysate samples 

and standards were first added to the wells of a 96-well plate before the 

addition of the BCA reagent mixture. After mixing well with the pipette, samples 

were incubated, protected from light at 37ºC for 30 min before reading the 

absorbance at 560 nm using a Multi Plate Reader Victor™ X3 (Perkin Elmer), or at 
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562 nm using SpectraMax M2 Spectrophotometer (Molecular Devices). A 

background control (BC) sample was always included where RIPA buffer alone 

was mixed with the reaction mixture. Protein concentrations were determined 

based on the standard curve after subtracting the BC reading from the readings 

of sample unknowns. Both standards and cell lysate samples were measured in 

duplicate, and the average was calculated. Analyses were performed using 

Microsoft® Excel (Version 16.5). 

Protein concentration of EV lysates was estimated with reference to a standard 

curve generated using BSA diluted in NaOH (0.1 mM). A new standard curve (0.5 

µg/µL - 200 µg/µL) was prepared for each individual assay. Reagents A, B and C 

from the kit were mixed in 25:24:1 ratio respectively, before being used. EV 

lysate samples and standards were first added to the wells of a 96-well plate 

before the addition of the BCA reagent mixture. After mixing with the pipette, 

samples were incubated, protected from light at 37ºC for 2hr before reading the 

absorbance at 560 nm using a Multi Plate Reader Victor™ X3 (Perkin Elmer), or at 

562 nm using SpectraMax M2 Spectrophotometer (Molecular Devices). Protein 

concentrations of unknown samples were determined based on the standard 

curve generated after blank-correcting all standard and unknown sample 

readings. Both standards and EV lysate samples were measured in duplicate, and 

the average was calculated. Analyses were performed using Microsoft® Excel 

(Version 16.50). 

2.7.3 Western immunoblotting 

Western immunoblotting was used to determine protein expression in qualitative 

manner. Due to the lack of an established endogenous housekeeping protein to 

serve as a loading control, EV protein markers were only detected for 

confirmational purposes when the aim was to characterise an EV population. 

Details about all antibodies used throughout this project can be found in Table 

2.6. Between 10–20 µg of protein was loaded on the gel for positive control 

samples and 8 µg or 10 µg for EV samples.When detecting the expression of EV 

protein markers in EV lysates, protein lysates from cells were used as positive 

controls including lysates from HSVSMCs or HSVECs - depending on the origin of 

the EVs (HSVSMC lysate was used as a PC when EV-protein markers were 

detected in serum EVs). 
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Protein lysates were denatured and prepared for gel electrophoresis in NuPAGE® 

Lithium Dodecyl Sulphate (LDS, pH 8.5, cat. no.: NP0007 ThermoFisher 

Scientific) Sample Buffer (4X) containing 988 mM Tris, 2.04 mM EDTA, 8% LDS, 

40% Glycerol, 0.88% COOMASSIE® Brilliant Blue G-250, 0.7 mM Phenol red with or 

without 5mM dithiothreitol (DTT) onto a the 96-well plate. The use of this 

sample buffer induced negative charge on the proteins which promoted the 

migration of the proteins through the resolving gel towards the anode. Upon 

addition of the sample buffer, the 6-well plate containing the protein mixtures 

was sealed and placed on the MJ Research Tetrad PTC-225 Thermal Cycler to 

enable denaturation at 95°C for 5 min. 

Next, samples were loaded on a 1 mm 12 + 2-well NuPAGE™ 10% Bis-Tris Midi Gel 

(cat. no.: WG1401BOX, Invitrogen, ThermoFisher Scientific) for separation by 

electrophoresis (100-120V for 2 – 2:30hr) in 1× NuPAGE® MES SDS Running Buffer 

(cat. no.: NP002, Novex, Life Technologies). In the first well, 3 µL of pre-stained 

protein ladder (Chameleon Duo Pre-Stained Protein Ladder, cat. no.: 928-60000, 

LI-COR Biosciences) was loaded to serve as a molecular weight standard. After 

separation, proteins were transferred onto a 0.2 µm nitrocellulose membrane 

(cat. no.: GE10600001, Amersham™, Protran™, GE Healthcare Life Sciences) 

using a Power Blotter 1-Step™ Transfer Buffer (Invitrogen, ThermoFisher 

Scientific) and a Power Blotter–Semi-Dry Transfer System (Invitrogen, 

ThermoFisher, UK) at 25V and 2.5A for 8.5 min. Blocking solution made of 1X 

TRIS-buffered saline (TBS) pH 7.4 (cat.no.: J60764, Alfa Aesar) and SEA BLOCK 

blocking (cat. no.: 37527, Thermo Fisher Scientific) in 1:1 ratio was used to 

block the membranes for 1 hr at room temperature on a slow shaker. 

Membranes were then incubated overnight at 4°C on a shaker with different 

specific primary monoclonal Abs (Table 2-8) prepared in 1X TBS/SEA BLOCK 

blocking buffer (1:1). Following incubation with primary Abs, membranes were 

washed three times with 1X TBS with 0.05 % Tween® 20 (cat. no.: P1379, Merck, 

Sigma-Aldrich) for 5 min. Next, membranes were incubated for 1 hr at room 

temperature on a slow shaker with the respective fluorescent-dye conjugated 

secondary Abs. The secondary Abs used were Goat anti-Rabbit IgG Highly Cross-

Adsorbed Secondary Antibody (Alexa Fluor® 790, Cat. No.: A11367, 2 mg/mL, 

1/15 000, Invitrogen, Thermo Fisher Scientific) and Goat anti-Mouse IgG Highly 

Cross-Adsorbed Secondary Antibody (Alexa Fluor 790, Cat. No.: A11357, 2 
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mg/mL, 1/15 000, Invitrogen, Thermo Fisher Scientific). Following incubation 

with the secondary Ab, membranes were then washed again three times with 1X 

TBS 0.05% Tween® 20 (TBS-T) for 5 min before signal detection. The membranes 

were visualised using the LI-COR scanning system (ODYSSEY CLx, LI-COR 

Biosciences). All immunoblots were visualised using LI-COR ImageStudioLite 

software (Version 5.2.5). 

Table 2-8 Different primary monoclonal antibodies used throughout this project. 
Abbreviations: Ab, antibody; UK, United Kingdom, USA, United States of America. 

 

2.8 Enzyme-linked immunosorbent assay 

Detection and quantification of human PDGF-BB in EVs was performed by 

enzyme-linked immunosorbent assay (ELISA) kit (ELISA kit, cat.no.: BMS2071, 

Invitrogen, ThermoFisher Scientific) with an assay range of 31.3 - 2 000 pg/mL 

and analytical sensitivity of 4.6 pg/mL. For this experiment, EVs were generated 

following the protocol described below (Figure 2-4). Three x T-75cm2 flasks of 

confluent (~90%) HSVSMCs were used to generate EVs per condition – VEH (vEVs) 

and PDGF (pEVs). Cells were first washed with DPBS and then quiesced in the 

appropriate starvation medium for 48 hr. After that, cells were washed with 

DPBS again and then treated with either VEH (0.2% BSA 10 mM acetic acid) or 

human PDGF-BB (20 ng/mL) for 48 hr CCM samples were collected (Figure 2-4). 

Both CCM samples were clarified and concentrated following the procedure 

described in Section 2.10.3.1 (steps 1, 2 and 3), except, in this case for the 

purposes of this experiment, CCM was concentrated up to 500 µL instead of 200 

µL. Whenever EVs were isolated throughout this assay protocol, the procedure 

described in Section 2.10.3.1 (steps 4 and 5) was followed. 

Ab Name: 
Monoclonal 

anti-Annexin A2 
(0.391 mg/mL)  

Monoclonal 
anti-Annexin XI 
(0.2 mg/mL) 

Monoclonal anti-CD63 
(1 mg/mL), non-

reducing conditions 

Monoclonal 
anti-CD81 

(0.2 mg/mL)  

Host: Rabbit Mouse Mouse Mouse 

Manufacturer 
and Product 

no.: 

Abcam®, UK 
(ab189473) 

Santa Cruz, USA 
(sc-46686) 

Abcam®, UK 
(ab59479) 

Santa Cruz, 
USA 

(sc-166029) 

Dilution: 1/5000 1/200 1/2000 1/500 
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The first 3 types of control samples that were prepared to be assayed on the 

ELISA microplate included pure non-processed 48 hr concentrated CCM samples 

containing EVs together with VEH (sample 1 - vCCM) or soluble PDGF (sample 2 - 

pCCM), and also a sample of EVs purified from 100 µL concentrated CCM 

containing soluble PDGF (sample 3 - pEVs) (Figure 2-4). 

Next, 6 more samples were prepared to be added to the ELISA microplate for all 

of which EVs were isolated from the same concentrated VEH and PDGF CCM (100 

µL) collected after 48 hr of treatment (3 x vEVs and 3 x pEVs). The first set of 

two samples were native EV samples (nvEVs and npEVs) and did not undergo any 

treatment after the first EV isolation. Additionally, the second set of two vEV 

and pEV samples were subjected to a 1 hr treatment (+37°C) with 500 µg/mL 

proteinase K (Roche, Sigma Aldrich, Catalogue No.: 3115879001) dissolved in 

filtered DPBS. Finally, the last set of two vEV and pEV samples were subjected 

to the same 1hr treatment (+37°C) but without adding the proteinase K (PK) just 

DPBS alone (Figure 2-4). The ratio of EV sample to PK/DPBS was 1:1. EV samples 

were treated with PK, a broad-spectrum serine protease, to help investigate the 

possibility of EVs carrying PDGF packaged inside them or attached to their 

surface. To inactivate the enzyme, vEVs +PK, pEVs +PK, vEVs -PK and pEVs – PK 

were incubated at 60°C for 10 min before EVs from all 6 EV samples (nvEVs, 

npEVs, vEVs +PK, pEVs +PK, vEVs -PK and pEVs – PK) were re-isolated (Figure 2-4) 

as described in Section 2.10.3.1 (steps 4 and 5). 

Therefore, the following samples were assayed for the presence of human PDGF-

BB: 

vCCM - 48hr CCM containing VEH 

pCCM - 48hr CCM containing soluble PDGF (pre-diluted 1/100) 

pEVs - Purified EVs from 48hr CCM sample containing soluble PDGF  

nvEVs - Native purified EVs from VEH CCM sample  

npEVs - Native purified EVs from PDGF CCM sample 

vEVs/-PK - Purified EVs from VEH PDGF CCM not treated with PK 

pEVs/-PK - Purified EVs from PDGF CCM sample not treated with PK 

vEVs/+PK - Purified EVs from VEH CCM sample treated with PK 

pEVs/+PK - Purified EVs from PDGF CCM sample treated with PK 
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Before proceeding to the assay test procedure, EVs were lysed by mixing the 

samples with RIPA (Pierce™, ThermoFisher Scientific) lysis buffer in 4:1 ratio and 

incubating for 30 min on ice. The ELISA was carried out as per manufacturer’s 

instructions with minor modifications to the protocol concerning the pre-dilution 

of samples prior to start the test procedure. As very low concentrations of PDGF-

BB were expected to be detected in the majority of the samples, only CCM 

samples containing soluble PDGF (where EVs were not isolated) were pre-diluted 

with 1X Assay Buffer (1/100). 

The microwell strips were washed twice with approximately 400 µL of 1X Wash 

Buffer before 100 µL of each externally diluted PDGF-BB standard (S1-S7 = 31.3 – 

2000 pg/mL) was added to the wells in duplicate. All standards were prepared in 

1X Assay Buffer. A BLANK sample containing only 1X Assay Buffer was also 

included in duplicate. Next, 50 µL of 1X Assay Buffer and 50 µL of each sample 

was added (in duplicate) to the sample wells. Background Control (BC) samples 

containing 50 µL of undiluted CCM or prediluted (1/100) CCM mixed with 50 µL 

of 1X Assay Buffer were also added to the wells in duplicate. Upon the addition 

of 50 µL of Biotin-Conjugate (1/100 dilution in 1X Assay Buffer) to all wells, the 

microplate was covered with an adhesive film (provided in the kit) and 

incubated for 2 hr on a microplate shaker at room temperature. 

After the 2 hr incubation, the wells were emptied, and the plate was thoroughly 

washed six times with 1X Wash Buffer (400 µL/well) before 100 µL of 

Streptavidin-HRP diluted in 1X Assay Buffer (1/100) was added to the wells. The 

plate was covered with an adhesive film and incubated for 1 hr on a microplate 

shaker at room temperature. Next, wells were emptied, and the plate was 

thoroughly washed again six times with 1X Wash Buffer (400 µL/well). Following 

the last washing step, 100 µL of Tetramethyl-benzidine (TMB) Substrate Solution 

(ready-made) was added to each well and the plate was incubated for another 

30 min at room temperature protected from sunlight. After the addition of 100 

µL ready-made Stop Solution the optical density (OD) was read at 450 nm 

immediately using a Multi Plate Reader Victor™ X3 (Perkin Elmer). 
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Figure 2-4 Measuring PDGF-BB concentration in HSVSMC vEV and pEV samples by ELISA. Schematic representation of the experimental protocol designed 
to instigate the presence of PDGF-BB on the surface of EVs or packaged within the EVs secreted by HSVSMCs treated with VEH control or PDGF-BB (20 ng/mL). 
Abbreviations: CCM, conditioned culture medium; vCCM, VEH CCM; pCCM, PDGF CCM; vEVs, VEH EVs; pEVs, PDGF EVs; nvEVs. Native vEVs; npEVs, native 
pEVs; PK, proteinase K. 
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2.9 Functional in vitro assays 

2.9.1 Cell proliferation assay 

The bromodeoxyuridine (BrdU) incorporation assay is a well-established method 

of assessing cell proliferation. In this assay, actively proliferating cells 

incorporate the BrdU reagent in their newly synthesised DNA strands. Following 

partial denaturation of the double stranded DNA, the BrdU signal is detected 

immunochemically allowing the assessment of the population of cells, which are 

synthesizing DNA. The intensity of the BrdU signal is directly proportional to the 

newly synthesised DNA due to cell proliferation. 

Throughout this project, BrdU incorporation assay was carried out to assess cell 

proliferation in various experimental settings which will be discussed in more 

detail in the relevant chapter-specific methods sections. BrdU assays were 

always performed on cells seeded on 96-well plates (cell seeding density 

described in Table 2-4) following the manufacturer’s instructions described 

below. Each experiment was performed in technical triplicates (3 

wells/condition). All experiments described here were carried out using the 

same BrdU Cell Proliferation Kit (cat.no.: 11647229001, Roche, Sigma-Aldrich). 

To ensure the validity of the assay, background/blank control wells were always 

included with any of the assay kits. One set of cells (3-wells) was not loaded 

with BrdU, and another set of 3 wells were left without cells but filled with 

medium containing BrdU only for background correction. 

HSVSMCs were always first quiesced for 48 hr in the relevant quiescent media 

(Table 2-2) which was also the same medium used with the experimental 

treatments. If cells were not pre-treated with EVs, BrdU labelling reagent and 

experimental treatments were added immediately after the 48 hr quiescence 

period. In the case where an EV pre-treatment step was introduced, HSVSMCs 

were first pre-treated with EVs for a 6-hr period before BrdU labelling reagent 

and experimental treatments were added to the cells. The specifics for each 

experimental design will be described in the relevant chapters. 

The BrdU cell proliferation kit manufactured by Roche was used following 

manufacturer’s instructions. Ten µM of BrdU labelling reagent was added to cells 
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together with experimental treatments (unless otherwise stated) after which the 

plate was incubated under normal cell culture conditions described in Section 

2.3 for a time period specific for each experiment. Depending on the 

experimental set-up, BrdU was incorporated (1:1000, final volume 100 µL/well) 

either 6 or 24 hr prior to termination of the experiment. The experimental set 

up for each experiment designed to assess cell proliferation will be described in 

detail in the relevant chapter specific method’s section. Before proceeding to 

BrdU label detection, the stimulation media was removed, wells were washed 

once with DPBS, and the plate was dried at 60°C for 1 hr.  The plate was stored 

in a sealed zip-lock plastic bag at 2º to 8ºC for up to a week prior to performing 

the assay. On the day of the assay, all components of the kit were brought to 

room temperature prior to starting the assay. Firstly, the experimental wells 

were fixed, and the DNA denatured during an incubation step with 200 µL 

FixDenat solution in each well for 30 min at room temperature. Meanwhile, a 

working solution of anti-BrdU-POD conjugate (POD, peroxidase) was prepared by 

diluting the anti-BrdU-POD conjugate stock in antibody dilution solution in 1/100 

ratio. 

Following fixation and denaturation, the FixDenat solution was removed 

thoroughly by flicking off and tapping the plate.  One hundred µL of anti-BrdU-

POD working solution was added to each well and the plate was incubated for 1 

hr 30 min at room temperature protected from light. After this step, the 

antibody conjugate was removed by flicking the plate and tapping. The wells 

were then washed thoroughly three times with 200-300 µL/well 1X washing 

solution. After the final washing step, the washing solution was removed well by 

tapping the plate prior to adding 100 µL/well of ready-made substrate solution 

and incubating for 30 min at room temperature protected from light. Upon the 

addition of 25 µL of 1 M H2SO4 to each well and mixing thoroughly, the 

absorbance was measured at 450 nm using a Multi Plate Reader Victor™ X3 

(Perkin Elmer) or SpectraMax M2 Spectrophotometer (Molecular Devices). If no 

stop solution was added to the wells, the optical density (OD) was measured at 

370 nm on a Multi Plate Reader Victor™ X3 (Perkin Elmer). This step was kept 

consistent within experiments. The higher the OD reading the higher the BrdU 

concentration in the sample representing a higher rate of cell proliferation. All 
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absorbance values were corrected for background intensity by subtracting the 

mean background from target values. 

2.9.2 Cell viability assay 

CyQUANT™ MTT Cell Viability Assay (Invitrogen by ThermoFisher Scientific, 

Cat.no.: V-13154) was used to measure cellular metabolic activity as an 

indicator of cell viability, proliferation, and cytotoxicity. This is a colorimetric 

assay based on the conversion of the water soluble MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide or MTT) to an insoluble purple formazan 

crystal by metabolically active cells which contain NAD(P)H-dependent 

oxidoreductase enzymes (Berridge and Tan, 1993; Liu et al., 1997). The insoluble 

formazan crystals are then solubilised, and the absorbance is measured at 570 

nm or the nearest possible wavelength using a multi-well spectrophotometer. 

MTT assays were carried out to assess cell viability in various experimental 

settings which are described in more detail in the relevant chapter-specific 

methods sections. MTT assays were performed on cells plated on 96-well plates 

(cell seeding density described in Table 2-4) following the manufacturer’s 

instructions described below. HSVSMCs were always first quiesced for 48 hr in 

the relevant quiescence media which was also the same medium used with the 

experimental treatments (Table 2-2 and Table 2-3). HSVECs were not quiesced, 

instead two different types of experimental media were used to assess cell 

viability (Table 2-3). Each experiment was performed in technical triplicates (3 

wells/condition). 

Prior to starting the MTT assay, the necessary reagents were prepared. Twelve 

µL of MTT stock solution was prepared by adding 1 mL of sterile PBS to one 5 mg 

vial of MTT (provided in the kit). The solution was mixed by vertexing until 

completely dissolved. Additionally, 0.1 g/mL SDS-HCl solution was prepared by 

adding 10 mL of 0.01 M HCl to 1 g of SDS (provided in the kit). The solution was 

mixed by vortexing until completely dissolved. Cell culture medium was replaced 

with 100 µL fresh medium and 10 µL of 12 mM MTT stock solution was added to 

each well before incubating the plate for 4 hr at 37˚C in humidified incubator. A 

negative control was included with each assay where wells containing no cells 

were incubated with 100 µL fresh medium and 10 µL of 12 mM MTT stock 
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solution alone. Then, 100 µL of SDS-HCL solution (0.1 g/mL) was added to each 

well and mixed thoroughly by pipetting. Upon the addition of the SDS-HCL 

solution, the plate was incubated for another 4 hr at 37˚C in humidified 

incubator. Each sample was mixed again using a pipette before reading the 

optical density (OD) at 562 nm immediately using a Multi Plate Reader Victor™ 

X3 (Perkin Elmer). 

2.9.3 Cell migration assays 

2.9.3.1 Wound scratch method 

In vitro wound scratch assay is usually utilised to quantify cellular migration on 

two-dimensional (2D) surface over time in response to different treatments. At 

the start of the procedure, three equally distanced horizontal lines (~5mm 

apart) were drawn with a thin marker pen on the bottom of each 12-well plate 

(outside) as shown in Figure 2-5. Cells were then plated in a 12-well cell culture 

plate (specific cell seeding density in Table 2-4). In this experiment, 2 wells per 

condition (a total of 4 scratches) were included in the analyses. After plating 

cells were left to recover overnight in the respective complete media. The next 

day cells (around ~80-90% confluent) were quiesced for 48 hr in the respective 

quiescence medium (Table 2-2). Before manually scratching the cells creating 

two cell-free areas allowing them to migrate, a 6 hr EV pre-treatment step was 

introduced. Following quiescence, the old medium was replaced with either 

fresh quiescence medium or quiescence medium containing naïve EVs (naEVs) or 

miRNA-loaded EVs (miEVs; miR-24-3p EVs or miR-224-5p EVs). MiRNAs were 

loaded into EVs through electroporation and a detailed protocol of the 

procedure is described in Section 2.10.6. 

Following the pre-treatment step, two scratches were made close to the middle 

of each well using a 200 µL pipette tip to create an incision-like gap 

perpendicular to the horizontal lines drawn on the outside of the wells (Figure 

2-5). Next, each well was gently washed once with the respective starvation 

medium to remove any cell debris. Following this step, different experimental 

conditions were added to the cells. Cells were cultured in starvation medium 

alone or medium containing either 5% EV-depleted FBS, naEVs, miR-24-3p EVs, 

miR-224-5p EVs or a combination of those factors. The scratches in each well 
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were imaged using EVOS XL Core microscope (Life Technologies) at 10X 

magnification. The three horizonal lines on the bottom of each well were used 

as a guide to define three specific areas within each ‘wound’ for imaging 

allowing images to be taken at the exact same location for each timepoint 

(Figure 2-5).The images taken immediately after wounding were recorded as 0 

hr timepoint. Following 16 hr, 18 hr and 20 hr treatment, each scratch in each 

well was then imaged again at the same positions. For each image, representing 

an area of the scratch, 10 distances between points, along both side edges of 

the scratch, were measured using the Image J software after setting a horizontal 

line grid at 10,000 pixels2 per point (Figure 2-5). Cell migration was quantified 

and expressed as average percentage of closure of the scratch area compared to 

the 0 hr baseline distance.
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Figure 2-5 Quantification of wound closure. Three equally spaced lines (~5 mm apart) were first drawn on the bottom of the wells (outside) which were then used as 
guidance to ensure images were always taken at the same three defined areas of the scratch for each timepoint. JPEG files obtained at 10X magnification using an 
EVOS XL Core microscope were imported into Image J analysis software. The scratch closure was analysed by measuring ten distances between points of the two 
edges of the scratch for each image after setting a horizontal line grid of 10, 000 pixels2. Scratch closure at 16 hr, 18 hr and 20 hr were expressed as % closure 
compared to 0 hr baseline.  
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2.9.3.2 The gap closure method 

In vitro cell migration was also studied in an experimental set up involving no 

physical injury to the cells. In this assay, a cell-free area was created in a 

confluent monolayer by physical exclusion. To achieve this, Culture-Insert 3 Well 

in m-Dish35mm, high (Ibidi, Cat.no.:80366, Thistle Scientific) were used, each 

containing three distinct wells defining the cells’ growth area, thus forming two 

cell-free gaps with similar width (500mm ± 100mm) (Figure 2-6). Briefly, cells 

were seeded in the cell culture dishes containing 3-well cell culture insert. 

Seventy mL of cell suspension (1.5x105 cells/mL) was added to each well 

allowing the cells to grow in the designated areas only. Cells were left to 

recover overnight in the respective complete media before quiescing them for 

48 hr in the respective media. Each experiment was performed in technical 

duplicates per condition (a total of 4 cell-free gaps / condition were included in 

the analyses) (Figure 2-6). 

Before removing the insert and allowing the cells to migrate, a 6 hr EV pre-

treatment step was introduced. Following quiescence, the old medium was 

replaced with either fresh quiescence medium or quiescence medium containing 

naEVs or miEVs (miR-24-3p EVs or miR-224-5p EVs). MicroRNAs were loaded into 

EVs through electroporation and a detailed protocol of the procedure is 

described in Section 2.5.6. After this step, the cell culture inserts were removed 

by using sterile tweezers and cells were washed once with quiescence medium 

to remove any detached cells and cell debris. Following washing, stimulation 

medium was added to the cells. During this step, cells were cultured in 

starvation medium alone or medium containing either 5% EV-depleted FBS, 

naEVs, miR-24-3p EVs, miR-224-5p EVs or a combination of those factors. Cell-

free gaps were imaged at 2 locations (top and bottom of each gap) on the EVOS 

XL Core microscope (Life Technologies) at 10X magnification. The images taken 

immediately after removing the cell culture inserts were recorded as 0 hr 

timepoint. Following a 16 hr stimulation period, the same 2 areas were imaged 

again. For each image, representing an area of the cell-free gap, 10 distances 

between points, along both side edges of the gap, were measured using the 

Image J software after setting a horizontal line grid at 10,000 pixels2 per point 

(Figure 2-6). Cell migration was quantified and expressed as average percentage 

of closure of the cell-free gap area compared to the 0 hr baseline distance. 
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Figure 2-6 Quantification of gap closure. Gaps were imaged at the same two locations at 0 hr and 16 hr timepoint JPEG files obtained at 10X magnification using an 
EVOS XL Core microscope were imported into Image J analysis software. The gap closure was analysed by measuring 10 distances between points of the two edges 
of the gap for each image after setting a horizontal line grid of 10,000 pixels2 per point. Gap closure at 16hr was expressed as % closure compared to 0 hr baseline.  

• 3-well culture-Insert in µ-Dish35mm, high

• two gaps created in each dish 
• 2 dishes used / condition
• 4 gaps analysed / condition

Cell-free gaps

3-well
culture inserts

µ-Dish35mm, high

Two defined areas of
the gap were imaged
at each time-point.

Horizontal line grid
at 10,000 pixels2 per
point. Ten measured
distances per gap.

Image J
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2.10 EV-specific protocols and techniques 

2.10.1 Generation of EVs from HSVSMCs treated with 
VEH/PDGF 

In this protocol, 3xT-75cm2 flasks of confluent (~90%) HSVSMCs were used to 

generate EVs per condition – VEH (vEVs) and PDGF (pEVs). Cells were first 

washed with DPBS and then quiesced in the appropriate starvation medium for 

48 hr. Next, the medium was removed, cells were washed with DPBS again and 

then treated with either VEH (0.2% BSA 10mM acetic acid) or PDGF (20 ng/mL) 

for another 48 hr before CCM was collected (≈ 45 mL CCM/condition) and EVs 

were isolated (Figure 2-7A). This protocol was followed to generate EVs from 

HSVSMCs for the majority of the experiments in this project. An adapted version 

of this protocol was used for one EV isolation optimisation experiment and 

description of any modifications to the original protocol can be found in the 

relevant section. 

2.10.2 Generation of HSVSMC EVs for miRNA overexpression 
studies 

In this protocol, confluent (~90%) HSVSMCs in T-75cm2 flasks were used to 

generate EVs for miRNA overexpression studies. Cells were first washed with 

DPBS and then quiesced in the appropriate starvation medium (Table 2-2) for 48 

hr. After that, the medium was removed, cells were washed with DPBS again and 

fresh quiescent medium was added to the cells for another 48 hr before CCM was 

collected and EVs were isolated (Figure 2-7B). 
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Figure 2-7 Protocols for EV generation from HSVSMCs. Two different HSVSMC- EV generation 
protocols were utilised and the use of each was experiment-dependent: (A) VEH EVs (vEVs) and 
PDGF EVs (pEVs); and (B) EVs derived from HSVSMCs under quiescence. Protocol (A) was used 
to generate EVs used in studies assessing the effect of unmodified EVs in cells, whereas protocol 
(B) was used to generate EVs for studies assessing the effect of miRNA loaded EVs in cells.  
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2.10.3 EV isolation methods 

2.10.3.1 EV isolation from CCM samples  

All CCM EV isolations carried out used size exclusion chromatography (SEC) 

qEVsingle columns (Izon, New Zealand) fitted onto an automated fraction 

collector (AFC, Izon, New Zealand) (Figure 2-8). To clarify CCM (≈ 45 mL 

CCM/condition) from detached cells, contaminating apoptotic bodies, 

microvesicles and cell debris it was processed as follows: CCM samples were 

subjected to centrifugation at 300 RCF for 10 min at 4°C (step 1). Supernatant 

was collected and the centrifugation step was then repeated again at 10,000 RCF 

for 40 min at 4°C (step 2). Prior to loading 100 µL of clarified CCM onto the 

qEVsingle column, it was concentrated using Vivaspin 20 centrifugal 

concentrator (MWCO 10kDa; Sigma Aldrich) up to 200 µL which was the lowest 

achievable volume of concentrate when concentrating 45 mL of CCM (step 3). 

Then, 100 µL of EV-concentrated CCM was overlaid on qEVsingle column followed 

by elution with DPBS (step 4). Two separate EV isolations from 100 µL of 

concentrated CCM were carried out per condition and during each isolation 

3x200 µL fractions 1-3 (F1-3) were collected immediately after 1.25 mL of void 

volume (VV) had passed through the column which was also collected (~1.25 

mL). After each isolation, the VV and fractions F1-3 were all pooled (total of 

~1.85 mL of EV preparation). At the end of the isolation step, both EV 

preparations per condition were pooled together (2x1.85 mL) and re-

concentrated back to 100-200 µL using Amicon centrifugal concentrator (MWCO 

10 kDa; Sigma Aldrich, UK) (step 5). The final volume to which each sample was 

concentrated was kept consistent within experiments.
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Figure 2-8 Schematic representation of the EV isolation protocol for CCM from HSVSMCs. The diagram summarises the steps involved in the EV process, 
including CCM clearing steps (1 and 2), CCM concertation step (3), qEV size exclusion chromatography step (4), and the final pure EV sample concertation step (5). 
Abbreviations: CCM, culture conditioned medium, VEH; vehicle; PDGF, platelet-derived growth factor; vEVs, VEH EVs; pEVs, PDGF EVs; nEVs, non-scratched EC 
EVs; sEVs, scratched EC EVs; NTA, nanoparticle tracking analysis; WB, western blotting; TEM, transmission electron microscopy.
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2.10.3.2 EV isolation from serum samples 

Total Exosome Isolation Reagent (Invitrogen, ThermoFisher Scientific) was used 

to isolate EVs from serum samples. Serum samples were also cleared from dead 

cells, debris and macroparticles before isolating EVs. All samples were first 

subjected to centrifugation firstly at 2000 RCF for 30 min at RT and then at 

10,000 RCF for 40 min at RT. After the second centrifugation step, the 

supernatant was carefully transferred to a new Eppendorf tube without 

disturbing the pellet. The required volume of clarified serum was then 

transferred to a new tube and the Total Exosome Isolation Reagent (1/5 the 

volume of clarified serum) was also added to the tube. The mixture was then 

vortexed until a homogeneous solution with cloudy appearance was achieved. 

Following a 30 min incubation step at 4°C, the mixture was subjected to 

centrifugation again at 10,000 RCF for 30 min at RT. The supernatant was gently 

removed without disturbing the pelleted EVs at the bottom of the tube. Using a 

pipette, the pellet was completely re- suspended into an appropriate volume of 

1X DPBS (50 µL). The volume of DPBS that was used to re-suspend the pellet, and 

therefore the final EV volume of the EV preparation, depended on the starting 

serum volume (e.g., 100 µL of staring serum volume required 25-50 µL DPBS to 

re-suspend the pellet). 

2.10.4 Nanoparticle tracking analysis 

EVs were visualised and their size and concentration measured using 

Nanoparticle Tracking Analysis (NTA). In terms of size (nm), EV populations were 

characterised by both mean and mode size measurements, representing the 

average size of EVs and the most frequent EV size within a population, 

respectively. All samples were diluted in DPBS to a final volume of 1 mL and 

analysed using a NanoSight LM14 (Malvern Instruments Ltd) equipped with a 532-

nm laser and a high-sensitivity sCMOS camera. Samples were introduced 

manually with a 1 mL syringe directly into the sample chamber which was then 

placed onto the microscope stage. A laser beam passing through the sample 

chamber illuminated the particles in solution allowing their visualisation through 

the microscope oculars. The image was then diverted to the camera and the 

focus was adjusted using a 20X magnification until a clear image of the particles 

within the field of view was achieved. Five videos of 60 sec each were captured 
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for each sample recording the particles moving under Brownian motion. 

Individual particles were tracked using NanoSight NTA 3.2 software (Malvern 

Instruments Ltd, UK) at camera level 14-16. For analysis, the following settings 

were used: screen gain – 10, and detection threshold – 4. 

2.10.5 Transmission electron microscopy analysis 

To assess EVs’ morphology, EVs were visualised on a transmission electron 

microscope (TEM). Following isolation, EVs in DPBS were mixed with 4% PFA 

solution in 1:1 ratio. Samples were transported on ice and kept at 4-8°C until 

processed. The technique was performed by Mrs Margaret Mullin in the 

University of Glasgow TEM facility using a JEOL 1200 EX TEM running at 80kV. 

PFA fixed EVs were processed according to a published protocol (Théry et al., 

2006). Togged Image File Format (TIFF) images were captured on a CANTEGA 

2Kx2K camera using Olympus ITEM software. 

2.10.6 Loading of miRNAs into EVs (optimised protocol) 

The process of electroporation, or electropermeabilization, involves the use of 

high voltage electric pulses with short duration that cause reversible 

permeabilization of the EV membranes resulting in the formation of pores which 

allow small molecules like miRNAs (oligonucleotides) to be inserted into the EVs 

(Lennaárd et al., 2022; Pomatto et al., 2022). Synthetic miRNAs, hsa-miR-24-3p 

(cat.no: 4464067/mirVana® miRNA mimic/ ID: MC10737, ThermoFisher 

Scientific) and hsa-miR-224-5p (cat.no: 4464067/mirVana® miRNA mimic/ ID: 

MC35019, ThermoFisher Scientific), were exogenously loaded into EVs via 

electroporation using the Electroporation Cuvettes (Sterile, 1mm electrode, Red 

Cap; cat. no.: E6-0050, Geneflow) and a Bio-Rad MicroPulserTM Electroporator 

system. A few hours before the electroporation procedure, the required number 

of electroporation cuvettes were left in the freezer at -20°C to cool down, thus, 

ensuring that the system did not overheat while being used. 

Throughout this thesis, in the context of electroporated EVs, miRNA mimics hsa-

miR-24-3p and hsa-miR-224-5p are referred to as miR-24-3p and miR-224-5p only 

without specifying the species (homo sapiens) i.e., miEVs – miR-24-3p and miR-

224-5p. 
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Step 1: Sample preparation 

The EV concentration was determined by NTA after which the EV preparation 

was split into 3 equal volume samples - two EV samples receiving different 

miRNA mimics, miR-24-3p EVs and miR-224-5p-EVs, and one sample receiving no 

miRNA mimic, including no scramble or no cel-miR-39 (naïve EVs or naEVs). The 

required amount of miRNA mimic for EV samples was always calculated based on 

the EV concentration determined by NTA (66 pmol of miRNA mimic was used for 

1.0x1010 EVs). For each miRNA mimic, the desired amount of mimic was diluted 

in 50 mM Trehalose (Cat.No.: PHR1344-500MG, Sigma-Aldrich) achieving the 

same volume as the EV sample. Two of the EV samples were mixed with either 

one of the miRNA mimic samples (miR-24-3p and miR-224-5p) or with an equal 

volume of 50 mM Trehalose containing no miRNA mimic (naEVs). Once sample 

mixtures were ready, they were incubated on wet ice for 45 min (Figure 2-9). 

Trehalose was used to prevent EV aggregation, ensuring efficient incorporation 

of miRNAs into the EV particles. 

Step 2: Electroporation process 

After the incubation step, a maximum of 125 µL of EV/miRNA mimic sample was 

added to an electroporation 1 mm electrode sterile cuvette (Geneflow, Cat. No.: 

E6-0050) and given a 400mV pulse lasting for approximately 3 seconds. 

Immediately after the electroporation pulse, 875 µL of ice cold 1% (w/v) sterile 

BSA (Sigma-Aldrich) was added to the cuvette and mixed carefully with the 

EV/miRNA mimic sample by pipetting up and down. The sample was then 

transferred to a falcon tube. If necessary, this process was repeated until all of 

the EV/miRNA mimic sample was electroporated. Electroporated EV/miRNA 

mimic sample was left overnight at 4°C. The same process was followed to 

prepare the naïve EV sample. 

The next day, both the miRNA loaded EV (miEV) samples and also the naïve EV 

(naEV) samples were concentrated to 200 µL using the Amicon centrifugal 

concentrator. The EVs were then re-isolated and re-concentrated following the 

isolation protocol used to isolate EVs from CCM samples (Section 2.5.3.1). 

Isolated miEVs and naEVs were stored at 4 ̊C until used the next day. EV sample 

concentration was always measured by NTA prior to carrying out in vitro studies. 
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Figure 2-9 Schematic representation of the optimised protocol for loading miRNA mimics into EVs. EV samples were first mixed with miR-24-3p, miR-224-5p in 
50 nM Trehalose/DPBS or 50 nM Trehalose/DPBS alone. Sample mixtures were then incubated for 45 min on ice before electroporating miRNA mimics into the EVs. 
After electroporation, EVs were left overnight in the fridge before re-concentrating the sample to 100 µL and re-isolating electroporated EVs. Finally, EV sample 
concertation and EV size were checked by NTA before proceeding to using the EVs for in vitro experiment.
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2.11 Next generation sequencing – based profiling of EV-
related miRNAs 

Differential expression analysis of the small RNA component (small RNA 

sequencing; RNAseq of EVs derived from HSVSMCs under physiological versus 

pathological conditions was carried out. EVs used in this study were generated 

by HSVSMCs as described in Section 2.10.2 and EVs were isolated as described in 

Section 2.10.3.1. MiRNeasy Mini Kit (Qiagen, Cat No./ID: 217004) was used for 

the purification of total RNA, including miRNAs, from EVs as described previously 

(Section 2.6.1 and Section 2.6.2). These samples were then sent for next 

generation sequencing (NGS)-based small RNA sequencing and analysis in the 

Glasgow Polyomics facility. 

Initial RNAseq data analysis to identify differentially expressed miRNA genes was 

carried out by Dr Graham Hamilton in the Glasgow Polyomics facility. Briefly, 

miRNA sequencing libraries were prepared from total RNA using the SMARTer® 

smRNA-Seq Library Kit for Illumina® (TaKaRa Clontech, Cat No. 635031). 

Libraries were then sequenced in paired-end mode (2 × 75 bp) on the NextSeqTM 

500 platform (Illumina®). Before read mapping, raw sequence reads were 

trimmed to remove the Qiagen miRNA 3’ adapters and poor-quality bases using 

the command-line tool CutAdap (Martin, 2011). Bases with a Phred score < 15 

were trimmed to remove undesired sequences ensuring a good quality genome 

alignment. Only reads with the adapters present were retained for analysis 

whereas those without the adapters were discarded. A quality control check on 

the raw sequence data were performed using FastQC software before and after 

trimming. The trimmed reads were then aligned to the reference genome 

(GRCh38, release 79) using an open-source software - Bowtie (version 1.0.0) 

(Langmead et al., 2009). The number of reads aligning to known small RNAs, as 

defined by their biotype - snRNA, snoRNA, scaRNA or sRNA, was obtained in ‘gtf’ 

file for human (GRCh38, release 79) using bedtools (Quinlan and Hall, 2010). The 

base mean, log2 fold change (z-scored), and p-value of <0.05 adjusted for an 

FDR <5% was determined for comparison of individual small RNA species. The 

resulting counts for each small RNA specie were recorded in tables which were 

then used to create a combined counts table for all samples. The combined 

counts data was then used for input into DESeq2 for differential expression 
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analysis (Love et al., 2014). Four biological replicates per condition were 

sequenced. 

2.12 Bioinformatics 

2.12.1 Identifying the mature forms of differentially expressed 
miRNAs  

The count-based differential expression analysis of RNAseq data was supplied by 

Glasgow Polyomics in a comma separated values (.csv) format and provided 

information about the differentially expressed miRNA genes between vEVs 

(control EVs) and pEVs. An Integrative Genomic Viewer (IGV) software was used 

to determine exactly which miRNAs, in their mature form, were identified as 

differentially expressed between the two treatment groups (Figure 2-10). 

Relevant alignment files (.bam) were visualised using IGV and read sequences 

mapped to a human reference genome (Genome Reference Consortium h38, 

GRCh38). As certain target loci within the genome encode for different genes on 

both the forward and reverse strand, mapped reads were observed for their 

directionality to infer which gene at the locus was being actively transcribed in 

the sample. If reads were encoded on the reverse DNA strand, the genomic DNA 

read sequence was first reverse complemented before transcribing it to the 

corresponding RNA sequence to generate a sequence which could be cross-

referenced to a miRNA database (miRBase) (Figure 2-10A). The miRBase 

database was used to determine which mature form of each identified miRNA 

was differentially expressed between vEVs (control EVs) and pEVs. As miRBase 

curates on the forward strand, it was necessary for all read sequences to be 

presented in the same orientation to allow direct comparison. If the genomic 

DNA read sequence mapped directly to the forward DNA strand in IGV, it was not 

reverse complemented first before generating the corresponding RNA sequence 

and cross-referencing it to miRBase (Figure 2-10B). The above process of 

determining the correct mature form of differentially expressed miRNAs was 

cross-checked by performing a BLAST (Basic Local Alignment Search Tool) search 

in Ensembl to confirm findings.   
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Figure 2-10 Identifying the mature forms of differentially expressed miRNAs. Schematic 
representation of the workflow followed to identify the mature forms of differentially expressed 
miRNAs between vEVs (control EVs) and pEVs. Workflow (A) was followed when the DNA read 
sequence mapped to a gene encoded on the forward DNA strand. Alternatively, workflow (B) 
was followed when the DNA read sequence mapped to a gene encoded on reverse DNA strand. 
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2.12.2 Identifying potential ‘true’ miRNA gene targets 

2.12.2.1 Bioinformatics strategy and data gathering 

Basic bioinformatics analysis was carried out to identify potential ‘true’ miRNA 

gene targets for all differentially expressed miRNAs, the mature forms of which 

were identified through analysis described in Section 2.12.1. Firstly, four web 

applications using twelve different prediction algorithms were used to obtain 

datasets with predicted miRNA gene targets for each miRNA. While still 

available, data generated from 9/12 algorithms was accessed through miRWalk 

2.0 in Jan-Feb 2021. MicroRNA: mRNA gene interactions in 3’ UTR, 5’ UTR and 

CDS binding regions were considered during the analysis. Additionally, two 

curated databases (miRTarBase v8 and DIANATarBase v8) were also used to 

obtain datasets of experimentally validated miRNA gene target interactions for 

each miRNA. All datasets were either downloaded directly in CSV format or first 

downloaded in XLSX format and then converted to CSV. 

The concept of the strategy followed to obtain a list of potential ‘true’ miRNA 

gene targets for each miRNA of interest is described in Chapter 4. Firstly, for 

each miRNA, a set of predicted gene targets by at least 7 out of all 12 prediction 

algorithms was created (subset 1). Then, a set of gene targets found in at least 

one of the two curated databases of experimentally validated miRNA gene 

targets was also obtained (subset 2) for each miRNA. Finally, an intersection of 

the two subsets (1 and 2) was used to obtain a final list of potential ‘true’ 

miRNA gene targets (dataset 3) for each miRNA of interest. 

2.12.2.2 Automation of the bioinformatics data analysis process 

To allow precise comparisons of datapoints on a large scale in a timely manner 

while avoiding human error, the above process of data analysis was automated 

using PHP: hypertext processor (PHP) – a general purpose scripting language. 

Integrated development environment (IDE) software application PhpStorm 

2018.3 was used by Vassil Kalphov to develop and execute PHP scripts which 

followed the predefined data analysis strategy designed to answer the research 

question. The raw data was split into structural folders and CSV files according 

to the source algorithm/database and miRNAs of interest. 
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In the first step of the automation process, the aim was to produce one file per 

miRNA in the form of a binary matrix table that used the raw data files 

(containing the predicted and validated miRNA gene targets) for each miRNA as 

input (Figure 2-11). For clarity these files were referred to as ‘aggregated 

matrix’ files. In this matrix, each row represented a specific gene target. The 

gene targets included in the matrix were a collection of all unique gene targets 

that were found in the raw datasets of predicted/validated gene target 

interactions. The columns indicated whether a specific condition was met for a 

specific gene target based on the data provided in the source files. The first 12 

condition columns corresponded to the 12 prediction algorithms and indicated if 

a miRNA: gene target interaction was predicted by the algorithm (Figure 2-11). 

The next two columns corresponded to the two curated databases and indicated 

if a miRNA: gene target interaction was found in the database (Figure 2-11). 

Additionally, four more columns were added representing whether a condition 

related to the other columns was satisfied (Figure 2-11). These additional 

columns indicated: if the miRNA: gene target interaction was predicted by at 

least 7 out of 12 prediction algorithms (column Q); if the miRNA gene target was 

found in at least one of the two curated databases (column R); if the miRNA: 

gene target interaction was predicted by at least 7 out of 12 algorithms) and was 

also found in at least one of the two curated databases (column S); and if the 

miRNA: gene target interaction was predicted by at least one of the 12 

prediction algorithms (column T). Therefore, the subsets (1, 2 and 3) described 

in Figure 2-11 were represented by columns (Q, R and S respectively) in the 

matrix files produced by the automation script for each miRNA of interest.
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Figure 2-11 Identification of potential ‘true’ miRNA gene target interactions. 
 An example of the binary matrix table produced based on which potential ‘true’ miRNA gene target interactions were identified for each miRNA of interest. 
Columns A and B represent a specific miRNA: gene target interaction. Columns D-N correspond to the 12 prediction algorithms used to predict potential 
miRNA: gene target interactions. Columns O and P correspond to the curated databases searched for validated miRNA: gene target interactions. Columns 
Q-T were the additional columns indicating whether a specific condition related to the other columns was satisfied. The above table represents a small 
Section of the full table generated for miR-24-3p and such tables were produced for each miRNA in separate files. These files were referred to as 
‘aggregated matrix’ files.  
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In the second step, a new binary matrix table file was created through another 

automation script that used the matrix table files generated at the previous step 

as input. The resulting file from this step was referred to as ‘potential true gene 

targets matrix’ file. The output of the script executed at this step was a single 

binary matrix (Figure 2-12) in CSV format that contained the previously 

identified potential ‘true’ miRNA gene targets for all miRNAs of interest (column 

S from the ‘aggregated matrix’ files shown in Figure 2-11). The rows in this 

matrix represented the set of unique miRNA gene targets (column S from the 

‘aggregated matrix’ files shown in Figure 2-11) for all miRNAs and the columns 

corresponded to the miRNAs of interest (Figure 2-12). The values (‘0’ or ‘1’) in 

the binary matrix indicated if a specific miRNA gene target was identified as 

potential ‘true’ gene target (found in column S in the ‘aggregated matrix’ file) 

for the corresponding miRNA based on the input files generated at the previous 

step. The purpose of creating the second binary matrix was to allow the 

extraction of both: a list of potential ‘true’ miRNA gene targets for a single 

miRNA, and also a list of miRNA gene targets common between two or more 

miRNAs. The CSV file was opened in Microsoft Excel (Version 16.5) and the 

relevant filters were applied depending on the requirements. After filtration of 

the data, a list of genes (in official gene name format) satisfying specific 

requirements was available to extract and work with. A list of common miRNA 

gene targets between the three miRNAs of interest were identified and the data 

was visualised using a simple Venn diagram showing the relationship between 

the miRNAs of interest in terms of shared gene targets. 



132 

 

 

 

Figure 2-12 A Section of the final binary matrix table.  ‘Potential true gene targets matrix’ file 
was produced based on the data in the ‘aggregated matrix’ files created in the first step of the 
automation process. The rows in this table represent all unique potential ‘true’ miRNA gene 
targets identified for each miRNA (column S in the ‘aggregated matrix’ files) following the 
strategy described in Figure 2-11. The columns in this matrix corresponded to the miRNAs of 
interest. The binary values indicated whether a target gene was identified as a potential ‘true’ 
target for a given miRNA. 
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2.12.3 Functional annotation and gene set enrichment 
analysis 

Once the ‘true gene targets matrix’ file was created, a list of potential ‘true’ 

miRNA gene targets was extracted for each miRNA of interest. These lists of 

genes were used as input to perform GSEA using an online functional annotation 

tool - ToppGene Suite. 

ToppGene Suite is a web-based bioinformatics application. It is a powerful 

enrichment analysis tool utilising multiple biology knowledgebases and different 

analytical tools to extract biological meaning from large numbers of gene 

collections. ToppGene was used to interpret the set of genes identified as 

potential ‘true targets’ for each miRNA of interest. Gene list functional 

enrichment analysis was performed based on different annotation sources 

including the Kyoto Encyclopedia of Genes and Genomes (KEGG), BioCarta, 

Panther DB, The Molecular Signatures Database (MSigDB) and the biological 

processes classification category of the Gene Ontology (GO) term system. 

Benjamini–Hochberg’s (B&H) (Benjamini and Hochberg, 1995) multiple testing 

correction method was used to control the FDR and determine statistical 

significance (padj./q-value < 0.05). Therefore, the resulting output tables 

contained only annotation terms for which the input gene list was found to be 

strongly enriched. Next, the output tables containing significantly enriched 

annotation terms within the biological processes classification category of the 

GO term system were filtered through keywords (Table 2-9) to allow suitable 

visualisation of the output data in the form of bar charts.  
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Table 2-9 List of keywords used to filter through significantly enriched biological processes. 
The keywords in this table were used to filter through the significantly enriched annotation terms 
within the biological processes classification category of the GO term system. This step was carried 
out for both miR-24-3p and miR-224-5p. 

2.13 Statistical Analysis 

GraphPad Prism 9.0 software package was used to perform all statistical 

analyses. For in vitro experiments, N numbers represent cells derived from 

different patients/different biological replicates. The data generated in the 

form of absorbance values in colorimetric assays (BrdU and MTT) were 

normalised prior to statistical analysis to reduce the individual error associated 

with data points and to account for inter-patient cell variability related to cells’ 

response to treatment and the magnitude of absorbance changes. To normalise 

the data for each individual N, the average of all blank corrected absorbance 

values generated for one biological replicate across all experimental groups 

(dataset average) was first calculated. Then, for BrdU assays, the ratio of the 

blank corrected average value of the technical triplicates for each experimental 

group within one biological replicate to the calculated dataset average was 

calculated and plotted. For MTT assays, each blank corrected average value of 

the technical triplicates for each experimental group within one biological 

replicate was expressed as percentage of the dataset average before 
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transforming the values to display the % cell viability relative to untreated cells. 

Statistical analyses were carried out using untransformed normalised values for 

both MTT and BrdU experiments. Similarly, for gene expression studies samples 

were always amplified in technical triplicates and qRT-PCR data were analysed 

using DCt values. 

Unless otherwise stated, data are presented as mean ± standard error of the 

mean (SEM). Comparisons between multiple groups were made using a repeated 

measures one-way ANOVA test with Tukey’s post-hoc correction unless otherwise 

stated. In vitro experiments were carried out in triplicate and were repeated at 

least three independent times unless otherwise stated. Where indicated, 

comparisons between two groups were made using a paired Student’s t-test. In 

vivo experimental data was analysed using an ordinary one-way ANOVA test with 

either Tukey’s or Dunnett’s post-hoc correction for multiple comparisons 

depending on the comparisons made. P-values below 0.05 were considered 

statistically significant. N numbers and relevant statistical tests are detailed in 

each figure legend. 
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Chapter 3 Optimisation of a size exclusion 
chromatography-based method for isolation and 
characterisation of HSVSMC-derived EVs
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3.1 Introduction 

3.1.1 Vascular injury and PDGF signalling 

Vascular injury stimulates the secretion of growth factors, including PDGF, by 

different cells associated with the vessel wall. PDGF production induces a 

phenotypic change in VSMCs through a conversion of their state from a 

quiescent, “contractile”, to a proliferative, “synthetic” – an event characterized 

by increased cell proliferation, migration, and ECM secretion (Marmur et al., 

1992). In general, phenotypic modulation of VSMCs mediated by PDGF is 

physiological and it contributes to the maintenance of vascular homeostasis. 

However, aberrant PDGF signalling has been implicated in vascular remodelling, 

and subsequently in the development of several vascular pathologies including 

neointimal formation observed in VGD and ISR, and atherosclerosis (Barst, 2005; 

Hart and Clowes, 1997; Li et al., 2011; Sterpetti et al., 1996b). The pathogenesis 

of neointimal formation is characterized by the dysfunctional regulation of 

major aspects of the vasculature resulting in abnormal proliferation, migration 

and apoptosis of ECs and VSMCs (Borin et al., 2009; de Vries et al., 2016; Marx et 

al., 2011; Yahagi et al., 2016). As intercellular communication is essential for 

not only the maintenance of tissue homeostasis but also for disease 

development/prevention, understanding the possible means of VSMC self-

regulation in the context of vascular injury and pathophysiological PDGF 

signalling might provide important insights into the development of neointimal 

formation. 

3.1.2 Extracellular vesicle characterisation: guidelines 

As interest in the biological functions of EVs is growing exponentially in multiple 

scientific fields, the need for standardisation in EV research is becoming 

increasingly important for assuring and improving EV research quality. In 2014, 

The International Society for Extracellular Vesicles (ISEV) proposed Minimal 

Information for Studies of Extracellular Vesicles (MISEV) guidelines for the field 

(Lötvall et al., 2014). Based on evolution of the collective knowledge, the 

‘MISEV2014’ guidelines were updated in 2018 (Théry et al., 2018). 

The MISEV guidelines were created to promote adherence to minimal 

experimental requirements for defining extracellular vesicles and their functions 
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in order to improve the quality of EV research. The main recommended points in 

these guidelines involved: [1] the detailed reporting of the source material of 

EVs and isolation methods used; [2] detailed characterisation of the protein 

content and quantification of EV-enriched proteins in EV preparations. The 

suggested methods include Western blot, flow cytometry and mass 

spectrometry. Importantly, according to the ‘MISEV2018’ guidelines, a single 

particle characterization is also recommended by two complementary methods 

such as imaging by electron microscopy, atomic force microscopy, fluorescence 

microscopy or sizing with NTA or dynamic light scattering (DLS) (Théry et al., 

2018). Additionally, recommendations concerning the experimental controls 

when performing functional analysis were also included, e.g., particles isolated 

from unconditioned medium, as there is serious concern of contamination if EV 

purification was not carried out properly (Théry et al., 2018). 

3.1.3 Isolation of extracellular vesicles 

Previously, the most widely used isolation techniques in EV research were 

differential ultracentrifugation (DU) and the more specific type of 

ultracentrifugation - density gradient ultracentrifugation, resulting in purer EV 

preparations with less co-isolated entities. However, more recently several other 

methods have been developed based on different EV characteristics including 

SEC, EVs isolated by precipitation, membrane affinity and protein affinity 

(Brennan et al., 2020; Doyle and Wang, 2019; Veerman et al., 2021). All of these 

commonly used EV isolation techniques have both advantages and disadvantages, 

but first and foremost they all isolate a mixture of the different EV 

subpopulations including exosomes, microvesicles and sometimes apoptotic 

bodies (Davidson et al., 2023; Doyle and Wang, 2019). None of the established 

methods for EV isolation used currently offer a complete separation of pure EVs 

from the biological fluid. Additionally, studies have suggested that the type of 

isolation technique could affect not only the co-isolation of different 

contaminants but also the EV composition itself (Brennan et al., 2020; Veerman 

et al., 2021) which makes the direct comparison of results from different 

published studies more difficult. Therefore, determining the definition of ‘pure’ 

EV samples and consequently reporting such measure in all EV studies would be 

greatly beneficial for achieving consistency and reliability when comparing 

results from different studies. One of the suggested measures of sample purity 
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was particles-to-protein ratio where a high particles-to-protein ratio (~ 3×1010) 

was considered a pure EV preparation (Webber and Clayton, 2013). Nonetheless, 

since there is no perfect method of isolating pure EV populations, the choice of 

separation method should depend on the biological source of EVs, the 

downstream analysis or application and the expertise and equipment available in 

the laboratory. 

There are several published studies which compared commonly used EV isolation 

methods (Brennan et al., 2020; Buschmann et al., 2019; Deville et al., 2021; 

Jung et al., 2020; Karimi et al., 2018; Serrano-Pertierra et al., 2019; Takov et 

al., 2019; Tian et al., 2020). A recent study comparing five different EV isolation 

methods and two different EV sources – plasma and CCM, revealed that the 

choice of isolation method can significantly affect not only the purity of the EV 

preparation but also the subcellular origin of isolated EV populations (Veerman 

et al., 2021). According to this study, for CCM samples the method performed by 

Izon 70 column resulted in a relatively pure EV preparation with high 

concentration of EV particles and EV-related proteins, and a low concentration 

of non-EV co-isolates which might indicate a pure EV sample (Veerman et al., 

2021). Furthermore, it has been proposed that samples of different origin may 

have different EV elution profiles on the SEC column as suggested by the 

detected enrichment of a tetraspanin signal in EV-depleted fractions (Takov et 

al., 2019, 2017; Veerman et al., 2021). Therefore, it is advised that the elution 

profile of a particular type of EV sample is assessed prior to conducting an 

experiment using this technique. 

3.1.4 Characterisation of VSMC-derived extracellular vesicles 

To this date, there are few published studies which have characterised EVs 

secreted by different types of VSMCs or assessed the effect of PDGF on the EV 

populations secreted by stimulated VSMCs (Heo et al., 2020; Xu et al., 2019). A 

recent study investigating whether pulmonary artery SMC-derived EVs exposed to 

a PDGF signal could regulate pulmonary artery ECs, reported that PDGF EVs and 

control EVs express similar EV markers including CD63, CD81, CD9 and heat shock 

protein 70 (HSP70) (Heo et al., 2020). Additionally, according to the NTA analysis 

the majority of EVs within the secreted EV population by pulmonary artery 

smooth muscle cells (PASMCs) exhibited a diameter of approximately 100 nm 
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suggesting that the EVs could be of exosomal origin (Heo et al., 2020). Another 

study, comparing the proteomes of EV populations secreted by quiescent 

coronary artery SMCs (CASMCs) versus activated CASMCs proposed that quiescent 

CASMCs secrete heterogeneous EV populations consisting of apoptotic bodies, 

microvesicles and exosomes as suggested by TEM analyses and dynamic light 

scattering analyses (Comelli et al., 2014). Furthermore, the three different EV 

fractions isolated from quiescent CASMCs were also assessed for the enrichment 

of protein markers specific for each EV subpopulation. It was shown that 

TSG101, Flotillin-1 and CD81, protein markers which are widely accepted as 

markers for microvesicles and exosomes, were detected in the expected EV 

fractions, whereases they were absent in the fraction containing apoptotic 

bodies (Comelli et al., 2014). Since none of the studies described above 

compared in detail the physical characteristics of the EV populations secreted by 

quiescent VSMCs versus activated VSMCs (as a result of PDGF or EV-depleted FBS 

stimulation), it still remains unclear whether the two EV populations 

significantly differ in terms of basic physical characteristics such as size and 

expression of EV protein markers.   
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3.2 Aims 

• To establish an EV elution profile specific for CCM samples from VSMCs 

using qEVsingle columns for SEC. 

• To characterise EVs derived from HSVSMCs and assess effects of PDGF 

stimulation on EV release. 

• To assess the effect of unmodified EVs purified from HSVSMCs in the 

absence or presence of PDGF on proliferation of recipient HSVSMCs. 
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3.3 Methods 

3.3.1 Establishing the EV elution profile specific for CCM samples 
using qEVsingle SEC column 

In this study, the EV elution profile specific for HSVSMC-CCM samples using SEC 

method and an AFC was assessed. One T-75cm2 flask of confluent (~90%) 

HSVSMCs was used to generate EVs under basal conditions (no agonist 

stimulation). In order to resemble as closely as possible, the usual experimental 

conditions, cells were first washed with DPBS and then quiesced in the 

appropriate starvation medium for 48 hr. After that, the medium was removed, 

and cells were washed again with DPBS before adding fresh starvation medium 

for another 48 hr to allow EV secretion from cells. At the end of the incubation 

period, CCM was collected and processed as described in Section 2.10.3.1 with 

two main differences: (1) CCM (≈ 15mL) was concentrated up to 100 µL before 

loading onto the qEVsingle column; and (2) instead of collecting only the first 3 

fractions (F1-3) after the void volume, 9 x 200 µL fractions (F1-9) were collected 

and were kept separate for individual analysis. 

3.3.2 Experimental protocol designed to study the effect of 
unmodified EVs on proliferation of quiesced HSVSMCs 

The EVs used in this study were generated as described in Section 2.10.1. 

Briefly, quiesced cell were treated with either 20 ng/mL PDGF or VEH control for 

48 hr. At the end of the incubation period, CCM was collected and EVs derived 

from PDGF stimulated cells (pEVs) and VEH treated cells (vEVs) were isolated as 

described in Section 2.10.3.1. 

This protocol was designed to study the effect of unmodified HSVCSMCs-derived 

EVs (vEVs and pEVs) on proliferation of recipient quiesced HSVSMCs via BrdU 

incorporation assay. Recipient HSVSMCs were quiesced for 48 hr in the relevant 

quiescent medium (Table 2-2) before treatment with EVs (1.5 x 1011 EVs/mL or 

1.5 x 1010 EVs/well) (Figure 3-1).
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Figure 3-1 Schematic representation of the experimental protocol designed to study HSVSMC proliferation in response to treatment with vEVs and pEVs. 
Experimental protocol followed to study the effect of vEVs and pEVs (1.5 x 1011 EVs/mL or 1.5 x 1010 EVs/well) on proliferation of quiesced HSVSMCs after 48 hr. 

1.5 x 1010 EVs/well (1.5 x 1011 EVs/mL) 

1. No cells, + BrdU
2. – BrdU

3. + BrdU + VEH
4. + BrdU + *PDGF

5. + BrdU + vEVs
6. + BrdU + pEVs

48hr HSVSMC 
quiescence

* 20ng/mL PDGF-BB
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Table 3-1 Other relevant methods for Chapter 3. 

 

EV generation protocols Section 2.10.1 and Section 2.10.2 

EV isolation from CCM Section 2.10.3.1 

EV characterisation 

Nanoparticle tracking analysis 
(Section 2.10.4) 

Protein expression analysis (Section 
2.7) 

Transmission electron microscopy 
(Section 2.10.5) 

Enzyme-linked immunosorbent assay 
(Section 2.8) 

Functional assay Cell proliferation assay (Section 
2.9.1) 

 

3.4 Results 

3.4.1 Determining the EV elution profile for CCM samples 

The specific EV elution profile for HSVSMC CCM samples was determined since 

qEVsingle columns’ specification sheet only provided guidance for EV isolation 

from plasma samples. According to the columns’ specification sheet, the elution 

of EVs for a 100 µL plasma sample volume typically peaks at 400 µL ± 200 µL 

after the EV-free void volume (VV) and the majority of the EVs elute in the first 

600 µL following the VV. No EV elution profile data was provided for CCM 

samples by the manufacturer. In this experiment, EVs were isolated from 100 µL 

CCM sample by qEVsingle column and 9 x 200 µL EV factions after the VV were 

collected separately. EV sample populations were characterised in terms of size 

and particle concentration by NTA. Protein concentration was assessed via 

microBCA. 

NTA analysis of EV size suggested that the mean and modal particle size of EVs 

eluting in the first 3 x 200 µL fractions after the VV were all close to or below 

150 nm. The mean particle size of VV EVs was found to be significantly larger 

(p<0.01) than the mean particle size of each of the three post-VV EV fractions 
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(152.5±2.0nm, 130.7±0.6nm, 130.2±1.2nm and 128.5±3.7nm for VV, F1, F2 and 

F3 EVs respectively) (Figure 3-2A). No significant difference in modal EV size 

between VV EVs and F1-3 EVs was detected (109.7±4.9nm, 109.9±2.4nm, 

107.2±5.3nm and 107.9±4.4nm for VV, F1, F2 and F3 EVs respectively) Figure 

3-2B). Concentration was also determined in terms of particles/mL (Figure 

3-2C). It was found that VV (1.2x1011 ± 9.3 x 109 particles/mL), F1 (1.2x1012 ± 

5.0x1010 particles/mL), and F2 (1.2x1011 ± 8.2x109 particles/mL) contained a 

significantly higher concentration of EVs compared to F4 (1.7 x 1010 ± 3.1x109 

particles/mL). From the NTA data in Figure 3-2C, it is also evident that a 

significant proportion of the EVs started to elute earlier than F1 during the VV, 

and EV elution peaked during F1. 
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Figure 3-2 Determining the EV elution profile specific for CCM samples generated by cells (HSVSMCs) under basal conditions. (A) NTA data for mean particle 
size (nm); (B) NTA data for modal particle size (nm); (C) NTA data for mean particle concentration (particles/mL. A one-way ANOVA with a Tukey’s correction was 
performed to compare the means of all groups and a *p-value < 0.05 (*p<0.01 and **p<0.001) was considered statistically significant (N=3). Abbreviations: 
EVs, extracellular vesicles; NTA, nanoparticle tracking analysis; F, fraction; VV, void volume. 
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Sample protein concentration (µg/mL) was also determined for each fraction 

(Figure 3-3A). The amount of protein detected in the VV and the first three 

fractions (F1-3) did not differ significantly (3.9±0.3 µg/mL, 26.1±3.6 µg/mL, 

3.7±0.1 µg/mL and 18.5±0.9 µg/mL). Significant difference in protein 

concentration was detected between the first four samples (VV, F1-3) and later 

fractions starting from F5 (F5: 114.1±6.9 µg/mL: vs VV: 3.9±0.3 µg/mL, p<0.01; 

vs F1: 26.1±3.6 µg/mL, p<0.05; vs F2: 3.7±0.1 µg/mL, p<0.01; and vs F3: 18.5 

0.9 µg/mL, p<0.05)(Figure 3-3A). It was also evident that the protein 

concentration in the EV fractions continued to increase after F2 through to F9 

(Figure 3-3A). 

Further analysis of sample purity (Figure 3-3B) determined by the EV particle to 

protein ratio revealed that the first three fractions including the VV had the 

highest purity as the mean particle to protein ratio determined for those 

fractions was above the suggested particle to protein ratio threshold of 3.0 x 

1010 (3.1x1010 ± 3.0x109 particle/protein, 4.7x1010 ± 4.2x109 particle/protein and 

3.2x1010 ± 2.3x109 particle/protein for VV, F1 and F3 respectively) (Figure 3-3B). 

Fraction 3 was found to be less pure as the calculated particle to protein ratio 

was 2.8x109 ± 2.1x108 which is between 3.0x1010 and 1x109. All the other 

fractions F4-9 were found to be impure as their particle to protein ratios were 

below the 1x109 threshold of purity (Figure 3-3B).
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Figure 3-3 Determining the purity of EV elution fractions specific for CCM samples generated by cells (HSVSMCs) under basal conditions. (A) MicroBCA data 
for protein concentration (µg/mL); (B) Calculated EV particles to protein ratio. A one-way ANOVA with a Tukey’s correction was performed to compare the means of all 
groups and a * p-value < 0.05 was considered statistically significant (N=3). Ratios > 3 x 1010 particles/µg equate to high vesicular purity, whereas ratios below 1.5 x 
109 particles/µg were considered impure. Abbreviations: EV, extracellular vesicles; NTA, nanoparticle tracking analysis; F, fraction; VV, void volume. 
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3.4.2 Characterisation of HSVSMC-derived EV populations +/- 
PDGF stimulation 

As HSVSMCs were the main cell type used in this project and some HSVSMCs were 

isolated in house following a well-established protocol, successful isolation of 

SMCs was confirmed by the detection of a typical SMC marker α-SMA (Figure 

3-4). 

Quiesced HSVSMCs were treated either with 20 ng/mL PDGF or VEH control for 

48 hr in 0.2% EV-depleted FBS DMEM. The HSVSMC CCM was collected and EVs 

were isolated using SEC (Section 2.10.3.1). Both EV sample populations were 

characterised in terms of size and particle concentration by NTA, and EV 

morphology was assessed by TEM. EV sample protein concentration was 

determined by microBCA assay and western immunoblot analysis was carried out 

to detect specific EV-related protein markers.
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Figure 3-4 HSVSMCs used for EV generation and other in vitro experiments express α-SMA – a typical SMC marker. IMF staining was 
performed to determine the presence of α-SMA (green). DAPI staining (blue) was used to detect nuclei. This figure displays representative images of 
α-SMA /DAPI-stained HSVSMCs isolated in house following an established protocol for SMC isolation described in detail in Section 2.3.1 (N=3). 
Images were taken at 40X magnification on Leica DMi8 Inverted Microscope. Scale bar is 100µm.
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Both sample populations, pEVs and vEVs, did not significantly differ in terms of 

size as evidenced by the NTA findings for mean particle size and particle modal 

size. It was found that vehicle treated HSVSMCs secreted EVs (vEVs) with mean 

EV size of 130.8±5.4 nm vs. 128.6±4.8 nm for pEVs secreted by HSVSMCs treated 

with PDGF (N=5, p>0.05) (Figure 3-5A). The EV modal size found for each EV 

population, vEVs and pEVs, was 117.2±4.2 nm and 107.7±6.3 nm respectively (N 

= 5, p>0.05) (Figure 3-5B). Representative size distribution peaks (SDP) produced 

by the NanoSight are shown in (Figure 3-5E). NanoSight NTA analysis of 

concentration of EVs released from HSVSMCs treated with 20 ng/mL PDGF (pEVs) 

or vehicle (vEVs) showed that PDGF stimulated cells secreted significantly higher 

concentration of EV particles per mL than control cells (1.1x1012 ± 1.7x1011 and 

4.4x1011 ± 2.5x1010 particles/mL respectively; N=5, p<0.01) (Figure 3-5C). The 

difference in concentration between the two EV sample populations remained 

significant following normalization to the number of EVs secreted per cell 

(8.2x106 ± 5.6x105 and 1.4x107 ± 2.1x106 particles/cell for vEVs and pEVs 

respectively, N=5, p<0.05) (Figure 3-5D). 
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Figure 3-5 Characterisation of EV populations secreted by PDGF-treated HSVSMCs (pEVs) 
and VEH control cells (vEVs) via NTA. (A) NTA data for mean EV particle size; (B) NTA data for 
modal EV particle size; (C) NTA data for EV particle concentration; (D) Number of EV particles 
secreted per cell; (E) NTA EV particle size distribution curves; Differences between groups were 
compared using paired two-sample t-test and a * p-value < 0.05 was considered statistically 
significant (N=5). Abbreviations: EV, extracellular vesicles; NTA, nanoparticle tracking analysis; 
PDGF, platelet-derived growth factor; VEH, vehicle; vEVs, vehicle control EVs; pEVs, PDGF EVs;
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Assessment of the morphology of EVs in both sample groups by TEM showed the 

presence of small exosome/extracellular vesicle-like particles (< 200nm) with a 

typical round or cup-shaped appearance which is usually observed with this type 

of EM analysis (Figure 3-6). 

 

 
Figure 3-6 Characterisation of EV populations secreted by PDGF-treated HSVSMCs (pEVs) 
and VEH control cells (vEVs) via TEM. Representative images of EVs derived from VEH control 
HSVSMCs (vEVs) and PDGF-stimulated HSVSMCs (pEVs). Scale bars: 200nm (top images) and 
500nm (bottom images). 
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Protein concentration was determined by microBCA assay for EVs derived from 

both HSVSMCs treated pEVs and control vEVs and no significant difference was 

found between the two groups (Figure 3-7A). The average protein concentration 

of vEVs was found to be 478.3±172.7 µg/mL vs. 362.4±80.7 µg/mL for pEVs (N = 

4, p>0.05). 

Furthermore, the presence of EVs in both sample groups was confirmed by the 

detection of different EV-associated protein markers including Annexin A2, 

Annexin XI, CD81 and CD63 (Figure 3-7B). All four proteins were found to be 

present in samples of EVs derived from HSVSMCs treated with both PDGF (pEVs) 

or VEH control (vEVs) (N=3). As expected, Annexin XI (predicted molecular 

weight of 56 kDa) was detected at approximately 55 kDa for all samples, 

including vEVs and pEVs. The observed double band in the positive control lane 

for Annexin XI may be due to the detection of an isoform of Annexin XI (Sudo and 

Hidaka, 1998). For Annexin A2 (predicted molecular weight of 36 kDa) two bands 

were also detected at the expected region on the blot across all lanes – one 

above and one below 38 kDa marker. The appearance of the second (top) band 

may be due to non-specific Ab binding or the detection of an Annexin A2 isoform 

(Bharadwaj et al., 2013; Gerke and Moss, 2002). Both tetraspanins, CD63 and 

CD81 were also successfully detected. Although the predicted molecular weight 

of CD63 is usually around 25 kDa, there are a number of potential glycosylation 

sites which may affect the migration of the protein and subsequently the 

appearance of the band on the blot (Metzelaar et al., 1991). CD63 band was 

smeared between 30-60 kDa which was an expected observation for this protein 

marker considering the type of samples and EV isolation method used. For CD81 

(predicted molecular weight of 26 kDa), a band was consistently detected at 

approximately 20 kDa in all samples. 
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Figure 3-7 Analysis of HSVSMC-derived EV protein content by microBCA assay and western 
immunoblot. (A) Comparison of protein concentration of EVs released from HSVSMCs +/- PDGF-
stimulation (N=3, Paired two-sample t-test). (B) Detection of EV-related protein markers in vEVs, 
pEVs and control HSVSMC lysate; Annexin XI, Annexin A2, CD63 and CD81. The images shown 
here are representative images of the markers detected in vEVs and pEVs (N=3 for all markers).
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To further explore any potential differences between EVs derived from pEVs and 

vEVs, a high-sensitivity human PDGF ELISA (assay range: 31.3–2,000 pg/mL) was 

carried out to determine whether PDGF-treated cells secrete EVs containing or 

associated with PDGF. With this experiment, it was of interest to explore both: 

(1) the association of pEVs with PDGF following stimulation of the EV secreting 

cells; and (2) if associated, explore the location of the peptide in relation to the 

EV particles i.e., establishing whether PDGF is contained within EVs or attached 

to the surface of the EVs. A detailed protocol of the experimental design has 

been described in Section 2.8. The experiment was carried out for two biological 

replicates on the same ELISA plate, to maximise the use of the plate. 

It was found that PDGF was present in the positive control sample confirming the 

ELISA worked correctly. Additionally, a high concentration of PDGF was detected 

in pCCM sample (avg. 123,216 pg/mL or 123.2 ng/mL), not in vCCM (Figure 3-8). 

The pCCM sample was concentrated CCM (from 15 mL to 500 µL) containing EVs 

released by PDGF-stimulated HSVSMC prior to EV isolation and purification via 

SEC and possibly soluble PDGF that was not taken up by the stimulated cells. For 

comparison, the initial concentration of soluble PDGF used to treat the cells was 

20 ng/mL in 15 mL medium (or 600 ng/mL in 500 µL). After 48 hr stimulation 

period, when CCM was collected and concentrated down to 500 µL, the average 

concentration detected for concentrated CCM containing PDGF (pCCM), as 

mentioned above, was 124.2 ng/mL which is almost 5 times less than the initial 

concentration. Although still relatively high concentration of soluble PDGF was 

present in the medium after 48 hr incubation period, qEV isolation appeared to 

be sufficient in separating the EVs in the medium from soluble PDGF resulting in 

pure pEVs free from soluble PDGF (Figure 3-8). The PK treatment was used to 

determine the possible association of PDGF with EVs either internally or 

externally, however, since PDGF was not detected in any of the other 

experimental conditions (vEVs_Native, pEVs_Native, vEVs+/-PK and pEVs+/-PK) 

(Figure 3-8), it was concluded that PDGF taken up into cells following 

stimulation was not associated (either internally or externally) with EVs released 

from those cells. 
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Figure 3-8 Human PDGF detection in different HSVSMC-derived EV samples by ELISA 
(Assay range: 31.3–2,000 pg/mL). (A) PDGF standard curve. (B) PDGF detection in CCM EV 
samples (prior to EV isolation) and purified EV samples (post EV isolation) derived from HSVSMCs 
(N=2). Positive control (PC) - 250 pg/mL human PDGF; vCCM and pCCM – concentrated VEH 
CCM and PDGFCCM samples respectively; pEVs – isolated PDGFEVs; vEVs_Native and 
pEVs_Native – isolated EVs from VEH and PDGFCCM respectively; vEVs +PK and pEVs +PK – 
VEH EVs and PDGFEVs treated with proteinase K; vEVs –PK and pEVs –PK – VEH EVs and 
PDGFEVs not treated with proteinase K but processed in parallel to vEVs +PK and pEVs +PK 
samples (N=2).
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3.4.3 Studying the effect of EVs on proliferation of quiesced 
HSVSMCs 

After characterising the EV populations secreted from HSVSMCs under normal 

and PDGF-stimulated conditions, it was of interest to determine whether 

treatment of HSVSMCs with unmodified pEVs would have any effect on cell 

proliferation. To do that, quiesced HSVSMCs were either untreated (VEH 

control), or treated with 20 ng/mL PDGF, control vEVs or pEVs over 48 hr 

(Section 2.9.1). It was found that compared to untreated VEH control cells, 

neither pEVs nor vEVs had any effect on proliferation of recipient HSVSMCs 

(Figure 3-9). There was also no significant difference in proliferation of HSVSMCs 

treated with vEVs compared to pEVs (Figure 3-9). Significant differences in 

proliferation of HSVSMCs was only detected between cells treated with VEH 

compared to PDGF, where in the PDGF group cells proliferated significantly more 

than cells in the VEH control group (p<0.0001) suggesting that PDGF treatment 

successfully transformed quiesced HSVSMCs into actively proliferating cells 

(Figure 3-9). 
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Figure 3-9 Analysis of quiesced HSVSMC proliferation treated with unmodified HSVSMC 
vEVs and pEVs. In this experiment, 1.5x10 11 EVs/mL (1.5 x 10 10 EVs/well) were used to treat 
recipient HSVSMCs. Differences between groups were assessed using an RM one-way ANOVA 
with a Tukey’s correction to compare the means of all groups. A p-value < 0.05 (**** p < 0.0001) 
was considered statistically significant (N=4). 
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3.5 Discussion 

In order to successfully be able to study the role of EVs in different biological 

processes in vitro, it was necessary to first optimise and validate an appropriate 

EV isolation method. There are various different methods currently used for the 

isolation of EVs from different biological samples including CCM, serum, plasma, 

saliva and urine (Brennan et al., 2020; Iwai et al., 2016; Markowska et al., 2017; 

Shtam et al., 2018; Takov et al., 2019). 

One of the most widely used methods in the field, also known as the gold 

standard method, is DU which separates particles based on their volume and 

physical properties such as size and density. Although it has been labelled as the 

‘gold standard’ method for EV isolation, DU has also been associated with a 

number of shortcomings. A recent quantitative and qualitative comparison of EV 

populations isolated from serum samples using various commonly used methods 

for EV isolation, including DU and SEC, suggested that the EV yield along with 

the efficient depletion of non-EV co-isolates, such as lipoprotein particles and 

protein contaminants, strongly depend on the type of method used to isolate EVs 

(Brennan et al., 2020). In this study, DU was associated with lower EV yield, 

higher protein concentration and consequently lower particle/protein ratio 

compared to SEC (Brennan et al., 2020). Another study, recently demonstrated 

that DU is a highly variable technique and significant differences in particle yield 

and efficiency of EV isolation may occur due to equipment- and operator-

dependent technical variability which makes ultracentrifugation-based EV 

isolation methods less reliable (Torres Crigna et al., 2021). In addition, DU has 

also been linked to compromised EV integrity (Lobb et al., 2015), which could 

potentially interfere with future experimental aims such as studies of the 

functional activity of EVs and their potential as therapeutic vehicles. Therefore, 

it was decided to explore SEC as an alternative method of EV isolation which 

appeared to have the potential to overcome some of the problems associated 

with DU. 

SEC method works by separating molecules differing in their hydrodynamic 

radius and it has been shown to effectively isolate EVs from CCM and also from 

more complex samples such as plasma and urine where EVs were successfully 

separated from protein complexes and lipoproteins (Gámez-Valero et al., 2016; 
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Lozano-Ramos et al., 2015; Veerman et al., 2021; Vogel et al., 2016). According 

to a recent study, for EV isolation from CCM samples, the SEC method appeared 

to be one of the most reliable methods resulting in somewhat more pure EV 

preparation associated with relatively high EV yield and enrichment of EV-

related proteins, and a low concentration of non-EV contaminants (Veerman et 

al., 2021). Importantly, it has been suggested that EV isolation by the SEC 

method preserves their integrity and biological activity as during filtration EVs 

move with the fluid (elution buffer) flow under a small differential pressure 

(Gámez-Valero et al., 2016; Taylor and Shah, 2015). This is, indeed, important 

when isolated EVs are intended for therapeutic use. 

In the first study the specific EV elution profile for CCM samples was assessed 

where HSVSMC-EVs were isolated from CCM after 48 hr incubation period. 

According to the qEV column’s specification sheet, the elution of EVs for a 100 

µL plasma sample volume typically peaks at 400 µL +/- 200 µL after the EV-free 

VV and the majority of the EVs elute in 600 µL with no data provided specific for 

CCM samples. The data presented here suggested that for CCM samples, EV 

elution starts earlier during the VV and peaks during the first 200 µL after the VV 

suggesting a slight shift of the EV elution profile for CCM samples compared to 

plasma samples possibly owing to the different qualities (e.g., viscosity) 

associated with two biological sample types. Nevertheless, the isolated EV 

populations in the fractions containing the highest particle concentration and 

the lowest protein concentration, VV and F1-3, appear to consist mainly of small 

EVs (<150 nm) (van Niel et al., 2018). The purity of all fractions was also 

assessed by calculating the particle to protein ratio suggesting that along with 

the proposed EV fractions (F1-3) the VV was also a practical source of purified 

EVs with an estimated particle to protein ratio above 3x1010 for VV, F1 and F2 

and above 1x109 for F3 indicating an acceptable level of purity for all four 

fractions (VV, F1-3) (Webber and Clayton, 2013). A possible concern related to 

the use of particle to protein ratio as a measure of purity is the potential 

contamination of EV preparations with lipoproteins. For plasma samples, for 

example, where a large number of plasma particles detected by the NTA are not 

EVs (Welton et al., 2015), a high particle to protein ratio would not necessarily 

mean high purity. This is because if a sample consists mainly of lipoprotein 

particles and a low protein concentration it could still be considered as a pure 
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EV sample when purity is solely determined based on particle to protein ratio 

(Takov et al., 2019; Veerman et al., 2021); therefore, this measure alone is not 

sufficient to determine sample purity when EVs are isolated from plasma. While 

for certain biological samples particle to protein ratio might be an oversimplified 

way of assessing sample purity, for CCM samples, where co-isolation of 

lipoproteins is not a concern, it still might still be a reliable measure of purity. 

Following the publication of the MISEV guidelines, more comprehensive EV 

characterisation by various techniques has become a fundamental requirement 

for publication in the EV field (Lötvall et al., 2014; Théry et al., 2018). In this 

study, two HSVSMC-derived EV populations were characterised - vEVs and pEVs. 

A number of recommended standard methods were used to characterise the EV 

populations including NTA, WB, TEM, and ELISA. Briefly, it was found that 

control HSVSMCs compared to PDGF treated HSVSMCs secrete similar EV 

populations in terms of size, however, cells treated with PDGF secreted 

significantly more EVs. As recommended by MISEV guidelines, a number of EV-

associated protein markers, including both transmembrane and cytosolic 

proteins, were successfully detected demonstrating the presence of EVs (Théry 

et al., 2018). Although multiple well-established routine techniques have been 

used to characterise the EV populations in this study, none of these had the 

capacity to distinguish between different EV subpopulations accurately and 

reliably. Examples of such techniques include live imaging where the EV is 

caught in the act of release (e.g., an image of an EV budding off the plasma 

membrane or fusion of MVBs with the plasma membrane), however, these are 

very difficult and elaborate to perform which makes them less suitable for 

routine use (Théry et al., 2018). Therefore, in this study, isolated vesicles, both 

from CCM and serum, will always be referred to as ‘extracellular vesicles’ or 

‘EVs’ instead of assuming the presence of a specific subclass of EVs within a 

given population. 

In this study, it was found that HSVSMCs secrete EVs both under basal conditions 

as well as under PDGF stimulation which is consistent with the widely accepted 

notion that all cell types secrete and uptake EVs as a way of communication 

(Tkach and Théry, 2016; Willms et al., 2018). VSMCs are known to produce a 

very heterogeneous population of EVs in terms of size including EVs with a size 

distribution comparable to the one presented in the present study (Comelli et 
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al., 2014). It has also previously been suggested that the EV population secreted 

by cells changes under disease conditions or in response to a certain stimulus 

with studies reporting changes not only in the amount of EVs secreted by cells 

but also in their content (Auber and Svenningsen, 2022; Freeman et al., 2018; 

Kharmate et al., 2016; Riches et al., 2014). In this study, it was found that PDGF 

treatment significantly altered the EV population secreted by HSVSMCs in terms 

of concentration but not size. Interestingly, a similar change in terms of amount 

of EV release from adipose mesenchymal stem cells (ASCs) treated with PDGF 

has been previously reported (Lopatina et al., 2014). It was found that PDGF 

treatment of ASCs induced a significant increase in EV release compared to 

control cells and no significant change in mean EV size (Lopatina et al., 2014). 

Additionally, in the same study, it was also assessed whether ASCs treated with 

PDGF-released EVs containing PDGF and it was reported that no PDGF was 

detected in both PDGF-EVs and control EVs as confirmed by western immunoblot 

analysis (Lopatina et al., 2014). Interestingly, these findings are consistent with 

the findings in this study suggesting that PDGF is not packaged in EVs after PDGF 

treatment of HSVSMCs as confirmed by a highly sensitive ELISA. Although, the 

cell types used in both studies in question are different, it is possible that PDGF 

may have similar effects on both cell types resulting in the release of EV 

populations with similar profiles. 

Nevertheless, it is important to note that previously it has been proposed that 

EC- and platelet-derived EVs are enriched in PDGF in patients with 

cardiovascular diseases (Goetzl et al., 2017; Togliatto et al., 2018). An 

association between PDGF and both high glucose-cultured EC EVs and circulating 

CD31 +ve EVs derived from patients with T2DM have been shown, where more 

specifically CD31 +ve EVs from T2D patients have been demonstrated to carry a 

membrane-bound PDGF with functional effects (Togliatto et al., 2018). The 

reason why some cells produce EVs that contain PDGF, and others do not, may 

be dependent on both the parental cell type as well as the conditions under 

which EVs are produced. 

Preliminary investigation of the potential functional effects of HSVSMCs-derived 

EVs under pathophysiological conditions suggested that pEVs had no effect on 

proliferation of recipient quiesced-HSVSMCs compared to control (vEVs). This 

finding could mean that either pEVs carry no signal capable of interfering with 
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cell proliferation or the experimental design was not appropriate to assess the 

potential effect of pEVs on cell proliferation. Although in a different cell type, it 

has previously been shown that treatment of ASCs with PDGF not only stimulated 

the secretion of EVs by those cells, but also induced changes in the EV protein 

composition subsequently enhancing the angiogenic potential of EVs (Lopatina et 

al., 2014). Additionally, another study investigating the effect of PDGF on EV 

release by VSMCs, reported that EVs released under normal conditions and PDGF-

stimulated conditions have markedly different small RNA expression profile with 

several dysregulated miRNAs detected within PDGF EVs (Heo et al., 2020). 

Interestingly, an EV-mediated cross communication between PASMCs and 

pulmonary artery endothelial cells (PAECs) was also proposed by the authors, 

where PASMCs-derived PDGF EVs were found to have functional effects on PAECs 

(Heo et al., 2020). It was demonstrated that certain miRNAs (miR-182, or miR-

486, or miR-1246) were able to regulate PDGF-induced EC and VSMC migration 

but not migration under normal conditions (Heo et al., 2020) further emphasising 

the importance of the experimental design when assessing functional effects of 

potential mediators of cellular responses such as miRNAs or EVs. A possible EV-

mediated autocrine regulation of VSMCs was not investigated in this study. 

Therefore, HSVSMC-derived pEVs may still be involved in the regulation of 

HSVSMC responses, but possibly under certain conditions i.e., pathophysiological 

rather than physiological conditions. 

Based on the findings in the current study that PDGF stimulation of HSVSMCs 

positively regulates the release of EVs by treated cells in combination with the 

proposed effect of PDGF on the miRNA cargo component of VSMC EVs with 

potential functional implications (Heo et al., 2020), it may be beneficial to 

further explore the effect of HSVSMC EVs generated under PDGF stimulation. 

3.5.1 Study limitations 

Although EVs isolated from HSVSMCs were characterised via several methods 

including NTA, TEM, WB and ELISA, the characterisation was limited by a number 

of factors. For instance, characterisation of EVs via WB and BCA assay were 

completed with only low N numbers and no negative EV protein marker was 

detected due to obstacles associated with the optimisation of a specific Ab. 

Additionally, the ELISA assay was carried out only for two biological replicates 
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due to both consistent negative findings and budget considerations, therefore, 

no statistical analyses were carried out for this experiment. To improve the 

quality of the studies, it would have been beneficial to increase the N numbers 

where necessary as well as to establish a negative EV marker to fully comply 

with MISEV guidelines. 

3.6 Summary  

When isolating EVs from HSVSMC-derived CCM samples by SEC using the 

commercially available qEV columns by Izon, a slight shift of the EV elution 

profile was observed where EVs started to elute earlier during the VV, and EV 

elution peaked during the first 200 µL fraction. It was found that, HSVSMCs 

secrete EVs under both basal conditions and under PDGF stimulation where PDGF 

treated HSVSMCs secreted significantly more EVs compared to control cells. The 

two EV populations did not significantly differ in terms of size, however, the 

increase in particle release by cells following PDGF stimulation suggest that the 

EV profile may be different under pathological disease conditions. Initial 

investigation of the functional effect of pEVs suggested that unmodified 

HSVSMC-EVs secreted under PDGF stimulation do not have any effect on 

proliferation of recipient quiesced HSVSMCs. 
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Chapter 4 RNA sequencing and gene enrichment 
analysis 
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4.1 Introduction 

Both microarrays and RNAseq methods are used to identify differentially 

expressed genes in cells and EVs exposed to different experimental conditions 

(Jenjaroenpun et al., 2013; Rao et al., 2019; Skog et al., 2008b). In contrast to 

other methods for RNA quantification, such as microarray and qRT-PCR, RNAseq 

does not rely on a prior hypothesis. Instead, it is an unbiased hypothesis-

generating method which has the potential to provide valuable insight into 

disease mechanisms, thus establishing the basis for a comprehensive research 

strategy. Unlike microarrays, where gene-specific amplification takes place on a 

larger scale than qRT-PCR using a selection of pre-defined transcripts/genes, 

RNAseq performs non-specific RNA selection and reverse transcription on a 

homogenized sample which provides an unbiased insight into the whole 

transcriptome of a sample (Rao et al., 2019; Wang et al., 2009a). Such an 

approach could be helpful in identifying more differentially modulated 

transcripts compared to microarrays and could lead to the identification of 

clinically relevant miRNAs which may be suitable therapeutic targets.  

A wealth of evidence has been accumulated throughout the years demonstrating 

a crucial role for miRNAs in different CVD pathologies. A growing number of 

miRNAs are found to have potential to act as diagnostic and prognostic 

biomarkers for CVD and/or as novel therapeutic agents (Çakmak and Demir, 

2020; Kaur et al., 2020; Romaine et al., 2015; Zhou et al., 2018). The presence 

of nucleic acids, including mRNAs, miRNAs and lncRNAs, within EVs has been 

previously confirmed with microarrays and qRT-PCR techniques in a number of 

reports (Ahadi et al., 2016; Gezer et al., 2014; Lässer et al., 2017; Skog et al., 

2008b; Willms et al., 2016; Xiao et al., 2012). A more advanced high-throughput 

next-generation sequencing method, such as RNAseq, has also been used to more 

comprehensively study the EV transcriptome further emphasising the potential 

of EVs as key disease modulators (Baglio et al., 2015; Cheng et al., 2014b; 

Jenjaroenpun et al., 2013). 

Through miRNA expression profiling studies, a number of miRNAs have already 

been identified and implicated in the development of CVD (Kaur et al., 2020; 

Romaine et al., 2015). A recent study investigating miRNA-related regulatory 

mechanisms contributing to atherosclerosis identified several miRNAs, including 
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miR-21-5p, miR-100-5p, miR-22-3p, miR-34a-5p, and miR-92a-3p, which were 

significantly upregulated in the main cell types (HUVECs; HAECs, human aortic 

endothelial cells; HASMCs, human aortic smooth muscle cells, and CD14+ 

macrophages) associated with disease progression under proatherogenic-stimuli 

(Moreau et al., 2021). Additionally, treatment of HUVECs with ox-LDL, a well-

known proatherogenic stimulus, has led to a largely dysregulated miRNA 

expression profile in the treated cells where four miRNAs were up-regulated and 

eleven were downregulated following ox-LDL treatment (Qin et al., 

2011).Microarray analysis of HASMCs derived from a mouse model of abdominal 

aortic aneurysm (AAA) revealed that a total of 15 miRNAs were dysregulated 

compared to control cells including miR-129-5p which was downregulated in 

AAA-HASMCs (Zhang et al., 2016). In the same study, miR-129-5p was proposed 

to be an inhibitor of cell proliferation and inducer of apoptosis in SMCs through 

regulation of Wnt5a (Zhang et al., 2016). 

EV cargo represents a diverse selection of bioactive molecules that could either 

closely reflect the status of the parental cells or could have a distinct molecular 

fingerprint that only partially reflects the originating cells (Berumen Sánchez et 

al., 2021; Fontaine et al., 2022; Shihui Fu et al., 2020; Oggero et al., 2019). 

Therefore, studying EVs released from cells that are damaged, dysfunctional or 

under stress could provide invaluable information which could improve our 

understanding of the molecular mechanisms of different diseases and 

pathological conditions. RNAseq analysis of EVs derived from HUVECs under 

hyperphosphatemia conditions (HP-EC-EVs) revealed a highly dysregulated miRNA 

profile in HP-EC-EVs where miR-3182 was found to be significantly upregulated 

compared to control EVs (Peng et al., 2022). In the context of cancer, miR-3182 

has previously been implicated in the regulation of cellular processes such as 

cell migration, proliferation, and cell survival as well as growth through possible 

regulation of the mTOR/S6K1 (S6K1, S6 kinase β-1) signalling pathway (Razaviyan 

et al., 2018). A recent study using a qPCR-based method of microRNA profiling 

reported that HUVEC- and HUVSMC-derived EVs were enriched in miR-539-5p and 

miR-582-5p respectively as a result of coculturing both cell types suggesting that 

EVs might play a role in communication between ECs and SMCs (Fontaine et al., 

2022). In the same study, both EV-associated miRNAs, miR-539-5p and miR-582-

5p, were implicated in the regulation of HUVEC and HUVSMC proliferation and 
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migration potentially through targeting various genes such as AKT1, tumour 

protein 53-induced nuclear protein 1 (TP53INP1) and programmed cell death 

protein 6 (PDCD6) in ECs and cyclin-dependent kinase 6 (CDK6) and TP53INP1 in 

SMCs (Fontaine et al., 2022). In the context of vascular remodelling, the miRNA 

expression profiles of EVs derived from PASMCs under normal and pro-

proliferative conditions (PDGF stimulation) were compared by NGS-based small 

RNAseq and a significant differential expression of several EV miRNAs, including 

miR-182, miR-486, and miR-1246, was detected (Heo et al., 2020). The 

aforementioned high throughput NGS-based expression profiling studies enable 

the detection of changes in RNA expression levels on a global level in a 

hypothesis-free unbiased manner as opposed to the hypothesis-driven nature of 

microarrays and qRT-PCR studies. There are not many studies yet that employed 

this hypothesis-generating method of comprehensively characterising the small 

RNA component of EVs derived from relevant primary human cells in the context 

of vascular pathologies.  

In addition to quantifying the miRNA expression levels in EVs, exploring potential 

miRNA – mRNA target interactions and studying their functional role in recipient 

cells remain crucial steps in elucidating the involvement of EV-associated 

miRNAs in the regulation of molecular mechanisms associated with different 

pathological conditions. The widely accepted method of identifying novel 

miRNA-mRNA interaction is to carry out computational prediction of potential 

miRNA gene targets followed by experimental validation of these miRNA-mRNA 

interactions. The two main approaches that underlie the development of miRNA 

target prediction tools are: algorithms developed based on characteristics of the 

mRNA sequence and/or based on the miRNA-mRNA interaction, and statistical 

inference algorithms based on Machine Learning (Riolo et al., 2021). In the 

former, a number of different features of the miRNA-target complex are usually 

considered including pairing between the miRNA seed sequence and the mRNAs, 

thermodynamic stability of the pairing, evolutionary conservation of the target 

sequence across species, accessibility of the target site, and number of target 

sites in the same 3′-UTR. Often a combination of these is used in a single tool to 

compensate for the limitations of each feature alone (Peterson et al., 2014; 

Riolo et al., 2021). Examples of those prediction tools include miRanda, 

TargetScan, RNAhybrid, PITA, and PicTar. Machine learning based algorithms, on 
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the other hand, aim to identify miRNA gene targets based on existing reference 

miRNA-mRNA interactions with established biological significance (Riolo et al., 

2021). Algorithms are “trained” to recognise potential targets by using 

experimentally verified miRNA-mRNA interactions as positive examples, and 

artificially created negative examples; therefore, such prediction algorithms are 

only capable of detecting results similar to the set of examples used in the 

‘learning’ process (Parveen et al., 2019). Examples of Machine Learning 

prediction tools include TargetBoost, DeepMiner, and DIANA-microT-CDS. Not all 

prediction algorithms have the same specificity and sensitivity and there is no 

perfect tool which can provide both high sensitivity and high specificity (Kertesz 

et al., 2007; Krek et al., 2005; Lewis et al., 2005; Miranda et al., 2006). 

Therefore, obtaining an acceptable balance between sensitivity and specificity 

by using a combination of tools derived from different prediction assumptions, 

might be the most effective way of identifying miRNA targets (Oliveira et al., 

2017). In addition to prediction algorithms, it is also possible to extract 

information regarding potential miRNA gene targets using curated databases 

which contain experimentally validated miRNA–mRNA interactions (Andrés-León 

et al., 2015). Examples of curated databases include miRTarBase and 

DIANATarBase. 

Once miRNA target genes are identified, the set of genes could then be 

interpreted by performing functional annotation and GSEA. Enrichment analysis 

of miRNA targets is a technique used to understand potential miRNA functions. 

The biological basis of enrichment is that functionally related genes interact 

forming interaction networks which are part of functional networks or modules 

(Xu and Wong, 2013). Therefore, it is rational to expect that genes, which are 

prone to be regulated (e.g., by miRNAs), are enriched in interaction networks, 

making enrichment-based analysis fundamental to both identifying potential 

changes to functional networks/modules and understanding underlying 

functional mechanisms (Xu and Wong, 2013). Following analysis, the potential 

miRNA functions in different gene regulation networks might be elucidated 

based on the enrichment of particular functional modules and/or molecular 

pathways (Lewis et al., 2003; Xu and Wong, 2008). 
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The main purpose of this type of largescale scanning is to obtain an overall view 

of the potential functional mechanisms that may be affected as a result of 

changes that could occur within gene interaction networks due to miRNA gene 

targeting. From a statistical point of view, one problem related to this type of 

analysis is to detect the significantly enriched functional categories by 

comparing the observed number of miRNA gene targets within a specific 

category with the number of gene targets that might appear in the same 

category as a result of random selection carried out from the same pool (Xu and 

Wong, 2013). GSEA tools generally use a list of identified miRNA gene targets (a 

set of genes) under suitable statistical models (e.g. Fisher’s exact test) to detect 

significantly enriched functional categories (terms) from different annotation 

databases (Garcia-Moreno and Carmona-Saez, 2020). Gene function annotation 

can be performed using various annotation sources including databases 

containing molecular pathway maps such as KEGG and Biocarta, and the GO term 

system comprising of three different classification categories - biological 

processes (BP), cellular components (CC), and molecular function (MF) 

(Ashburner et al., 2000; Kanehisa et al., 2010). 

Another common statistical problem in enrichment analysis of miRNA’s gene 

targets is the correction for multiple tests as in this type of analysis many 

functional categories are considered at the same time (Khatri and Drǎghici, 

2005). In GSEA, Benjamini–Hochberg false discovery rate (BH-FDR) is one of the 

most commonly used models for multiple-testing correction as multiple 

functional categories are assessed at the same time (Khatri and Drǎghici, 2005; 

Xu and Wong, 2013); therefore, it was the method of choice employed in the 

analysis presented here. With this method, for every 100 significantly enriched 

(P value < 0.05) annotation terms with a BH-FDR of 5% (P value <0.05), it means 

that five of those annotation terms are expected to be falsely enriched 

(Benjamini and Hochberg, 1995). In contrast, the classic Bonferroni method for 

multiple-testing correction adjusts the significance threshold by dividing it by 

the number of tests performed (Tilford and Siemers, 2009). This ensures that the 

probability of including at least one falsely enriched annotation term is below 

the corrected P value threshold making this model overly conservative for this 

type of analysis where some level of false-positive findings can be tolerated. 

Although the BH-FDR may not be the most accurate multiple testing correction 
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method for analysis of significantly enriched annotation terms, essentially, it is 

still a useful approach of filtering and hypothesis generation as confirmational 

follow-up experiments in laboratory settings are required before making any 

definitive conclusions.  

In the previous chapter, it was found that EVs secreted by PDGF-stimulated 

HSVSMCs did not significantly differ in terms of size compared to EVs released 

from control cells, PDGF stimulation significantly increased the secretion of EVs 

from HSVSMCs which could also be a sign of potential difference between the 

two EV populations.   
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4.2 Hypotheses and aims 

It was hypothesised that: 

• prolonged pathological PDGF signalling in HSVSMC induces changes in the 

miRNA transcriptome of EVs secreted by stimulated cells. 

• differentially expressed EV miRNAs have target genes involved in the 

regulation of key cellular processes such as cell proliferation, migration, 

and apoptosis. 

The main aims were to: 

• identify differentially expressed miRNAs between EVs derived from PDGF-

stimulated HSVSMCs (pEVs) and VEH control HSVMSCs (vEVs) using RNA 

sequencing. 

• validate differentially expressed miRNAs in pEVs and vEVs by qRT-PCR. 

• identify a list of potential ‘true’ miRNA gene targets using a 

bioinformatics approach. 

• perform functional annotation and GSEA to study the relationship 

between differentially expressed EV miRNAs and any potential cellular 

processes that may be regulated by the miRNAs via their target genes.  
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4.3 Methodology 

4.3.1 Cell work methodology 

The extracellular vesicles used in these studies were generated as described in 

Section 2.10.1. Briefly, quiesced cells were treated with either 20 ng/mL PDGF 

or VEH for 48 hr. At the end of the incubation period, CCM was collected and EVs 

derived from PDGF stimulated HSVSMCs cells (pEVs) and VEH treated HSVSMCs 

(vEVs) were isolated as described in Section 2.10.3.1. 

4.3.2 Workflow 

The steps included in the process towards developing a hypothesis are 

summarised in Figure 4-1. After CCM isolation, vEVs and pEVs were sent to 

Glasgow Polyomics facility for differential expression analysis of the small RNA 

component (RNAseq) (Figure 4-1). Upon receiving the count-based differential 

expression analysis providing information about the differentially expressed 

miRNA genes between vEVs and pEVs an Integrative Genomic Viewer (IGV) 

software was used to determine the mature forms of the miRNAs of interest 

(Figure 4-1). Then differentially expressed miRNAs in vEVs vs pEVs were 

validated by qRT-PCR (Figure 4-1). Following validation, a list of potential miRNA 

gene targets was obtained for successfully validated miRNAs by qRT-PCR. Finally, 

functional annotation and GSEA of the identified miRNA gene targets for three 

miRNAs (miR-24-3p, miR-224-5p and miR-409-3p) were performed for hypothesis 

generation (Figure 4-1). 
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Figure 4-1 Workflow diagram summarising the steps followed to develop a hypothesis. Differentially expressed miRNAs between vEVs 
and pEVs were first identified by RNAseq analysis and then GSEA were performed for hypothesis generation. 

Workflow

Step 1 
• Differential expression analysis of the small RNA component (RNAseq) of vEVs and pEVs

Step 2
• Identification of the mature forms of differentially expressed miRNAs

Step 3
• qRT-PCR validation of differentially expressed miRNAs

Step 4
• Identification of potential miRNA targets (miRNA target gene set)

Step 5
• Gene set enrichment analysis (GSEA) of miR-24-3p, miR-224-5p and miR-409-3p 

Step 6
• Hypothesis generation

Hypothesis Testing (Chapter 5)
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Table 4-1 Other relevant methods for Chapter 4. 

EV generation protocols  Section 2.10.1 

Measuring of gene expression levels Sections 2.6 

NGS-based profiling of EV-related 
miRNAs 

Section 2.11 

Bioinformatics Section 2.12 
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4.4 Results 

4.4.1 Quality control of small RNA sequencing samples 

A principal component analysis (PCA) was carried out to visualise the variance 

between groups and individual samples based on their small RNA expression 

profile. It was found that vEVs have markedly different small RNA expression 

profile when compared to pEVs (Figure 4-2) as suggested by the clear separation 

of the two sample groups forming two distinct clusters. The observed percentage 

variance for both clusters (PC1 = 32.4% variance and PC2 20.1% variance) 

indicate that variation in the small RNA expression profile between vEV and pEV 

samples was primarily due to treatment differences between VEH control 

HSVSMCs and PDGF-stimulated HSVSMCs. Two of the samples in the pEV group 

(PDGF_1 and PDGF_2) appear to have very similar small RNA expression profiles 

as evident by their strong overlap in the plot. Overall, all samples in the control 

(vEVs) group appear to have similar small RNA expression profiles with lower 

variability compared to samples in the PDGF group (pEVs) as suggested by the 

improved clustering of all vEV samples (Figure 4-2).
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Figure 4-2 Principal component analysis (PCA) plot of the small RNA expression 
profiles of vEVs and pEVs. Each dot represents a sample, and each colour represents the 
type of the sample. PC1 and PC2 explain 32.4% and 20.2% (respectively) of the variance in 
gene expression profiles between vEVs (orange) and pEVs (blue). 
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4.4.2 Summary of differentially expressed small RNA molecules 
identified by small RNA sequencing 

The small RNA expression profiles of HSVSMC-derived EVs and their changes in 

response to a long-term (48 hr) PDGF stimulation were investigated by NGS-

based small RNA sequencing. RNAseq analysis identified six known differentially 

expressed miRNAs between pEVs and control EVs (vEVs). For this experiment, 

the raw data returned by Glasgow Polyomics facility was analysed and visualized 

using Pad plot (an online tool for RNAseq data analysis developed by Simon 

Fisher, School of Cardiovascular and Metabolic Health, University of Glasgow) 

https://github.com/SimonF92/PadPlot. As seen in the volcano plot (Figure 4-3) 

there were 11 significantly differentially expressed small RNA molecules 

including 7 miRNAs and 4 snRNAs (Table 4-2). Ten of the RNA molecules were 

upregulated in pEVs and only one snRNA (U6) was downregulated in pEVs 

compared to control EVs (vEVs) (adjusted p-value of<0.05).
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Figure 4-3 Volcano plot of differentially expressed genes identified between the pEVs group 
and control (vEVs) group. The plot shows statistical significance (adj.p <0.05) against Log2 fold-
change in expression levels between vEVs and pEVs, demonstrating the most significantly 
differentially expressed miRNA genes between the two groups – MIR24, MIR409, MIR21, 
MIRLET7A2, MIR1-2 and MIR224 (all of which upregulated in the PDGF group). 
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Table 4-2 A summary table of all differentially expressed small RNA molecules 
between control EVs (vEVs) and PDGF EVs (pEVs). 
 

 

Further examination (hierarchical clustering) also confirmed that, overall, all 

differentially expressed miRNAs (miR-24, miR-409, miR-21, miR-let-7A2, miR-1-2 

and miR-224) were more highly expressed in pEVs (red coloured boxes) 

compared to vEVs with apparently less variability present within the VEH group 

compared to PDGF group as suggested by the uniform presence of yellow colour 

indicating low gene expression across all vEV samples (Figure 4-4). 
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Figure 4-4 Heatmap representing the colour-coded difference in expression levels of 
differentially expressed genes. Heatmap showing hierarchical cluster analysis of significantly 
differentially expressed small RNAs between both vEVs (control) and pEVs with expression 
presented as log2 fold change (z-scored) (adjusted p-value of <0.05). In this figure, colour 
intensity is determined by log2 fold change where ‘dark red’, positive log2 fold-change (z score), 
indicates higher gene expression and ‘yellow’, negative log2 fold-change (z score), indicates 
lower gene expression. Each column represents an EV sample derived from HSVSMCs (N=4, 
where each N represents cells from a different patient). The EVs for each sample pair – VEH 
samples (vEVs) and a corresponding PDGF samples (pEVs), come from cells derived from the 
same patient. 
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Cross-referencing the genomic DNA read sequences (obtained from the 

alignment files visualised in IGV) to miRBase led to the identification of the 

mature form of known differentially expressed miRNA including miR-24-3p, miR-

409-3p, miR-21-5p, let-7A-5p, miR-1-3p and miR-224-5p (Figure 4-5). Validation 

of AL928646.1 miRNA was not attempted at the time as this miRNA appeared to 

be novel and no information was available regarding its function on miRBase, 

and annotation databases used for functional annotation and GSEA. While it 

would have been very interesting to study AL928646.1 as a novel miRNA 

implicated in PDGF signalling, the lack of background knowledge about this 

miRNA and the lack of routine production of relevant AL928646.1 detection 

probes would have hampered the ability to effectively study its functions at the 

time due to both time- and budget-restrictions. Small nuclear RNAs such as U2, 

RNU1-7P, RNU6-105P and RNU6-546P were also not studied further as the main 

aim of these studies was to focus on investigating the role of miRNAs associated 

with EVs. 

 

Figure 4-5 A list of the mature forms of differentially expressed miRNAs. There were six 
known differentially expressed miRNAs identified between vEVs and pEVs and the expression 
levels of all these miRNAs were upregulated in the EVs after 48 hr PDGF (20 ng/mL) treatment of 
HSVSMCs. 
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4.4.3 Validation of differentially expressed miRNA between vEVs 
and pEVs by qRT-PCR. 

RNAseq analysis identified 6 known differentially expressed miRNAs: miR-24-3p, 

miR-409-3p, miR-21-5p, let-7A-5p, miR-1-3p and miR-224-5p. The next aim was 

to validate the RNAseq results by qRT-PCR. Out of all 6 miRNAs, 4 miRNAs were 

found to be significantly upregulated in pEVs compared to control EVs (vEVs) as 

confirmed by qRT-PCR analysis - miR-24-3p (RQmean ± SEM vEVs vs pEVs: 2.029 ± 

0.150, p<0.01; Figure 4-6A), miR-224-5p (RQmean ± SEM vEVs vs pEVs: 3.194 ± 

0.072, p<0.05; Figure 4-6B), miR-409-3p (RQmean ± SEM vEVs vs pEVs: 2.647 ± 

0.391, p<0.05; Figure 4-6C), and let-7A-5p (RQmean ± SEM vEVs vs pEVs: 1.507 ± 

0.153, p<0.05; Figure 4-6D), with miR-21-5p (RQmean ± SEM vEVs vs pEVs: 2.429 ± 

0.715, p = 0.054; Figure 4-6E) following the same trend but the difference in 

expression levels did not reach significance. Additionally, miR-1-3p appeared to 

be expressed at very low levels as indicated by the high cycle threshold (Ct) 

values detected for both groups (Figure 4-6F) (mean Ct>35 for vEVs and pEVs). 

The Ct values across experimental replicates in each group were also extremely 

variable, Ct values between 34.706 – 40.000/undetermined and 33.580 – 38.177 

were detected for vEVs and pEVs respectively, suggesting very low and 

inconsistent miRNA expression levels. Additionally, in the DESeq2 output table, a 

considerable variability between the normalised read counts was present for 

miR-1-2 across experimental replicates in the PDGF group (Appendix 8.1). A 

normalised read count of ‘0’ was recorded for two out of four experimental 

replicates which when cross-validated with IGV also showed ‘0’ reads for these 

samples. When miRNA levels in EVs were assessed by qRT-PCR, the findings 

reflected both the DESeq2 output data and the IGV cross-check in both their 

variability and low expression levels. 
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Figure 4-6 Validation of differentially expressed miRNAs in pEVs and vEVs by qRT-PCR. MicroRNA expression levels in vEVs and pEVs were 
assessed by qRT-PCR: (A) miR-24-3p; (B) miR-224-5p; (C) miR-409-3p, (D) let-7A-5p (E) miR-21-5p. In panel (F) miR-1-3p cycle threshold (Ct) 
values obtained by qRT-PCR across experimental replicates in both groups (N = 3). The fold change in expression levels for all miRNAs (except 
has-miR-1-3p) in pEVs was compared to vEVs group and differences between groups were assessed with a paired two-sample t-test; p-values 
<0.05 (*<0.05) were considered statistically significant (N=4). 
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4.4.4 Assessment of miRNA expression levels in HSVSMCs 
treated with VEH and PDGF 

The expression levels of each of the upregulated miRNAs in pEVs were also 

measured directly in HSVSMCs to determine whether PDGF signalling also 

regulates the expression of miRNAs in the parental cells. Similar to the miRNA 

expression findings in EVs, the qRT-PCR analysis identified that cellular 

expression levels of 3 miRNAs, were also significantly upregulated in PDGF-

stimulated HSVSMCs compared to VEH control cells including miR-24-3p (RQmean ± 

SEM vEVs vs pEVs: 1.138 ± 0.046, p<0.05; Figure 4-7A), miR-224-5p (RQmean ± SEM 

vEVs vs pEVs: 1.627 ± 0.087, p<0.05; Figure 4-7B), and miR-409-3p (RQmean ± SEM 

vEVs vs pEVs: 1.528 ± 0.113, p<0.05; Figure 4-7C), but not let-7A-5p (Figure 

4-7D) or miR-21-5p (Figure 4-7E). 
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Figure 4-7 MicroRNA expression levels in VEH/PDGF treated HSVSMCs (vEVs and pEVs donor cells respectively). MicroRNA expression levels in 
vEVs and pEVs were assessed by qRT-PCR: (A) miR-24-3p; (B) miR-224-5p; (C) miR-409-3p, (D) let-7A-5p and (E) miR-21-5p; The relative miRNA 
expression levels were measured in PDGF HSVSMCs and VEH control HSVSMCs after 48hr incubation period. The fold change in miRNA expression levels 
was compared to VEH control HSVSMC group and differences between the groups were assessed with a paired two-sample t-test; p-values <0.05 (*<0.05, 
**<0.01) were considered statistically significant (N=3).
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4.4.5 Potential ‘true’ miRNA gene targets were identified using 
basic bioinformatics analysis. 

Target gene identification of differentially expressed miRNAs was carried out for 

the 3 most significantly upregulated miRNAs in pEVs - miR-24-3p, miR-409-3p and 

miR-224-5p, which were also found to be significantly upregulated in the 

parental cells. The bioinformatics approach of identifying ‘true’ miRNA gene 

targets involved the use of both prediction software tools and databases 

containing validated gene targets. Details of the exact method are summarised 

in Figure 4-8. Gene targets were considered predicted if predicted by at least 7 

out of 12 prediction algorithms. There were 2,128, 1,126 and 1,084 predicted 

miRNA gene targets for the 3 qRT-PCR validated miRNAs:miR-24-3p, miR-409-3p 

and miR-224-5p respectively (Table 4-3). Two curated databases (miRTarBase 

and DianaTarBase) for experimentally validated miRNA gene targets were also 

used to identify potential ‘true’ miRNA gene targets. These two curated 

databases appeared to contain markedly different numbers of experimentally 

validated miRNA gene targets identified for the three miRNAs of interest - miR-

24-3p, miR-409-3p and miR-224-5p (Table 4-3). For example, for miR-24-3p, 

there were only 855 gene targets identified in miRTarBase as opposed to 1,864 

gene targets identified in DIANATarBase. Similarly, for miR-224-5p, there were 

only 132 gene targets recorded in miRTarBase and 1,810 gene targets found in 

DIANATarBase. When all predicted gene targets for one miRNA were compared to 

all gene targets identified in either one of the two curated databases, a list of 

potential ‘true’ miRNA gene targets was created which contained only those 

gene targets that were both predicted (by 7 out of 12 prediction algorithms) and 

also found in either one of the two curated databases. This led to a considerable 

reduction of the number of gene targets identified as potentially ‘true’ for each 

miRNA – 701, 49 and 288 for miR-24-3p, miR-409-3p and miR-224-5p respectively 

(Table 4-3). 
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Figure 4-8 Schematic representation of the strategy concept used to identify potential ‘true’ miRNA gene targets for each miRNA of interest. A dataset of 
miRNA gene targets predicted by at least 7 out of 12 algorithms was obtained (subset 1). A dataset of gene targets found in at least one of the two curated databases 
of experimentally validated miRNA gene targets was also obtained (subset 2). An intersection of the two subsets (1 and 2) was used to obtain a final list of potential 
‘true’ miRNA gene targets (subset 3). The process described was repeated on a per miRNA basis. 
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Table 4-3 Number of potential ‘true’ miRNA gene targets identified for miR-24-3p, miR-409-3p and miR-224-5p. 
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As illustrated by the Venn diagram in Figure 4-9, a total of 41 miRNA gene 

targets were identified as common between miR-24-3p and miR-224-5p, 

including PI3K regulatory subunit 3 (PIK3R3), whereas only 6 and 2 gene targets 

were common between miR-224-5p and miR-409-3p, and miR-24-3p and 409-3p, 

respectively. Lists of common gene targets between miRNAs can also be found in 

Figure 4-9. Other gene targets identified for, for miR-224-5p include PDGFRA and 

NRAS (Appendix 8.2.1), and for miR-24-3p include PDGFRB and RRAS (Appendix 

8.2.2). 

 
Figure 4-9 Common miRNA gene targets shared between miR-24-3p, miR-224-5p and miR-
409-3p. Forty-one gene targets were identified as common between miR-24-3p and miR-224-5p, 
and 6 and 2 miRNA gene targets identified as common between miR-224-5p and miR-409-3p, and 
miR-24-3p and miR-409-3p respectively. No miRNA gene targets were identified as common 
between all three miRNAs.
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4.4.6 Functional annotation and gene set enrichment analysis 

MicroRNA target gene pathway analysis for miR-24-3p revealed a total of 46 

significantly enriched molecular pathways (q-value < 0.05) involved in the 

regulation of biological processes such as cell proliferation, migration, and cell 

apoptosis. Some of these pathways included the PDGF signalling pathway, MAPK 

signalling pathway, Wnt signalling pathway, molecular pathways involved in the 

regulation of focal adhesion, Forkhead box class O family member proteins 

(FoxO) signalling pathway, regulation of RAS homolog family member A (RhoA) 

activity and p53 pathway (Figure 4-10). Pathway analysis for miR-225-5p target 

genes revealed 53 significantly enriched molecular pathways (q-value < 0.05) 

(Figure 4-11). Some of those pathways included cancer-related signalling 

pathways, pathways related to the regulation of actin cytoskeleton, hypoxia and 

p53, Ras signalling pathway and PI3K/AKT signalling pathway, all of which are 

also involved in the regulation of biological processes such as cell proliferation, 

migration, and cell apoptosis (Figure 4-11). Due to the small number of target 

genes identified for miR-409-3p as potentially true miRNA gene targets (a total 

of 49 genes), the pathway analysis returned only 3 significantly enriched 

pathways (q-value < 0.05) (Figure 4-12). 
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Figure 4-10 Pathway (KEGG, 
Panther DB and BIOCARTA) 
enrichment analysis of potential 
‘true’ miRNA gene targets 
identified for miR-24-3p. 
 All bar charts illustrate significantly 
enriched functional categories 
(terms) for which padj/q-value (BH-
FDR) <0.05. Annotation terms (in 
this case pathways) are listed on 
the ‘y’ axis and the number of 
genes identified as significantly 
enriched in each annotation term is 
shown on the ‘x’ axis. Annotation 
terms on the ‘y’ axis are ordered by 
significance (q-value for all terms 
<0.05) starting from the most 
significant at the bottom of the 
chart. 
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Figure 4-11 Pathway (KEGG, 
Panther DB and BIOCARTA) 
enrichment analysis of 
potential ‘true’ miRNA gene 
targets identified for miR-224-
5p. All bar charts illustrate 
significantly enriched functional 
categories (terms) for which 
padj/q-value (BH-FDR) <0.05. 
Annotation terms (in this case 
pathways) are listed on the ‘y’ axis 
and the number of genes 
identified as significantly enriched 
in each annotation term is shown 
on the ‘x’ axis. Annotation terms 
on the ‘y’ axis are ordered by 
significance (q-value for all terms 
<0.05) starting from the most 
significant at the bottom of the 
chart. 
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Figure 4-12 Pathway (KEGG, Panther DB and BIOCARTA) enrichment analysis of potential ‘true’ miRNA gene targets identified for miR-409-3p. All 
bar charts illustrate significantly enriched functional categories (terms) for which padj/q-value (BH-FDR) <0.05. Annotation terms (in this case pathways) are 
listed on the ‘y’ axis and the number of genes identified as significantly enriched in each annotation term is shown on the ‘x’ axis.
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Further GO (biological processes, BP) term enrichment analysis of miR-24-3p and 

miR-224-5p gene targets revealed 441 and 418 significantly enriched GO 

terms/biological processes (q-value < 0.05) respectively (Figure 4-13 and Figure 

4-14) while there were no significantly enriched biological processes identified 

for miR-409-3p gene targets. 

Due to the large number of significantly enriched biological processes (q-value < 

0.05) identified for mir-24-3p and miR-224-5p target gene sets, the annotation 

terms for both miRNAs were filtered through keywords to allow suitable 

visualisation of the output data containing significantly enriched biological 

processes in the form of bar charts. The keywords used to filter through these 

files were terms related to cell growth/proliferation/migration/wound 

healing/cell death/apoptosis, and cancer (Table 2-9) and they were selected 

based on the findings from the miRNA target gene pathway analysis. It was found 

that both miR-24-3p and miR-224-5p miRNAs may be involved in the regulation 

of biological processes relevant to the development of neointimal formation 

including cell proliferation, migration and apoptosis as suggested by the 

resulting high number of significantly enriched pathways following targeted 

filtration aiming to extract annotation terms related to the above-mentioned 

processes. A total of 58 out of 441 and 50 out of 418 significantly enriched BP 

terms for miR-24-3p (Figure 4-13) and miR-224-5p (Figure 4-14), respectively, 

were identified after targeted filtration of all significantly enriched biological 

processes identified for both miRNAs (Section 2.12.3). 



197 
 

 

 

 

Figure 4-13 GO term (BP) 
enrichment analysis of potential 
‘true’ miRNA gene targets 
identified for miR-24-3p. All bar 
charts illustrate significantly 
enriched BP annotation terms for 
which BH-FDR <0.05. Annotation 
terms are listed on the ‘y’ axis and 
the number of genes identified as 
significantly enriched in each 
annotation term is shown on the ‘x’ 
axis. Annotation terms on the ‘y’ 
axis are ordered by significance (q-
value for all terms <0.05) starting 
from the most significant at the 
bottom of the chart. Data 
presented in this bar chart 
represents a summary of the 
filtered significantly enriched BP 
annotation terms. Keywords used 
for targeted filtration: ‘Proliferation’, 
‘Cell growth, ‘Cancer’, ‘Protein 
kinase’, ‘Ras protein’, ‘MAPK’, 
‘AKT’, ‘TGF-beta’, ‘Platelet-derived 
growth factor receptor signalling 
pathway’, ‘Smooth muscle cell’, 
‘Shear stress’, ‘Angiogenesis’, 
‘Division’, ‘Cell cycle’, ‘Wounding’, 
‘Cell death’, ‘Migration’, ‘Cell 
motility’, ‘Locomotion’, 
‘Cytoskeleton’, ‘Actin’, ‘Adhesion’, 
‘Apoptosis’, ‘Apoptotic’ 
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Figure 4-14 GO term (BP) 
enrichment analysis of potential 
‘true’ miRNA gene targets 
identified for miR-224-5p. All bar 
charts illustrate significantly enriched 
BP annotation terms for which BH-
FDR <0.05. Annotation terms are 
listed on the ‘y’ axis and the number 
of genes identified as significantly 
enriched in each annotation term is 
shown on the ‘x’ axis. Annotation 
terms on the ‘y’ axis are ordered by 
significance (q-value for all terms 
<0.05) starting from the most 
significant at the bottom of the chart. 
Data presented in this bar chart 
represents a summary of the filtered 
significantly enriched BP annotation 
terms. Keywords used for targeted 
filtration: ‘Proliferation’, ‘Cell growth, 
‘Cancer’, ‘Protein kinase’, ‘Ras 
protein’, ‘MAPK’, ‘AKT’, ‘TGF-beta’, 
‘Platelet-derived growth factor 
receptor signalling pathway’, 
‘Smooth muscle cell’, ‘Shear stress’, 
‘Angiogenesis’, ‘Division’, ‘Cell 
cycle’, ‘Wounding’, ‘Cell death’, 
‘Migration’, ‘Cell motility’, 
‘Locomotion’, ‘Cytoskeleton’, ‘Actin’, 
‘Adhesion’, ‘Apoptosis’, ‘Apoptotic’. 
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Further analyses revealed the top 20 miRNA gene targets most commonly 

involved in the regulation of significantly enriched pathways identified for the 

three miRNAs of interest which are summarised in (Figure 4-15). These include 

JUN, MAPK14, glycogens synthase kinase 3 β (GSK3B), PIK3R3, PDGFRB and 

eNOS/NOS3 for miR-24-3p (Figure 4-15A); PIK3R3, NRAS, MAPK8, GSK3B and 

PDGFRA for miR-224-5p (Figure 4-15B); and tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein epsilon 

(WYHAE) for miR-409-3p (Figure 4-15C). These genes are known to be involved in 

the regulation of biological processes such as cell proliferation, migration and 

apoptosis (Figure 4-10, Figure 4-11, and Figure 4-12). MAPK14, PIK3R3 and 

PDGFRB were found to be involved in the regulation of 37.0%, 23.9% and 13.0% of 

all significantly enriched pathways identified for the miR-24-3p target gene 

dataset respectively (Figure 4-15A). PIK3R3, NRAS and PDGFRA were found to be 

involved in the regulation of 56.6%, 54.7% and 26.4% of the significantly enriched 

pathways identified for the miR-224-5p target gene dataset respectively (Figure 

4-15B). WYHAE was found to be potentially involved in the regulation of 2 out of 

3 significantly enriched pathways identified for the miR-409-3p target gene 

dataset (Figure 4-15C).



200 
 

 

 

Figure 4-15 Summary of the most common genes across significantly enriched pathways. The most common miRNA target genes identified across 
significantly enriched pathways: (A) miR-24-3p (top 20 genes); (B) miR-224-5p (top 20 genes); and (C) miR-409-3p. The most common genes found in different 
functional categories are listed on the ‘y’ axis and the number significantly enriched annotation terms (pathways) in which each gene was found to be part of is 
shown on the ‘x’ axis. Genes on the ‘y’ axis are ordered by occurrence starting with the most commonly found gene across annotation terms at the bottom of the 
chart. 
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Next, it was of interest to assess the potential of two miRNAs working 

synergistically via the regulation of similar pathways and biological processes. 

The aim was to find out how many, if any, significantly enriched molecular 

pathways and biological processes appeared to be regulated by at least two of 

the miRNAs (miR-24-3p, miR-224-5p and miR-409-3p) via their specific miRNA 

gene targets. Datasets containing significantly enriched molecular pathways 

(Figure 4-16) and biological processes (unfiltered and filtered dataset) (Figure 

4-17A and Figure 4-17B) identified for all three miRNAs were checked for 

overlapping annotation terms. It was found that there were no significantly 

enriched molecular pathways which were found to be common between all three 

miRNAs (miR-24-3p, miR-224-5p and miR-409-3p) (Figure 4-16). There were 9 

common annotation terms, representing significantly enriched molecular 

pathways, which were shared between miR-24-3p and miR-224-5p including the 

pathway annotation term ‘focal adhesion’ (Figure 4-16). 

When datasets containing unfiltered significantly enriched biological processes 

for miR-24-3p and miR-224-5p were checked, it was found that there were 182 

(26.9%) common BP annotation terms between the two datasets, suggesting that 

there were potentially 182 biological processes (out of 676 total for both 

miRNAs) that may be regulated by both miRNAs via their target genes (Figure 

4-17A). For visualisation purposes, the same type of analysis was performed on 

the filtered datasets containing only significantly enriched annotation BP terms 

related to cell growth/proliferation/migration/wound healing/cell 

death/apoptosis, and cancer. When filtered datasets were analysed, it was 

found that 18.6% of the significantly enriched BP annotation terms across both 

miRNAs (miR-24-3p and 224-5p) were common between the two (17 out of 91 

total for both miRNAs) (Figure 4-17 B). suggesting that at least 17 out of a total 

of 182 common significantly enriched BP annotation terms identified as shared 

between both miRNAs (miR-24-3p and 224-5p) were related to proliferation, 

migration, or cell death (Figure 4-17B).
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Figure 4-16 Summary of the common annotation terms across significantly enriched pathways identified for each miRNA of interest. Nine annotation 
terms across all significantly enriched pathways were identified as common between miR-24-3p and miR-224-5p and only one was shared between miR-24-3p 
and miR-409-3p. No common significantly enriched pathways were identified between miR-224-5p and miR-409-3p as well as between all three miRNAs of 
interest.  
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Figure 4-17 Summary of the common GO annotation terms across significantly enriched biological processes identified for miR-24-3p and miR-224-5p. 
Data analysis was performed on both (A) unfiltered enriched GO BP terms and (B) filtered datasets containing only significantly enriched GO BP terms related to 
cell growth/proliferation/migration/wound healing/cell death/apoptosis, and cancer. (A) Based on analysis of unfiltered datasets, 183 enriched BP terms were 
identified as common between miR-24-3p and miR-224-5p. (B) Based on analysis of filtered datasets, 17 enriched BP terms were identified as common between 
miR-24-3p and miR-224-5p. 
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4.5 Discussion 

Vessel injury leads to an increased production of PDGF by platelets which has 

been associated with a subsequent phenotypic change in VSMCs through 

conversion of a mature quiescent ‘contractile’ VSMC phenotype into a 

dedifferentiated, proliferating ‘synthetic’ phenotype (Marmur et al., 1992; 

Pashova et al., 2020).These induced phenotypic changes in VSMCs are usually 

characterised by an increase in cell proliferation and migration - hallmark 

pathological processes in neointimal formation (R. Chakraborty et al., 2021; 

Chappell et al., 2016; Jawien et al., 1992). In addition to the known regulatory 

effects that PDGF has on cells, previous reports have demonstrated a potential 

role of PDGF in the regulation of EV secretion and EV signalling (Heo et al., 

2020; Lopatina et al., 2014); however, here the effect of PDGF stimulation on EV 

release and characteristics from primary vascular cells was investigated. 

In this study, it was hypothesised that prolonged pathological PDGF signalling in 

HSVSMC induces changes in the miRNA transcriptome of EVs secreted by 

stimulated cells. As EVs are known natural carriers of miRNAs and other small 

RNA molecules (van Niel et al., 2018), using NGS-based small RNA sequencing, 

we compared the small RNA expression profile of EVs derived from HSVSMCs 

under normal and PDGF-stimulated conditions. It was found that PDGF-derived 

EVs have a markedly different small RNA expression profile compared to control 

EVs. All differentially expressed miRNAs, including miR-24-3p, miR-409-3p, miR-

21-5p, let-7A-5p, miR-1-3p and miR-224-5p, were found to be upregulated in the 

PDGF EVs and four of those (miR-24-3p, miR-409-3p, let-7A-5p, and miR-224-5p) 

were successfully validated by qRT-PCR. Further analysis revealed that that both 

miR-24-3p and miR-224-5p miRNAs may be involved in the regulation of 

biological processes relevant to the development of neointimal formation 

including cell proliferation, migration, and apoptosis. 

Several miRNAs, including miR-19b (Beaumont et al., 2017), miR-145 (Cheng et 

al., 2009), miR-221, miR-195 (Y. S. Wang et al., 2012b),miR-26a (Tan et al., 

2017) have been implicated in the development of vascular stenosis and 

neointimal hyperplasia. The expression of miR-26a, in particular, has been 

shown to be tightly regulated by PDGF signalling in VSMCs where downregulation 

of miR-26a in rat jugular vein VSMCs was associated with a significant increase in 
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PDGF-induced cell proliferation, whereas an overexpression of miR-26a reduced 

both the proliferation and migration of rat jugular vein VSMCs (Tan et al., 2017). 

The expression levels of another two miRNAs, miR-221 and miR-222, were also 

found to be upregulated by PDGF in VSMCs from rat aorta in a dose-dependent 

manner (Liu et al., 2009). 

Consistent with the findings presented here, it was recently reported that EV 

miRNA profile is also regulated by PDGF signalling, as demonstrated by the 

significantly different miRNA expression pattern (41 downregulated miRNAs and 

54 miRNAs upregulated by ≥ 2-fold) observed in EVs derived from PDGF 

stimulated PASMC compared to EVs under normal conditions (Heo et al., 2020). 

In the same study, only six differentially expressed miRNAs were selected for 

further investigation and subsequently validated by qRT-PCR. Evidently, the 

detection of 95 differentially expressed miRNAs in PDGF PASMC-derived EVs 

compared to the 7 differentially expressed miRNAs detected in PDGF HSVSMC EV 

population described in the present study, suggests that the former EV 

population exhibits a significantly more dysregulated miRNA expression profile. 

This substantial difference in miRNA expression profiles may, in part, be 

explained by the fact that the parental cells were different types of primary 

VSMCs as well as the fact that the experimental conditions in both studies were 

considerably different i.e., PASMC were stimulated with a higher PDGF 

concentration (40 ng/mL) for a shorter period (16 hr) (Heo et al., 2020) in 

contrast to stimulation of HSVSMCs with 20 ng/mL PDGF for 48 hr as described 

here. It is possible that the response of cells exposed to PDGF stimulation in 

respect to EV release and miRNA cargo may be variable depending on whether 

cells are exposed to PDGF acutely or chronically. The expression of miR-26a, for 

example, has been reported to be closely regulated by PDGF in rat jugular vein 

VSMCs in a time and dose dependent manner (Tan et al., 2017). Additionally, it 

has previously been suggested that the EV cargo/miRNA expression profile may 

change depending on many factors including changes associated with different 

disease stages (S. He et al., 2021; Vinik et al., 2020). Interestingly, similar to our 

findings, miR-409 was also one of the significantly upregulated miRNAs in EVs 

secreted as a result of PASMCs stimulation with PDGF (Heo et al., 2020). Another 

consistent finding between both studies is that the miRNA expression profile of 

EVs did not fully reflect the miRNA expression profile of parental cells. The 
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endogenous levels of miR-138, miR-1246, and miR-1260a three of the tightly 

regulated miRNAs in PDGF EVs, remained unchanged in PDGF-stimulated PASMCs 

(Heo et al., 2020). In the present study, expression levels of only three of the 

regulated miRNAs in PDGF-stimulated EVs, miR-24-3p, miR-409-3p, and miR-224-

5p, were also found to be significantly upregulated in the parental cells, 

demonstrating that the EV miRNA expression profile does not always completely 

reflect the miRNA expression profile of parental cells (Robert et al., 2022) 

suggesting a designated role of EVs in cell-to-cell communication. These results 

highlight the importance of understanding the effects of environmental stimuli 

specifically on EV miRNA expression when studying EV-mediated cell 

communications. Another study investigating the effect of PDGF signaling on EV 

release from ASCs presented data further supporting the idea that prolonged 

PDGF stimulation could have a regulatory effect on EV release and EV cargo 

profile (Lopatina et al., 2014). PDGF treatment of ASCs was found to not only 

enhance EV release but also modify the protein content of EVs towards enhanced 

angiogenic activity as suggested by protein array analysis of 507 proteins 

(Lopatina et al., 2014). 

As an initial step towards understanding the possible mechanisms by which 

miRNAs could be involved in governing biological processes within HSVSMCs, 

identification of potential ‘true’ gene targets of these miRNAs was attempted by 

using both a computational approach to predicting miRNA gene targets and 

curated databases of validated gene targets.A number of different prediction 

algorithms exist, each with a distinct approach to predicting possible miRNA 

gene targets (Peterson et al., 2014; Riolo et al., 2021). Despite recent 

advancements in prediction strategies, miRNA target prediction tools are still 

associated with a considerably high number of false positives due to lack of 

accuracy and sensitivity (Fridrich et al., 2019; Pinzón et al., 2017). Curated 

databases on the other hand, contain information about experimentally 

validated miRNA-gene target interactions (H. Y. Huang et al., 2020; Karagkouni 

et al., 2018), however, this information is not always up-to-date or accurate due 

to many challenges including varying quality of evidence between studies and 

the lack of consistent confirmation of specific interactions across multiple 

studies (Ji et al., 2015). Therefore, considering the limitations associated with 

both the use of target prediction algorithms and the sole use of curated 



207 
 

 

databases to identify miRNA targets, a strategy combining both approaches was 

employed in order to improve the probability of identifying ‘true’ miRNA 

targets. 

Basic bioinformatics analysis was carried out to find out the potential miRNA 

gene targets for the three most significantly differentially expressed miRNAs 

which were also validated by qRT-PCR. As a result, 701, 288 and 49 target genes 

were identified for miR-24-3p, miR-224-5p and miR-409-3p respectively which 

satisfied the pre-defined criteria for potential ‘true’ miRNA gene targets. It was 

found that 41 target genes were common between miR-24-3p and miR-224-5p, 

including PIK3R3 – a key enzyme involved in cellular functions such as cell 

growth, proliferation, migration, and survival (Ghafouri-Fard et al., 2022; Yang 

et al., 2017), suggesting possible synergistic regulation of individual genes by the 

two miRNAs (Xu et al., 2011). This is an important finding as it is known that one 

gene could have multiple binding sites for the same or different miRNAs which 

may result in multiple miRNAs regulating the expression/repression of target 

genes in cooperative manner if the binding sites are within optimal range 

(Enright et al., 2003; Grimson et al., 2007; Saetrom et al., 2007; Watanabe et 

al., 2005; Wu et al., 2010). Other gene targets identified for miR-24-3p include 

PDGFRB, MAPK7, eNOS/NOS3 and RRAS, and for miR-224-5p include PDGFRA and 

NRAS. 

To understand the biological significance behind the different gene targets 

identified for miR-24-3p and miR-224-5p, signal pathway and GO term 

enrichment analysis were performed. It was found that both miRNAs may be 

involved in the regulation of several molecular pathways, including PDGF, PI3K-

AKT, RAS, WNT and MAPK signaling pathways, that are known to control 

biological processes such as cell proliferation/growth, migration/adhesion, and 

apoptosis (Azbazdar et al., 2021; Y. He et al., 2021; Zou et al., 2022) – all of 

which are important for the development of neointimal formation post-vascular 

injury (de Vries et al., 2016). The following gene targets: MAPK14, PIK3R3, 

PDGFRB, eNOS/NOS3 and PIK3R3, MAPK8, PDGFRA were also found to be 

amongst the top 20 most common genes associated with significantly enriched 

pathways identified for miR-24-3p and miR-224-5p respectively. Since only 49 

miRNA gene targets were identified for miR-409-3p, the GSEA performed for this 
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miRNA provided only very limited information regarding enrichment of important 

biological functions and signal pathways that may be regulated by the miRNA. 

Based on the findings from the GSEA, a diagram summarizing some of the 

possible mechanisms through which miR-24-3p and miR-224-5p may be involved 

in the regulation of cellular processes in VSMCs following PDGF stimulation was 

created (Figure 4-18). 

Interestingly, some of the genes identified as potential targets of the miRNAs of 

interest (miR-24-3p and miR-224-5p in particular) have already been established 

as key regulators of VSMC proliferation and migration. For instance, the 

inhibition of both PDGFRA and PDGFRB in VSMCs has been shown to negatively 

regulate VSMC proliferation and migration after vascular injury in vivo indicating 

a causal role for activation of PDGFRs and neointimal lesion formation 

(Myllärniemi et al., 1997). More recently, miR-9 mediated inhibition of PDGFRA 

expression levels led to inhibition of VSMC proliferation and migration after 

balloon injury (Ham et al., 2017). Amongst the 3 classes of mammalian PI3K, the 

class 1A PI3K has been recognised as the most important for cellular growth and 

survival (Vivanco and Sawyers, 2002), and indeed, the involvement of PI3K in the 

regulation of VSMC migration and proliferation has been previously demonstrated 

in vitro (Cospedal et al., 1999; Liu et al., 2004; Oda et al., 2001). Additionally, 

MAPK14, a member of the MAPK family, and eNOS, have also been implicated in 

neointimal formation due to their proposed regulatory effects on VSMC 

proliferation. A recent study by Wu et al. 2019, found that inhibition of MAPK14 

in human CASMCs led to reduced cell proliferation in vitro and neointimal 

formation in vivo (W. Wu et al., 2019). The involvement of eNOS in the 

regulation of VSMC phenotype has been well established (Jeremy et al., 1999) 

with many studies demonstrating the ability of NOS enzymes to inhibit VSMC 

proliferation/migration and neointima formation in balloon injury models 

(Janssens et al., 1998; Von Der Leyen et al., 1995). Transfection of VSMC to 

overexpress eNOS was found to supress VSMC proliferation possibly through a 

PKA-dependent mechanism (D’Souza et al., 2003). Another more recent study in 

VSMCs also demonstrated the involvement of eNOS in the regulation of vascular 

remodelling processes, reporting that urinary trypsin inhibitor inhibits the 

proliferation, invasion and phenotypic switching of PDGF-stimulated VSMCs via 

AKT/eNOS/ signalling pathway (C. Huang et al., 2020). 
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Figure 4-18 Schematic representation of molecular pathways identified in GSEA as potentially regulated by miR-24-3p and miR-224-5p. Abbreviations: PDGF, 
platelet-derived growth factor; PDGFRA/B, PDGF receptor A/B; GRB2, Growth factor receptor-bound protein 2; PI3K, phosphatidylinositol 3-kinase; SOS, son of 
sevenless homolog; RAPGEF2, Rap Guanine Nucleotide Exchange Factor 2; RAF-1,raffinose permease-1; MEK1/2, Mitogen-activated protein kinase kinase 1/2; ERK, 
extracellular signal-regulated kinase; ELK4, ETS Like-4 protein; ROS, reactive oxygen species; MAPK7/ERK5, Mitogen-Activated Protein Kinase 7/ extracellular-
signal-regulated kinase 5; NR4A1, Nuclear Receptor Subfamily 4 Group A Member 1; CDC42, Cell division control protein 42 homolog; MAP3K1/MEKK1, Mitogen-
activated protein kinase kinase kinase 1; Mitogen-activated protein kinase kinase kinase 4/7, MAPK2/7K4/MEKK4/7; JNK, c-Jun N-terminal kinases; MAP3K13, 
Mitogen-activated protein kinase kinase kinase 13; PIP2, Phosphatidylinositol 4,5-bisphosphate; PIP3, Phosphatidylinositol (3,4,5)-trisphosphate; DAG, diacylglycerol ; 
PDK1, Phosphoinositide-dependent kinase-1; PKB/AKT, Protein kinase B; CREB, cAMP response element binding protein; BCL2, B-cell lymphoma 2; BRCA1, Breast 
cancer type 1 susceptibility protein 1; eNOS, Endothelial nitric oxide synthase; FOXO, Forkhead box O; CDKN1B, cyclin dependent kinase inhibitor 1B; CDK, Cyclin-
dependent kinase;
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Consistent with the findings presented here, several lines of evidence from 

previous studies, primarily in the context of cancer, demonstrated that miR-24-

3p and miR-224-5p are both involved in the regulation of cell proliferation 

and/or migration of cancer cells (Guo et al., 2012; J. Li et al., 2019; Mishra et 

al., 2009; Peng et al., 2021; Y. Xie et al., 2013), however, their role in vascular 

remodelling processes after injury has not been fully elucidated. 

In cancer, for example, miR-24-3p has been identified as both an anti-

proliferative miRNA (Guo et al., 2012; Mishra et al., 2009) and an oncogene (Y. 

Xie et al., 2013). A recent study, reported that miR-24-3p stimulated the 

progression of lung carcinoma by increasing cell proliferation and inhibiting cell 

apoptosis via targeting MAPK7 (Zhou and Yan, 2018). In the context of occlusive 

arterial disease, miR-24-3p has been shown to inhibit human arterial SMC 

proliferation and migration by targeting PDGFRB and c-Myc, and promoting 

human arterial SMC apoptosis (Zhu et al., 2015). In the same study, it was also 

reported that PDGF stimulation of human arterial SMC resulted in inhibition of 

miR-24-3p expression which is in contrast with the findings presented here of 

significantly increased expression levels of miR-24-3p in PDGF-treated human 

arterial SMC compared to VEH control treated cells. This inconsistency between 

the two studies could possibly be attributed to differences associated with the 

experimental conditions and more specifically the PDGF concentration used and 

the duration of cell stimulation. In the present study, HSVSMCs were stimulated 

with 20 ng/mL PDGF for 48 hr as opposed to 20 µg/L PDGF for only 24hr 

stimulation (Zhu et al., 2015) which could mean that after prolonged PDGF-

signaling, upregulation of expression of certain miRNAs could be a compensatory 

mechanism. 

Notably, the other two upregulated miRNAs in pEVs, miR-224-5p and miR-409-3p, 

and their role in the regulation of molecular mechanisms implicated in vascular 

pathologies, including neointimal formation, has not been investigated yet. 

However, both miRNAs have been implicated in the regulation of cell 

proliferation in the context of cancer. Similar to miR-24-3p, miR-224-5p has also 

been reported to serve as both an anti-proliferative miRNA/tumor suppressor (J. 

Li et al., 2019) and an oncogene (Fang et al., 2020; Peng et al., 2021; Zhang et 

al., 2013; L. Zhang et al., 2017) suggesting a possible dual function for this 
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miRNA (Guglielmi et al., 2020). MiR-224-5p has been demonstrated to 

successfully inhibit cell proliferation and migration via targeting PIK3R3 and 

AKT3 in ocular choroidal melanoma-1 (OCM-1) cells (J. Li et al., 2019). 

Conversely, in pancreatic mucinous cystadenocarcinoma cells (MCC), miR-224-5p 

has been shown to promote the proliferation, migration and invasion of MCC by 

directly targeting PTEN (Peng et al., 2021). Furthermore, silencing of radixin 

(RDX) and zinc-finger E-box-binding homeobox-1 (ZEB1) by miR-409-3p were also 

proposed as possible mechanisms of tumor suppression due to reduced cell 

proliferation and migration (Chen and Dai, 2018; L. Wu et al., 2019). 

The findings in the present study along with the studies discussed above 

collectively support the notion that PDGF is an important messenger molecule 

capable of inducing changes at a transcriptomic level both in cells and EVs. 

Therefore, based on the findings in this study, it is reasonable to consider that 

miR-24-3p and miR-224-5p may be involved in the regulation of VSMC 

proliferation, migration and/or apoptosis by direct targeting of PDGFRA/B or by 

targeting other downstream components of the singling pathway such as PIK3R3, 

or NRAS/RRAS.  

4.6 Summary 

The small RNA content of EVs derived from PDGF stimulated HSVSMCs was found 

to be significantly different from control EVs. Four out of six differentially 

expressed miRNAs in pEVs compared to vEVs, miR-24, miR-224, miR-409 and, let-

7A-5p, were also successfully validated as significantly upregulated in pEVs by 

qRT-PCR analysis. GSEA revealed that miR-24-3p and miR-224-5p miRNAs may be 

involved in the regulation of several molecular pathways, including PDGF, PI3K-

AKT, RAS, WNT and MAPK signaling pathways, that are known to control 

biological processes such as cell proliferation, migration, and apoptosis - all 

implicated in the development of neointimal formation post-vascular injury. 

Although there is evidence available supporting the involvement of miR-24-3p 

and miR-224-5p in the negative regulation of VSMC proliferation and migration, 

the exact role of EV-mediated delivery of those miRNAs to recipient cells in the 

setting of vascular injury has not been comprehensively investigated. Further 

studies are required to determine the potential of EV-associated miR-24-3p and 

miR-224-5p as therapeutic targets in neointimal formation post vascular injury. 
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Chapter 5 Studying the effect of HSVSMC-
derived EVs on recipient cells  
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5.1 Introduction 

5.1.1 MiR-24-3p/miR-224-5p- mediated cellular responses 

EV secreted by HSVSMCs under PDGF stimulation had significantly different small 

RNA expression profile compared to EVs secreted under normal conditions and 

miR-24-3p and miR-224-5p were amongst the 6 significantly upregulated miRNAs 

in pEVs. GSEA revealed that both miRNAs may be involved in the regulation of 

crucial biological processes associated with neointimal formation, including cell 

proliferation, migration, and apoptosis (Azbazdar et al., 2021; de Vries et al., 

2016; Y. He et al., 2021; Zou et al., 2022), possibly by modifying the expression 

of some of their target genes such as PDGFRA/B, PIK3R3, NRAS and RRAS 

(Chapter 4). 

As previously discussed (Chapter 1), several miRNAs have been identified as key 

modulators of the process of VSMC phenotypic switching in the context of 

vascular injury, including miR-17-92, miR-21, mir-23b, miR-125a, miR-133, miR-

143, miR-145, miR-146, miR-195, miR-221, miR-222, and miR-424, through 

regulatory mechanisms involving direct molecular targets such as PTEN, KLF4, 

SMAD3, CDC42, ELK1, cyclin D1 (CCND1) and CDKN1C (Gareri et al., 2016). 

Similarly, miR-92a, miR-126 and miR-221/222 have also been implicated in the 

regulation of EC regeneration after vascular injury through mechanisms involving 

the direct targeting of SPREAD1, VCAM-1, KLF4, MKK4 and c-KIT/CD117 (Gareri 

et al., 2016). While in the context of cancer, both miR-24-3p and miR-224-5p 

have been reported as potential regulators of cell proliferation and/or migration 

(Guo et al., 2012; J. Li et al., 2019; Mishra et al., 2009; Peng et al., 2021; Y. Xie 

et al., 2013), only miR-24-3p has also been implicated in the development of 

vascular pathologies (J. Yang et al., 2016a; Zhang et al., 2015; Zhu et al., 2015).  

A mechanism through which miR-24-3p has been found to negatively regulate 

VSMC proliferation and migration in the context of diabetes involves direct 

targeting of high mobility group box-1 (HMGB1) (J. Yang et al., 2016a) or 

proliferation alone possibly through inhibition of WNT4/Dvl-1/β-catenin signaling 

pathway by targeting WNT4 (J. Yang et al., 2016b). Interestingly, an inverse 

correlation between the expression levels of miR-24-3p and WNT4 in the arteries 

of diabetic rats was reported with significant inhibition of intimal hyperplasia 
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and ultimately neointimal formation after vessel injury following adenoviral 

gene transfer of miR-24-3p (J. Yang et al., 2016b). Similar effects of miR-24-3p 

on suppression of EC proliferation have been reported where miR-24-3p has been 

found to directly target eNOS resulting in increased expression of specificity 

protein 1 (SP1) and consequently inhibition of EC proliferation (Zhang et al., 

2015). Since eNOS is a well-known EC-specific gene, it has been proposed that 

miR-24-3p could potentially regulate gene expression in a tissue-specific manner 

(Zhang et al., 2015). Additionally, serum EV-mediated transfer of miR-24-3p to 

recipient ECs has been shown to inhibit the process of wound healing by directly 

targeting PIK3R3 mRNA leading to increased EC apoptosis as well as reduced EC 

proliferation and migration, and angiogenesis (Y. Xu et al., 2020). 

5.1.2 Exogenous loading of miRNAs into extracellular vesicles 

Generally, EVs are considered ideal natural nanocarriers for clinical application 

due to their naturally biocompatible characteristics including their small size 

allowing penetration into deep tissues (Vader et al., 2016), their somewhat 

negative zeta potential aiding long circulation (Rupert et al., 2017), as well as 

their similarity to cell membranes (Hood and Wickline, 2012). Additionally, it has 

been reported that some EVs exhibit greater ability to escape degradation or 

clearance by the immune system (Hood, 2016). Indeed, EV-based therapeutics 

have been successfully utilised both in vitro and in vivo, with their therapeutic 

potential also highlighted in clinical settings (Claridge et al., 2021). However, 

despite that EVs have demonstrated promising clinical application because of 

their great therapeutic potential, there are still limitations associated with the 

use of EVs in clinical settings including issues related to low EV recovery 

rate/scalability and standardisation of EV generation, suboptimal isolation and 

purification procedures, therapeutic potency assessment, and targeted delivery 

(Claridge et al., 2021; Tian et al., 2020; Veerman et al., 2021). 

Regardless of the disease setting, EV-based therapies generally utilise the 

functional capacity of EVs to mediate cellular responses in recipient cells 

through the delivery of various cargoes including siRNAs (Alvarez-Erviti et al., 

2011; Shtam et al., 2013), miRNAs (L. Li et al., 2019), proteins (Garaeva et al., 

2021) and small drug molecules (Y. Tian et al., 2014). EV therapeutic efficiency 

could be improved through different bioengineering techniques including 
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methods for EV content modification such as electroporation (Alvarez-Erviti et 

al., 2011; Lennaárd et al., 2022). Various small therapeutic molecules have been 

successfully incorporated as EV cargo leading to an improved potency, increased 

accumulation in target cells, enhanced drug stability and circulation time, and 

ultimately decreased IC50 (the half maximal inhibitory concentration) (Luan et 

al., 2017). 

Electroporation is one of the well-studied and commonly used methods for 

loading small therapeutic molecules into EVs (Lamichhane et al., 2015; Ma et 

al., 2018; Naseri et al., 2018; Pomatto et al., 2022; Y. Tian et al., 2014; 

Wahlgren et al., 2012). This method involves the use of high voltage electrical 

charge creating transient pores on the external EV membrane allowing the 

permeabilization of the therapeutic molecules into the EVs. Due to the temporal 

EV membrane interruption that occurs, EVs are usually firstly left to recover 

under incubation at an appropriate temperature and then washed and re-

isolated, removing any non-internalised extracellular therapeutic molecules 

before using the EVs in functional assays (Alvarez-Erviti et al., 2011). Successful, 

loading of miRNA mimics or antagomirs (miRNA inhibitors) into EVs via 

electroporation has been reported in many studies (de Abreu et al., 2021; L. Li 

et al., 2019; Ma et al., 2018; Naseri et al., 2018). Naseri et al., demonstrated 

that MSC-derived EVs loaded with anti-miR-142-3p oligonucleotides were able to 

reduce miR-142-3p and miR-150 expression levels in vitro and in vivo 

subsequently resulting in the upregulation of associated tumour suppressor genes 

including adenomatous polyposis coli protein (APC) and P2X purinoceptor 7 

(P2X7R) in the recipient breast tumour cells (Naseri et al., 2018). The use of 

electroporation for miRNA loading was also investigated by Ma et al. reporting 

significant miR-132 overexpression detected by qRT-PCR in electroporated MSC-

derived EVs with miR-132 mimic (Ma et al., 2018). HUVEC uptake of 

electroporated EVs was confirmed by fluorescent microscopy while EV-mediated 

delivery of functional miR-132 was confirmed by the observed increased miR-132 

and decreased target gene (RASA1, RAS P21 Protein Activator 1) expression 

levels by qRT-PCR in recipient HUVECs (Ma et al., 2018). Although there are 

some potential caveats associated with the use of electroporation for EV cargo 

modification, such as disturbed structural integrity of the vesicles after 

electroporation or reduced small RNA loading efficiency due to the formation of 
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aggregates possibly also impacting the biological activity of the EV cargo 

(Kooijmans et al., 2013; Lamichhane et al., 2015; Liu and Su, 2019), the above 

studies suggest that this method could also lead to successful encapsulation of 

small RNAs in EVs, without affecting EV integrity and function. 

5.1.3 Hypotheses 

• HSVSMC-derived pEVs, containing up-regulated levels of several miRNAs, 

could regulate PDGF-induced cell proliferation and the expression of 

different miRNA target genes in recipient HSVSMCs. 

• HSVSMC-derived EVs, containing exogenously overexpressed levels of miR-

24-3p and miR-224-5p, are able to regulate HSVSMC and HSVEC responses.  
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5.2 Aims 

• To assess the ability of unmodified vEVs and pEVs to regulate the 

expression levels of different miRNA gene targets in recipient HSVSMCs. 

• To optimise miRNA mimic loading dose electroporated into EVs. 

• To characterise EVs derived from HSVSMCs which were exogenously 

loaded with miRNA mimic (hsa-miR-24-3p and hsa-miR-224-5p) and assess 

whether the electroporation process had any effect on EV characteristics. 

• To investigate the effect of miRNA mimic loaded EVs on proliferation and 

migration of recipient HSVSMCs. 

• To explore the effect of miRNA mimic loaded EVs on recipient cell 

viability (HSVSMCs and HSVECs). 

• To assess the ability of miRNA mimic loaded EVs to regulate the 

expression levels of different miRNA gene targets in recipient HSVSMCs.  



218 
 

 

5.3 Methods 

5.3.1 Optimisation of miRNA mimic loading dose 

First, the amount of miRNA mimic loaded into the EVs during electroporation 

was optimised. The same number of EV particles was used to treat recipient 

cells for 24 hr, while exploring EVs’ efficiency at transferring varying amounts of 

miRNA mimic (Figure 5-1). To do that, a cel-miR-39 mimic (was loaded into EVs 

via electroporation (Section 2.10.6) with changes applicable to the sample 

preparation step described below. The EV concentration used in this experiment 

was the higher of the two concentrations explored in a preceding study of cell 

proliferation (≈ 8x104 particles/cell) (Figure 5-3). 

Prior to sample preparation (Figure 5-1), the concentration of stock EVs in DPBS 

was determined by NTA, and six equal volume EV samples (59 µL) were 

prepared, each containing 2x1010 EV particles (samples 1-6). To create cel-miR-

39 overexpressing EVs (celEVs) of three different cel-miR-39 mimic 

concentrations, equal volume samples (59 µL) containing 66, 133 and 266 pmol 

of cel-miR-39 mimic were prepared in 50 mM Trehalose/DPBS (samples A-C 

respectively) and were then mixed with EV samples 1, 2 and 3 (1+A, 2+B, 3+C). 

Therefore, for every 1x1010 EV particles, 33, 66 or 133 pmol of cel-miR-39 mimic 

was used in the electroporation process respectively. Samples with naïve EVs 

(naEVs; EV particles which did not receive cel-miR-39 mimic during 

electroporation) were also prepared and processed. Similarly, to create naEVs, 

the remaining EV samples (samples 4-6) were mixed with samples D-F 

respectively, where samples D-F contained 50 mM Trehalose/DPBS only, and no 

cel-miR-39 mimic. Next, all sample mixtures were incubated on wet ice for 45 

min. After incubation, EV samples were electroporated (as described in Section 

2.10.6) and re-concentrated back to 100 µL using Amicon centrifugal 

concentrator before being re-isolated (as described in Section 2.10.3.1). 

Electroporated EVs were then re-examined by NTA before adding EVs to 

recipient cells (Figure 5-2). 



219 
 

 

 
Figure 5-1 Optimisation of miRNA mimic loading dose - 'sample preparation' step. Schematic representation of the 'sample preparation' step followed as 
part of the optimisation process for miRNA mimic loading dose. EV samples were first mixed with varying amounts of cel-miR-39 mimic in 50 nM 
Trehalose/DPBS (Sample 1,2 and 3 + Sample A, B and C respectively) or 50 nM Trehalose/DPBS alone (Sample 4, 5 and 6 with Sample D, E and F 
respectively). Sample mixtures were then incubated for 45 min on ice before electroporating miRNA mimics into the EVs.
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Figure 5-2 Optimisation of miRNA mimic loading dose - 'electroporation and EV re-isolation’ steps. Schematic representation of the ‘electroporation and EV re-
isolation’ steps followed as part of the optimisation process for miRNA mimic loading dose. Following incubation, sample mixtures were electroporated and then left to 
recover overnight in the fridge. The next day, electroporated samples were re-concentrated to 100 µL and EVs were re-isolated (cel-miR-39 EVs, C1, C2 and C3, and 
naEVs). Finally, EV sample concentration and EV size were checked by NTA before proceeding to using the EVs for in vitro experiments. 

2.4 x 1010 EV particles/mL (5.9 x 109 EV particles/well) 
electroporated with varying concentrations of cel-miR-39 mimic 

added to recipient HSVSMCs

Estimated:
Ø 5.9 109 EV particles/well + 20 pmol cel-39 mimic (C1)
Ø 5.9 109 EV particles/well + 40 pmol cel-39 mimic (C2)
Ø 5.9 109 EV particles/well + 80 pmol cel-39 mimic (C3)

Bio-Rad MicroPulserTM

Electroporator system

1 x 400 mV pulse 

Concentrate sample
up to 100 µL NTARe-isolate EVs by SEC

Step 2. Electroporation and EV re-isolation process
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Table 5-1 Other relevant methods for Chapter 5. 
 

  

EV generation protocols Section 2.10.1 and Section 2.10.2 

EV isolation from CCM Section 2.10.3.1 

Nanoparticle tracking analysis  Section 2.10.4 

Loading of miRNA mimics into EVs Section 2.10.6 

Measuring of gene expression levels Section 2.6 

EV characterisation 

Nanoparticle tracking analysis 
(Section 2.10.4) 

Protein expression analysis 

(Section 2.7) 

Transmission electron microscopy 
(Section 2.10.5) 

Cell work methodologies 

Experimental protocol designed to 
study the effect of unmodified vEVs 
and pEVs on activated HSVSMCs 
(Section 2.4.1) 

Experimental protocols designed to 
study the effect of miEVs on 
HSVSMCs (Section 2.4.2) 

Experimental protocol designed to 
study the effect of miEVs on HSVECs 
(Section 2.4.3) 

Functional assays 

Cell proliferation via BrdU 
incorporation assay (Section 2.9.1) 

Cell viability via MTT assay 
(Section2.9.2) 

Cell migration assays (Section 2.9.3) 
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5.4 Results 

5.4.1 Studying the effect of EVs on HSVSMCs co-stimulated with 
PDGF 

In Chapter 3, it was found that unmodified EVs had no significant effect on 

proliferation of recipient quiesced HSVSMC. Additionally, in Chapter 4 it was also 

found that several miRNAs (miR-24-3p, miR-224-5p, miR-409-3p, miR-21-5p, let-

7a-5p and miR-1-3p) potentially involved in the regulation of PDGF-induced cell 

proliferation processes via their target genes, were upregulated in pEVs 

compared to vEVs. Therefore, it was next of interest to determine whether pEVs 

could affect proliferation of already actively proliferating recipient HSVSMCs 

following PDGF stimulation. 

In this experiment, quiesced HSVSMCs were either untreated (VEH control), 

treated with 20 ng/mL PDGF alone, or co-treated with 20 ng/mL PDGF and vEVs 

or pEVs while assessing the effect of two different EV concentrations (C1 = 

8.0x108 EVs/mL or 8.0x107 EVs/well and C2 = 1.0x1010 EVs/mL or 1.0x109 

EVs/well) (Figure 5-3A and B). Initially, absorbance was measured after a 

treatment period of 6 hr (Figure 5-3A) and then after 24 hr (Figure 5-3B). It was 

found that, 6 hr treatment was not enough to re-activate quiescent recipient 

HSVSMCs as evident by the low absorbance (OD <0.05) detected in all 

experimental groups including the positive control where cells were treated with 

20 ng/mL PDGF alone (Figure 5-3A). When cells were incubated for longer (24 

hr), re-activation of cell proliferation was detected as evidenced by an increase 

in the absorbance detected for all experimental groups including the positive 

control (OD > 0.5) (Figure 5-3B). After 24 hr of treatment, a tendency towards 

reduction of cell proliferation was observed when cells were co-treated with 20 

ng/mL PDGF and the higher concentration of pEVs (C2) compared to cells 

treated with 20 ng/mL PDGF alone (with OD values of 0.3 and 0.6) (Figure 5-3B). 

As this experiment was performed only once (N=1), no statistical tests were 

carried out and no definitive conclusions were made based on this data. Instead, 

this experiment was informative, and based on the results obtained it was 

decided that cell proliferation would be assessed after at least 24 hr treatment 

and the higher EV concentration (C2 = 1.0x1010 EVs/mL or 1.0x109 EVs/well) 

would be used. 
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Next, quiesced HSVSMCs were untreated (VEH control), treated with 20 ng/mL 

PDGF alone, or co-treated with 20 ng/mL PDGF and vEVs or pEVs (1.0x1010 

EVs/mL or 1.0x109 EVs/well) for 24 hr and cell proliferation assessed. After 24 hr 

PDGF-treated cells proliferated significantly more than untreated VEH control 

cells (Abs: 1.311 ± 0.063 vs 0.326 ± 0.039 respectively; p<0.05) suggesting that 

PDGF treatment was able to re-active quiescent cells (Figure 5-3C). Additionally, 

it was found that compared to cells treated with 20 ng/mL PDGF, neither pEVs 

or vEVs had any effect on proliferation of recipient HSVSMCs co-treated with 

PDGF (Figure 5-3C). A tendency towards inhibition of cell proliferation was 

observed when cells were co-treated with 20 ng/mL PDGF and pEVs compared to 

vEVs, however, the difference was not statistically significant (Figure 5-3C).
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Figure 5-3 Studying the effect of unmodified EVs on HSVSMC proliferation co-treated with 
20ng/mL PDGF and unmodified vEVs/pEVs. (A) Assessing the effect of two different EV 
concentrations on cell proliferation after 6 hr treatment period (N=1); (B) Assessing the effect of two 
different EV concentrations on cell proliferation after 24 hr treatment period (N=1); (C) Assessing 
the effect of EVs (1.0x1010 EVs/mL / 1.0x109 EVs/well) on cell proliferation after 24 hr (N=3). Data 
are presented as mean ± SEM where N ≥ 3. Differences between groups (when N≥3) were 
assessed using an RM one-way ANOVA with a Tukey’s correction to compare the means of all 
groups. A p-value<0.05 was considered statistically significant. 
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Next, whether pEVs could drive any changes in expression levels of target genes 

in active HSVSMCs was explored. HSVSMCs were either untreated (VEH control), 

treated with 20ng/mL PDGF alone, or co-treated with 20ng/mL PDGF and vEVs 

or pEVs (2.4x1010 EVs/mL or 6.0x109 EVs/well) for 6 or 24 hr before assessing cell 

proliferation and measuring expression levels of target genes (PDGFRA, PDGFRB, 

PIK3R3, NRAS and RRAS) in the recipient cells. 

It was noted that the expression of PDGFRA appeared to be upregulated in all 

experimental groups where cells were treated with 20 ng/mL PDGF after 6 hr 

(RQmean ± SEM VEH vs 20ng/mL PDGF: 2.318 ± 0.142) compared to untreated VEH 

control cells (Figure 5-4A). After 24 hr of treatment there was an obvious 

reduction in the expression levels of PDGFRA in these groups to levels 

comparable to those detected in the untreated VEH cells (RQmean ± SEM VEH vs 

20 ng/mL PDGF: 1.168 ± 0.306) (Figure 5-5A). Additionally, it was observed that 

20 ng/mL PDGF treatment did not cause an increase in expression of PDGF 

signalling pathway-related genes after 6 hr (PDGFRB and RRAS) or 24 hr (PDGFRB 

and RRAS) of treatment (Figure 5-4B and E and Figure 5-5B and E respectively). A 

slight increase in expression levels of PIK3R3 and NRAS following PDGF 

stimulation was noted after 6 hr of treatment compared to control cells (RQmean 

± SEM VEH vs 20 ng/mL PDGF: 1.765 ± 0.643 for PIK3R3 and RQmean ± SEM VEH vs 

20 ng/mL PDGF: 1.497 ± 0.296 for NRAS respectively). The observed increase in 

gene expression levels appeared to be further promoted after 24 hr (RQmean ± 

SEM VEH vs 20 ng/mL PDGF: 2.252 ± 0.854 for PIK3R3 and RQmean ± SEM VEH vs 20 

ng/mL PDGF: 1.817 ± 0.033 for NRAS respectively). 

When normalised to control untreated VEH cells, there was no difference in the 

expression levels of any of the analysed genes (PDGFRA, PDGFRB, PIK3R3, NRAS 

and RRAS) across all experimental groups (Figure 5-4A-E and Figure 5-5A-E). 

which was the reason why this experiment was not repeated a third time. No 

statistical tests were carried out as there were data available from only two 

experimental replicates. 
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Figure 5-4 Analysis of mRNA target gene expression in HSVSMCs co-treated with 20ng/mL PDGF and vEVs/pEVs at 6hr. Quantitative RT-PCR was 
performed to determine relative (A) PDGFRA (B) PDGFRB (C) PIK3R3 (D) NRAS and (E) RRAS mRNA expression levels in the indicated experimental groups. The 
EV concentration used in this experiment was 2.4x1010 EVs/mL or 6.0x109 EVs/well. Relative target gene expression was normalised to UBC expression to 
determine dCT values, which were then used to calculate relative quantification (RQ) values (experimental group versus VEH control). Data are presented as RQmean 
± SEM (N=2). 
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Figure 5-5 Analysis of mRNA target gene expression in HSVSMCs co-treated with 20ng/mL PDGF and vEVs/pEVs at 24hr. Quantitative RT-PCR was 
performed to determine relative (A) PDGFRA (B) PDGFRB (C) PIK3R3 (D) NRAS and (E) RRAS mRNA expression levels in the indicated experimental 
groups. The EV concentration used in this experiment was 2.4x1010 EVs/mL or 6.0x109 EVs/well. Relative target gene expression was normalised to UBC 
expression to determine dCT values, which were then used to calculate relative quantification (RQ) values (experimental group versus VEH control). Data are 
presented as RQmean ± SEM (N=2). 
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5.4.2 Optimisation of miRNA mimic loading dose 

Different amounts of synthetic miRNA mimic (cel-miR-39) was loaded into EVs to 

assess the efficiency of EVs at transferring miRNA mimic into recipient HSVSMCs 

after 24 hr of treatment. The expression levels of cel-miR-39 mimic was 

measured by qRT-PCR and it was found that higher concentrations of cel-miR-39 

mimic loaded into EVs resulted into higher expression of the miRNA in recipient 

cells (Figure 5-6). Assuming 100% efficiency of miRNA mimic incorporation into 

EVs during the electroporation process, when cells were treated with 40 pmol 

miEVs/well (or 66 pmol mimic for every 1x1010 EV particles) the relative 

expression of cel-miR-39 in recipient cells was around 4 times higher than in the 

cells treated with EVs containing two times less the amount of mimic – 20 pmol 

miEVs/well (or 33 pmol mimic for every 1x1010 EV particles) (Figure 5-6). A 

smaller increase in the relative expression of cel-miR-39 in HSVSMCs was 

observed when the amount of mimic used in the electroporation process was 

further doubled. When cells were treated with 80 pmol miEVs/well (or 133 pmol 

mimic for every 1x1010 EV particles) the relative expression of cel-miR-39 in 

recipient cells was less than 1.5 times higher than in the cells treated with EVs 

containing half the amount of mimic - 40 pmol miEVs/well (or 66 pmol mimic for 

every 1x1010 EV particles). 

Based on the results from this optimisation experiment, for every 1x1010 EV 

particles, 66 pmol of miRNA mimic was used in the electroporation process in 

any further experiments involving miRNA EV loading and delivery to recipient 

cells. This final protocol, including the optimised version of the sample 

preparation step, was described in detail in the general methods Section 2.10.6. 
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Figure 5-6 Analysis of cel-miR-39 expression levels. The expression levels of cel-miR-39 in 
recipient HSVSMCs were assessed after 24 hr EV-mediated transfer of varying concentrations of 
cel-miR-39 mimic. During the electroporation process, varying doses of cel-miR-39 (33, 66 and 133 
pmol) were used to electroporate 1x1010 EVs. Assuming 100% efficiency of miRNA mimic 
incorporation into EVs during the electroporation process, 20, 40 and 80 pmol cel-miR-39 mimic 
was introduced to the recipient cells via electroporated EVs (2.4x1010 EV particles/mL or 6x109 EV 
particles/well) (N=1). 
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5.4.3 Characterisation of miRNA mimic loaded HSVSMC-derived 
EV populations 

Quiesced HSVSMCs were allowed to secrete EVs for 48 hr prior to collecting the 

CCM and isolating the EVs. Both pre- and post-electroporation EV sample 

populations were characterised in terms of size by NTA, and EV morphology was 

assessed by TEM. Western-immunoblot analysis was carried out to detect specific 

EV-related protein markers.Additionally, miRNA mimic overexpression in 

electroporated EVs was also assessed by qRT-PCR analysis. Although miR-409-3p 

was amongst the successfully validated miRNAs by qRT-PCR analysis, complete 

GSEA were successfully carried out only on the set of target genes identified for 

miR-24-3p and miR-224-5p, and not for miR-409-3p, due to the small number of 

potential mRNA targets identified for miR-409-3p (Table 4-3). Therefore, further 

follow-up experiments were not carried out for miR-409-3p. 

NanoSight analysis of EVs showed that there was no significant difference in 

mean size (nm) between any of the analysed EV populations (Pre-E EVs, pre-

electroporation EVs; NaEVs, Naïve EVs; miR-24-3p EVs and miR-224-5p EVs). It 

was found that, the process of electroporation did not significantly change the 

mean size of EVs (124.1 ± 3.8 nm and 119.6 ± 3.5 nm for pre-electroporation EVs 

and naEVs respectively) (Figure 5-7A). Similarly, the incorporation of either of 

the two synthetic miRNA mimics into EVs did not significantly change the mean 

size of EVs (119.4 ± 3.5 nm, 120.7 ± 4.0 nm, and 119.5 ± 2.8 nm for post-

electroporation naEVs, miR-24-3p EVs and miR-224-5p EVs respectively) (Figure 

5-7A). In terms of the modal size of EVs, it was observed that compared to pre-

electroporation EVs all post-electroporation EV populations had smaller modal 

EV sizes (106.5 ± 3.0 nm vs 97.5 ± 4.9 nm, 98.1 ± 5.2 nm, and 93.7 ± 4.8 nm for 

Pre-E EVs vs naEVs, miR-24-3p EVs, and miR-224-5p EVs respectively) (Figure 

5-7A). Interestingly, the post electroporation miR-224-5p EV population had 

significantly smaller modal EV size compared to Pre-E EVs (106.5 ± 3.0 nm vs 

93.7 ± 4.8, p<0.05). Based on the findings from the NTA of EV modal size, it is 

evident that the electroporation process may significantly alter the 

characteristics of the EV population in terms of size (Figure 5-7A); however, the 

specific incorporation of either one of the two synthetic miRNA mimics did not 

seem to affect the mean and modal EV size differently (Figure 5-7A and B). 

Representative SDP produced by the NanoSight are shown in Figure 5-8. 
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Figure 5-7 Characterisation of pre- and post- electroporation EV populations by NTA. (A) 
NTA data for mean EV particle size; (B) NTA data for modal EV particle size. Data are presented 
as Mean ± SEM (N=5). An RM one-way ANOVA with a Tukey’s correction was performed to 
compare the means of all groups and a *p-value < 0.05 was considered statistically significant. 
Abbreviations: Pre-E EVs, pre-electroporation EVs, naEVs, Naïve EVs.
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Figure 5-8 Characterisation of pre- and post- electroporation EV populations by NTA. (A) 
Representative size distribution peak for pre-electroporation EVs; (B) Representative size 
distribution peak for post-electroporation naEVs; (C) Representative size distribution peak for post-
electroporation miR-24-3p EVs; (D) Representative size distribution peak for post-electroporation 
miR-224-5p EVs. Abbreviations: SDP, size distribution peak; Pre-E EVs, pre-electroporation EVs, 
naEVs, Naïve EVs.
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Assessment of the morphology of EVs in all three post-electroporation EV 

populations groups by TEM revealed the presence of similar vesicle-like 

structures as the ones identified in the non-electroporated EVs (Figure 5-9). 

Small exosome/extracellular vesicle-like particles (<200 nm) with a typical round 

or cup-shaped appearance were observed in all three EV populations – naEVs, 

miR-24-3p EVs and miR-224-5p EVs (Figure 5-9). 

 
Figure 5-9 Assessment of post-electroporation EV morphology by TEM. Representative 
images of post-electroporation EVs: naEVs, miR-24-3p EVs and miR-224-5p EVs. Scale bars: 
200nm and 500nm.
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Furthermore, the presence of EVs post-electroporation of the miRNA mimic was 

confirmed by the detection of EV-associated protein markers including Annexin 

A2, Annexin XI, CD81 and CD63 (Figure 5-10). All protein markers were detected 

in naEVs, miR-24-3p EVs and miR-224-5p EVs. Successful loading of both miRNA 

mimics in electroporated EVs was assessed by measuring the levels of miR-24-3p 

and miR-224-5p by qRT-PCR (Figure 5-11). Significantly increased expression of 

miR-24-3p (Figure 5-11A) and miR-224-5p (Figure 5-11B) was observed in 

electroporated EVs with a relative miRNA mimic expression of > 5000 higher in 

both mimic electroporated EVs compared to naEVs (RQmean ± SEM naEVs vs miR-

24-3p EVs: 4343 ± 1610, p < 0.01 and RQmean ± SEM naEVs vs miR-224-5p EVs: 

8950 ± 4634, p<0.01 respectively). When expression levels of the two miRNA 

mimics were compared to each other, it was found that there was no significant 

difference between the two groups, suggesting that both miRNA mimics were 

electroporated into EVs with a similar efficacy (Figure 5-11C).
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Figure 5-10 Analysis of the protein content of samples containing post-electroporation EV 
populations by western immunoblot. (A) Detection of Annexin XI, Annexin A2 and CD81 in 
naEVs, miR-24-3p EVs and control HSVSMC cell lysate; (B) Detection of Annexin XI, Annexin A2 
and CD81 in naEVs, miR-224-5p EVs and control HSVSMC cell lysate; (C) Detection of CD63 in 
naEVs, miR-24-3p EVs, miR-224-5p EVs and control HSVSMC cell lysate (N=3 for all markers).
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Figure 5-11 Analysis of miR-24-3p and miR-224-5p expression levels in electroporated EVs. 
Quantitative RT-PCR was performed to determine relative (A) miR-24-3p and (B) miR-224-5p 
mRNA expression levels in the indicated experimental groups. Relative miRNA gene expression 
was normalised to cel-miR-39 expression to determine dCT values, which were then used to 
calculate RQ values (miRNA group versus VEH control group). Data are presented as RQmean ± 
SEM (N=3). Differences between groups were assessed with a paired two-sample t-test when only 
two groups were compared and an Ordinary one-way ANOVA with a Tukey’s correction to compare 
the groups based on dCTs when there were more than two groups. A * p-value < 0.05 was 
considered statistically significant (**** p < 0.0001, ** p < 0.01).



237 

 

5.4.4 Studying the effect of naEVs and miEVs on HSVSMCs 

Next, it was of interest to explore whether EVs loaded with miR-24-3p or miR-

224-5p miRNA would exert any effects on recipient HSVSMCs. MiRNAs were 

exogenously loaded in EVs via electroporation (detailed protocol in Section 

2.10.6) and their effects on cell proliferation, viability, migration, and miRNA 

target gene expression were analysed. 

5.4.4.1 Effects of naEV/miEV on recipient HSVSMCs 

To study the effect of naEVs and miEVs (miR-24-3p and miR-224-5p EVs) on cell 

proliferation, quiesced HSVSMCs were either untreated (VEH control), treated 

with 20 ng/mL PDGF alone, or co-treated with 20 ng/mL PDGF and 1.0x1010 

EVs/mL (1.0x109 EVs/well) naEVs or miEVs (miR-24-3p EVs and miR-224-5p EVs) 

for 24 hr. Cell proliferation was assessed and similar to previous observations, 

PDGF successfully induced cell proliferation in quiescent HSVMCs (Abs: 0.421 ± 

0.097 for VEH vs 1.283 ± 0.013 for 20 ng/mL PDGF alone, p<0.05) (Figure 5-12). 

Additionally, it was found that compared to cells treated with 20 ng/mL PDGF 

alone, only miR-224-5p EVs significantly reduced the proliferation of recipient 

activated HSVMCs (Abs: 0.992 ± 0.011 vs 1.283 ± 0.013 respectively, p<0.0001) 

(Figure 5-12). Compared to naEVs, neither miR-24-3p EVs or miR-224-5p EVs had 

any effect on proliferation of recipient HSVSMCs (Figure 5-12).  
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Figure 5-12 Assessing the effect of naEVs and miEVs on proliferation of activated 
recipient HSVSMC at 24hr. In this experiment, the effect of 1.0x1010 EVs/mL (1.0x109 EVs/well) 
naEVs/miRNAs (miR-24-3p and miR-224-5p electroporated EVs) on cell proliferation was 
assessed after 24 hr. Data are presented as Mean ± SEM (N=3). Differences between groups 
were analysed using a RM one-way ANOVA with a Tukey’s correction to compare the means of 
all groups and a *p-value < 0.05 was considered statistically significant (****p < 0.0001). 
Abbreviations: naEVs, Naïve EVs. 
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To study the effect of naEVs and miEVs (miR-24-3p and miR-224-5p EVs) on cell 

viability, quiesced HSVSMCs were either untreated, treated with 10% EV-

depleted FBS, or treated with 1.0x1010 EVs/mL (1.0x109 EVs/well) naEVs or 

miEVs (miR-24-3p EVs and miR-224-5p EVs) for 24 hr. As expected, it was found 

that compared to untreated cells, cells treated with 10% EV-depleted FBS 

exhibited ~30% higher viability (relative to untreated cells, 10% EV-depleted FBS: 

31.9% ± 3.0%, p<0.01) (Figure 5-13). Cells treated with naEVs appeared to have 

similar viability to untreated cells (relative to untreated cells, nEVs: 6.1 % ± 

1.8%) (Figure 5-13). There was no significant difference in cell viability between 

untreated cells compared to any of the EV treatment groups (naEVs, miR-24-3p 

EVs and miR-224-5p EVs) (Figure 5-13). Additionally, there was also no significant 

difference in cell viability between cells treated with naEVs and any of the 

miEVs (miR-24-3p and miR-224-5p EVs) (Figure 5-13). 
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Figure 5-13 Assessing the effect of naEVs and miEVs on cell viability of recipient HSVSMCs 
at 24hr. In this experiment, the effect of 1.0x1010 EVs/mL (1.0x109 EVs/well) naEVs/miRNAs (miR-
24-3p and miR-224-5p electroporated EVs) on cell viability was assessed after 24hr. Data are 
presented as Mean ± SEM (N=3). Differences between groups were analysed using an RM one-
way ANOVA with a Tukey’s correction to compare the means of all groups and a *p-value < 0.05 
was considered statistically significant (**p < 0.01). Abbreviations: naEVs, Naïve EVs.  
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To evaluate the effect of naEV/miEV (miR-24-3p EVs and miR-224-5p EVs) 

treatment on expression of miRNA target genes in HSVSMCs, quiesced cells were 

either untreated (VEH control), treated with 20 ng/mL PDGF alone, or co-

treated with 20 ng/mL PDGF and 2.4x1010 EVs/mL (1.0x109 EVs/well) naEVs or 

miEVs (miR-24-3p EVs and miR-224-5p EVs) for 18 hr. It was found that the 

expression of none of the miRNA target genes was significantly altered by PDGF 

stimulation (Figure 5-14).The expression levels of only one gene (NRAS) were 

increased in cells (albeit not reaching significance) treated with 20 ng/mL PDGF 

compared to untreated cells (RQmean ± SEM untreated cells vs 20 ng/mL PDGF: 

2.094 ± 0.233, p = 0.064) (Figure 5-14D). The expression levels of PIK3R3 also 

appeared to be upregulated in all experimental groups where cells were treated 

with 20 ng/mL PDGF compared to untreated cells, but the difference was not 

statistically significant (RQmean ± SEM untreated cells vs 20ng/mL PDGF EVs: 

3.291 ± 0.882, naEVs: 2.575 ± 0.578, miR-24-3p EVs: 2.653 ± 0.724 and miR-224-

5p EVs: 2.971 ± 1.156) (Figure 5-14E). No statistically significant differences in 

expression of all measured genes were observed between any of the EV 

treatment groups (cells co-treated with 20 ng/mL PDGF and naEVs, miR-24-3p 

EVs or miR-224-5p EVs) compared to cells treated with 20 ng/mL PDGF alone. 

Furthermore, PDGFRB, RRAS, PDGFRA, NRAS and PIK3R3R did not appear to be 

regulated by any of the miEVs (miR-24-3p EVs and miR-224-5p EVs) compared to 

naEVs Figure 5-14E). 
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Figure 5-14 Analysis of mRNA target gene expression in HSVASMCs co-treated with 20 ng/mL PDGF and naEVs/miEVs (18hr). The EV concentration used in 
this experiment was 2.4x1010 EVs/mL or 6.0x109 EVs/well Quantitative RT-PCR was performed to determine relative (A) PDGFRB (B) RRAS (C) PDGFRA (D) NRAS 
and (E) PIK3R3 mRNA expression levels at 18hr. Relative target gene expression was normalised to UBC expression to determine dCT values, which were then used 
to calculate relative quantification (RQ) values (experimental group versus untreated cells). Data are presented as RQmean ± SEM (N=3). An RM one-way ANOVA with 
a Tukey’s correction was performed to compare groups based on dCT values. P-value < 0.05 was considered statistically significant. 
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5.4.4.2 Recipient HSVSMCs pre-treated with naEVs/miEVs 

The effect of modified miEVs overexpressing miR-24-3p and miR-224-5p mRNAs 

on cell proliferation, migration and miRNA target gene expression was further 

investigated following a different cell treatment protocol involving an EV 

preconditioning of the recipient cells. In the following experiments, recipient 

HSVSMCs were first pre-treated with naEVs/miEVs for 6 hr prior to co-treatment 

with either 20 ng/mL PDGF or 5% EV-depleted FBS depending on the experiment 

(Figure 2-3 for details). 

To study the effect of naEVs and miEVs (miR-24-3p and miR-224-5p EVs) on cell 

proliferation, quiesced HSVSMCs were first pre-treated with 1.0x1010 EVs/mL 

(1.0x109 EVs/well naEVs/miEVs for 6 hr. Media was then removed, and cells were 

either left untreated (VEH control), treated with 20 ng/mL PDGF alone, or co-

treated with 20 ng/mL PDGF and 1.0x1010 EVs/mL (1.0x109 EVs/well) naEVs or 

miEVs (miR-24-3p EVs and miR-224-5p EVs) for 24 hr. Cell proliferation was 

assessed and 20 ng/mL PDGF was able to induce a significant increase in cell 

proliferation (Abs: 0.494 ± 0.048 for untreated cells vs 1.197 ± 0.055 for cells 

treated with 20 ng/mL PDGF, p<0.05) (Figure 5-15). Furthermore, compared to 

cells treated with 20 ng/mL PDGF, neither naEVs or any of the miEVs (miR-24-3p 

EVs and miR-224-5p EVs) had any effect on proliferation of recipient HSVSMCs 

(Abs: 1.197 ± 0.055 for cells treated with 20ng/mL PDGF vs cells co-treated with 

20 ng/mL PDGF and naEVs: 1.140 ± 0.025, miR-24-3p EVs: 1.168 ± 0.032, and 

miR-224-5p EVs: 1.001 ± 0.058) (Figure 5-15). A slight reduction in cell 

proliferation was observed when cells were co-treated with 20 ng/mL PDGF and 

miR-224-5p EVs compared to naEVs, however, the difference was not 

statistically significant (Abs: 1.001 ± 0.058 vs 1.140 ± 0.025 respectively) (Figure 

5-15) potentially due to the observed higher variability between biological 

replicates.  
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Figure 5-15 Assessing the effect of naEVs and miEVs on proliferation (24hr) of activated 
recipient HSVSMCs pre-treated with naEVs and miEVs. In this experiment, the effect of 
1.0x1010 EVs/mL (1.0x109 EVs/well) naEVs/miRNAs (miR-24-3p and miR-224-5p electroporated 
EVs) on previously pre-treated cells with the same EV populations was assessed after 24hr. Data 
are presented as Mean ± SEM (N=4). Differences between groups were analysed using an RM 
one-way ANOVA with a Tukey’s correction to compare the means of all groups and a *p-value < 
0.05 was considered statistically significant. Abbreviations: naEVs, Naïve EVs.  
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To further examine the ability of EVs overexpressing miR-24-3p and miR-224-5p 

miRNAs to regulate biological processes in HSVSMCs, the effect of naEVs/miEVs 

on cell migration was also studied via two different methods (the classical 

wound scratch assay and the gap closure assay). In these experiments, quiesced 

HSVSMCs were pre-treated with 2.4x1010 EVs/mL (6.0x109 EVs/well naEVs/miEVs 

for 6 hr before the addition of PDGF/EV co-treatment using the same EV 

concentration. Following 6 hr EV preconditioning of cells, the media was 

removed, and cells were either left untreated, treated with 5% EV-depleted FBS 

alone, or co-treated with 5% EV-depleted FBS and 2.4x1010 EVs/mL (6.0x109 

EVs/well) naEVs or miEVs (miR-24-3p EVs and miR-224-5p EVs) for 16, 18 and 20 

hr. 

When cell migration was assessed by the wound scratch assay, untreated control 

HSVSMCs demonstrated 25.5% (16 hr), 27.7% (18 hr) and 28.7% (20 hr) scratch 

closure in absence of serum or EV treatment reflecting basal migration (Figure 

5-16). Cells treated with 5% EV-depleted FBS migrated significantly more 

compared to untreated cells after 16 hr (mean scratch closure % ± SEM., 25.5 

± 1.1 % and 34.3 ± 2.2 % for untreated and 5% EV-depleted FBS treated cells 

respectively, P<0.05) (Figure 5-16A) and after 18 hr (mean scratch closure % ± 

SEM., 27.7 ± 2.7 % vs 38.7 ± 4.0 % for untreated vs 5% EV-depleted FBS treated 

cells respectively, P<0.05) (Figure 5-16B). No significant difference in cell 

migration was observed between any of the experimental groups after 20 hr 

(Figure 5-16C). Interestingly, both the miEVs (miR-24-3p and miR-224-5p) 

significantly reduced serum-induced scratch closure at 16 hr compared to 5% EV-

depleted FBS control (mean scratch closure % ± SEM., miR-24-3p EVs: 25.6 ± 2.0 

% and miR-224-5p EVs: 28.3 ± 1.6 % vs 5% EV-depleted FBS: 34.3 ± 2.2 %, p<0.05) 

(Figure 5-16A). There was no significant difference in cell migration between 

naEVs and either miR-24-3p EVs and miR-224-5p EVs at any timepoint (Figure 

5-16A-C). Notably, at the later timepoint (18 hr) the difference in cell migration 

was lost (Figure 5-16B). The findings above suggest that both miRNAs may be 

having an inhibitory effect on serum-induced cell migration at an earlier 

timepoint compared to 5% EV-depleted FBS control but not naEVs.  
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Figure 5-16 Assessing the effect of naEVs/miEVs on HSVSMC migration at 16hr, 18hr and 
20hr (wound scratch assay). In this experiment, the effect of 2.4x1010 EVs/mL (6.0x109 
EVs/well) naEVs/miRNAs (miR-24-3p and miR-224-5p EVs) on previously pre-treated cells with 
the same EV populations was assessed after (A) 16hr, (B) 18hr, and (C) 20hr. Scratches were 
imaged at 10X magnification. ImageJ software was used to determine scratch closure percentage 
by measuring distance in pixels. Data are presented as Mean ± SEM (N=3). Differences between 
groups were analysed using an RM one-way ANOVA with a Tukey’s correction to compare the 
means of all groups and a *p-value < 0.05 was considered statistically significant. Abbreviations: 
naEVs, Naïve EVs. 
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Furthermore, when cell migration was assessed via the gap closure method, 

similar findings were observed at 16 hr (Figure 5-17 and Figure 5-18). In addition 

to the previously observed inhibitory effect on serum-induced cell migration of 

miR-224-5p EVs compared to 5% EV-depleted FBS control (mean gap closure % ± 

SEM, 45.6 ± 1.6 % and 55.0 ± 0.7% respectively, p<0.05) (Figure 5-17 and Figure 

5-18), it was also found that miR-224-5p EVs reduced serum-induced cell 

migration significantly more than each of the other two EV groups - naEVs and 

miR-24-3p EVs, with observed mean gap closure % ± SEM of 45.6 ± 1.6 %vs 54.7 ± 

1.9 % (p < 0.01) and 50.3 ± 1.2 % (p<0.05) for miR-224-5p EVs vs naEVs and miR-

24-3p EVs respectively (Figure 5-18). In contrast, although there was a tendency 

towards negative regulation of cell migration by miR-24-p EVs, no significant 

difference in serum-induced cell migration was observed between cells treated 

with miR-24-3p EVs and cells treated with naEVs or 5% EV-depleted FBS control 

(Figure 5-18). These data further suggests that miR-224-5p EVs may be having an 

inhibitory effect on serum-induced cell migration.
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Figure 5-17 Studying the effect of naEVs/miEVs on HSVSMC migration at 16hr (gap closure assay). In this experiment, the effect of 2.4x1010 EVs/mL (6.0x109 
EVs/well) naEVs/miRNAs (miR-24-3p and miR-224-5p EVs) on previously pre-treated (for 6hr) cells with the same EV populations was assessed. After pre-
treatment, media was removed and replaced with fresh 0.2% EV-depleted FBS (untreated group) or 5% EV-depleted FBS containing naEVs, miR-24-3p EVs or 
miR-224-5p EVs. Gaps between cells were imaged at 10X magnification at 0hr and 16hr (4 technical replicates/group; N=3 biological replicates). White dotted lines 
indicate gap edges. 
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Figure 5-18 Assessing the effect of naEVs/miEVs on HSVSMC migration at 16hr (gap closure 
assay). In this experiment, the effect of 2.4x1010 EVs/mL (6.0x109 EVs/well) naEVs/miRNAs (miR-
24-3p and miR-224-5p EVs) on previously pre-treated cells with the same EV populations was 
assessed after 16hr. Gaps between cells were imaged at 10X magnification. ImageJ software was 
used to determine scratch closure percentage by measuring distance in pixels.Data are presented 
as Mean ± SEM (N=3). Differences between groups were analysed using an RM one-way ANOVA 
with a Tukey’s correction to compare the means of all groups and a *p-value < 0.05 was 
considered statistically significant (** p < 0.01). Abbreviations: naEVs, Naïve EVs. 
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To further evaluate the ability of naEV/miEV (miR-24-3p EVs and miR-224-5p 

EVs) to regulate molecular processes in HSVSMCs, the expression of miRNA target 

genes in HSVSMCs was measured following treatment with EVs. In this 

experiment, quiesced cells were again pre-conditioned with naEVs/miEVs for 6 

hr before treatment. Then, cells were either untreated (VEH control), treated 

with 20 ng/mL PDGF alone, or co-treated with 20 ng/mL PDGF and 2.4x1010 

EVs/mL (6.0x109 EVs/well) naEVs or miEVs (miR-24-3p EVs and miR-224-5p EVs) 

for 12 hr. It was found that, similar to previous findings, not all analysed genes 

were upregulated in response to PDGF treatment (Figure 5-19A, B and C). The 

expression levels of two genes (PIK3R3 and NRAS) were significantly increased in 

cells treated with 20 ng/mL PDGF compared to untreated control (RQmean ± 

SEM untreated cells vs 20 ng/mL PDGF: 2.186 ± 0.331, p<0.0001 for NRAS; and 20 

ng/mL PDGF: 2.303 ± 0.145, p < 0.01 for PIK3R3 (Figure 5-19D and E 

respectively). 

No statistically significant difference in expression levels of all measured genes 

was observed between any of the EV treatment groups (cells co-treated with 20 

ng/mL PDGF and naEVs, miR-24-3p EVs or miR-224-5p EVs) compared to cells 

treated with 20 ng/mL PDGF alone. Additionally, PDGFRB, RRAS, PDGFRA, NRAS 

and PIK3R3 did not appear to be regulated by any of the miEVs (miR-24-3p EVs 

and miR-224-5p EVs) compared to naEVs (Figure 5-19A-E). A tendency towards 

inhibition of PDGF-induced upregulation of NRAS and PIK3R3 mRNA expression 

was observed in cells co-treated with PDGF and either naEV or miEVs (miR-24-3p 

EVs or miR-224-5p EVs) compared to cells treated with PDGF alone (Figure 5-19D 

and E respectively) but the difference was not statistically significant. 

Additionally, there did not seem to be a difference between the potential 

inhibitory effect exerted by naEVs vs miR-224-5p EVs for NRAS (RQmean ± SEM 

naEVs: 1.830 ± 0.229 vs miR-224-5p EVs: 1.895 ± 0.206 (Figure 5-19D) and 

between naEVs and miR-24-3p EVs or miR-224-5p EVs for PIK3R3 (RQmean ± SEM 

naEVs: 1.834 ± 0.336 vs miR-24-3p: 1.659 ± 0.234 or miR-224-5p EVs: 1.641 ± 

0.243) (Figure 5-19E).
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Figure 5-19 Analysis of mRNA target gene expression in HSVASMCs co-treated with 20 ng/mL PDGF and naEVs/miEVs at 12hr following a 6hr pre-treatment 
with the same EV populations. The EV concentration used in this experiment was 2.4x1010 EVs/mL or 6.0x109 EVs/well Quantitative RT-PCR was performed to 
determine relative (A) PDGFRB (B) RRAS (C) PDGFRA (D) NRAS and (E) PIK3R3 mRNA expression levels at 12hr. Relative target gene expression was normalised 
to UBC expression to determine dCT values, which were then used to calculate relative quantification (RQ) values (experimental group versus untreated cells). Data 
are presented as RQmean ± SEM (N=3). An RM one-way ANOVA with a Tukey’s correction was performed to compare groups based on dCT values. P-value < 0.05 
was considered statistically significant (**p < 0.01 and ****p < 0.0001).
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5.4.5 Studying the effect of naEVs and miEVs on HSVECs  

The effect of naEVs and miEVs (miR-24-3p and miR-224-5p EVs) on HSVEC 

viability was also studied. In this experiment, cells were either untreated, 

treated with 10% EV-depleted FBS, or treated with 1.0x1010 EVs/mL (1.0x109 

EVs/well) naEVs or miEVs (miR-24-3p EVs and miR-224-5p EVs) for 4 hr (Figure 

5-20). Two different types of media both containing serum were used in these 

experiments due to the inability of ECs to survive in no serum conditions. 

As expected, it was found that regardless of the type of medium used in each 

experiment, HSVECs treated with 10% EV-depleted FBS exhibited increased 

viability compared to untreated cells (Figure 5-20A and B). Relative to untreated 

cells, cells treated with 10% EV-depleted FBS demonstrated >35% increased 

viability (36.4 ± 13.4%) in 1% EV-depleted FBS DMEM medium (Figure 5-20A), 

whereas in complete EC medium, the increase in cell viability for cells treated 

with 10% EV-depleted FBS relative to untreated cells was smaller (13.8 

± 3.2%)(Figure 5-20B). There was no significant difference in cell viability 

between different EV treatment groups (naEVs, miR-24-3p EVs and miR-224-5p 

EVs) compared to untreated cells when either of the two media were used 

(Figure 5-20A and B). Additionally, there was also no significant difference in 

cell viability between cells treated with naEVs and cells treated with any of the 

miEVs (miR-24-3p and miR-224-5p EVs) when either of the two media were used 

(Figure 5-20A and B). The findings above suggest that neither naEVs or miEVs 

(miR-24-3p or miR-224-5p) seem to regulate HSVEC survival or growth.  
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Figure 5-20 Assessing the effect of naEVs and miEVs on cell viability of recipient HSVECs at 
4hr. In this experiment, the effect of 1.0x1010 EVs/mL (1.0x109 EVs/well) naEVs/miRNAs (miR-24-
3p and miR-224-5p electroporated EVs) on cell viability was assessed after 4hr.Data are presented 
as Mean ± SEM (N=3). Differences between groups were analysed using an RM one-way ANOVA 
with a Tukey’s correction to compare the means of all groups. Abbreviations: naEVs, Naïve EVs. 
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5.5 Discussion 

The results presented in this chapter revealed that unmodified HSVSMC-derived 

pEVs, containing endogenously upregulated expression of several miRNAs 

including miR-24-3p and miR-224-5p, did not have any significant effect on 

proliferation of recipient PDGF-activated HSVSMCs. In terms of use of EVs as a 

cargo delivery vehicle, it was of interest to investigate the possibility of 

increasing miR-24-3p and miR-224-5p levels within EVs via exogenous loading for 

delivery to recipient cells and assessment of potential miRNA-EV mediated 

cellular responses. Electroporation of EVs with miR-24-3p and miR-224-5p 

significantly increased the levels of these miRNAs highlighting the potential for 

this loading method. When the effect of miR-24-3p-EVs or miR-224-5p-EVs on 

cell proliferation was assessed, it was found that miR-224-5p EVs significantly 

inhibited the proliferation of PDGF-activated HSVSMCs compared to PDGF 

control, but not naEVs. Additionally, miR-224-5p EVs were also found to 

negatively regulate EV-depleted FBS-treated HSVSMC migration compared to 

both naEVs and EV-depleted FBS control. 

There are many possible explanations as to why proliferation of recipient 

HSVSMCs was not found to be regulated by pEVs (containing upregulated 

expression of several miRNAs including miR-24-3p and miR-224-5p), including 

that pEVs may be involved in the regulation of other cellular process rather than 

cell proliferation or that they may not be involved in the autocrine regulation of 

HSVSMCs. It is also possible that experimental optimisation was required to 

establish an optimal EV concentration, experimental time points and conditions. 

A recent study exploring the effects of PASMCs EVs secreted under PDGF 

stimulation, found that PDGF EVs had no effect on EC (PAECs) proliferation 

under basal conditions, but they successfully regulated PDGF-induced EC 

migration (Heo et al., 2020), supporting the notion that pEVs may be involved in 

the regulation of cellular processes other than cell proliferation. A comparative 

proteomic analysis of aortic EC- and VSMC- derived EVs identified several unique 

proteins specific to either one of the two EV populations as well as many 

common proteins present in EVs from both ECs and VSMCs (Boyer et al., 2020). 

Smooth muscle protein 22-alpha/transgelin (SMC-specific marker), matrix GLA 

protein, and some adhesion molecules (VCAM-1, CD166, and neural cell adhesion 

molecule 1) were amongst the unique protein markers detected in aortic VSMC 
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EVs suggesting a potential role for VSMC EVs in autocrine communication (Boyer 

et al., 2020) which may contribute to the regulation of vascular remodelling 

processes. Another possible reason as to why a significant difference in cell 

proliferation was not detected between cells treated with vEVs and pEVs could 

be the small sample size used in this study (N=3) which may have prevented the 

detection of significant differences between groups (Columb and Atkinson, 

2016). Additionally, it has previously been proposed that EV-mediated biological 

effects in target cells are concentration-dependent (Tabak et al., 2018), 

suggesting that the EV concentration may also play a significant role in 

determining the functional effects of EVs. Therefore, for the experiment 

discussed here, it is also possible that not enough functional EV cargo (i.e., 

miRNAs) has been delivered to recipient cells preventing the detection of EV-

mediated functional effects i.e., the potential EV-regulation of HSVSMC 

proliferation. Unfortunately, it is not possible to accurately and reliably compare 

the EV concentration used in our study to the EV concentrations used in similar 

published in vitro studies as most of the authors employ mass units (µg EV 

protein) or mass/ concentration (µg/mL) as quantitative measures of EVs which 

is not an accurate representation of EV concentration (Sverdlov, 2012). The main 

issue associated to the use of mass units (µg EV protein) to report EV doses used 

in studies relates to the fact that the protein content in EV samples is not solely 

representative of EV-proteins and is highly dependent on the EV isolation 

method due to the possibility of measuring non-EV protein co-isolates such as 

contaminating proteins and proteins-associated with other non-EV particles such 

as lipoproteins (Brennan et al., 2020; Ludwig et al., 2019; Ramirez et al., 2018). 

However, if an approximate comparison was attempted based on the assumption 

that 1 µg EV/exosome protein corresponds to 2 × 109 EVs/exosomes (Sverdlov, 

2012), then the EV concentration used in the studies presented in this thesis 

would be in the lower range of concentrations reported in most published 

studies (Y. Li et al., 2015; Ramteke et al., 2015; Safdar et al., 2016; T. Tian et 

al., 2014b; W. Zhang et al., 2018; Y. Zhang et al., 2017). 

Since the EV concentration which could have been used for in vitro experiments 

in this project was limited by the fact that EVs were sourced from cultured 

primary HSVSMCs, exploring multiple (higher) EV concentrations in functional 

assays was not a practical approach, therefore, an alternative approach was 
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considered for studying the effect of HSVSMC-derived EV on recipient cells. It 

was decided that exogenously modifying EVs to overexpress the miRNAs of 

interest via a commonly used method for EV cargo modulation was a feasible 

approach to explore the effects of HSVSMC-derived EV-mediated delivery of 

either miR-24-3p or miR-224-5p to recipient HSVSMCs. 

In order to be able to successfully study the role of HSVSMC-derived EVs, 

overexpressing miR-24-3p or miR-224-5p, it was necessary to first optimise a 

protocol for exogenous loading of miRNAs into EVs via one of the established 

methods for EV modification i.e., electroporation. The electroporation protocol 

used within our research group was developed based on a protocol originally 

published by El-Andaloussi and colleagues (El-Andaloussi et al., 2012). Initially 

optimised by Dr. Emily Ord (University of Glasgow) and some further 

improvements introduced by Miss Rebecca Rooney (University of Glasgow), this 

protocol was designed for modulating a large number of EVs isolated from 

plasma/serum samples rather than CCM. Moreover, in this protocol the amount 

of miRNA mimic used in the EV loading process was determined based on the EV 

concentration which was estimated by measuring protein concentration in the EV 

samples instead of using NTA to track individual particles. As protein 

concentration does not directly and accurately reflect EV concentration, this 

was the first change introduced in the already established electroporation 

protocol which, in the current study, was further optimised by assessing 

different miRNA mimic loading amounts. 

Exogenous loading of therapeutic molecules into EVs via electroporation is a 

highly variable process associated with various factors that can affect protocol 

efficacy. Nucleic acid aggregation, EV aggregation, nucleic acid and EV sizes 

have all been reported to reduce transfection efficiency (Johnsen et al., 2016; 

Kooijmans et al., 2013; Lamichhane et al., 2015; Rankin-Turner et al., 2021) It 

has previously been shown that different electroporation parameters including 

voltage intensity and number of pulses can affect the loading of synthetic 

particles as well as plasma-derived EV particles (Pomatto et al., 2019; Z. Yang et 

al., 2016). In the current study, different electroporation settings have not been 

explored as such experiments have previously been performed (personal 

communication with Rebecca Rooney, University of Glasgow) and the findings 

from that experiment reflect the electroporation settings used in these studies. 
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Additionally, a recent study, using Doxorubicin as an exogenous cargo molecule, 

presented a comprehensive evaluation of the effects of different electroporation 

parameters, and highlighted that in addition to the well-known contributors to 

reduced transfection efficiency, drug to EV ratio was also an important 

parameter that played a role in determining the efficacy of the EV loading 

process (Lennaárd et al., 2022). In the current study, three different miRNA 

mimic loading doses were explored in the following EVs to mimic ratios: 1×1010 

EVs and 33, 66, or 133 pmol mimic, and the observed increase in relative 

expression of cel-miR-39 in recipient cells reflected the increase in the loading 

mimic dose. Consistent with our findings, a recent study assessing similar EVs to 

mimic ratios reported that increasing miRNA mimic loading dose induced a 

correlated increase in the relative expression of that mimic in recipient cells 

(Pomatto et al., 2019). For future studies, a ratio of 1x1010 EVs to 66 pmol mimic 

was used since this ratio resulted in potentially the highest transfection 

efficiency considering the amount of loading mimic dose and the corresponding 

increase in relative expression of this mimic in recipient cells. 

Since modulation of EVs via electroporation could potentially induce changes to 

the physical characteristics of EVs, due to vesicle aggregation (Johnsen et al., 

2016; Rankin-Turner et al., 2021), the EV populations were characterised post 

electroporation to ensure that they had not been significantly affected post 

electroporation. Interestingly, while no difference was found between non-

electroporated and electroporated EVs in terms of mean size, the modal size of 

electroporated EVs appeared smaller compared to EVs prior to electroporation. 

The modal size of EVs electroporated with miR-224-5p specifically was 

significantly smaller compared to non-electroporated EVs. However, this does 

not seem to be a miRNA mimic specific effect since the modal EV sizes of all 

electroporated EVs were smaller than the modal EV size of non-electroporated 

EVs. Increasing the statistical power by adding more experimental repeats could 

potentially reveal more significant differences between the other electroporated 

EV groups and the non-electroporated EVs. While it is possible for nucleic acid 

and EV aggregates to form following EV electroporation (Johnsen et al., 2016; 

Kooijmans et al., 2013; Lamichhane et al., 2015), it is not possible to reliably 

determine whether such aggregates have been formed in electroporated EVs due 

to the nature of the electroporation protocol. For example, in the event of 
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aggregates formation following electroporation, a shift in the EV profile is 

usually observed characterised by an increase in the mean or median size 

parameters (Johnsen et al., 2016; Pomatto et al., 2019). However, since the 

mean EV size of electroporated EVs in this study was not changed, the presence 

of EV aggregates in the electroporated EV samples was considered unlikely. 

The use of trehalose during the EV electroporation process has been shown to 

significantly reduce the formation of EV aggregates (typical size range of 100-

500 nm) (Johnsen et al., 2016) suggesting that any changes to the size 

distribution profile observed in this study may be down to other factors rather 

than the presence of EV aggregates. For example, the additional EV re-isolation 

step following electroporation, which aims to separate EVs from any non-EV 

entities such as contaminating proteins (e.g., bovine serum albumin) from the EV 

recovery step, may contribute to changes in the EV size distribution profile. The 

Izon SEC column used for EV purification has been shown to more effectively 

isolate smaller EVs in the range of 50-300nm compared to other methods 

(Veerman et al., 2021) which may have contributed to a slight shift in the size 

distribution profile of electroporated EVs following the re-isolation step as 

suggested by the smaller modal EV size in post-electroporated EV populations. It 

is also possible that any EV aggregates (>300nm) that might have formed were 

also cleared during the EV re-isolation step resulting in an electroporated EV 

population with a similar size distribution profile to the one prior to 

electroporation. As expected, further comparative analysis revealed that the 

electroporation process did not seem to alter the morphology and protein 

content of EVs as suggested by TEM and western immunoblot analysis 

respectively. 

Although, EV size and concentration could be affected by electroporation, it has 

been previously shown, that such changes may be dependent on the 

electroporation parameters, such as voltage and pulses capacitance, with higher 

voltages associated with an increase in EV size primarily due to the formation of 

EV aggregates (Pomatto et al., 2019). The type of electroporation buffer, is 

another EV loading parameter that has also been shown to play a crucial role in 

facilitating efficient EV transfection (Lennaárd et al., 2022). Additionally, it has 

also been reported that exogenous loading of EVs via electroporation is size-

dependent with smaller loading molecules being more efficiently associated with 
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EVs compared to larger molecules (Lamichhane et al., 2015). Despite all 

challenges associated with the development of an effective electroporation 

protocol for EV loading, it has previously been shown that small molecules 

including miRNAs could effectively be loaded exogenously into EVs via 

electroporation (Lennaárd et al., 2022; Pomatto et al., 2019). As expected, in 

this study, successful overexpression of the two miRNAs of interest was also 

confirmed by qRT-PCR analysis of electroporated EVs demonstrating that both 

miRNAs were significantly upregulated in the electroporated EVs compared to 

naïve EVs with no difference in expression levels detected between both 

miRNAs. 

The next part of the studies focused on exploring the effect of HSVSMC EVs 

exogenously loaded with miR-24-3p or miR-224-5p mimics on cellular responses 

of recipient cells. Neither naEVs, nor miEVs (miR-24-3p- or miR-224-5p- EVs) 

were found to affect HSVSMC viability. In terms of regulation of cell 

proliferation, it was found that miR-224-5p EVs significantly inhibited HSVSMC 

proliferation compared to PDGF. Additionally, regardless of the experimental 

protocol (with or without an EV pre-treatment step), no significant difference in 

proliferation of recipient HSVSMCs was detected between cells treated with 

naEVs and any of the miEVs (miR-24-3p and miR-224-5p). Although not EV-

associated, there is clear evidence in the literature strongly supporting the 

involvement of miR-24-3p in the regulation of VSMCs proliferation and apoptosis. 

It has been previously reported that miR-24-3p expression in human PASMC was 

positively regulated by PDGF, which is in concurrence with our findings, and that 

the miRNA is a key regulator of VSMCs promoting a switch to the synthetic 

phenotype (Chan et al., 2010). Additionally, a recent study investigating the role 

of miR-24-3p in the regulation of VSMCs from human aorta reported that miR-24-

3p (possibly EV-associated) was significantly upregulated in whole blood samples 

of patients with CHD compared to normal controls (Zhang et al., 2020). This is 

also consistent with our previous finding that miR-24-3p was upregulated in 

HSVSMC-derived EVs under pathophysiological conditions. In the same study, it 

was found that miR-24-3p negatively regulated the viability and apoptosis of 

human aortic VSMCs by targeting BCL-2-like protein 11 (BCL2L11), however, the 

relationship between miRNA-24-3p expression and BCL2L11 expression in 

patients with CHD was not analysed (Zhang et al., 2020). In contrast, a study 
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investigating the role of miR-24-3p in the regulation of VSMC responses, reported 

that miR-24-3p inhibited PDGF-induced human arterial VSMC proliferation whilst 

promoting cell apoptosis by directly targeting PDGFRB and MYC (c-Myc) (Zhu et 

al., 2015). Similarly, in the context of vascular injury and diabetes, miR-24-3p 

was found to suppress arterial VSMC proliferation by reducing Wnt4 expression 

(J. Yang et al., 2016b). Taken together, these studies strongly suggest that miR-

24-3p is a key regulator of VSMC. 

Interestingly, in the present study when the effect of miEVs on cell proliferation 

was assessed where recipient cells were not preconditioned, it was found that 

miR-224-3p EVs significantly inhibited cell proliferation of recipient HSVSMCs 

compared to PDGF control, but not naEV or miR-24-3p EV treatment which also 

caused a slight, non-significant, reduction in cell proliferation. The observed 

non-significant effect mediated by naEVs was unexpected, but within our 

understanding, since naEVs are not empty vesicles and instead they contain 

potentially bioactive molecules, including endogenous levels of miR-24-3p and 

miR-224-5p, which may be working together to exert synergistic effects. In 

previous studies, where the effect of unmodified EVs (containing endogenous 

levels of miRNAs) on cell proliferation was assessed, similar non-significant 

effects of vEVs and pEVs compared to PDGF were observed suggesting that 

bioactive molecules within EVs may be causing some functional effects which, 

although non-significant, may still contribute to increased variability in cellular 

responses in recipient cells. Therefore, further optimisation as well as increasing 

the number of biological replicates to ensure enough power in the study, would 

be beneficial to observe clearer effects and detect a potentially statistically 

significant difference in the regulation of cell proliferation between miR-224-5p 

EVs and naEVs. 

There is a wealth of evidence supporting the idea that multiple miRNAs may 

work in synergism to regulate cellular processes by controlling common genes 

(Enright et al., 2003; Krek et al., 2005; Raut et al., 2016; Xue et al., 2016) 

and/or individual genes with functional interconnections (Huang et al., 2016). 

Notably, it was proposed that miRNAs that tend to control uniformly expressed 

protein-encoding mRNAs are much more likely to participate in a meaningful 

miRNA synergy that regulates fundamental biological activities (Chen et al., 

2017). Interestingly, miR-24 was considered as one of the more powerful miRNAs 
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prone to extensive collaboration with other miRNAs within the cardiovascular 

system due to its relatively high synergy score of 0.6 (synergy score range: 0.2 - 

1.2) (Chen et al., 2017). In the same study, mR-21 was also determined as one of 

the highly powerful miRNAs with a high synergetic potential (synergy score of 1) 

(Chen et al., 2017), which is an interesting finding considering that miR-21-5p 

was also one of the 6 significantly upregulated miRNAs in pEVs as suggested by 

RNAseq. However, it was not one of the selected miRNAs for further analysis as 

when validating the RNAseq results by qRT-PCR analysis, although the expression 

of miR-21-5p in pEVs followed the same trend, the difference was not 

statistically significant compared to vEVs. In previous studies (Chapter 4) 

multiple common mRNA targets were identified for miR-24-3p and miR-224-5p, 

including GSK3B and PIK3R3, genes known to be involved in the regulation of cell 

migration and proliferation (Flügel et al., 2012; Guo et al., 2015; Sun et al., 

2009; Yoon et al., 2021; Zhou et al., 2012). Additionally, several other 

functionally related gene targets were also identified for both miR-24-3p 

(PDGFRB and MAPK14) and miR-224-5p (PDGFRA and MAPK8). Based on the 

findings presented here and the studies discussed above, it is not unreasonable 

to consider the possibility that both miR-24-3p and miR-224-5p may be involved 

in the regulation of cellular responses in VSMCs in a synergistic manner. 

Therefore, studying the synergistic potential of certain miRNAs may be an 

important step for further elucidating miRNA functions in a particular biological 

system. 

In terms of regulation of cell migration following injury to the cells (wound 

scratch closure assay), in the present study it was found that after 16 hr there 

was a significant reduction in EV-depleted FBS-induced migration of HSVSMCs 

treated with miR-24-3p and miR-224-5p EVs compared to EV-depleted 5% FBS 

control, but not naEVs. After 18 hr and 22 hr the wound appeared to be 

equivalently closed in all groups suggesting that the effect of the EVs was 

transient and potentially an additional treatment or treatment with a higher 

concertation was required to observe prolonged effects. Follow up studies, 

where HSVSMC migration capacity was assessed by the gap closure method in the 

absence of cell injury, revealed that miR-224-5p EVs significantly inhibited EV-

depleted FBS-induced cell migration compared to 5% EV-depleted FBS control, 

naEVs and miR-24-3p EVs after 16 hr. 
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The use of two different cell migration assays helped corroborate the functional 

effects mediated by miR-224-5p EVs. The observed difference in the results from 

the two assays may be down to various reasons including that natural variability 

between primary HSVSMCs considering that cells from different patient donors 

were used in both experiments. Indeed, isolated primary HSVSMCs are often pre-

conditioned by their donors, meaning that certain parameters such as genetic 

make-up, age, gender and pharmacological treatment may affect the cell 

biology in vitro (Frismantiene et al., 2018). Technical variability associated with 

the experimental procedure itself could also have an effect on the results, 

especially when the sample size is small (N=3) (Columb and Atkinson, 2016). For 

instance, in both assays cell migration is measured based on a change in a cell-

free area over time with the main difference between both assays being the 

method by which the cell-free area was created. The most obvious advantage of 

using a physical barrier (i.e., silicone insert) for creating a cell-free area over 

manually scratching the cell monolayer is that the gap sizes are much more 

reproducible due to reduced variability caused by human error (Ashby and 

Zijlstra, 2012; Jonkman et al., 2014). Additionally, both methods assess cell 

migration under somewhat different conditions. While it has been previously 

reported that both types of wound healing assays (cell scratch-based and cell 

barrier-based) give similar wound-healing responses (Block et al., 2004; Nikolić 

et al., 2006; Van Horssen et al., 2006), it is possible that factors associated with 

the scratch-based method may be influencing the results of the assay. In the 

scratch-based wound healing assay, cells may be damaged mechanically, causing 

the release of certain cellular chemicals into the microenvironment and the 

degree to which cells are damaged cannot be easily controlled (Riahi et al., 

2012). Therefore, it has been argued that the physical barrier-based wound 

healing assay is more advantageous over a scratch-based assay when studying 

the regulation of different molecular mechanisms and signalling pathways 

underlying cell migration (Kroening and Goppelt-Struebe, 2010; Riahi et al., 

2012). 

Nevertheless, the results presented here suggest that miR-224-5p EVs, and 

possibly miR-24-3p, may be involved in the regulation of HSVSMC migration 

capacity through an unknown mechanism. While there is some evidence 

published in the literature supporting the involvement of both miRNAs in the 
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regulation of cellular migration (J. Li et al., 2019; J. Yang et al., 2016a; Zhu et 

al., 2015), there are no studies specifically focusing on elucidating the role of 

miR-24-3p and miR-224-5p associated with EVs in VSMCs. In the context of 

occlusive arterial disease, it has previously been shown that miR-24-3p 

negatively regulated human arterial SMC migration by targeting PDGFRB and MYC 

(Zhu et al., 2015). Similarly, in the context of diabetes, miR-24-3p has been 

shown to inhibit primary aortic VSMC migration by downregulating the expression 

of HMGB1 (J. Yang et al., 2016a). MiR-224-5p has not been studied in the 

context of vascular diseases. In cancer, however, there is evidence suggesting 

that miR-224-5p may exhibit an inhibitory migratory effect on OCM-1 cancer 

cells by targeting PIK3R3 and AKT3 (J. Li et al., 2019). Inconsistent with findings 

in other cell types, in the present study, neither miR-24-3p nor miR-224-5p were 

found to have any regulatory effect on the expression levels of any of the 

assessed target genes in HSVSMCs, including PDGFRB (miR-24-3p target) and 

PI3KR3 (common target for miR-24-3p and miR-224-5p). 

The underlying mechanism responsible for the potential inhibitory effect of miR-

224-5p EVs on EV-depleted FBS-stimulated HSVSMC migration remains yet to be 

elucidated since none of the assessed miRNA gene targets, including PDGFRB, 

RRAS, PDGFRA, NRAS and PIK3R3, appeared to be regulated by any of the miEVs 

(miR-224-5p EVs or miR-24-3p EVs). While it is possible that the observed miR-

224-5p effects on cell migration may involve the regulation of other target 

genes, rather than the ones assessed in the present study, it is certainly worth 

noting that PDGF treatment did not induce a significant increase in the 

expression levels of any of the target genes, therefore suggesting that it was not 

an ideal positive control and that the experimental design may have potentially 

hindered the ability of assessing the regulatory effects of miR-24-3p and miR-

224-5p on target gene expression. Interestingly, it has been previously reported 

that the expression levels of PDGFRA and PDGFRB in VSMCs were upregulated in 

response to treatment with bFGF (Schöllmann et al., 1992) and TGF-β (Battegay 

et al., 1990), respectively, whereTGF-β was also found to have the opposite 

effect on the expression levels of PDGFRA in the same cells (Battegay et al., 

1990). However, “cell context/environment” (i.e., cell-cell contact, spreading, 

and attachment of cells) has been reported as stronger modulators of receptor 

expression levels compared to soluble mediators (Barret et al., 1996). 
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Nonetheless, the regulation of other target genes, which were not assessed in 

the present study, but were identified as potentially true miRNA gene targets in 

Chapter 4, may have contributed to the observed regulatory effects of HSVSMC 

miEVs (miR-24-3p and miR-224-5p) on cellular migration of recipient HSVSMCs. 

Interestingly, the following genes were also identified as potential miRNA gene 

targets (Chapter 4): MAPK14 for miR-24-3p, and MAPK8, PIK3C2A, SMAD5 for 

miR-224-5p, all of which previously found to be involved in the regulation of cell 

migration (Chao et al., 2018; K. Huang et al., 2017; Tiwari et al., 2013; W. Wu 

et al., 2019). For instance, it has been shown that siRNA-mediated 

downregulation of MAPK14 inhibited the proliferation and migration of renal 

carcinoma cells (Liu et al., 2020). Additionally, in the context of vascular 

pathologies, MAPK14 has been implicated in the negative regulation of VSMC 

contractile phenotype (Long et al., 2013; W. Wu et al., 2019) ultimately 

promoting neointimal formation following vascular injury (W. Wu et al., 2019). 

Similarly, suppressed MAPK8 protein expression following downregulation of 

myosin phosphatase target subunit 1 (MYPT1, a subunit of myosin phosphatase 

that is capable of regulating smooth muscle contraction) has been reported to 

negatively influence the migration and invasion renal carcinoma cells (Xie et al., 

2022). While the involvement of the above-mentioned genes in the regulation of 

VSMC migration has not been extensively studied, their proposed role in the 

regulation of cell motility of other cell types and their known participation in 

signalling pathways (e.g., p38/MAPK) mediating cellular migration suggest that a 

link between the post-transcriptional regulation of these genes by miRNAs and 

the migration of VSMC may be worth investigating further. 

The final part of the present studies aimed to elucidate the potential EV-

mediated communication between different vascular cell types by assessing the 

effects of HSVSMC miEVs (miR-24-3p and miR-224-5p EVs) on HSVEC viability. It 

was found that miEVs had no effect on HSVEC viability as suggested by the 

results from the MTT assay. Successful EV-mediated cross-talk between VSMCs 

and ECs has been previously reported in different disease settings (Boyer et al., 

2020; Charla et al., 2020; De La Cuesta et al., 2019; Gao et al., 2016; Heo et al., 

2020; B. Wang et al., 2021; Y. Wang et al., 2021; Zhang et al., 2021; Zhao et al., 

2016), however, the specific effects of PDGF-stimulated VSMC-derived EVs on 

vascular ECs has not been widely studied. A recent study, investigating the 
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effect of MSC-derived EVs on human corneal ECs proposed an EV-mediated 

mechanism through which MSC-EVs protected human corneal ECs by increasing 

cell survival and decreasing apoptosis (Buono et al., 2021). The proposed 

underlying mechanism involved MSC EV-mediated transfer of ER stress 

modulating miRNAs to ECs including miR-21-5p and possibly miR-24-3p (Buono et 

al., 2021). The regulatory role of miR-21-5p on EC apoptosis was further 

confirmed in a study where cardiac telocyte EVs were found to inhibit cardiac 

microvascular EC apoptosis through EV-mediated transfer of miR-21-5p resulting 

in targeted silencing of cell death inducing p53 target 1 (CDIP1) (Liao et al., 

2021). 

The results presented here along with the reports discussed above highlight the 

potential involvement of HSVSMC-derived EVs in the autocrine regulation of 

HSVSMCs through EV-mediated delivery of miRNAs (miR-224-5p and possibly miR-

24-3p). Furthermore, the inhibition of HSVSMC migration observed with miR-224-

5p EV treatment suggests that EV-transfer of miR-224-5p to recipient HSVSMCs 

may have protective effects in vascular remodelling processes. However, further 

studies are required to confirm the causal relationship between the EV-mediated 

miRNA transfer and the observed regulatory effect on cell migration as well as to 

elucidate the exact underlying mechanism. 

5.5.1 Study limitations 

The miRNA loading dose optimisation study was completed only once due to a 

number of limiting factors including budget and time restrictions. Increasing the 

N number for this experiment, in addition to exploring other timepoints (e.g., 6 

hr and 48 hr) would have been beneficial to allow for more comprehensive 

analysis of the ability of exogenously loaded EVs to deliver cargo to recipient 

cells to be made. Loading a non-human miRNA mimic (i.e., cel-miR-39) into EVs 

(using the same method as the one employed in later studies) to investigate the 

ability of EVs to transfer cargo into recipient cells was advantageous as the 

detected levels of the transferred miRNA into recipient cells were not 

confounded by endogenous expression of that miRNA, however, the successful 

transfer of biologically active miRNA mimics (miR-24-3p and miR-224-5p) to 

recipient cells was not confirmed. Therefore, further studies confirming the 

successful uptake of EVs by recipient cells as well as the biological activity of 
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transferred miRNAs (i.e., through Luciferase reporter assay) may be useful. 

Additionally, it would have been beneficial to assess the effect of both miR-24-

3p EVs and miR-224-5p EVs on the protein levels of target genes, including 

PDGFRB, RRAS, PDGFRA, NRAS and PIK3R3, which would have provided a better 

understanding of the potential post-transcriptional regulation of these target 

genes by the EV-miRNAs. Finally, the majority of the in vitro experiments 

presented here were performed with a relatively small sample size (N=3-4) 

which may have limited interpretation of the results, therefore, increasing the 

sample size in future experiment could allow more definitive conclusions to be 

made. 

5.6 Summary 

Despite the fact that EVs secreted by HSVSMCs under PDGF stimulation (pEVs) 

had dysregulated miRNA expression profile compared to control EVs, pEVs had no 

regulatory effect on proliferation of activated HSVSMCs. Similarly, compared to 

naEVs, miR-24-3p and miR-224-5p electroporated HSVSMC EVs had no effect on 

proliferation of PDGF-activated HSVSMCs and HSVSMC viability. However, miR-

224-5p EVs were found to significantly inhibit PDGF-induced HSVSMC 

proliferation compared to PDGF control. Interestingly, it was also found that 

miR-224-5p HSVSMC EVs may be involved in the inhibition of EV-depleted FBS-

induced HSVSMC migration compared to naEVs and miR-24-3p EVs through an 

unknown mechanism as none of the miRNA gene targets assessed appeared to be 

regulated by either miR-24-3p or miR-224-5p EVs. Finally, when the EV-mediated 

communication between HSVSMC EVs and ECs was assessed, it was found that 

compared to naEVs, miR-24-3p and miR-224-5p electroporated HSVSMC EVs had 

no effect on HSVSMC viability. In conclusion, in the context of vascular 

remodelling, the present findings suggest that HSVSMC-derived EVs may be 

involved in the autocrine regulation of HSVSMC responses possibly through an EV-

mediated miR-224-5p transfer to recipient cells, however, the related 

mechanisms remain largely underexplored.



267 
 

 

Chapter 6 Validation of miRNA expression 
profile in a murine model of vascular injury 
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6.1 Introduction 

There are several commonly used vascular injury animal models, including 

murine models, that exhibit SMC phenotype switch-driven NF, making them 

suitable in vivo models for studying vascular remodelling processes (Ebert et al., 

2021).The carotid artery ligation model is a blood cessation model of vascular 

injury which was first described in 1997 motivated by the aim to study the 

response of SMCs to injury and ultimately intimal lesion formation (Kumar and 

Lindner, 1997). The model was developed based on previous findings that 

changes in blood flow affect the proliferative response of SMCs (Geary et al., 

1994; Graham et al., 1992; Kohler et al., 1991) and that vessels have been 

shown to undergo adaptive compensatory modifications in their lumen size in 

response to chronic alterations in blood flow (Guyton and Hartley, 1985; Langille 

and O’Donnell, 1986). During the procedure the common left carotid artery is 

exposed and ligated near the distal bifurcation causing an immediate cessation 

of blood flow, while the common right carotid artery remains non-ligated serving 

as an uninjured control (Kumar and Lindner, 1997). As a result, this model 

displays SMC-driven neointimal formation with extensive vascular remodelling 

and a progressive reduction in vessel diameter for 2-4 weeks. In addition to the 

observed increase in SMC proliferation, leukocytes are also detected within the 

adventitia close to the developing neointima suggesting an inflammatory 

component of the injury response (Kumar and Lindner, 1997). A number of 

studies have been carried out aiming to identify the origin of cells within the 

neointimal lesion. A study in transgenic SM22-a human diphtheria toxin (DT) 

receptor mice, showed that DT-mediated depletion of SMC prior to carotid 

artery ligation surgery significantly reduced the neointimal area revealing VSMC 

as the primary source of neointimal cells (Yu et al., 2011). Consistent with the 

above findings, another carotid artery ligation study using SMC lineage-tracing 

mice found that around 80% of neointimal cells originated from differentiated 

mature SMCs suggesting that SMC phenotype switching is a crucial pathogenic 

driver of neointimal formation (Herring et al., 2014). Moreover, a study using the 

transgenic lineage tracing Myh11-CreERt2/Rosa26-Confetti mice aiming to 

determine which of the two cellular responses, proliferation or migration, takes 

place first found that medial SMC proliferation preceded SMC migration to the 

intima (Chappell et al., 2016).  
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In addition to the SMC phenotype switching, there are other underlying cellular 

mechanisms, such as endothelial dysfunction and inflammation, involved in the 

overall response following carotid artery ligation which also contribute to the 

development of neointimal lesions thereby recapitulating other pathogenic 

stimuli of saphenous VGD and to some extent ISR (Costa and Simon, 2005; de 

Vries et al., 2016; Squadrito et al., 2003; Yahagi et al., 2016; Yamashita et al., 

2001). However, the limited mechanical trauma and inflammatory response as 

well as the largely intact endothelium associated with the ligation model means 

that this model is not ideal for studying neointimal behaviour in a clinically 

translatable way (Peterson et al., 2016). On the other hand, the main advantage 

of the ligation model, i.e., relatively easy surgical procedure associated with 

relatively high reproducibility due to reduced influence of variables related to 

the surgical technique, make it suitable for studying cellular responses on a 

molecular level, such as VSMC dedifferentiation, proliferation, migration, and 

redifferentiation in vivo (Acevedo et al., 2004; Kawasaki et al., 2001; Kraemer, 

2002; Kumar and Lindner, 1997; Kuzuya et al., 2003; Morishita et al., 2002; 

Murakoshi et al., 2002; Rectenwald et al., 2002; Sindermann et al., 2002; Singh 

et al., 2001). Therefore, the carotid artery ligation model was also considered a 

suitable in vivo model for studying changes in circulating EVs following vascular 

injury and ultimately the development of SMC-driven neointimal lesions. 

The wire injury murine model is another common in vivo model of vascular 

injury (Lindner et al., 1993). Originally, this endovascular dilatation and 

endothelial denudation model was carried out on the carotid arteries whereas 

more recently the femoral and iliac arteries have been primarily used. During 

this procedure, a flexible wire (up to 3 times bigger than the diameter of the 

vessel) is inserted into the common left carotid artery under rotation or 

repetitive back and forth movements resulting in complete removal of the 

endothelium and partial damage to the cells of the medial layer (Lindner et al., 

1993; Sata et al., 2016; Takayama et al., 2015). Similar to carotid ligation 

injury, carotid wire injury is also characterised by increased medial and intimal 

SMC proliferation, however, the intimal hyperplasia appears more limited 

occurring only within the endothelium-denuded segments (Lindner et al., 1993). 

In contrast to ligation injury, femoral wire injury more closely recapitulates 

human saphenous VGD and ISR since it enables the study of vascular responses 
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following severe mechanically induced endothelial damage while blood flow is 

maintained allowing the transmigration of cells from the circulation into the 

vessel wall(de Vries et al., 2016; Grewe et al., 2000; Morinaga et al., 1985; Sata 

et al., 2016, 2000). Moreover, in addition to causing SMC phenotypic switching, 

femoral wire injury has also been associated with induced platelet accumulation 

and a rapid inflammatory response at the denuded luminal surface which further 

highlights that this injury model closely resembles the general response to injury 

that occurs in humans(Roque et al., 2000). 

Both injury models described above are associated with several advantages and 

disadvantages related to technical feasibility and the underlying pathophysiology 

of the developing neointimal lesions. Overall, in terms of technical feasibility, 

the ligation injury model is less challenging, hence, it is much more 

reproducible. Whereas, although more technically challenging, the wire injury 

model induces cellular response to injury which more closely resembles ISR and 

VGD (Ebert et al., 2021). 

The murine and porcine vein graft models were specifically developed to study 

the pathophysiological response that occurs during neointimal formation in 

venous bypass grafts. In the case of mice, either autologous or isogenic vessels 

of the jugular or inferior vena cava veins are transplanted into the carotid artery 

via end-to-end anastomosis thus triggering SMC phenotype switching–driven 

neointimal formation (Zou et al., 1998). Moreover, in this model, it has been 

found that neointimal cells originate predominantly from the vein graft (Cooley, 

2004). In the case of porcine interposition vein graft models, autologous SV or 

jugular vein grafts are usually anastomosed into the carotid artery as an end-to-

end graft (Chen et al., 1994; Lloyd et al., 2001). In this model, increased VSMC 

proliferation associated with significant remodelling of the vein graft has been 

observed. Additionally, histologic changes detected within the grafts were found 

to be strikingly similar to events that occur during wound healing, and the 

development of neointimal hyperplasia and VGD (O’Brien et al., 1997). While the 

murine model closely resembles the mechanical characteristics, 

pathophysiology, and complications of human VGD (Zou et al., 1998), the 

porcine interposition vein graft model is better because in addition to the above-

mentioned advantages associated with the murine model, it also more closely 
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resembles human anatomical structures (Liu et al., 2018; Swartz and Andreadis, 

2013). The murine graft model is also extremely technically challenging which 

limits its application and reproducibility, and potentially the validity of findings 

based on this model. Additionally, the specifics of the mouse vascular 

structures, the exceptionally small vessel sizes along with the known differences 

in heart rate and blood flow between mice and humans all reduce the clinical 

relevance of the murine graft model (Cooley, 2016). On the other hand, the use 

of porcine vein graft models is also limited due to practical considerations 

associated with the fact that pigs are large animals. Specialised 

surgical/anaesthesiological expertise, specialised facilities for animal care and 

equipment are required in addition to a considerably higher cost associated with 

the maintenance of large animals (Liu et al., 2018; Simon et al., 2015). 

Nevertheless, both the murine and porcine vein graft models remain valuable in 

vivo tools for studying new therapeutic interventions such as ex vivo gene 

therapy. 

Increasing evidence suggests that miRNAs play an essential role in vascular 

diseases, including saphenous VGD and ISR, not only as disease biomarkers 

(Emanueli et al., 2016; Meijiao et al., 2014; Mukaihara et al., 2021; Varela et 

al., 2019) but also as disease mediators (Liu et al., 2021; Qu et al., 2017). For 

instance, circulating levels of miR-499 (Yao et al., 2014), miR-93-5p (O’Sullivan 

et al., 2019), and miR-142-5p (Pan et al., 2021) have been reported as potential 

clinical biomarkers of restenosis capable of predicting the development of graft 

disease in CABG patients or ISR in stent-implanted patients. Interestingly, 

exosomal miRNAs (miR-24 and miR-210) compared to miRNAs in whole plasma, 

were found to be a better predictor of myocardial injury following CABG surgery 

(Emanueli et al., 2016). Different in vivo models of vascular injury have already 

been successfully utilised to study the role of miRNAs in saphenous VGD and ISR 

as well as the therapeutic potential of EVs in the context of vascular remodelling 

processes following injury (Jansen et al., 2013; Liu et al., 2021; Qu et al., 2017). 

A study by Qu et al. aiming to investigate the role of miR-126-3p in the 

prevention and treatment of autologous vein graft restenosis in CABG patients 

found that local overexpression of miR-126-3p improved re-endothelialisation 

and attenuated neointimal formation in a rat vein graft model using autologous 

right external jugular vein (Qu et al., 2017). A more recent study using a carotid 
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artery wire injury mouse model, reported that miR-302a was involved in the 

regulation of neointimal wire-injury induced vascular remodelling by promoting 

VSMC proliferation and subsequent neointimal formation (Liu et al., 2021). 

Moreover, EVs have also been successfully demonstrated to serve as therapeutic 

cargo delivery vehicles mediating miRNA-transfer to recipient cells in vivo. 

Similar to the findings in the study where miR-126-3p was delivered locally in 

vein grafts (Qu et al., 2017), EV-mediated delivery of miR-126-3p to carotid 

artery ECs following systemic EV treatment promoted EC repair in injured mouse 

carotid arteries (Jansen et al., 2013). 

Taken together, the studies highlighted here suggest that vascular injury disease 

models have successfully been used to study the role of miRNAs in vascular 

remodelling diseases. Additionally, circulating miRNAs and miRNAs packaged in 

EVs may be used as potential biomarkers for vascular stenosis in saphenous VGD 

and ISR following bypass graft surgery or stent implantation respectively. 

6.1.1 Hypothesis 

• Serum EV characteristics, including EV-miR-24-3p and miR-224-5p 

expression levels, are altered in mice subjected to vascular injury 

compared to controls.
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6.2  Aims 

• To compare the characteristics of serum EVs derived from mice subjected 

to vascular injury compared to control mice. 

• To assess the miR-24-3p and miR-224-5p expression profile in mouse 

serum EVs.
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6.3 Methods 

Unfortunately, at the time of this project, no relevant human samples were 

available to perform potential biomarker studies. Serum samples obtained from 

mice subjected to carotid artery ligation surgery were the only relevant in vivo 

samples available at the time to study the expression of miR-24-3pa and miR-

224-5p in circulating EVs in the setting of vascular injury. All animal procedures 

were carried out by a former PhD student Dr Julian Schwartze and a fellow PhD 

student Arun Flynn and were approved by the Home Office under the Animals 

Scientific Procedures Act 1986. 

6.3.1 Blood samples collected from mice with vascular injury 

The blood samples from mice which had been subjected to carotid artery 

ligation surgery were a kind donation from Dr Julian Schwartze. Mice for this 

study (male C57BL/6 mice, 8-10 weeks old) were purchased from Charles River 

Laboratories (MA, USA). Mice were housed in 12-hr light/dark cycle conditions 

and fed a standard mouse chow. Following arrival, mice were allowed to 

acclimatise to their new housing conditions for 2 weeks prior to being subjected 

to the carotid artery ligation surgery. 

The blood samples were collected as part of an in vivo carotid artery ligation 

study performed by Dr Julian Schwartze as authorised by the Home Office under 

project license number 70/8572, procedure 3. The study did not involve any 

sham treated control mice as the left carotid artery of the mice was ligated, and 

the right non-ligated carotid artery was used as a control during analysis. Control 

blood samples were collected separately as described below (Section 6.3.2). 

6.3.1.1 Study design 

Detailed description of the study can be found in Dr Julian Schwartze’ PhD thesis 

(Schwartze, 2021). Briefly, in this study, male C57BL/6 mice (10-16 weeks old) 

were subjected to carotid artery ligation surgery after which mice were 

separated and housed in individual cages until humane killing and organ/blood 

harvesting at indicated time points (Figure 6-1). Mice were divided into groups 

depending on the study endpoint – day 5 after surgery (D5), day 10 after surgery 

(D10), day 14 after surgery (D14) and day 28 after surgery (D28) (Figure 6-1). 
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Mice were humanely killed at indicated time points following the Schedule 1 

procedure using a CO2 chamber and the non-aversive tunnelling technique. 

Death was confirmed by cervical dislocation prior to proceeding to organ/blood 

harvesting. Blood was collected via right ventricular cardiac puncture. 

6.3.2 Blood samples collected from control mice 

Control blood samples were collected from age and sex matched control surplus 

C57BL/6 mice (all males between 8-16 weeks old). Samples were a kind donation 

from Arun Flynn, a fellow PhD student in our laboratory performing in vivo work 

under a project license number P486284C3 as authorised by the Home Office. 

Mice were purchased from Envigo (Blackthorn, UK) at 7 weeks of age, and they 

were housed in the same conditions as the mice in the carotid artery ligation 

study described above - 12-hr light/dark cycle and a standard mouse chow diet. 

Control mice were also humanely killed following the Schedule 1 procedure using 

a CO2 chamber and the non-aversive tunnelling technique. Death was confirmed 

by cervical dislocation prior to proceeding to organ/blood harvesting. Blood was 

collected via right ventricular cardiac puncture. 

6.3.3 Obtaining serum samples from whole blood 

After collection, blood was placed in serum tubes (cat. no.: 367959, Becton 

Dickinson, NJ, USA) and centrifuged at 8,000 g and room temperature for 1 min 

to enable blood phase separation. The upper phase/blood serum was carefully 

transferred to a sterile 1.5 mL Eppendorf tube which was then stored at -80°C. 

Table 6-1 Other relevant methods for Chapter 6. 

EV isolation from serum Section 2.10.3.2 

EV characterisation Nanoparticle tracking analysis 
(Section 2.10.4) 

Protein expression analysis (Section 
2.7) 

Measuring of gene expression levels Section 2.6 
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Figure 6-1 Schematic representation of the carotid artery ligation study design as part of which mice blood samples were collected. 
 Following carotid artery ligation surgery, mice were terminated, and organs/blood were harvested at indicated time points, D5 (N=7), D10 (N=7), D14 (N=7) and D28 
(N=3).The study was performed by Dr Julian Schwartze, and the blood samples from this study were kindly donated by him. Abbreviations: D = day after 
surgery/injury. 
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6.4 Results 

6.4.1 Characterisation of serum EVs 

EV sample populations were characterised in terms of size and particle 

concentration by NTA. EV sample protein concentration was determined by 

microBCA assay and western immunoblot analysis was carried out to detect 

specific EV-related protein markers. The aim of this study was to investigate any 

potential differences in EV characteristics between EVs isolated from control 

mice and mice with an injured carotid artery. 

NTA of serum EVs from control mice and mice with injured left carotid arteries, 

showed that there was no significant difference in terms of mean particle size 

(mean size ± SEM): 88.3±3.4 nm for CNT EVs, 88.0±2.5 nm for D5 EVs, 97.4±7.2 

nm for D10 EVs, 89.1±3.6 nm for D14 EVs and 93.3±1.7 nm for D28 EVs (Figure 

6-2A). Similarly, there was no significant difference in the modal EV size (modal 

size of 76.0±2.2 nm for CNT EVs, 73.3±3.1 nm for D5 EVs, 78.3±4.2 nm for D10 

EVs, 75.1±3.0 nm for D14 EVs and 78.1±3.4 nm for D28 EVs) (Figure 6-2B). 

Additionally, serum EV populations also did not significantly differ in terms of 

concentration (7.5x1012±8.4x1011 EVs/mL, 5.4x1012±5.7x1011 EVs/mL, 

4.7x1012±7.2x1011 EVs/mL, 5.9x1012±1.2x1012 EVs/mL and 5.8x1012±8.3x1011 

EVs/mL for CNT, D5, D10, D14 and D28 EVs respectively) (Figure 6-2C). 
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Figure 6-2 Characterisation of serum EV populations by NTA (Part 1). Serum EVs were isolated from CNT mice and mice humanely killed at D5, D10, D14 and 
D28 after carotid artery ligation surgery. (A) NTA data for mean EV particle size; (B) NTA data for modal EV particle size; (C) NTA data for EV particle concentration; 
Differences between groups were assessed with a one-way ANOVA with Tukey’s correction (CNT EVs: N=10; D5,10 and14 EVs: N=7; and D28: EVs N=3). 
Abbreviations: NTA, nanoparticle tracking analysis; CNT, control, EVs, extracellular vesicles; D, Day. 
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Figure 6-3 Characterisation of serum EV populations by NTA (Part 2). Representative size distribution peaks obtained during NTA of serum EVs isolated from 
(A) CNT mice and mice terminated at (B) D5 (C) D10 (D) D14 and (E) D28 after carotid artery ligation surgery. Abbreviations: NTA, nanoparticle tracking analysis; 
CNT, control, EVs, extracellular vesicles; D, Day. 
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Next, western immunoblot analysis was performed where the presence of EVs in 

the samples was confirmed by the detection of different EV-associated protein 

markers including Annexin XI, CD81 and CD63 (Figure 6-4). All protein markers 

were found to be present in all of the serum EV samples (N=3). 

 

  

 

Figure 6-4 Analysis of mouse serum EV protein content by western immunoblot. 
 EV-related protein markers (Annexin XI, CD63 and CD81) were successfully detected in 
HSVSMC lysate, CNT, D5, D10, D14 and D28 serum EVs. The images shown here are 
representative images of the markers detected in serum EVs (N=3 for all 
markers).Abbreviations: HSVSMCs, human saphenous vein smooth muscle cells; CNT, control, 
EVs, extracellular vesicles; D, Day. 
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6.4.2 miRNA expression profile in serum EVs 

A number of miRNAs, including miR-21, miR-126-3p and miR-126-5p, have been 

recognized not only as biomarkers of vascular injury and restenosis but also as 

therapeutic targets (Mukaihara et al., 2021; Varela et al., 2019). Therefore, it 

was next of interest to assess miR-24-3p and miR-224-5p expression levels in the 

serum EVs isolated from injured mice at different timepoints after carotid artery 

ligation surgery. In the first set of analysis, miR-24-3p and miR-224-5p expression 

levels in serum EVs from mice humanely killed at D5, D10, D14 and D28 after 

surgery were compared. Both miRNAs were successfully detected in all 

experimental groups, however, no statistically significant differences in 

expression levels of either miRNA were observed (Figure 6-5A and B 

respectively).
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Figure 6-5 Assessing miRNA (miR-24-3p and miR-22-5p) expression levels in serum EVs 
isolated from mice with vascular injury. MicroRNA expression levels in mice serum EVs were 
assessed by qRT-PCR. The fold change in expression levels of both (A) miR-24-3p and (B) miR-
224-5p in serum EVs isolated from injured mice humanely killed at D5, D10, D14 and D28 were 
compared (N = 3-10). For these comparisons, differences between groups were assessed based 
on dCt values with an Ordinary one-way ANOVA with Tukey’s correction <0.05 (*<0.05) were 
considered statistically significant. Abbreviations: CNT, control, EVs, extracellular vesicles; D, Day. 
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In the second set of analysis, the expression levels of miR-24-3p and miR-224-5p 

in serum EVs from mice humanely killed at D5, D10, D14 and D28 after surgery 

were re-analysed by comparing the previously obtained results for all four 

timepoints to miR-24-3p and miR-224-5p expression levels in serum EVs isolated 

from control (CNT) mice. Interestingly, it was found that miR-24-3p and miR-

224-5p expression levels in serum EVs isolated from mice at each timepoint (D5, 

D10, D14 and D28) after injury were generally higher than in control mice 

(Figure 6-6A and B respectively) and the difference in expression levels between 

some of the compared groups was statistically significant. For instance, miR-24-

3p expression in serum EVs isolated from injured mice at D14 after surgery was 

significantly upregulated compared to control mice (RQmean ± SEM., D14 vs CNT: 

4.1±0.5, p<0.05) (Figure 6-6A). Moreover, miR-224-5p expression in serum EVs 

isolated from injured mice at D5 after surgery was significantly upregulated 

compared to control mice (RQmean ± SEM, D5 vs CNT: 4.1±0.47, p<0.05) (Figure 

6-6B). Similar observations were made regarding higher expression levels of miR-

224-5p in serum EVs isolated from injured mice at D10 after surgery, however, 

the difference did not quite reach statistical significance (RQmean ± SEM., D10 vs 

CNT: 3.6±0.6) (Figure 6-6B, p=0.051).
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Figure 6-6 Comparing miRNA (miR-24-3p and miR-22-5p) expression levels in serum EVs 
isolated from mice with vascular injury and control mice. The analysis of miRNA expression 
levels in mice serum EVs assessed by qRT-PCR was repeated where the fold change in 
expression levels of both (A) miR-24-3p and (B) miR-224-5p in serum EVs isolated from mice 
terminated at four different timepoints after carotid artery ligation surgery were compared to serum 
EVs isolated from non-injured CNT mice (N = 3-10). For these comparisons, differences between 
groups were assessed based on dCt values with a one-way ANOVA with Dunnett’s correction 
<0.05 (*<0.05) were considered statistically significant. Abbreviations: CNT, control, EVs, 
extracellular vesicles; D, Day.  
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6.5 Discussion 

In this small study, mouse serum EVs were successfully isolated and 

characterised by NTA and WB. It was found that the physical characteristics of 

mouse serum EV populations, such as size and concentration, were not affected 

by the development of carotid artery ligation injury-induced neointimal 

formation at different stages post-surgery as suggested by NTA. Additionally, the 

successful isolation of mouse serum EVs was also confirmed by the detection of 

EV-related protein markers, including Annexin XI, CD63 and CD81, by western 

immunoblotting. Further qRT-PCR analysis of miR-24-3p and miR-224-5p 

demonstrated that both miRNAs are present in circulating EVs from mice and 

suggested that the expression levels of both miR-24-3p and miR-224-5p were 

significantly upregulated in serum EVs isolated from injured mice at D14 and D5 

after surgery, respectively, compared to control mice. 

Although most of the studies in the literature, analysing changes in circulating 

EVs in different disease settings, utilised plasma-derived EVs, it is known that 

both plasma and serum samples could be utilised to study circulating EVs as EVs 

may be isolated from either of the two sources (Boulanger et al., 2006; Loyer et 

al., 2014). At the time of the study, only relevant mouse serum samples were 

available which could have been used to investigate potential changes in 

circulating EVs in response to vascular injury in vivo, hence only serum derived 

EVs were utilised in the studies presented in this chapter. 

The development of neointimal formation in the injured carotid arteries of the 

mice, from which serum EVs were isolated in the present study, was confirmed 

by Dr Julian Schwartze (data not shown). Briefly, in this study, the occurrence of 

visible structural changes in injured carotid arteries were reported at day 5 after 

surgery suggesting an early onset of lesion formation. A gradual increase of 

intimal/media ratio due to increased cell hyperplasia was described between 

day 5 and day 10 timepoints with a maximal intimal thickening achieved at day 

10. In this period (between day 5 and day 10), detected intimal and medial cell 

proliferation, accompanied by a decrease in SMC aSMA expression, indicated 

SMC phenotype switching. After day 10, at day 14 and day 28, the intimal/media 

ratio was found to be unchanged with an observed recovery of aSMA expression 

in VSMCs at day 28 (Schwartze, 2021). Notably, it was also reported that 



286 
 

 

neointimal lesions were not observed in some of the injured carotid arteries at 

day 10 and day 14 after surgery (Schwartze, 2021). Since the reason why two 10- 

and three 14-day-old injured carotid arteries did not display neointimal lesions 

was not clear, it was important to take these findings into consideration when 

interpreting the data in the present study. 

In contrast to the present findings of no difference in the amount of EVs 

released into the circulation under disease conditions compared to healthy 

conditions, it has been commonly suggested that under CVD conditions EV 

particle release increases (Amabile et al., 2014, 2005; Emanueli et al., 2016; 

Frey et al., 2019; Jy et al., 2015; Valencia-Nuñez et al., 2017). Interestingly, 

however, the findings presented in this study regarding size and protein markers 

of mouse serum EVs are consistent with previously reported characteristics of 

mouse serum EVs (Zhao et al., 2020). A recent study in which serum EVs and 

their RNA contents across different biological species, including mice, were 

comprehensively characterised, reported that mouse serum EVs are generally 

smaller than 100 nm within the exosomal size range (Théry et al., 2018), and 

CD81 and CD63, amongst other EV-related protein makers, were detected in the 

mouse EV populations (Zhao et al., 2020). The findings in the current study and 

in the study by Zhao et al., are comparable since both studies used the same 

strain of adult mice (male C57BL/6), similar precipitation-based EV isolation 

methods, (ExoQuick solution used by Zhao et al. and Total Exosome Isolation 

Reagent used in the current study) and similar EV characterisation techniques – 

NTA and WB analysis. 

In the context of myocardial injury following CABG, a study by Emanueli et al. 

reported an association between increased plasma levels of EVs (within the 

exosomal size range) and their miRNA cargo and myocardial injury in patients 

undergoing CABG surgery (Emanueli et al., 2016). In the same study, the 

increased concentration of circulating EVs after CABG was found to positively 

corelate with the concentration of cardiac troponins (cTns), the “gold standard” 

surrogate biomarkers of myocardial damage (Tsounis et al., 2013), where the 

surge in plasma EV concentration was found to precede the increase in plasma 

cTns levels (Emanueli et al., 2016). Similarly, plasma EV concentration in 

patients who developed ISR 1 year after a PCI procedure, and also in rats with 
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carotid artery balloon injury-induced stenosis, was found to be significantly 

higher compared to patients without ISR and control animals respectively (Gao 

et al., 2021). The effect of various cardiovascular and metabolic risk factors on 

EV release from ECs specifically has also been investigated (Amabile et al., 

2014). Amabile et al., reported a positive correlation between higher plasma EC 

EV (CD144+) levels and cardiometabolic risk factors including hypertension, 

elevated triglycerides and metabolic syndrome in individuals with no previous 

history of CVD (Amabile et al., 2014). Similarly, in the context of vascular injury, 

a study investigating the relationship between plasma EV levels and vascular 

dysfunction in end-stage renal failure (ESRF) patients, found that increased 

concentration of circulating plasma EC EVs was tightly associated with 

endothelial dysfunction and arterial dysfunction in ESRF (Amabile et al., 2005). 

Another study, investigating the cardioprotective effect of EV miRNAs released 

in response to episodes of remote ischaemic reperfusion in the left arm, 

reported that remote ischaemic preconditioning increases serum EV 

concentrations associated with myocardial protection (Frey et al., 2019) which 

further emphasises the important roles for EVs released in response to 

pathological conditions. There are many significant differences, in terms of 

design, between the studies discussed above and the current study which may 

potentially, at least in part, explain the inconsistent findings regarding 

circulating EV levels and CV risk factors including vascular injury. To mention a 

few, the studies cited above explored human plasma-based EV analysis whereas 

the present study involved mouse serum-derived EVs. Notably, it has previously 

been suggested that human and mouse circulating EV populations differ 

significantly not only in terms of size and concentration but also in terms of EV 

miRNA cargo content (Zhao et al., 2020), thus, highlighting the importance of 

considering potential species-specific differences when studying EVs as potential 

biomarkers. 

In 2008, Chen at al. reported that human serum contained several stable miRNAs 

derived from various different tissues throughout the body, the expression 

profiles of which have demonstrated great potential to serve as novel non-

invasive biomarkers for the diagnosis of many diseases (Chen et al., 2008). Since 

then, the interest in discovering miRNAs with a promising diagnostic value has 

been increasingly growing with various miRNAs currently recognised as 
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havinggreat potential as clinical biomarkers for CVD, cancer, metabolic and 

neurodegenerative diseases (Pogribny, 2018). Prior to the popularity of EV 

studies, the majority of studies investigating blood miRNA markers were carried 

out in serum (Chen et al., 2008; Mitchell et al., 2008). However, more recently, 

not only it has been demonstrated that circulating blood miRNAs are highly 

enriched in serum EVs (Zhao et al., 2020), but also that serum EV miRNAs could 

be used as more stable biomarkers with increased sensitivity (Cheng et al., 

2014a; Emanueli et al., 2016; Szabo and Momen-Heravi, 2017). Interestingly, an 

important advantage of using EV miRNAs as disease biomarkers over non-EV 

associated extracellular miRNAs is that EVs tend to protect RNA molecules from 

degradation which could ultimately increase both the sensitivity and specificity 

of miRNA biomarker assays (Cheng et al., 2014a). 

One of the aims of the current study was to validate the previously established 

(Chapter 4) in vitro expression profile of miR-24-3p and miR-224-5p associated 

with EVs in a vascular injury in vivo model. In the present study, qRT-PCR 

analysis of EV miRNA expression levels showed that both miRNAs were detected 

in circulating murine EVs and suggested that the expression of miR-24-3p and 

miR-224-5p in mouse serum EVs may be increased following vascular injury. More 

specifically it was found that miR-24-3p was significantly upregulated in serum 

EVs isolated from injured mice at day 14 after surgery compared to EVs from 

control mice. Similarly, the expression of miR-224-5p was also found to be 

significantly upregulated in serum EVs isolated from injured mice at day 5 after 

surgery compared to EVs from control mice. However, as previously outlined, 

due to the observation that 2 injured carotid arteries at day 10 and 3 injured 

carotid arteries at day 14 after surgery did not display neointimal lesions, in 

combination with the limitation that serum from control mice was not collected 

as part of the original study, it was important to interpret any findings with 

caution. The absence of lesion formation in some of the 10- and 14-day-old 

injured arteries, may have hindered the possibility of detecting statistically 

significant difference in expression levels of miR-24-3p and miR-224-5p in serum 

EVs from injured mice at day 10 after surgery and control mice. However, since 

technical tissue handling errors could not have been excluded as a possible 

reason as to why lesions were not detected in some injured arteries, it was not 

feasible to exclude those samples from the analysis. Therefore, considering the 
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above-mentioned limitations, it is possible that both miR-24-3p and miR-224-5p 

may serve as biomarkers of stenosis following vascular injury, with miR-224-5p 

possibly playing an active role in the remodelling process when VSMC-phenotypic 

switching takes place (Kumar and Lindner, 1997). 

Despite the high failure rates associated with saphenous VGD following CABG – 

estimated 50% failure within 5-10 years post-CABG and 20-40% failure within the 

first year of surgery (Hall and Brilakis, 2019), to date, no reliable diagnostic and 

prognostic tools have been established to predict outcomes after CABG surgery. 

Similarly, the development of ISR due to profound neointimal hyperplasia 

following PCI remains a clinically significant problem with a strong need of 

identifying useful tools to differentiate and follow-up subjects at risk of 

developing restenosis. Due to their stability in several biofluids, recent research 

efforts have demonstrated the potential of blood-based miRNAs as useful non-

invasive biomarkers for both ISR and clinical outcomes associated with 

saphenous VGD (Błażejowska et al., 2021; Varela et al., 2019). Changes in miRNA 

expression profiles may be triggered by various factors including inflammation 

(Sonkoly and Pivarcsi, 2009), apoptosis (Jovanovic and Hengartner, 2006; 

Shirjang et al., 2019), and ischemia/reperfusion injury (Ye et al., 2011), which 

are all known to occur in the course of CABG and PCI procedures. Several 

miRNAs have already been recognised as potential biomarkers and therapeutic 

targets in pathological outcomes following both CABG (e.g., miR-1, miR-126, 

miR-133, miR-144, miR-195, and miR-320) and PCI (e.g., miR-21, miR-100, miR-

145, miR-126 and miR-210) (Błażejowska et al., 2021; Varela et al., 2019). 

A recent study, involving 67 patients who underwent CABG surgery, investigated 

the levels of miR-126 and VEGF-A at different time points (Mukaihara et al., 

2021). In their study, Mukaihara et al. found that serum miR-126-3p levels 

initially increased after CABG, however, after day 3, decreased below 

preoperative levels and at day 7 serum miR-126-3p levels were found to be lower 

in patients with PAD, who have atherosclerosis–related systemic endothelial 

dysfunction, than in patients without it. In parallel, serum VEGF-A levels were 

also increased 7 days after CABG surgery (Mukaihara et al., 2021). Therefore, 

since VEGF-A is a known positive regulator of VSMC migration and proliferation 

leading to graft stenosis (Ferrara, 2009) and miR-126-3p has been previously 
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shown to modulate VEGF-A signalling by downregulating PIK3R2 and SPRED1, thus 

suppressing the PIK3 and ERK1/2 pathways (Yuan et al., 2019), it is possible to 

speculate that low levels of serum miR-126 may lead to increased VEGF-A 

signalling which may in turn promote neointimal formation and ultimately SV 

graft failure. In contrast, in another study, it was found that plasma miR-126 

concentration was not affected by CABG surgery (Emanueli et al., 2016). Such 

discrepancies in findings may, at least in part, be explained by the fact that 

different types of blood samples – serum and plasma, were used to analyse 

changes in circulating miR-126 levels following CABG surgery. Additionally, 

Emanueli et al. analysed both miRNA levels in whole plasma and in plasma EVs, 

and found that plasma EV-assoiated miRNAs, including miR-24, miR133a/b, and 

miR-210, were upregulated following CABG and were positively correlated with 

hs-cTnI indicating their potential as biomarkers for myocardial injury and 

ischaemia (Emanueli et al., 2016). The finding that miR-24 levels were increased 

in plasma EVs following CABG but not in whole plasma (Emanueli et al., 2016), 

was in agreement with the findings presented in this chapter which suggests that 

the potential of EV-associated miR-24 as a biomarker for saphenous VGD is worth 

exploring further. 

The correlation of circulating levels of various pro-angiogenic miRNAs and the 

development of ISR following PCI procedure has also been elucidated. In a 

recent study, Dai et al. reported that plasma levels of miR-19a, miR-126, miR-

210, and miR-378 were independently associated with the risk of restenosis in 

subjects who underwent PCI, and in combination, these four miRNAs showed 

better predictive value for ISR occurrence in Chinese population than each 

miRNA individually (Dai et al., 2019). Additionally, another recent study, 

reported that both increased plasma EV levels and EV-associated miR-501-5p 

expression were linearly corelated with the development of ISR in PCI patients 1 

year after stent implantation (Gao et al., 2021). 

Circulating levels of both miR-24-3p and miR-224-5p specifically had previously 

been demonstrated to have diagnostic and possibly prognostic value in various 

cancers (Rana et al., 2022; H. Wang et al., 2020; S. Wang et al., 2020; Yang et 

al., 2020), however, their potential as CVD biomarkers has not been extensively 

studied yet.In the context of CVD, a study investigating a potential therapeutic 
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method for myocardial ischemia/reperfusion injury, found that circulating miR-

24-3p levels were downregulated in a mouse model of myocardial 

ischaemia/reperfusion injury (Tan et al., 2018). Another study, focusing on the 

characterisation of CAD at a molecular level, used plasma samples derived from 

patients within the PROFLOW cohort (patients with prior type-1 MI) which were 

differentiated by their coronary flow rate (CFR) ratio, an indicator of endothelial 

dysfunction and a predictor of the development of major adverse cardiac events 

(James et al., 2022). Following miRNA profiling of plasma EVs isolated from the 

two patient groups, James et al. showed that miR-224-5p was inversely related 

to CFR, therefore, proposing a role for this miRNA as a possible disease 

biomarker (James et al., 2022). Additionally, a pilot study involving patients 

with ischemic heart failure with moderately reduced left ventricular ejection 

fraction (HFmrEF), analysed the serum levels of 84 miRNAs and discovered that 

several circulating miRNAs, including miR-224-5p, were significantly upregulated 

in HFmrEF patients compared to healthy volunteers (Kaufmann et al., 2019). 

However, despite the promising potential of circulating miRNAs as useful non-

invasive diagnostic and prognostic tools, their clinical use is still a long way into 

the future due to the many technical challenges associated with their routine 

use in a reliable manner (Gonzalo-Calvo et al., 2022) as well as the poor 

understanding of significant biological questions concerning the natural 

variations in miRNA levels throughout the day (Heegaard et al., 2016; Rekker et 

al., 2015). 

The results presented here, although of preliminary nature, provide interesting 

insights into the possible role of EV miRNAs as markers of neointimal formation 

following vascular injury. However, further research, involving controls and 

cases collected as part of the same study, is essential in order to be able to 

make any definitive conclusions. Additionally, in the future it may also be worth 

exploring if EV associated miR-24-3p and miR-224-5p may have any functional 

effects on neointimal formation in vivo. 

6.5.1 Study limitations 

In this chapter, EVs were isolated from the serum of injured mice developing 

neointimal lesions and healthy control mice with the aim to compare the 

physical characteristics of the isolated EV populations as well as their miRNA 
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expression profile. Firstly, although NTA and western immunoblot enabled the 

comparison of EV particle concentration, size, and EV protein content 

respectively, further characterisation of the morphology of EVs via TEM would 

also be beneficial to provide a more robust characterisation profile of the EV 

populations. Secondly, as previously outlined, neointimal lesions were not 

observed in two 10- and three 14-day old injured carotid arteries (as reported by 

Dr Julian Schwartze), and since the reason for this observation was not 

identified and technical errors associated with the tissue handling processing 

protocol could not have been confirmed, it was not feasible to exclude these 

samples from the analysis. Finally, in the original study of Dr Julian Schwartze, 

uninjured control mice were not included for each timepoint since the main 

aims of the experiment were to do morphometric and proliferation analysis to 

determine time-dependent neointimal formation and SMC phenotype switching 

in the left injured carotid arteries. Therefore, as suitable control samples from 

uninjured mice as part of the original study were not available, in the current 

study control blood samples were collected on several occasions from healthy 

age and sex matched C57BL/6 mice). These controls were not optimal 

potentially introducing unpredictable variables which may have ultimately 

influenced the results presented here. While the findings in the current study 

were interpreted with caution considering the significant limitations described 

above, adding uninjured control mice in carotid artery ligation studies in the 

future would be important to allow for more accurate and reliable interpretation 

of findings. 

6.6 Summary 

EV populations isolated from mice serum following carotid artery ligation-

induced vascular injury do not significantly differ compared to EVs from control 

mice in terms of size and concentration, and the progression of the forming 

neointimal lesions did not affect those physical characteristics. Additionally, 

qRT-PCR analysis of miR-24-3p and miR-224-5p suggested that the expression of 

both miRNAs was significantly upregulated in serum EVs isolated from injured 

mice at D14 and D5 after surgery respectively compared to control mice. Taken 

together, these observations highlight a potential difference in the miRNA 

expression profiles of mouse EVs found in the circulation after vascular injury 

compared to healthy conditions. Such differences indicate that both miR-24-3p 
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and miR-224-5p may have diagnostic value and their potential as disease 

biomarkers may be worth investigating further in the future. 
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Chapter 7 General discussion
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7.1 Summary of findings and implications 

Neointimal formation, driven by VSMC proliferation and migration, remains a 

major pathogenic mechanism associated with CABG- and PCI- induced vascular 

injury which significantly contributes to increased failure rates of advanced CAD 

treatments (Chaabane et al., 2013; de Vries and Quax, 2018; Newby and 

Zaltsman, 2000). Therefore, understanding the mechanisms involved in the 

regulation of key processes, such as VSMC migration and proliferation, 

underlying neointimal lesion formation in the setting of vascular injury remains 

of paramount importance to discovering potential therapeutic targets and 

successfully developing novel treatments. Growing evidence suggests that EVs 

play a significant role in the diagnosis and treatment of diseases. Due to their 

great therapeutic and diagnostic potential, modified EVs are currently being 

extensively studied as disease mediators and therapeutic delivery vehicles (Y. 

Zhang et al., 2022). While EV-mediated intercellular communication, including 

communication of VSMC with other cells within the vessel wall such as ECs and 

blood cells, has been clearly demonstrated (reviewed in (Pashova et al., 2020)), 

EV-mediated autocrine regulation of VSMC in the context of vascular injury has 

not been extensively studied yet. VSMC are important drivers of neointimal 

formation (Wu et al., 2020) and as such it is important to better understand the 

possible underlying mechanisms involved in their regulation. The main aims of 

the work presented in this thesis were to investigate the role of prolonged PDGF 

signalling on the release of EVs from VSMCs and to study their effect on recipient 

cell responses with a particular focus on EV-mediated autocrine regulation of 

VSMC. 

Since abnormal PDGF signalling has been implicated in the development of 

neointimal formation post vascular injury (Raines, 2004), the initial studies 

presented in Chapter 3 aimed to investigate the effect of prolonged PDGF 

stimulation on EV release from HSVSMCs. It was found that while EV size and 

morphology remined unaltered, PDGF stimulation of HSVSMCs resulted in 

increased EV secretion suggesting potential functional differences between EV 

populations secreted under basal and pathological disease conditions. This 

finding is consistent with previous findings that ASCs under PDGF stimulation 

secrete more EVs compared to control cells with no difference observed in the 

mean size of EVs (Lopatina et al., 2014). Additionally, however, it has also been 
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shown that in the context of CVD certain cells, namely ECs and platelets, 

secrete EVs enriched in PDGF which are functionally active (Goetzl et al., 2017; 

Togliatto et al., 2018). These findings suggested that PDGF may be involved in 

the regulation of cellular processes not only directly but also through EV-

mediated signalling. Therefore, in Chapter 4, it was of interest to explore 

whether in addition to the increased EV release, PDGF stimulation of HSVSMCs 

induced any changes in the content of the EVs that they secreted. Following an 

unbiased transcriptome-wide analysis of small RNA expression using an NGS-

based RNASeq approach, it was discovered that indeed the small RNA expression 

profile of pEVs was markedly different from that of control EVs. All differentially 

expressed miRNAs, including miR-24-3p, miR-409-3p, miR-21-5p, let-7A-5p, miR-

1-3p and miR-224-5p, were found to be upregulated in pEVs and four of those 

(miR-24-3p, miR-409-3p, let-7A-5p, and miR-224-5p) were successfully validated 

by qRT-PCR. In line with the findings presented in this thesis, another study also 

reported an alter EV miRNA profile (41 downregulated miRNAs and 54 miRNAs 

upregulated by ≥ 2-fold) following PASMC treatment with PDGF (Heo et al., 

2020). 

Currently, miRNAs are being extensively investigated as novel therapeutic 

targets in a range of diseases, including cancer and various cardiovascular 

pathologies (Forterre et al., 2020; Zhou et al., 2018), in both preclinical and 

clinical settings (Bonneau et al., 2019; C. Chakraborty et al., 2021; Gareev et 

al., 2020). Furthermore, EV miRNA signalling has also been implicated in 

different disease settings including both cardiovascular disease and cancer 

(Chong et al., 2019; Di Rocco et al., 2017). Furthermore, it has been 

demonstrated that specific functional miRNAs are preferentially selected for 

extracellular transport via EVs facilitating communication between cells of the 

same type (Montecalvo et al., 2012) or miRNAs could be processed through 

different pathways within the cell under different conditions (Palma et al., 

2012) demonstrating that miRNAs are not randomly secreted in EVs from cells. 

Taken together these findings suggest that cellular responses governed by PDGF 

in the context of vascular injury may, at least partially, be further mediated by 

extracellular signals, i.e., miRNAs specifically packaged in and transported by 

EVs. 
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The selection of miRNAs for further follow up through bioinformatic analysis was 

based on significance of miRNA expression levels detected by qRT-PCR which 

were also upregulated in pEVs by more than 2-fold. It has been previously shown 

that miRNA expression levels are positively correlated with their activity 

(Kozomara et al., 2014), suggesting larger differences in miRNA expression may 

result in stronger inhibition of target mRNA expression. Such finding encourages 

the use of fold change cut-off value in gene expression data to select candidate 

miRNAs for further investigation that are potentially more biologically relevant. 

However, other evidence suggests that miRNA expression levels are a poor 

indicator of activity (Kozomara et al., 2014; Plotnikova et al., 2019). Therefore, 

there is no definitive answer to which strategy would result in selecting the 

miRNAs with the biggest potential for exerting functional effects in the chosen 

experimental settings. Although only three miRNAs, miR-24-3p, miR-224-5p and 

miR-409-3p, met the pre-set criteria for selection for further analysis, it is also 

possible that both let-7A-5p and miR-21-5p could have been relevant candidates 

to explore. While all five of those miRNAs have been previously implicated in the 

regulation of diseases characterised by excessive cell proliferation such as 

cancer or pulmonary fibrosis (Feng and Tsao, 2016; Mishra et al., 2009; Peng et 

al., 2021; Shi et al., 2020; L. Wu et al., 2019; Yamada et al., 2013), miR-24-3p 

and miR-21-5p have also been reported to regulate vascular pathologies such as 

atherosclerosis and neointimal lesion formation (Ji et al., 2007; Y. Xu et al., 

2020; Zhou et al., 2011). MiR-21, in particular, has been very well studied miRNA 

in the cardiovascular system (Cheng and Zhang, 2010). Due to time and budget 

constraints, it was not possible to follow up on all differentially expressed 

miRNAs, hence, a combination of factors including statistical significance, fold 

difference and disease relevance drove the decision for prioritisation. In future 

studies, it would be beneficial to explore the potential effects of the other 

miRNAs as well. Additionally, the possibility of all differentially expressed 

miRNAs, or a combination of those, working synergistically to exert functional 

effects on recipient cells, should also not be disregarded when considering the 

potential regulatory effects of pEVs. 

Initially, basic bioinformatics analysis was performed to identify potential mRNA 

gene targets for miR-24-3p, miR-224-5p and miR-409-3p (Chapter 4), however, 

further gene set enrichment analyses were successfully carried out only on the 
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set of target genes identified for miR-24-3p and miR-224-5p (701 and 288 target 

genes respectively) and not for miR-409-3p (49 gene targets) due to the small 

number of potential mRNA targets identified for this miRNA. The findings in this 

chapter suggested that EVs enriched in miR-24-3p and miR-224-5p released 

following prolonged PDGF signalling in HSVSMCs may potentially be involved in 

the regulation of biological processes such as cell proliferation, migration and 

apoptosis, all of which are crucial for the development of neointimal lesions post 

vascular injury (de Vries et al., 2016). Indeed, in the context of cancer, both 

miR-24-3p and miR-224-5p have previously been reported to successfully 

regulate cell proliferation and/or migration through suppression of their target 

genes, including dihydrofolate reductase (DHFR), PIK3R3 and AKT3 (J. Li et al., 

2019; Mishra et al., 2009). Notably, in the context of vascular pathologies, miR-

24-3p has also been shown to inhibit EC proliferation and migration and 

consequently wound healing by directly targeting PIK3R3 (Y. Xu et al., 2020). 

The existence of experimental evidence showing that both miRNAs could 

successfully regulate cellular proliferation and migration supports the current 

findings providing insight into understanding the potential regulatory 

mechanisms that may be involved in the regulation of neointimal formation post 

vascular injury. 

Preliminary findings presented in Chapter 3 suggested that pEVs containing 

endogenous levels of upregulated miRNAs had no effect on proliferation of 

recipient quiesced-HSVSMCs compared to control (vEVs). It is possible that the 

experimental design was not appropriate for assessing the effect of pEVs on 

HSVSMC proliferation, i.e., the state of recipient cells was not representative of 

in vivo conditions and instead actively proliferating HSVSMCs should have been 

used or the EV concentration was suboptimal meaning that cells were not 

exposed to sufficient number of miRNA molecules to exert functional effects. 

However, since the primary aim was to study the effect of EVs derived from 

HSVSMCs, CCM was utilised as a source of EVs meaning that exploring very high 

EV concentrations was not feasible. Therefore, a direct EV content modification 

approach was employed. To ensure efficient cargo loading, EVs were 

exogenously loaded with miRNA mimics through electroporation and 

subsequently (in Chapter 5) the effect of miR-24-3p- or miR-224-5p- loaded EVs, 

as potential therapeutic targets, was explored in an in vitro model of the 
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pathological conditions under which neointimal lesions develop following 

vascular injury. It was found that miR-224-5p EVs significantly inhibited PDGF-

induced HSVSMC proliferation compared to PDGF control, suggesting a possible 

contribution of miR-224-5p to the observed inhibitory effect exerted by miR-224-

5p loaded EVs. Interestingly, it was also found that miR-224-5p HSVSMC EVs 

significantly suppressed EV-depleted FBS-induced HSVSMC migration compared to 

naEVs and miR-24-3p loaded EVs through an unknown mechanism. No previous 

studies could be identified that have proposed a connection between the levels 

of miR-224-5p in HSVSMC-EVs and prolonged PDGF signalling or investigated the 

role of EV-associated miR-224-5p or miR-224-5p alone on VSMCs in the context of 

vascular injury or in a similar cardiovascular pathology. Although, the findings 

presented here require further investigation to fully elucidate the effect of miR-

224-5p EVs on HSVSMCs, possible underlying mechanisms and ultimately their 

role in neointimal formation development, these results contribute to the 

current knowledge within the context of EV miRNAs and their potential effects in 

the setting of vascular injury. These findings are of particular importance for 

furthering our understanding of EV-mediated communication between venous 

VSMCs following CABG-induced injury. 

Finally, the work carried out in Chapter 6 focused on exploring whether the 

levels of miR-24-3p and miR-224-5p in circulating EVs derived from a more 

clinically relevant in vivo model of vascular injury would reflect the findings of 

upregulated miR-24-3p and miR-224-5p levels in HSVSMC EVs observed in the 

more simplified in vitro model of the pathological conditions under which 

neointimal formation develops. It was found that miR-24-3p and miR-224-5p 

expression was significantly upregulated in serum EVs isolated from injured mice 

at D14 and D5 after surgery respectively compared to control mice. Although this 

study had limitations associated with it (discussed in detail in Chapter 6), it 

provided preliminary evidence supporting miR-24-3p and miR-224-5p associated 

with serum EVs as potential therapeutic targets in neointimal formation 

following vascular injury and suggesting that both miR-24-3p and miR-224-5p 

may have diagnostic value. Therefore, both their potential as novel therapeutic 

targets and disease biomarkers may be worth investigating further in the future. 

These findings are potentially important as recently it has been shown that 

blood-based miRNAs, such as miR-1, miR-21, miR-93, miR-126, miR-133 and miR-
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145, may be used as non-invasive biomarkers for both ISR and/or clinical 

outcomes associated with saphenous VGD (Błażejowska et al., 2021; Varela et 

al., 2019). Considering that there are no established reliable diagnostic and 

prognostic tools yet for predicting outcomes after CAGB surgery or PCI, there is 

still unmet need for discovering useful disease biomarkers. 

7.2 Future perspectives 

Since the primary aim of this thesis was to investigate the role of HSVSMC-EVs on 

recipient cells it was important to first comprehensively characterise the EV 

population which would later be used in functional studies. HSVSMC-EVs were 

characterised by a number of widely used standard methods including NTA, WB 

and TEM imaging (Lötvall et al., 2014; Théry et al., 2018). In terms of protein 

content-based EV characterisation, the presence of four EV protein markers from 

two categories, transmembrane (CD63 and CD81) and cytosolic (Annexin A2 and 

Annexin XI), were reported. Notably, the most recent MISEV 2018 

recommendations suggest that at least one protein of three different categories, 

including transmembrane, cytosolic and negative protein markers, should be 

detected to demonstrate the EV nature and the degree of purity of an EV 

preparation (Théry et al., 2018). Therefore, future studies involving the same EV 

population would benefit from further analysis of the EV preparation purity by 

including the detection of a negative protein marker as well. Since EVs used in in 

vitro functional studies were isolated from CCM rather than serum of plasma 

samples, the co-isolation of lipoprotein particles was not a concern when using 

the SEC method for EV purification which has been previously associated with 

increased levels of lipoprotein contamination compared to other EV isolation 

methods such as DU and polymer-based precipitation (Brennan et al., 2020). 

Hence, potential lipoprotein contamination was not investigated. 

Following the identification of an altered miRNA expression profile in EVs 

derived from HSVSMCs under prolonged PDGF stimulation, several follow-up 

studies were designed to assess the effect of two different EV-associated miRNAs 

(miR-24-3p and miR-224-5p) on recipient cells. To do that, EVs were exogenously 

loaded with the miRNAs of interest using electroporation. Therefore, the success 

of all follow-up studies was highly dependent on the efficient loading of the 

miRNA mimics into EVs and their successful transfer to recipient cells. While 
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recent efforts have focused on providing standard minimal requirements for 

conducting basic EV research, no standard reporting guidelines have been 

established governing the loading of EVs for cargo delivery (Rankin-Turner et al., 

2021). The EV loading protocol followed in this thesis was previously optimised 

by Dr. Emily Ord (University of Glasgow) and Miss Rebecca Rooney (University of 

Glasgow) and further improved as part of this project by assessing different 

miRNA mimic loading amounts. Unfortunately, due to considerations related to 

time and cost limitations this experiment was only carried out once preventing 

the ability to perform robust analysis to support confident decision-making 

process regarding EV loading capacity. Although the study was conducted only 

once, a substantial upregulation of the EV miRNA expression levels was observed 

with all three tested mimic doses (RQ > 150, N=1) compared to naEVs. 

Additionally, studies involving cel-miR-39 mimic, and not the specific miRNAs of 

interest, were used to assess EV cargo delivery to recipient cells meaning that 

only data from in vitro studies demonstrating a potential biological effect of EVs 

are available to confirm the successful transfer of biologically active miR-24-3p 

and miR-224-5p mimics to recipient cells. While the outcomes of these type of 

studies are valuable and practically support the hypothesis that EVs can be used 

as delivery vehicles for functional RNA cargoes (Shtam et al., 2013), the lack of 

fundamental data relating to loading parameters and quantifiable values to 

validate EV loading make it impossible to accurately and reliably assess their 

efficiency and also potentially significantly decrease reproducibility (Rankin-

Turner et al., 2021). Large variability across the literature has also been 

observed in terms of several fundamental parameters related to EV loading, 

including starting material, loading protocols, and estimation and reporting of 

variables such as EV loading capacity and efficiency, highlighting the lack of 

established standard practices and the need for standardisation in the 

methodology and reporting of EV loading parameters (Rankin-Turner et al., 

2021). 

One of the key challenges hampering EV research studies is the generation of 

inconsistent batches of EVs, in terms of both purity and physical characteristics 

(e.g., size and surface markers). Although a myriad of EV separation and analysis 

methods are being currently developed and used in the field (Théry et al., 2018; 

Witwer et al., 2013), the lack of appropriate reference materials for accurate 
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calibration, appropriate data normalization and method development remains a 

major disadvantage limiting the reproducibility of studies (Geeurickx et al., 

2019). In the case of EV loading, this may cause variability associated with the 

quantification of EVs leading to inaccurate measurement of EV loadingultimately 

affecting the reproducibility and possible application of research findings 

(Rankin-Turner et al., 2021). To address the need for appropriate reference 

material, recombinant EVs (rEVs) with similar physical and biochemical 

characteristics to native EVs have been recently developed (Geeurickx et al., 

2019). These rEVs could be utilised as a suitable trackable biological reference 

material for the calibration of EV analysis methods (e.g., NTA) ensuring accurate 

control of the concentration of starting material in various studies including 

those involving loading of EVs (Geeurickx et al., 2019). Recombinant EVs could 

also potentially be used to establish standard procedures for the assessment of 

loading efficiency. The implementation of a calibration step to control EV 

separation techniques and analysis could potentially reduce the variability 

implicated in practically all studies involving standard EV measurements such as 

size and concentration, including EV loading studies. Establishing standard 

practices and guidelines for EV loading studies would improve reproducibility and 

increase the probability of translational outcomes. 

Additionally, future studies, involving exogenous EV loading via electroporation, 

would highly benefit from the use of alternative analytical techniques such as 

Raman spectroscopy, ImageStream flow cytometry and super-resolution 

microscopy that could improve the accuracy of assessing EV loading (Rankin-

Turner et al., 2021). For instance, Raman spectroscopy - a technique utilising 

scattered light to measure molecule-specific shifts, has already been 

successfully used to assess the purity of EVs (Gualerzi et al., 2019) and could 

also be valuable in the assessment of EV loading efficiency. Finally, given that 

the formation of EV and/or miRNA aggregates during the electroporation process 

could prevent miRNA functionality (Kooijmans et al., 2013; Lamichhane et al., 

2015; Liu and Su, 2019; Pomatto et al., 2019), in addition to NTA providing EV 

sizing data it could also be beneficial to assess the morphology of loaded-EVs by 

an imaging technique such as TEM (de Abreu et al., 2021; Pomatto et al., 2019). 

Such additional studies would help ensure that high quality samples are being 
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investigated in pre-clinical settings which could ultimately enhance 

reproducibility in translational research. 

In the current study, all in vitro experiments were completed with relatively low 

N numbers (N=3-4) which supports more cautious and balanced interpretation of 

the results. Unfortunately, due to the COVID-19 pandemic and subsequent lab 

closure, lab work-related restrictions and cell availability issues, it was not 

possible to increase the sample size for some of the in vitro studies. Therefore, 

increasing the sample size in future experiments would improve the quality of 

the data and will allow definitive conclusions to be made. 

Furthermore, it would also be valuable to elucidate the underlying mechanism 

responsible for the observed cellular effects mediated by miR-224-5p EVs. Under 

the current experimental conditions, none of the assessed mRNA gene targets 

appeared to be regulated by any of the two EV miRNAs (miR-24-3p or miR-224-

5p). In future studies, investigating the potential regulation of other mRNA 

target genes would also be beneficial. For instance, a number of other genes, 

which were also identified as potential miRNA gene targets (Chapter 4), have 

been previously found to be involved in the regulation of cell migration, 

including MAPK8, PIK3C2A and SMAD5 for miR-224-5p (Chao et al., 2018; K. 

Huang et al., 2017; Tiwari et al., 2013). Additionally, a more comprehensive 

approach, which is not restricted by the filter of pre-defined selection of mRNA 

targets, may also be considered when designing studies aiming to elucidate the 

underlying mechanism of miR-224-5p EV-mediated cellular responses. Messenger 

RNA sequencing, or mRNAseq, is another NGS-based approach for studying the 

regulation of genes in an unbiased manner providing a complete view of the 

coding transcriptome (Roy et al., 2011; Wang et al., 2009b). Such methodology 

could be employed in future studies to allow for a broader initial screening of 

the potential miRNA gene targets which may be regulated in response HSVSMC 

treatment with miR-224-5p EVs. This technology is advantageous over the 

traditional more targeted approaches such as hybridization-based microarrays, 

not only because it enables more sensitive and accurate measurement of fold 

changes in gene expression, but also because it is not subject to gene pre-

selection bias (Roy et al., 2011; Wang et al., 2009b). Therefore, in addition to 

exploring which, if any, miRNA gene targets might be regulated by miR-224-5p 
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EVs in this particular in vitro cell model, mRNA-seq could also provide insights 

regarding the potential regulation of genes by other bioactive cargo molecules 

within the EVs. This method is not as widely used as traditional qRT-PCR and 

microarray assays as there is considerably higher cost associated with it, 

however, the benefits of RNAseq could indeed outweigh the extra cost. 

Although, the results from the target gene expression studies have suggested 

that PDGFRA, PDGFRB, PIK3R3, NRAS, and RRAS were not likely the mRNA gene 

targes responsible for the observed miR-224-5p EV-mediated effects detected in 

recipient cells, it is important to consider that this method of measuring the 

effect of miRNAs could only detect miRNA-mediated changes by mRNA 

destabilization. Going forward, it would also be beneficial to assess the 

expression levels of predicted gene targets of interest at a protein level to 

enable the detection of potential miRNA-mediated changes by translational 

inhibition. Such additional investigations will provide further evidence either 

confirming that the target genes of interest were not responsible for any of the 

observed miRNA-mediated functional effects or possibly suggesting changes in 

target protein levels mediated by translational inhibition. Indeed, using a 

methodology, e.g., western immunoblotting , that measures the protein 

expression of potential target genes increases the likelihood of detecting miRNA-

mediated changes in cells since such methods could identify changes occurring 

due to either mRNA destabilization or translational inhibition; whereas, if only 

mRNA levels are measured, changes due to translational inhibition will not be 

detected (Cloonan, 2015). 

In future studies, other commonly used gain- and loss-of-function strategies to 

probe miRNA functions both in vitro and in vivo could also be explored. For 

example, in in vitro settings, the opposite effects of EV miRNAs could be 

assessed by inhibiting the function of miR-24-3p and/or miR-224-5p in recipient 

cells by using antisense oligonucleotides (antimiRs) delivered via cell 

transfection or unassisted uptake (Broderick and Zamore, 2011; Stenvang and 

Kauppinen, 2007; Van Rooij, 2011). Approaching the research questions from 

multiple angles, i.e., through use of both miRNA mimic and inhibitors, would 

reduce bias that comes from using a single method while increasing the 

robustness of the experimental findings. Additionally, it would also be 
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interesting to explore the possibility of co-loading EVs with miR-24-3p and miR-

224-5p and studying their potential combined effect on recipient cells. Such 

experimental design would also benefit from the use of antimiRs to help 

elucidate any potential changes driven by either one of the EV miRNAs of 

interest or both miRNAs working in together. It is also important to note that, 

since neointimal formation is a common pathological feature of both VGD and 

arterial ISR (Chaabane et al., 2013; de Vries and Quax, 2018; Gaudino et al., 

2017; Newby and Zaltsman, 2000), additional studies utilising clinically relevant 

arterial cells such as human CASMCs should also be considered. Although the cell 

type used in the present in vitro studies, namely HSVSMCS, is clinically relevant 

mainly because the cells were derived from human saphenous veins used as 

CABG conduits, due to existing phenotypic and functional differences between 

arterial and venous cells (Wong et al., 2004), performing additional studies in 

arterial cells would broaden the potential application of any valuable findings in 

the context of neointimal formation post vascular injury. 

Going forward, to better understand the clinical significance of the current 

findings it is important to also investigate the potential protective effects of 

HSVSMC-derived EVs loaded with miR-224-5p in in vivo settings. Although 

embryonic lethality has been demonstrated in knockout mice lacking key miRNA 

processing factors, such as Dicer, Drosha and AGO2 (Park et al., 2010), targeted 

miRNA gene knockouts have been successfully used to study miRNA functions in 

mice in different disease contexts (Krützfeldt et al., 2005; Prosser et al., 2011; 

Van Rooij et al., 2008; Zhou et al., 2016). For example, in the context of 

vascular injury, miR-143/145 double-knockout mice displayed significantly 

reduced neointima formation following carotid ligation injury (Xin et al., 2009). 

Another more recent study using both miR-302 heterozygous mice (miR-302+/−) 

and mice with SMC-specific deletion of miR-302 (miR-302SMCKO) demonstrated 

that miR-302a accelerates VSMC proliferation and subsequent neointimal 

formation in carotid artery injury model by directly targeting PTEN and 

consequently activating AKT signalling (Liu et al., 2021). Therefore, in future 

studies, in addition to studying the effect of systemic delivery of miR-224-5p-

loaded EVs using an in vivo model of vascular injury, it may be of interest to also 

explore the functional effects of SMC-specific deletion of miR-224 on neointima 

formation. 
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Overall, EVs are considered to have great therapeutic potential not only due to 

the low immunogenicity associated with the use of autologous EVs (Aslan et al., 

2021), but also due to other endogenous properties including ability to protect 

their cargo content from degradation and to cross biological barriers delivering 

cargo to recipient cells acting as a therapeutic delivery vehicle that regulates 

cellular function and phenotype (Claridge et al., 2021). Interestingly, the 

therapeutic potential of EVs could be improved through bioengineering 

approaches (Claridge et al., 2021; Shengyang Fu et al., 2020). Not only EVs could 

be engineered to harbour specific therapeutic cargo molecules (de Abreu et al., 

2021) but also their surface epitopes may be modified to improve targeting to 

recipient cells and tissues in vivo thereby increasing the efficiency of cargo 

delivery while limiting potential side effects (Shengyang Fu et al., 2020). For 

example, in the context of CVD, an improved targeting ability of EVs to ischemic 

myocardium has been successfully demonstrated (X. Wang et al., 2018). In this 

study, using a technology of molecular cloning and lentivirus packaging, 

membrane protein LAMP2B enriched MSC-derived EVs were modified through 

LAMP2B fusion with ischemic myocardium-targeting peptide CSTSMLKAC (IMTP). 

IMTP-engineered EVs were found to specially target ischemic myocardium in vivo 

leading to enhanced EV-mediated therapeutic effects on acute MI (X. Wang et 

al., 2018). Therefore, assuming a successful confirmation of negative regulation 

of VSMC migration and/or proliferation mediated by miR-224-5p EVs in vitro, it 

would be highly beneficial to further explore the possible protective effects of 

these EVs by improving their targeting potential towards desired tissues/cells in 

pre-clinical settings using a suitable in vivo model of vascular injury. 

Finally, as preliminary findings from the current work on mouse serum EVs 

suggested that both EV miRNAs, miR-24-3p and miR-224-5p, are upregulated 

following carotid artery ligation-induced vascular injury, it would be beneficial 

to carry out a study which is specifically designed to reliably assess the 

diagnostic value of both miRNAs and their potential as disease biomarkers in pre-

clinical settings. Additional human studies aiming to investigate the miRNA 

expression profile of circulating EVs in patients who are at risk of developing 

neointimal formation and ISR following CABG and PCI, respectively, should also 

be considered. Comparisons between patients and healthy subjects, and 

comparisons within patients (i.e., pre-, and post- coronary interventions) would 
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be highly beneficial to assess the potential clinical relevance of the 

differentially expressed EV miRNAs identified in this thesis. 

Overall, EV research has made a great progress since EVs were first described 30 

years ago, however, to overcome challenges that can limit the development and 

use of EV-based clinical applications, additional studies are required to address 

other fundamental concerns related to EV research in general. Since many 

factors, including different EV isolation strategies and cell culture conditions, 

can affect sample purity, EV subtype enrichment and the structural integrity of 

EVs, further studies are required to define how these factors impact the 

characteristics of isolated EVs and their fitness for specific applications (Liu et 

al., 2022). The selection of specific EV population is also a critical aspect in all 

EV applications and may be influenced by various factors, including the 

source/origin of EVs, the inherent targeting and regulatory properties of the EVs 

(since EVs are not empty vesicles and instead they carry several functional 

molecules capable of inducing various effects), and their ease of production 

and/or isolation (Liu et al., 2022). Therefore, research efforts should focus on 

establishing appropriate quality control measures applicable to EV samples, such 

as assessment of drug release rate and biodegradation, in order to demonstrate 

both safety and efficacy as required for any medicinal product (Silva et al., 

2021). Scale-up studies, aiming to validate that change in isolation volumes do 

not alter EV characteristics and sample purity, should also be carried out. 

Finally, future investigations should also aim to explore whether different 

bioengineering approaches significantly alter the native characteristics of EVs in 

a way that additional adjustments may be required to reduce their 

immunogenicity and/or toxicity prior to translation into clinical applications. 

7.3 Concluding remarks 

In summary, the data presented in this thesis has provided evidence that 

prolonged pathophysiological PDGF stimulation of VSMCs causes a significant 

dysregulation of the miRNA expression profile of EVs released from stimulated 

cells. Six miRNAs, including miR-1-3p, mi-21-5p, miR-24, miR-224, miR-409, let-

7A-5p, were found to be significantly upregulated in EVs derived from PDGF 

treated HSVSMCs compared to control EVs. Here, the EV-mediated autocrine 

regulation of HSVSMCs was studied using an in vitro model of the pathological 
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conditions under which neointimal lesions develop following vascular injury. The 

data in this thesis provide evidence of the ability of EVs, exogenously loaded 

with miR-224-3p, to suppress EV-depleted FBS-induced HSVSMC migration 

compared to naEVs and miR-24-3p EVs and a possible involvement of miR-224-5p 

EVs in the negative regulation of proliferation of activated HSVSMCs. Although 

the exact mechanisms underlying these effects remain unclear and further 

studies are required to fully elucidate the effects of miR-224-5p EVs on 

HSVSMCs, to the best of our knowledge, this is the first time miR-224-5p has 

been implicated in the regulation of HSVSMCs in the context of neointimal 

formation. Studying the potential effect of miR-224-5p EVs on VSMCs represents 

a new avenue to explore when investigating future therapeutic strategies for 

neointimal formation post vascular injury.  
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7.4 COVID-19 impact and mitigation 

The COVID-19 pandemic in general, and more specifically the first full lockdown 

period (March-July 2020), had a significant negative impact on major research 

activities related to my project. The full lockdown not only prevented me from 

conducting more experiments and generating new data during this period, but 

also introduced a significant delay in receiving results back from the RNA-seq 

experiment and analysis performed by the Glasgow Polyomics Facility which 

consequently delayed any follow-up experiments in the laboratory. This 

negatively affected my experimental work and research project as a whole as I 

relied on the results from this study, as a hypothesis-generating method, to 

establish the basis for a focused research strategy for the remainder of my 

project. During this period of full lockdown, I took the opportunity to analyse all 

data generated up until that point of my studies. Additionally, I wrote an annual 

progress review and a literature review on a relevant research topic which was 

published in the journal of ‘Cellular signalling’. While my laboratory-based 

research activities were greatly disrupted, the lockdown period provided me 

with the opportunity to focus on writing a high-quality review on a topic 

relevant to my project. 

The initial return to the laboratory followed a shift pattern which resulted in 

significantly reduced productivity in terms of conducting experiments. Most of 

my experiments also involved cell culture and all cell work was further 

hampered by the fact that some tissue culture (TC) hoods from our laboratory 

were donated to a COVID-19 testing facility. Due to the shift pattern and the 

limited access to TC hoods for this period there were further delays in collecting 

data. Furthermore, the disruption of normal training activities severely impacted 

my training needs at the time. As a result of the imposed COVID-19 regulations 

in the workplace, I was unable to receive the training required for animal work. 

More specifically, I could not be trained to perform the carotid artery ligation 

surgery model required for the in-vivo aspect of my project. The routine supply 

of patient samples (human SV surplus vein tissue) was also disrupted which led 

to limited availability of primary HSVSMCs for experimental work. 

Finally, significant delays in routine deliveries of supplies, supply shortages, and 

batch-related variabilities of various consumables such as culture vessels, 
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centrifugation tubes, filter tubes and functional assay kits, all contributed to 

technical challenges which additionally hampered the generation of good quality 

data in a timely manner. 

Overall, the COVID-19 pandemic had a significant negative impact on my 

research work and studies despite the actions taken to mitigate against the 

disruption. 



311 
 

 

Chapter 8 Appendices
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8.1 Differentially expressed miRNAs between vEVs and pEVs 

8.1.1 DESeq2 analysis output 

Table 8-1 All significantly differentially expressed genes between pEVs and vEVs. Positive log2 Fold Changes indicates increased expression in high pEVs 
group. Adjusted p-values indicated Benjamini-Hochberg corrected p-values (DESeq2). 

Ensembl ID log2Fold
Change

lfcSE padj External
Gene Name

Ch Gene 
biotype

PDGF_1 PDGF_2 PDGF_3 PDGF_4 VEH_1 VEH_2 VEH_3 VEH_4

ENSG00000275110 3.5817 0.7711 0.0037 AL928646.1 X miRNA 358.9659 792.0648 75.4524 37.6867 20.2218 12.0078 38.2280 35.2423

ENSG00000284459 3.0822 0.7739 0.0189 MIR24 9 miRNA 286.6562 279.6508 27.4372 25.1245 34.9549 12.6082 11.8932 13.3494

ENSG00000199107 3.9615 0.9979 0.0189 MIR409 14 miRNA 28.4074 36.8402 2.2864 17.5871 2.5999 0.6004 0.0000 2.1359

ENSG00000206718 3.1577 0.8052 0.0189 RNU6-546P 2 snRNA 38.7373 23.4438 22.8644 22.6120 2.3111 7.8051 1.6990 0.5340

ENSG00000284190 3.3923 0.8968 0.0243 MIR21 17 miRNA 211.7641 443.7572 13.7186 42.7116 45.9324 5.4035 3.8228 12.2814

ENSG00000198975 2.3170 0.6134 0.0243 MIRLET7A2 11 miRNA 1035.5779 1443.4670 299.5231 321.5931 266.6391 107.4700 128.2763 119.6104

ENSG00000284453 4.7725 1.3176 0.0371 MIR1-2 18 miRNA 0.0000 58.6094 9.1457 0.0000 0.5778 0.0000 0.8495 1.0679

ENSG00000278591 -2.0312 0.5677 0.0371 U2 17 snRNA 18.0774 15.0710 32.0101 22.6120 113.8200 73.2477 64.9877 104.6591

ENSG00000200779 2.7705 0.7772 0.0371 RNU6-105P 2 snRNA 67.1447 41.8639 25.1508 55.2738 4.0444 19.8129 1.6990 2.6699

ENSG00000284363 3.5217 0.9930 0.0371 MIR224 X miRNA 15.4949 45.2130 18.2915 5.0249 4.3332 2.4016 0.4248 0.0000

ENSG00000200975 2.2524 0.6380 0.0371 RNU1-7P 1 snRNA 82.6396 66.9822 96.0303 60.2987 7.5110 34.2223 16.5655 6.4077
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8.2 MicroRNA gene targets 

8.2.1 Hsa-miR-224-5p 

Table 8-2 List of all the identified gene targets for hsa-miR-224-5p which satisfied the pre-
defined criteria. 
  

hsa-miR-224-5p 
ABHD2, EPHA4, SSR1, ITPKB, GALNT2, ATRX, CAPRIN1, ZBTB34, MLEC, PIK3R3, KAT6A, 
FZD4, ADAR, KIAA1549, GDI1, TP53INP1, SNTB1, CBX5, BSDC1, IGF2BP1, EIF2AK4, 
NOTCH2, CCDC117, UBE2K, PHLPP2, UHMK1, POU2F1, CBX6, XPNPEP3, SREBF2, 
SETD7, EIF1AD, MAFG, MYO5A, GSK3B, FLNB, VGLL3, TOP1, ARFGEF2, TAOK1, ETS1, 
CPEB4, RNF38, SESN3, ELL2, NUFIP2, TNRC6A, HNRNPU, IL6ST, PITHD1, RECK, NFIA, 
LMBR1, SSFA2, RNF111, ATP2B4, LCOR, BMPR2, ATAD2B, PIK3C2A, MED13, SPIN1, 
RSF1, PELI1, HIPK3, BCL2, LRP6, SLMAP, CDK6, SPPL3, EIF1AX, IGF1R, ZFYVE26, 
APPBP2, GGA3, CELF1, PBX3, USP47, CORO1C, CLDN12, EDEM3, KCTD21, MAPK8, 
UBN2, TMTC3, BRWD1, CBL, DICER1, SMARCC1, NRAS, RANBP2, FAM217B, MAP1B, 
E2F2, TMC7, CANT1, TMOD2, SERTAD2, MBD2, PHLPP1, FBXO45, SLC25A24, TRIB1, 
ADAMTS5, NECAP1, ARRDC4, FN1, RIPK1, TMEM14B, TIPARP, PHC3, LAPTM4A, TTC3, 
STXBP4, MSI2, MTMR4, TRIM37, ENAH, EXOC8, SNX13, API5, UBE2W, HES5, FAT1, IRX2, 
NPR3, ABCA1, RABGAP1, CDK9, FOSB, ARHGAP35, TMEM9B, IPO7, UNC119B, AACS, 
EGFR, USP6NL, NEBL, MTPAP, DHX33, SH3KBP1, MAP7D2, DDX3X, IVNS1ABP, DENND1B, 
ZSWIM5, EFCAB14, DIO1, CACHD1, ELOVL5, HMGCLL1, SLC17A5, TMEM30A, PGM3, 
EFNA3, SGPL1, ZNF282, TMEM64, AZIN1, OXR1, TMEM65, FAM49B, EFR3A, UBE2D3, 
PRSS12, B3GALT1, SLC46A3, ITM2B, CPSF6, DCN, SCYL2, DCP2, SMAD5, ANKHD1-
EIF4EBP3, CHEK1, DAZAP2, BAZ2A, RNF144B, ZKSCAN8, ZMPSTE24, GPR180, SUPT16H, 
NBR1, PLCD3, ANKRD40, SERPINE1, NAPEPLD, ATXN7L1, GCC1, ZNF407, EFNB3, 
PFKFB4, WDR6, FANCM, TXNIP, PDGFRA, BMP2K, ERMP1, ARFGEF1, DPP8, DNAJA4, 
ADAMTSL3, AKAP8, RPA1, ZNF2, RNF149, FHL2, PCMTD2, ZNF81, LHFPL2, EIF4E2, 
KIAA0232, CDC42, SRSF10, DNAJC8, PIP4K2B, CWC25, CASC3, DPYSL2, XYLT1, TPD52, 
ZDHHC7, NIT1, TOR1AIP2, CDS2, NCOA6, NPY1R, KDM2A, SOD2, IGF2R, QKI, TBC1D5, 
ADAM10, XPO1, AFG3L2, PIAS2, HDHD2, IL17RD, KBTBD8, ZNF773, DNM1, ACTR3, 
MGAT5, RIF1, FKBP5, BRPF3, SDC4, SLC12A5, ATP9A, TNKS2, MGEA5, AHNAK, 
TBL1XR1, MAP3K13, LPP, PAK2, STIM2, H3F3B, CAST, HOXA5, RRAGC, CSTF2, SEC14L5, 
EPS15, MGAT4B, AKIRIN1, ACSL4, ITGA2, GPBP1, METAP2, HOXD10, F2RL1, GGNBP2, 
NR4A1, ZNF207, ID3, KDELR1, EYA4, PEBP1, C12orf49, ATP8B2, FKBP14, IRF2BP2, 
SOD1, DDX3Y, ARHGEF10, RNF145, MARCH6; 
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8.2.2 Hsa-miR-24-3p 

Table 8-3 List of all the identified gene targets for hsa-miR-24-3p which satisfied the pre-
defined criteria. 
 

hsa-miR-24-3p 
DIAPH1, RBM27, PDGFRB, NDST1, CCDC69, G3BP1, LARP1, ADAM19, DUSP16, CREBL2, CDKN1B, 
SEC11A, ZNF592, AKAP13, ABHD2, AP3S2, ZNF710, HDDC3, MEF2A, PDPK1, STRADB, FZD5, IGFBP5, 
DNAJB2, DNPEP, EPHA4, STK10, BNIP1, STC2, GPRIN1, NSD1, PDLIM7, MAML1, LYRM4, SSR1, CDV3, 
AMOTL2, PLOD2, TSC22D2, KPNA4, ZCCHC14, ZC3H18, DNMT3A, SLC35F6, SLC5A6, PRKCH, PAPLN, 
AREL1, YLPM1, TTLL5, POMT2, SPTLC2, CALM1, CCDC88C, SMIM7, COLGALT1, UNC13A, DDX49, NCAN, 
ATP13A1, ZNF507, SPAG9, HLF, CLTC, RPS6KB1, PPM1D, TANC2, DCAF7, LIMD2, PRKCA, HELZ, 
SLC39A11, SLC9A3R1, KCNK2, LBR, ITPKB, IBA57, GALNT2, NID1, INMT, AVL9, RALA, DBNL, OGDH, 
PURB, ATRX, TSC22D3, ATG4A, KIAA1210, XIAP, ELF4, RAP2C, HS6ST2, LDHA, CAPRIN1, NAT10, CRY2, 
AMBRA1, ARHGAP1, GBA2, APBA1, TRPM6, UBQLN1, SECISBP2, PHF2, CCDC180, SH3PXD2A, ADD3, 
VTI1A, KNDC1, PTDSS2, RDH10, PEX2, AGRN, ATAD3A, NOL9, H6PD, KIF1B, MTHFR, TMEM51, 
DNAJC16, FBLIM1, DAP, TRIO, PTBP3, FKBP15, AKNA, TNFSF15, RC3H2, NEK6, MVB12B, ZBTB34, 
TOR2A, MARK4, BBC3, SPHK2, TEAD2, FCGRT, RCN3, RRAS, NUP62, SLC25A22, DUSP8, CTSD, EIF4G2, 
ATP2A2, SH2B3, CIT, PXN, MLEC, HIP1R, ABCB9, ATP6V0A2, SCARB1, POM121, YWHAG, RSBN1L, 
LMTK2, C17orf49, KLF6, NRP1, RASA1, FBLN1, IL17REL, SHROOM2, REPS2, SCML1, SCML2, PDHA1, 
KLHL15, PDE3A, PTHLH, DDN, KMT2D, LMBR1L, SMARCD1, SLC11A2, LAMC1, RNF2, CDC73, RNPEP, 
ELF3, KDM5B, BTG2, NUAK2, ELK4, SLC41A1, MAPKAPK2, PIGR, YOD1, DTL, PIK3R3, RNF11, CC2D1B, 
JUN, JAK1, LEPR, XPO5, PNRC1, NDUFAF4, BVES, RAB11FIP1, KAT6A, PLAG1, SERPINH1, LRRC32, 
TSKU, FZD4, FAT3, DENND4B, ADAR, RIT1, SEMA4A, CCT3, MEF2D, NES, ARID5B, MYPN, UNC5B, PSAP, 
DNAJB12, CREB3L2, KIAA1549, TMEM178B, NOS3, AGAP3, INSIG1, ESYT2, GDI1, G6PD, UBXN2B, 
TP53INP1, MTDH, ATP6V1C1, DCAF13, TRPS1, SNTB1, PHF20L1, AFF1, PDE11A, TFPI, XPO4, SPATA13, 
FLT1, SLC7A1, LPAR6, HKR1, SIPA1L3, PAK4, PAF1, MED29, BLVRB, RAB4B, AXL, IRGQ, TOMM40, 
SRGAP1, DYRK2, IFNG, LRRC10, TMEM19, ATXN7L3B, CDK17, NREP, LOX, IRF1, MATR3, DND1, GTF2B, 
PRMT6, AHCYL1, WRB, KMT2A, PHLDB1, H2AFX, USP2, ARHGAP32, ZBTB44, KDM5A, SLC4A8, ACVR1B, 
SP1, CBX5, HNRNPA1, RAB5B, ERBB3, ESYT1, ANKRD52, STAT2, RBMS2, R3HDM2, MBD6, DTX3, 
CTDSP2, GFOD1, JARID2, MBOAT1, E2F3, PPP1R10, RGMB, SERINC2, MARCKSL1, BSDC1, RBBP4, 
KIAA1522, GRIK3, YRDC, CITED4, PTPRF, KDM4A, KLF17, KLF12, DOCK9, TMTC4, CHAMP1, ARHGEF40, 
RAB5C, BRCA1, ATXN7L3, SLC4A1, PLEKHM1, PNPO, IGF2BP1, TMEM92, ACSF2, ABCC3, CUX1, ORAI2, 
CAV2, CNDP2, ZNF516, MIDN, MOB3A, DOT1L, LMNB2, SLC39A3, SEMA6B, PLIN3, KHSRP, ITPK1, 
BDKRB2, CEP170B, GABRB3, EIF2AK4, FGF11, ZBTB4, MPDU1, ARHGEF15, GAS7, MED9, LLGL1, ULK2, 
NLK, ZNF662, LIMD1, ARIH2, BSN, GMPPB, CISH, RAD54L2, BCL2L2, NYNRIN, KHNYN, FBXO34, AP5M1, 
DCLRE1B, HIPK1, PTGFRN, NOTCH2, SV2A, VPS45, APH1A, CTSS, POGZ, APBB2, SGCB, GRSF1, EREG, 
SHROOM3, GRINA, SLC52A2, ARHGAP39, NFIB, TTC39B, MTAP, VCPIP1, SNX1, CSNK1G1, PLEKHO2, 
MYO9A, ADPGK, NEO1, PML, EDC3, CSK, MPI, SCAMP5, C15orf39, PTPN9, CPT1A, CTXN1, ELAVL1, 
AP1M2, EPOR, TNPO2, WIZ, GGCX, PTCD3, MGAT4A, LONRF2, IL1R1, PRPF6, SCAF4, SON, PDXK, 
AGPAT3, HIC2, PPM1F, ZNF70, SPECC1L, GUCD1, CCDC117, CDK16, PIM2, OTUD5, KDM5C, HUWE1, 
FAM120C, ZXDB, ZXDA, SPIN4, ZMYM3, CHIC1, ATXN2L, SH2B1, NFATC2IP, RNF40, FBXL19, PRSS8, 
NETO2, CHD9, GNAO1, NUDT21, KATNB1, ADAMTS6, GPR55, EFHD1, USP40, PER2, ASB1, BOK, FGFR3, 
SH3BP2, ADD1, HTT, EVC, UBE2K, SZRD1, ATP13A2, EMC1, LUZP1, MTFR1L, WDTC1, WASF2, EPB41, 
PHF12, MYO18A, GIT1, AP2B1, ACACA, HNF1B, MLLT6, LASP1, GSDMA, IGFBP4, SOX7, DLC1, POLR3D, 
CHMP7, BNIP3L, ZNF395, EXTL3, CREBBP, DNAJA3, PMM2, CLEC16A, SNN, LYRM1, GGA2, ZNF704, 
NDRG4, CMTM3, CMTM4, PDP2, CTCF, RANBP10, ESRP2, SLC7A6, SNTB2, TERF2, CYB5B, EXOSC6, 
AARS, PHLPP2, BCAR1, USP10, PEA15, NCSTN, DEDD, UHMK1, UCK2, POU2F1, RC3H1, STX6, NIPSNAP1, 
NF2, DUSP18, PRR14L, YWHAH, CARD10, TRIOBP, SUN2, DNAL4, CBX6, TAB1, XPNPEP3, TOB2, 
SREBF2, TSPO, TRIB3, SIRPA, CENPB, ENTPD6, PYGB, PLAGL2, KIF3B, PCDH10, SETD7, INPP4B, 
RAPGEF2, CLCN3, SF1, MEN1, CDC42EP2, EIF1AD, KLC2, TIMP2, TBC1D16, RNF213, NPTX1, MAFG, 
FASN, TBCD, SASH1, ESR1, ZDHHC14, TTYH3, FOXK1, FBXL18, CYTH3, NUP210, SLC6A6, CMTM6, 
CTDSPL, RPAP1, MAPKBP1, ZNF106, UBR1, MAP1A, MYO5A, MYO1E, ARHGAP31, GSK3B, LRRC58, 
GOLGB1, CCDC58, MYLK, HEG1, PLXNA1, HEATR5B, SOS1, EML4, BCL11A, CEP68, GFPT1, PCYOX1, 
TEX261, PDSS2, SESN1, CD164, PTPRK, MAP7, HIVEP2, CEP76, RNF138, EPG5, RNF165, LIPG, CXXC1, 
MRO, NEDD4L, CDH7, NEK4, FLNB, MAGI1, VGLL3, MBOAT7, IL11, RPL28, EPN1, ZNF264, ZSCAN22, 
PKN3, FAM78A, SETX, TSC1, MED22, BCL2L11, STEAP3, SAP130, FAM168B, AGPAT1, RGL2, PPARD, 
MAPK14, TBC1D22B, TFEB, KLHDC3, TRPC4AP, UQCC1, PHF20, DLGAP4, TGIF2, SOGA1, RBL1, TGM2, 
TOP1, JPH2, TOMM34, STK4, ZMYND8, ARFGEF2, RNF114, TMEM189, MOCS3, NFATC2, ZNF217, 
FAM210B, PMEPA1, VAPB, TSPAN14, ARHGAP19, MMS19, BZW1, TMEM216, DAGLA, TTC9C, NXF1, 
NCEH1, ZMAT3, DVL3, MASP1, TNK2, PIGG, PDE6B, TAOK1, C8orf58, GAD1, NCOA5, CNOT6, NFAT5, 
MRPL4, MAPK7, PPIL6, FURIN, TRAF7, MXI1, BHLHE22, MMP14, ACSL6, PPM1G, FSCN1, S1PR1, NET1, 
TCERG1, ETS1, KIF1C, C1orf106, B3GNT1, WHSC1, FAM46C, WAPAL, KIAA2018, GIGYF1, CSRNP1, 
KIAA0195, POLR3A, PVRL2, AMFR, RANBP3, PTRF; 
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8.2.3 Hsa-miR-409-3p 

Table 8-4 List of all the identified gene targets for hsa-miR-409-3p which satisfied the pre-
defined criteria. 
 

hsa-miR-409-3p 
KPNA4, MAP7, NR2F2, CPEB4, FAM193B, MSL2, SEC62, DCAF5, TMED10, ATXN3, 
MORF4L2, RNF38, YWHAE, ZFHX4, MYO3A, ZEB1, ZFX, SESN3, RDX, SLC26A7, 
GORASP2, COL5A2, TMPO, MTF2, ATF7, ELL2, MET, BAZ1A, EXOC5, UGT2B17, HSPA13, 
CAB39, NUFIP2, ATAD5, PPP2R2A, TNRC6A, ELF2, GAB1, FBN1, RASGRP3, SPTBN1, 
CITED2, GNAL, CTNND1, B4GALT5, SECISBP2L, MAP4K3, MSH6, SLAIN2; 
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