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Abstract 
 

Diagnostic potential of extracellular vesicles (EVs) and single-cell 

photonics (scPH) in subclinical atherosclerotic disease. 

 

Denise Burtenshaw 
 
Arteriosclerosis is an important age-dependent disease encompassing atherosclerosis, in-
stent restenosis, pulmonary hypertension, and autologous bypass grafting. The accumulation 
of neointimal vascular smooth muscle (VSMC)-like cells is a critical event in the pathology 
of vascular disease leading to intimal-medial thickening (IMT) and vessel remodelling, and 
is considered an essential marker of subclinical arteriosclerotic disease. Their origin remains 
controversial, with several cell fate-mapping studies in mice indicating that they are derived 
from medial VSMCs, resident Nestin/S100β + vascular stem cells, and/or endothelial cells 
(ECs) following endothelial-mesenchymal transition (EndoMT). It is widely accepted that 
exposure to pathologic reactive oxygen species (ROS) generating risk factors is central to 
this pathology. The effective pathophysiological response within the vessel wall following 
vascular injury is endothelial cell apoptosis rendering the vascular endothelium 
dysfunctional. In the past few years, compelling evidence now suggests a role for the 
generation of endothelial-derived extracellular vehicles (EVs) as crucial regulators in 
transferring biological information, either locally or remotely, to initiate the proliferation, 
migration, and accumulation of VSMC-like cells within subclinical arteriosclerotic lesions. 
Early detection of these lesions represents an important diagnostic objective.  
 
In this context, the main focus of this study was to develop novel strategies that interrogate 
and discriminate these discrete cell populations and detect the key signalling molecules 
within endothelial-derived EVs that dictate their fate. Specifically, single-cell photonic 
analysis using broadband light (autofluorescence), Raman and Fourier Transform Intra Red 
(FTIR) spectral datasets from  normal VSMCs and lesional cells derived from human vessels 
ex vivo,  in addition to human-induced pluripotent stem cell (HiPSC) progenitors and their 
myogenic progeny in vitro, were analysed using supervised machine learning as a novel 
diagnostic platform for early detection of vascular phenotypes within lesions. Moreover, the 
characteristics and effects of endothelial-derived EVs on resident vascular stem cell fate 
following hyperglycaemic-induced endothelial dysfunction were assessed using rat and 
HiPSC models in vitro as a potential surrogate marker for early lesion formation. The data 
clearly demonstrates that single cell photonic analysis can successfully discriminate and 
predict vascular phenotypes within lesions. Furthermore, endothelial derived EVs following 
hyperglycaemic-induced endothelial dysfunction promote resident vascular stem cell 
myogenic differentiation, growth and migration in vitro. These characteristics may represent 
important surrogate biomarkers for detection of early subclinical arteriosclerosis. 
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1.1 The vasculature, an efficient transport system. 
 
The cardiovascular system is comprised of a hollow muscular organ, the heart, connected 

to a network of arteries and veins of varying sizes. There are essentially two components 

of the cardiovascular system, the systemic circuit servicing blood flow from the heart to 

the body, and the pulmonary circuit, servicing blood flow from the heart to the lungs. The 

presence of an extensive network of arteries and arterioles pumps oxygenated blood away 

from the heart to various organs and tissues throughout the body, facilitating day-to-day 

cellular activities such as growth, development, and absorption of nutrients. In contrast, 

the presence of an extensive network of veins and venules ensures the return of 

deoxygenated blood and the removal of cellular waste products from the body back to the 

heart, where the process begins again. The function of these vessels dictates, in part, their 

structural composition. Although the general three-layered structure, the adventitia, 

media, and intima, are common to both arteries and veins, each layer's size and 

compositional makeup differ (Figure 1.1). The rapid admission and expulsion of blood 

from the heart to the body by both elastic and muscular arteries, respectively, require a 

muscular predominance. This is represented by an increase in the medial layer and a 

narrow lumen to maintain substantial blood pressure  (Holford, 2009). These structural 

characteristics are not present in veins and venules due to reduced blood flow pressure 

needed to facilitate the transport of deoxygenated blood back to the heart (Pugsley and 

Tabrizchi, 2000). 

 

 
  
Figure 1.1 Comparison of arterial and venous structure. The structure of a healthy 
artery and vein composed of three main layers, the adventitia, the media, and the 
intima. (Created with BioRender.com). 
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1.2 Cardiovascular disease, a global killer. 
 

Premature death from non-communicable diseases such as cardiovascular disease (CVD), 

cancer and respiratory diseases are responsible for 71% of all deaths worldwide. 

According to latest data from the World Health Organisation (World Health 

Organization, 2018). CVDs alone represent a staggering 43% of all deaths and remain the 

major cause of death globally. The CVD umbrella includes coronary artery disease, 

stroke, hypertension, cardiomyopathy and in-stent restenosis (Timmis et al., 2018). 

Although it is natural for many of these diseases to prevail in the later years of life, we 

are now witnessing an increase in the incidence of these chronic diseases much earlier in 

life, leading to premature deaths in both male and female populations (Ediriweera et al., 

2018). CVD affects the morbidity and mortality rates of the global population and puts a 

significant financial burden on healthcare systems and government budgets. CVD was 

estimated to cost healthcare systems of the EU approximately €169 billion in 2006 

(Townsend et al., 2012) rising to €210 billion by 2015 (Wilkins E, Wilson L, 

Wickramasinghe K, Bhatnagar P, Leal J, Luengo-Fernandez R, Burns R, Rayner M, 

2018). This empirical evidence supports the immediate clinical unmet need to address the 

current strategies used to detect, prevent, and manage CVD. 

 

1.2.1 Atherosclerosis, the silent killer. 
 

 
CVD includes a wide variety of diseases. However, the most common pathologic 

condition affecting today's generation is atherosclerosis. Atherosclerosis is classed as a 

chronic, progressive, inflammatory disease characterised by lesions in the arterial wall. 

Unlike other non-communicable diseases, atherosclerosis has a long asymptomatic silent 

phase, with the first clinical manifestation arising in the late stages of well-advanced 

atherosclerosis.  Interventions required for the prevention and reversibility of 

atherosclerosis require sub-clinical detection to prescribe primordial and primary 

treatments.  A crucial hallmark of sub-clinical atherosclerosis is pathologic intimal 

thickening (PIT). PIT is defined as the initial progressive plaque responsible for the rise 

of advanced lesions.  
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PIT can be divided into two categories of vascular lesion morphologies (i) diffuse intimal 

thickening (DIT) consisting of VSMC-like cells and extracellular matrix with little or no 

accumulation of lipid, generally associated with the natural aging of the arterial vessel, 

and (ii) adaptive intimal thickening (AIT) primarily composed of infiltrating macrophage 

cells and intimal VSMC-like cells defined as an important transitional non-atherosclerotic 

plaque that likely represents the earliest phase of lesion progression (Figure 1.2) 

(Kolodgie et al., 2007; Sakamoto et al., 2018). 

 

 

 
 

Figure 1.2 Models of arterial disease. Schematic representation of cross-sections of 
healthy vessels, arteriosclerotic vessels and atherosclerotic vascular lesions. 
Asymmetrical remodelling of the vessel is represented by the formation of a lipid-
dependent plaque protected by a fibrous cap resulting in blood flow restriction, possible 
plaque rupture, and vessel occlusion. In contrast, symmetrical remodelling, typical or 
arteriosclerotic vessels is represented by formation of a neointima due to the 
accumulation of VSMCs like cells, resulting in a decrease in luminal size and blood flow 
restriction. (Created with BioRender.com). 
 
 
 



 

5 

Pathological studies from human vessels have shown that early adaptive ‘transitional’ 

lesions enriched with VSMC-like cells are present in atherosclerotic-prone regions of the 

vessel (Ikari et al., 1999). A multitude of factors contributes to the development of PIT 

at these athero-prone areas, including; (i) disturbed blood flow resulting in endothelial 

dysfunction, (ii) exposure to various blood-borne components and circulating CVD risk 

factors, and more recently, (iii) the effect of embryological origin of neointimal cells 

(Debakey and Glaeser, 2000; Cheung et al., 2012; Bennett, Sinha and Owens, 2016). 

Adaptive lesions have been identified in human vessels prior to the retention of lipid 

representing an important therapeutic target for sub-clinical detection and implementation 

of primary preventative measures that may treat or delay the pathogenesis of CVD 

(Sakamoto et al., 2018). It is widely recognised that VSMC-like cells are primarily 

responsible for most neointimal cells found in arteriosclerotic lesions following vessel 

injury. This process has proven to be true for many murine arterial injury models, 

including balloon angioplasty, coronary artery bypass grafting (CABG), transplant 

arteriosclerosis, pulmonary hypertension, and ISR (Bennett, Sinha and Owens, 2016). 

Early lesions have also been identified on routine disease modelling in mouse carotid 

arteries following flow restriction caused by ligation. 

 

Furthermore, these ligation-induced lesions can develop into advanced atherosclerotic 

plaques in ApoE knockout mice on western diets (Korshunov and Berk, 2003; Nam et al., 

2009; W. Liu et al., 2011). Characteristics associated with IMT include a reduced lumen 

diameter, inhibition of matrix degradation, and the accumulation of neointimal cells (Lan, 

Huang and Tan, 2013). The origin of these neo-intimal cells has driven much debate and 

controversy within the vascular biology research community.  

1.3 The neointima, the key to subclinical atherosclerosis detection.  
 
There are three main locations within the layers of  the arterial wall that may harbour the 

source of neointimal cells; namely the intima composed of endothelial cells, the media 

composed primarily of vSMCs with a small population of  resident vascular stem cell , 

and the adventitia composed of mainly fibroblasts with a small population of resident 

vascular stem cells (Figure1.3). Most cells found in the neointima are primarily VSMC-

like cells (Schiele, 2005); however, the origin of these cells is widely debated. Initially, 

it was proposed that neointimal VSMC-like cells originated from differentiated medial 

VSMCs that undergo phenotypic switching, becoming de-differentiated and proliferate 
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and migrate to the site of injury. Subsequent lineage tracing studies have provided 

compelling evidence for the involvement of a population of (i) de-differentiated resident 

medial VSMCs  (Laura S. Shankman et al., 2015; Chappell et al., 2016; Cherepanova et 

al., 2016) (ii) circulating bone-marrow cells (Sata, 2003) (iii) resident vascular stem cells 

(Tang, Wang, Yuan, et al., 2012; Tsai et al., 2012; Shikatani et al., 2016; Di Luca et al., 

2021; Molony et al., 2021) and (iv) ECs, through a process known as EndoMT (Cooley 

et al., 2014; Gang et al., 2015). As varying theories surround this topic, an in-depth 

knowledge of  arterial wall structure and the cellular microenvironments they reside 

within is required to decipher a possible source (Figure 1.4). 

 

 
 

Figure 1.3 Structural composition of a healthy arterial wall. The structural 
composition of a healthy arterial wall and its distinct resident cell populations. The 
innermost layer, the intima, is home to a single layer of ECs known as the endothelium. 
The middle layer, the intima, is home to differentiated vascular muscle cells giving the 
artery structural function due to their contractile abilities. The outermost layer, the 
adventitia, is home to multiple cell populations, including fibroblasts, immune cells, and 
an adventitial progenitor stem cell population. (Created with BioRender.com). 
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1.3.1 The intima  
 
The intima, also known as the vascular endothelium, is a single layer of vascular ECs that 

line the luminal surface of the entire circulatory system from tiny capillaries to large 

arteries. The intimal layer is the initial layer of the vessel formed during embryogenesis. 

Vascular ECs reside in the intimal layer of the vessel and originate from a mesoderm-

derived progenitor cells, the hemangioblast, through a process known as hematopoiesis 

(Palis, McGrath and Kingsley, 1995; Choi et al., 1998).  Following this process, ECs 

expressing markers such as platelet endothelial cell adhesion molecule (PECAM-1) also 

known as cluster of differentiation 31 (CD31),  leukosialin also known as sialophorin or 

cluster of differentiation 43 (CD43), and vascular endothelium cadherin organise to form 

the endothelium. Recruitment of VSMCs is then initiated to form a complex vascular 

system (During, 2000; Jain, 2003). ECs are the interface cell, as they come in direct 

contact with blood flow through the lumen of the blood vessel. Although small, approx. 

20 – 40 μM long, 10 – 15 μM wide, these cells act as an endocrine organ playing a vital 

role in vascular homeostasis (Pearson, 1996), regulation of cell growth, modulation of 

vascular tone (Sandoo et al., 2010), and act as a permeable barrier against the entry of 

macromolecules and fluid exchange between circulating blood and underlying tissues. 

While the general three-layered structure is common in both murine and human arteries, 

there are stark differences in the compositional make-up of the intimal layer. The intimal 

layer in rodents is made up exclusively of the endothelium throughout their lifespan, 

however in humans, an intimal VSMC layer builds up from birth and can be established 

in adulthood, this can be further enlarged in subclinical atherosclerosis (Schwartz, 

DeBlois and O’Brien, 1995).  

 

1.3.1.1  Endothelial cells (ECs)  
 

ECs retain the potential to contribute to vascular remodelling and neointimal hyperplasia 

through a process known as an endothelial-mesenchymal-transition (EndoMT). This 

transforming growth factor β1 (TGF-β1) mediated process allows an EC to express its 

plasticity properties, undergoing a transition to a mesenchymal stem-like cell and further 

to a smooth muscle-like progenitor cell. During this process, the EC loses endothelial-

specific markers such as CD31 while acquiring mesenchymal markers such as fibroblast-

specific protein 1, SMαA, and N-cadherin (Potts and Runyan, 1989; Nakajima et al., 
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2000). Elevated levels of TGF-β1 and altered downstream signalling have been 

implicated in the aetiology of atherosclerosis, vessel restenosis, and the development of 

the neointima (Bobik, 2006; Pang et al., 2014; Chen et al., 2019). Recent research has 

demonstrated the role of EndoMT and VSMC differentiation in neointimal formation 

following early activation of TGF-β1 /Smad signalling in response to vascular injury 

(Cooley et al., 2014; G. Wang et al., 2015). This evidence, along with similar studies, 

suggest a potential role for vascular ECs as a possible source of neointimal cells following 

EndoMT to VSMC transition, proliferation, and migration. 

 

1.3.2 The media  
 
 
The media, the middle layer of the artery, accounts for 90% of the vessel structure and is 

composed of differentiated VSMC, known as the contractile cell of the vessel, and a small 

population of resident multipotent vascular stem cells (rMVSC) (Tang, Wang, Yuan, et 

al., 2012). The majority of VSMC populations are derived from various mesodermal 

lineages, including lateral plate, paraxial and somatic mesoderm. However, a small subset 

of VSMC originates from the neural crest (Jiang et al., 2000; Wasteson et al., 2008). 

Classically, medial VSMCs are thought not to be terminally differentiated and can 

undergo phenotypic modulation or de-differentiation in response to their environment 

(Owens, 1995). In a healthy vessel wall, the proliferation of VSMCs is a slow process as 

there is little need for regeneration. These proliferating VSMCs express a unique 

repertoire of contractile proteins indicative of VSMC differentiation, some of which 

include smooth muscle myosin heavy chain 11 (MYH11), smooth muscle a-actin (SMA), 

and calponin 1 (CNN1) (Churchman and Siow, 2009). In contrast, when VSMCs are 

exposed to a change in local environmental cues, such as vascular injury, they are 

purported to undergo a phenotype switch resulting in the downregulation of previously 

expressed contractile proteins and a rapid increase in proliferation capability. In addition, 

a small population of resident multipotent vascular stem cells have been identified in the 

medial layer; however, the function of these cells is debatable (Tang, Wang, Yuan, et al., 

2012; G. Wang et al., 2015). 
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1.3.2.1  De-differentiated VSMCs 
 

There are two major possible candidates responsible for the origin of VSMC-like cells in 

a neointimal lesion that reside in the medial layer. The first of which was historically 

proposed by many research groups and includes the possibility of de-differentiation of 

medial differentiated VSMC following phenotypic modulation or switching and  

proliferation/migration to the site of injury (Ross and Glomset, 1973). This process refers 

to the ability of SMCs to not only de-differentiate but also to take on a new phenotype 

with contractile SMCs spontaneously switching to a synthetic SMC phenotype with 

higher levels of proliferation and inflammatory cell recruitment (Rensen, Doevendans 

and Van Eys, 2007). Subsequent studies have supported this theory, reporting the 

downregulation of VSMC markers in neointimal cells post injury (Chamley-Campbell, 

Campbell and Ross, 1979). Not only do VSMCs retain the ability to de-differentiate but 

they also have the potential to take on a new phenotype. This process termed phenotypic 

modulation of VSMCs may occur following vessel injury with contractile VSMCs 

spontaneously switching to a synthetic VSMC phenotype with higher proliferation and 

inflammatory cell recruitment (Brandes, Takac and Schröder, 2011). Numerous research 

groups have since supported this theory using lineage tracing analysis with tamoxifen-

induced Myh11-CreER transgenic reporter mice to mark Myh11 differentiated VSMCs 

prior to injury (Nemenoff et al., 2011; Herring et al., 2014). 

 

Subsequent studies carried out by Chappell and colleagues expanded upon this theory, 

reporting that not all marked medial differentiated VSMCs are responsible for neointimal 

formation but rather a rare discrete subpopulation of plastic medial Myh11+ VSMC 

(Chappell et al., 2016) that are also stem cell antigen-1 positive (Sca1+) using single-cell 

RNA-sequencing (scRNA-seq) (Dobnikar et al., 2018). However, concerns have 

persisted regarding the lack of relevant negative controls and the possibility that the time 

allowed for tamoxifen depletion before vessel ligation is performed. Tamoxifen induction 

has been regularly used in lineage tracing studies to and initiate fluorescent tag expression 

and indelibly mark cells with an active target promoter. However, issues have arisen 

regarding its use due to the remnants of tamoxifen in tissues for up a month after the last 

injection has taken place leading to induction of fluorescently tagged expression in off-

target cells that acquire an active promoter (Reinert et al., 2012). Longer  washout periods 

must be introduced to overcome this issue prior to vessel injury to ensure tamoxifen 
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depletion.  Several studies have challenged this hypothesis of VSMC phenotypic 

switching and re-programming, with a number of other cell types reported to be involved 

in the development of the neointima, such as vascular ECs, bone-marrow-derived 

mesenchymal stem cells, and resident vascular stem cells (Sata, 2003; Torsney, Hu and 

Xu, 2005; Cooley et al., 2014; Tang et al., 2020; Di Luca et al., 2021; Molony et al., 

2021). 

 

1.3.2.2 Resident vascular stem cells  
 
 
In the past decade, numerous studies have supported the role of resident vascular stem 

cells that undergo myogenic differentiation during neo-intimal formation following 

vascular injury. Although vascular stem cells are most abundant in the adventitia, 

populations of multipotent cells have also been identified in the tunica media (Tintut et 

al., 2003). In 2012 Tang et al. challenged the VSMC de-differentiation model, reporting 

the presence a new population of Sca1- cells in the tunica media of rat carotid arteries, 

termed multipotent vascular stem cells (Tang et al., 2012). Furthermore, this small niche 

of neuroectoderm (NE) derived rMVSCs that reside in the medial and adventitial layer of 

various animal and human vessels and express neural crest stem cell markers Sox10, 

Sox17, S100β, and Nestin and have the ability to differentiate down a myogenic lineage 

following vessel injury. These controversial studies suggested that VSMC-like cells 

found in neointimal lesions are derived from a resident multipotent vascular stem cell 

(MVSC) niche (Tang et al., 2012).  

 

These studies were subsequently  questioned by Nguyen et al. in 2013 as issues arose 

regarding the design and use of the constitutive Cre lineage tracing model chosen 

(Nguyen et al., 2013). In addition to this, as the isolation of these rMVSCs required 

complete removal of the adventitial layer prior to explant and cell culture, the possibility 

arose that a residual adventitial stem cell remained at the medial adventitial boundary on 

the medial explants only to expand in culture. Follow-up lineage tracing studies were 

subsequently performed to validate and confirm  the ‘stem cell’ hypothesis using Sox10-

Cre/Rosa-loxP-LacZ mice to trace the Sox10+ cohort of medial cells present in the 

neointima following vascular injury. The results supported their original hypothesis 

confirming the presence of a resident Sox10+ MVSC that plays a significant contributory 
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role in VSMC-like proliferation and migration following vascular injury (Yuan et al., 

2017). At the same time, cell fate mapping and scRNA-seq studies also implicated a rare 

medial Myh11+/Sca1+ population  and a Myh11- non-VSMC adventitial Sca1+ cell as 

both these populations expand more rapidly than pre-existing VSMCs within severe 

lesions (Dobnikar et al., 2018; Tang et al., 2020).  

 

Due to the complexity of these findings further research has focused on the role of 

resident vascular stem cell during the progression of lesion formation. Recent studies 

from our group, using transgenic eGFP mice and genetic lineage tracing of S100β+  

vascular stem cell in vivo, have identified S100β/Sca1 cells derived from a S100β non-

SMC parent population within lesions that co-localise with smooth muscle α-actin cells 

following iatrogenic flow restriction (Di Luca et al., 2021). This evidence supports the 

theory that MVSCs may contribute, at least to some degree, in the formation of a neointimal 

lesion following vessel injury. 

 

1.3.3 The Adventitia  
 

Lastly, the tunica adventitia is the outmost layer of the artery composed of connective 

tissue, mainly collagen. It is supported by an external elastic lamina that functions to 

anchor vessels to its surrounding external tissues. The primary cell types habitant in this 

layer include; fibroblasts, macrophages, T-cells, B-cells, and dendritic cells carrying out 

routine surveillance and innate immune functions (Tieu et al., no date; Galkina et al., 

2006). Studies have shown the presence of a Sca1+ resident stem cell population in the 

periphery of the adventitial layer, mainly localised around the aortic root, that retains the 

ability to differentiate into VSMCs in response to injury (Hu et al., 2004). In addition to 

this, these cells also retain the ability to differentiate into other types of cells present in 

vascular lesions such as macrophages and osteocytes (Psaltis et al., 2012; Cho et al., 

2013). This population of Sca1+ cells in the adventitia could be stimulated to differentiate 

through a myofibroblast intermediate into a VSMC population. These Sca1+ cells migrate 

through the media in vivo and contribute to neointimal formation (Sartore et al., 2001; 

Torsney, Hu and Xu, 2005). Cell fate mapping data suggests that adventitial stem cells 

may indeed play a role in lesion formation, but only in cases of severe vessel injury 

(Roostalu et al., 2018).  
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1.3.3.1 Bone marrow-derived stem cells 
 

In contrast to the above findings, various studies have suggested that the origin of 

neointimal cells lies not within the vasculature but rather in circulation in the form of 

circulating bone marrow-derived stem cells (BM-SCs) and hematopoietic progenitor 

cells. To demonstrate the role of circulating BM-SCs in the neointima,  bone marrow 

transplant from ROSA26 mice expressing β-galactosidase (LacZ) to control mice were 

performed and revealed that 63% of the neointimal cells were LacZ positive, indicating 

their bone marrow origin (Shimizu et al., 2001; Sata, 2003). Double staining further 

showed that the LacZ+ cells in the neointima were also either α-actin or CD31 positive, 

which would suggest that the BM-SCs differentiated to VSMCs or ECs following injury. 

Human studies of coronary atherosclerosis have also been carried out using X, Y linkage 

during bone marrow transplants and suggest that cells within an atherosclerotic lesion 

may be derived from donor bone-marrow stem cells (Caplice et al., 2003). However, it 

has since been suggested that although these cells are recruited to the injury site, they do 

not undergo myogenic differentiation to neointimal cells (Hoofnagle et al., 2006). While 

the contribution of bone-marrow-derived stem cells has since been clarified, the origin of 

neointimal VSMC-like cells remains contentious and incompletely understood. 

 

 

Figure 1.4 Origin of neointimal VSMCs. There are two main possible sources of 
neointimal VSMCs (i)  Partial differentiation of resident vascular stem cells (ii) De-
differentiation of vascular VSMCs to a more plastic phenotype capable of undergoing 
proliferation, migration, and differentiation. (Created with BioRender.com). 
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1.4 Atherosclerosis diagnostics, do or die? 
 
Irrespective of the source of VSMC-like cells found in the neointima, measurement of 

the resulting increase in arterial IMT, referred to as carotid intima-media thickness 

(cIMT) in carotid arteries, is currently used as the cornerstone for sub-clinical 

atherosclerotic detection. There are four critical levels associated with CVD prevention, 

detection, and management (i) primordial prevention; actively avoiding the development 

of CVD risk factors through the promotion of population-based healthy lifestyle choices, 

(ii) primary prevention; early detection, and treatment of circulating risk factors in 

susceptible individuals to subclinical disease and mitigation through lifestyle changes, 

(iii) secondary prevention; detection and treatment of individuals with subclinical forms 

of disease generally associated with prescription of medications or surgical interventions, 

(iv) tertiary prevention; treatment of individuals having had CVD, improving their ability 

to function, quality of life and life expectancy through rehabilitation programs and 

support groups (Hobbs, 2004; Singh et al., 2018). To truly tackle rising CVD prevalence 

in the population, a paradigm shift from secondary and tertiary treatment of 

atherosclerosis to primordial and primary treatments of subclinical atherosclerosis is of 

utmost importance.  

 

Atherosclerosis is a complex disease in which vascular remodelling events lead to the 

activation of a cascade of inflammatory and fibrosis pathways (Ross, 1999). The 

detection of changes in vessel structure through the use of imaging platforms and 

monitoring the release of circulating pathological biomolecules are two attractive 

diagnostic approaches for routine detection of CVD. A biomarker is defined as a 

biological compound that is easily accessible and measurable in the body. Although often 

associated with circulating biological molecules such as proteins, nucleic acids, 

metabolites, and extracellular vesicles (EVs), biomarkers can also be classified using 

imaging platforms. Imaging platforms provide insights into structural and functional 

abnormalities of the vasculature. 
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1.4.1 Imaging biomarkers for detection of CVD  
 

In recent years a variety of techniques have been deployed to measure sub-clinical 

atherosclerosis, including coronary angiography (CA), intravascular ultrasound, 

magnetic resonance imaging (MRI), and electrocardiogram (ECG). Although the 

techniques mentioned above all play an essential role in sub-clinical detection, the 

sonographic measurement of cIMT is arguably the most widely used, non-invasive 

technique currently employed by clinicians to stratify patient cohorts.  cIMT refers to the 

distance between the luminal border of the intima and the outer border of the media, 

which is used as a surrogate marker of detection in symptomatic and, more importantly, 

asymptomatic individuals (Papageorgiou et al., 2016). Clinical evaluation of cIMT has 

dual functionality, quantifying the extent of subclinical disease and monitoring changes 

over time, acting as a tool to assess the efficacy of CVD treatments (Lorenz et al., 2007). 

cIMT is not only an important surrogate marker for disease synonymous with subclinical 

atherosclerosis but can also result from non-atherosclerotic processes such as vascular 

aging, whereby an increase in IMT is observed even in populations with a low incidence 

of lipid-driven atherosclerosis (Al Rifai et al., 2018). IMT increases threefold between 

ages 20–90 years and may at any given age predict future outcomes that can be 

accelerated in the presence of known CVD risk factors. Hence, IMT, typical of adaptive 

lesions in early subclinical atherosclerosis, provides an essential substrate for lipoprotein 

retention leading to accelerated atherosclerotic plaque formation and acute coronary 

syndrome (ACS)  (Nakashima, Wight and Sueishi, 2008). When combined with elevated 

fasting remnant cholesterol levels, cIMT has also recently been successfully deployed in 

stratifying patients with ischemic stroke and optimal LDL cholesterol levels (Qian et al., 

2021). Thus, ultrasound detection and evaluation of atherosclerosis, mainly through 

carotid plaque assessment, and more recently, femoral plaque assessment, are 

increasingly utilised in clinical decision-making for at-risk and prevalent CVD patients. 

 

Although clinicians routinely use the sonographic measure of cIMT, there are limitations 

to its application in detecting sub-clinical atherosclerosis. Chronic coronary artery disease 

(CAD), typical of AMI, is usually associated with a rupture of atherosclerotic plaque, 

thrombus formation, and obstruction of blood flow leading to necrosis of the 

myocardium. However, in some patients with AMI, there are no significant lesions 

present in coronary arteries interrogated by angiography, thus confounding early 
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identification of atherosclerosis. Acute coronary syndrome, which can be divided into 

subgroups of ST-segment elevation myocardial infarction (STEMI), non-ST-segment 

elevation myocardial infarction (NSTEMI), unstable angina, and stable CAD, carries 

significant morbidity and mortality. As a result, prompt diagnosis and appropriate 

treatment are essential in preventing adverse outcomes. ECG analysis and morphological 

features suggest STEMI has smaller lumen areas, more significant plaque burden, and 

more plaque rupture or virtual histology thin-cap fibroatheroma compared with lesions 

causing NSTEMI/unstable angina or stable CAD. In lesions with plaque rupture, only 

plaque burden predicted STEMI, and in lesions without plaque rupture, only minimum 

lumen cross-sectional area predicted STEMI (Dong et al., 2015). The limitation of 

techniques discussed above is the inability to detect plaques before their formation. In 

most cases, to detect the presence of CVD, a plaque or obstruction to the vessel must 

already be present, which at this point reduces the chance of disease reversal. Early 

detection of cIMT due to the migration of VSMCs irrespective of their source through a 

novel photonic interrogation system is highly desirable.  

 

1.4.1.2 Photonics for CVD detection  
 

Amongst the various imaging platforms deployed to interrogate IMT, label-free 

techniques such as vibrational spectroscopy have proven promising (Cheng and Xie, 

2015). Considerable advancements in vibrational spectroscopy with the focus on 

morphological measurements and the relationship between biochemical content and 

functionality have opened up discussion surrounding their role in the early detection of 

disease (Pence and Mahadevan-Jansen, 2016). One such technique with diagnostic 

potential for early detection of de-differentiating VSMC and/or differentiation of stem 

cell-derived VSMC progeny in vivo is Raman spectroscopy. Raman spectroscopy is a 

form of vibrational spectroscopy that analyses vibrations within a molecule that indicate 

the molecular structure giving rise to a unique spectroscopic signature of that molecule. 

The unique spectroscopic signature often referred to as a ‘fingerprint,’ is generally 

between 400-2000cm-1 wavenumbers (Butler et al., 2016; Kiselev et al., 2016). Although 

much work has been done to establish the use of Raman  for the characterisation of 

atherosclerotic plaque to date, there is little research focusing on its use to detect AIT 

before lipid retention. However, some work has been initiated in this field with Raman 

studies of VSMC and associated extracellular matrix proteins serving as possible spectral 
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early biomarkers for AIT detection (Narayanan et al., 1976; Bank et al., 1996; Wanjare, 

Agarwal and Gerecht, 2015; Molony et al., 2018). 

 

A second vibrational spectroscopy method used in the diagnostic field to date is Fourier 

Transform Infra-Red (FTIR). In contrast to Raman, FTIR relies on the absorption of 

infrared radiation rather than the scattering of light. For biological samples, the 

‘fingerprint’ region lies between 600-1450cm-1 wavenumbers. Similar to Raman, the use 

of FTIR for the detection of atherosclerotic plaques has been well established (Wrobel et 

al., 2015). Furthermore, FTIR analysis of human atherosclerotic carotid arteries has been 

performed to determine biochemical markers of mechanical stiffness associated with the 

pathogenesis of atherosclerosis (Barrett et al., 2015).  

 

A third spectroscopy diagnostic tool based on light scattering has recently emerged as a 

potential addition to the repertoire of label-free diagnostics. LiPhos, living photonics, is 

a diagnostic and prognostic tool that incorporates microfluidics and auto-fluorescent 

signalling to enable real-time measurement of autofluorescence emissions from cells and 

analytes in small sample volumes (Burger et al., 2012). The combination of microfluidics 

and light detection enables single-cell capture in a microfluidic system before exposure 

to broadband light, resulting in auto-fluorescent single-cell signatures. The 

autofluorescence emissions are closely associated with metabolism and/or structural 

changes under normal or pathological conditions (Monici, 2005; Burger et al., 2012; 

Croce et al., 2018). Interpretation of these distinct differences can be analysed using 

various mathematical models.  

 

Using, LiPhos, recent murine in vitro models, reveal specific alterations in the cellular 

profile of nucleic acid, protein, lipid content and extracellular matrix of bone marrow 

mesenchymal stem cells and their myogenic progeny can be detected. Furthermore, this 

technology was used to discriminate normal differentiated medial VSMCs from 

arteriosclerotic VSMC-like cells ex vivo following vascular injury (Molony et al., 2021). 

Recent studies show promising attributes for applying vibrational spectroscopy to detect 

discrete changes in cellular components in the arterial wall (Molony et al., 2021) (Figure 

1.5); however, further research needs to be conducted to determine their application in 

human atherosclerotic models. 
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Figure 1.5 Vibrational spectroscopy for sub-clinical detection of CVD. The use of 
vibrational spectroscopy techniques including Raman, LiPhos, and FTIR for sub-clinical 
diagnosis of CVD through changes in cellular spectroscopy signatures. (Created with 
BioRender.com).  
 
 
1.4.2 Biological biomarkers for detection of subclinical CVD 
 

Due to the complex nature of CVD detection, continuous efforts are being made to find 

other, non-classical biomarkers of sub-clinical atherosclerosis. Currently, the most 

frequently studied are circulating biomarkers indicative of arterial wall alteration. The 

use of circulating biomarkers for subclinical disease detection is favourable due to their 

abundance in bodily fluids such as blood, saliva, and urine and their prognostic and 

diagnostic value. Characteristics of ideal biomarkers include high sensitivity, high 

specificity, easily accessible and low cost (Vasan, 2006). Due to the multifactorial nature 

of CVD, a panel of biomarkers used for diagnostic purposes includes proteins, miRNAs, 

and molecules, has recently been reviewed (Ghantous et al., 2020). 

 

Clinical biomarkers used for the detection of various CVDs include C-reactive protein 

(CRP) for the detection of inflammatory conditions (Landry et al., 2017; Ries et al., 

2021), cardiac troponin I and T (cTn1, cTnT) for the detection of acute myocardial 

infarction (AMI) and ACS  (Apple and Collinson, 2012), B-type natriuretic peptides 

(BNP AND NT-proBNP) for detection of AMI (Di Angelantonio et al., 2009) and D-

dimer for detection of thrombosis, ischemic heart disease and cardiovascular mortality 

(Tokita et al., 2009). Although these biomarkers are routinely used in clinical practice, 

they are considered late-stage biomarkers proving beneficial for detecting a 

cardiovascular event after it has already occurred. With the advent of precision medicine, 
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focus has shifted to the discovery of early-stage biomarkers in predicting subclinical 

disease. A panel of early-stage biomarkers has been discovered, some of which include 

myeloperoxidase elevated in early stages of  CAD and stroke (Meuwese et al., 2007; 

Ndrepepa et al., 2008), secreted frizzed related proteins for early detection of MI 

(Askevold et al., 2014) and junctional adhesion molecule elevated in acute endothelial 

activation and dysfunction (Curaj et al., 2018). Although several promising biomarkers 

have been identified, it is unlikely that a single biomarker will unambiguously aid early 

detection of sub-clinical atherosclerosis in all patient cohorts; therefore, a multi-marker 

panel approaches are the most likely way forward. 

 

In recent years extracellular vesicles (EVs) have attracted huge research interest due to 

their promising medical diagnostic and prognostic attributes and applications. EVs 

possess many favourable traits that shape them to be the perfect biomarker contender to 

serve as early diagnostic tools for CVD and other diseases such as cancers (Soung et al., 

2017) and neurodegenerative diseases  (Yoo et al., 2018). EVs are unique candidates for 

disease detection and therapeutic delivery as they are non-immunogenic, non-

tumorigenic, circulate the entire body and cross the blood-brain barrier. (Ha, Yang and 

Nadithe, 2016; Zhu et al., 2017; Matsumoto et al., 2018). Recent progress in EV 

discovery has identified a potential application of EVs as tools for diagnosis, prognosis, 

and therapy in CVD. The ubiquitous nature of EVs in biological fluids is advantageous 

compared to current diagnostic tools. Secreted by virtually all cell types in the body, EVs 

play a unique role in intercellular communication, suggesting their pathophysiological 

role in CVD progression. The cellular origin, composition, and functional property of 

circulating EVs can be exploited as a sub-clinical non-invasive biomarker to detect 

pathological diseases represented by various proteins, lipids, and nucleic acids 

encapsulated in the vesicular membrane. It has been reported that the role of EVs in the 

pathogenesis of CVD may be due to the transfer of molecules such as inflammatory 

cytokines, proteins, and miRNAs from injured cells to neighbouring resident vascular 

cells resulting in the initiation of an inflammatory response and angiogenesis (Boulanger 

et al., 2017; Ribeiro-Rodrigues et al., 2017; Loyer et al., 2018; Sluijter et al., 2018). 
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1.5 Extracellular vesicles, the dark horse of diagnostics 
 

In both physiological and pathological conditions, EVs are continuously secreted by most 

cell types within the body. Upon secretion, their stable structure allows them to protect 

their cargo from destruction as they travel through the body, enabling their detection in 

bodily fluids, including; blood (Abdel-Haq, 2019), saliva (Machida et al., 2015) urine 

(Street et al., 2017), breast milk (Qin et al., 2016), cerebrospinal fluid (Yagi et al., 2017), 

semen (Madison, Jones and Okeoma, 2015) and amniotic fluid (Keller et al., 2007). 

Although EVs can travel around the body, it is suggested that certain biological fluids 

will be enriched with EVs representing the cells they are derived form and in contact 

with. Circulating EVs have a specific makeup of miRNAs, proteins, and lipids which 

mirror their cellular origin and physiological state. Under pathological conditions, this 

‘signature' changes; therefore, vesicular content may be useful as a biomarker for the 

early diagnosis of disease. Several studies have shown an association between elevated 

EVs and prediction and development in the past decade. Elevation of circulating EVs 

have been shown in the following; development of atherosclerotic plaques (Aikawa, 

2016; Kapustin and Shanahan, 2016), peripheral arterial disease (Mallat et al., 1999; 

Badimon et al., 2016), and the Framingham risk score, a risk assessment tool to determine 

patients 10-year risk of developing CVD (Chironi et al., 2006; Nozaki et al., 2009; Ueba 

et al., 2010).   

 

Specifically, microRNAs (miRNAs) are the most studied element of vesicular cargo for 

their role in CVD. A study by Kuwabara et al. reported the importance of two cardiac-

specific miRNAs, miR-1 and miR-133a, which are upregulated in serum from patients 

presenting with an acute coronary event (Kuwabara et al., 2011). In 2013 Li et al. 

expanded further on this study, reporting that miR-1, mi-R133a, mi-R208b, and miR-499 

are significantly increased in patients after an acute coronary event relative to the levels 

of healthy volunteers. However, compared to cardiac troponin 1, none of the four miRNAs 

were superior for early detection of CVD (Li et al., 2013). In contrast, a study carried out 

by Wang et al. detected a particular circulating miRNA, miR-208a, which was 

undetectable in healthy patients but was elevated in 100% of patients presenting with 

myocardial infarction. Not only did it become elevated, but it was detected within 4 hours 

from the onset of chest pain, reaching its peak earlier than that of troponin (Wang et al., 

2010). Although many miRNAs markers have been discovered as possible diagnostic 
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markers, Matsumoto and colleagues found a particular trio of has-miRNAs, has-mi-R-

192, has-miR034a, that may potentially be used as an early prognosis of CVD. They 

reported that all three miRNAs were upregulated in serum samples of CVD patients that 

experienced CVD events within a year of their detection. This suggests a putative role for 

EV encapsulated miRNA as a biomarker in CVD diagnosis and prognosis (Matsumoto et 

al., 2013). Although EV miRNAs have attracted huge interest as potential biomarkers in 

disease, few studies have analysed their pathologic proteomic profile. Of particular 

interest to this study is the identification of a potential  novel diagnostic biomarker that 

acts as a putative regulator of stem cell myogenic differentiation in vitro, contributing to 

stem cell myogenic differentiation, proliferation, and migration during arterial remuddling 

in vivo.  Although classically secreted ligands can reach their destiny by cellular diffusion, 

there is a growing realisation that secreted EVs may contribute and or mediate the release 

and spread of key ligands from one cell to another (McGough and Vincent, 2016).  

 

1.6 Extracellular vesicles, the cellular postmen!  
 
Initially thought of as merely a disposal mechanism of cellular waste, EVs have recently 

become a focal point in research due to their multifunctional role in many biological 

processes such as cell-cell communication (Bang and Thum, 2012), protein clearance 

(Johnstone et al., 1987) regulation of immune response (Bobrie et al., 2011), cancer 

(Muralidharan-Chari et al., 2010) and CVD (Jansen, Nickenig and Werner, 2017). 

Various mechanisms constitutively release this heterogeneous population of phospholipid 

bi-layer-enclosed vesicles from many cell types, including immune cells, tumour cells, 

neurons, and ECs. Upon formation, these EVs are packed with informative goodies from 

their host cells such as proteins, DNA, and miRNA and released into the extracellular 

environment to be captured and internalized by neighbouring cells or travel through the 

systemic circulation system to neighbouring tissues.  
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Figure 1.6 Comparison of size ranges of extracellular vesicles. The smallest 
characterised extracellular vesicle is the EVs ranging between 30-150nm. Microvesicles 
are slightly larger ranging from 100nm to 1µM in diameter. Apoptotic bodies are the 
largest of the extracellular population, are the most heterogeneous, ranging anywhere 
between 1 – 5µM. (Created with BioRender.com). 
 
1.6.1 Characterisation of Extracellular Vesicles 
 
1.61.1 Apoptotic Bodies  
 

EVs are released in various shapes and forms by mammalian and non-mammalian cells. 

Due to their small nature, classification of EVs can prove challenging; however, they can 

be somewhat characterised by their size, content, and sub-cellular origin (Figure 1.6)  

(Colombo, Raposo and Théry, 2014). There are three main mechanisms by which EVs 

may arise, resulting in three distinct subpopulations of vesicles (Figure 1.7) (van der Pol 

et al., 2012). The first and most studied involves cell fragmentation during a programmed 

cell death process known as apoptosis. During this process, the cell undergoes several 

morphological changes in response to an internal breakdown of intracellular proteins 

resulting in membrane blebbing, thin membrane protrusion formation, and release of 

apoptotic bodies. Apoptotic bodies are the largest sub-population of EVs and range 

between 1-5 µM in diameter (Kerr, Wyllie and Currie, 1972), consisting of membrane-

bound cytoplasm with tightly packed organelle and nuclear debris from the host cell. 

Once secreted into the extracellular space, these vesicles undergo phagocytosis by 

neighbouring immune cells (Arandjelovic and Ravichandran, 2015). 

 

 



 

22 

1.6.1.2 Microvesicles  
 

The second method of EV generation involves the shedding of membrane-bound sacs, 

known as microvesicles, from various cell types. Small cytoplasmic vesicles protrude 

from the host cell membrane during this process, detaching through a blebbing process. 

The mechanism that drives this process is not fully understood; however, the rate of the 

shedding process has been dramatically increased upon stimulation of cytosolic 

concentrations of calcium ions. The increase of calcium ions activates scramblase and 

calpain, resulting in a loss of membrane phospholipid asymmetry and degradation of 

various proteins facilitating outward budding of microvesicles from the cellular 

membrane (Zwaal and Schroit, 1997; Yuana, Sturk and Nieuwland, 2013). Microvesicles 

can vary in size but generally fall between 100nm to 1 µm in diameter.  The cargo 

packaged within these cells includes proteins, DNA, and miRNAs; however, not all 

microvesicles will carry the same messages. The proteins carried within indicate the host 

cell in which they have fled (Del Conde et al., 2005; Pluskota et al., 2008; Flaumenhaft 

et al., 2009). 

 

1.6.1.3 Exosomes  
 

Exosomes are the smallest subset of EVs ranging between 30-150nm in size. These 

endosomal derived microvesicles first came to light in the 1980s when researchers Pan, 

Stahl, and Johnstone reported their existence in the extracellular space while studying the 

maturation of reticulocytes to erythrocytes via exosomal secretion of transferrin receptors 

in the bloodstream (Harding and Stahl, 1983; Pan and Johnstone, 1983; Kowal, Tkach 

and Théry, 2014). These vesicles are double-layered, with the lipid bilayer corresponding 

to the cells from which they are released. The secretion of exosomes from cells was 

initially considered produce of cellular waste, secreted during the maintenance of cellular 

homeostasis, bearing no significant impact on neighbouring cells and tissues.  

 

Interestingly, in the past decade, it has been widely accepted that these vesicles are 

functional vehicles carrying a variety of membranous bound complex cargo of lipids 

(Vidal et al., 1989), proteins (Simpson et al., 2009), DNA (Waldenström et al., 2012), 

mRNA and microRNA (Valadi et al., 2007). This unique process enables the delivery of 

these cargos to proximal and distal cells and tissues, initiating a response, representing a 
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mode of intracellular communication. Although initial discoveries proved the release of 

exosomes from blood cells, it has since been confirmed for almost all eukaryotic cells 

within the body, including, but not limited to, various immune cells (dendritic cells, T-

cells, B-cells, astrocytes) ) (Peters et al., 1989; Zitvogel et al., 1998) tumour cells 

(Wolfers et al., 2001; Verma et al., 2015), epithelial and resident vascular cells 

(cardiomyocytes, VSMCs, vascular progenitor cells, ECs) (Hergenreider et al., 2012; 

Zhao et al., 2017). However, it is well established that the cargos secreted by these cell 

types may differ significantly from each other. With this in mind, exosomes and the cargo 

within may offer potential insight into cell-cell communication as well as prognostic 

information in various diseases such as cancers (Soung et al., 2017), neurodegenerative 

diseases (Howitt and Hill, 2016), chronic inflammation (Lässer et al., 2016) renal and 

CVD (Gonzalez-Calero, Martin-Lorenzo and Alvarez-Llamas, 2014; Kishore, Garikipati 

and Gumpert, 2016).  

 
Figure 1.7 Subtypes of EVs and mode of formation. There are three subtypes of EVs 
that can be classified based on their mode of biogenesis. EVs are released from the cell 
through a process called exocytosis. In contrast, microvesicles are secreted by the outward 
budding of the plasma membrane. Apoptotic bodies are released by dying cells through 
a controlled programmed cell death known as apoptosis. (Created with BioRender.com). 
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1.6.2 Exosome biogenesis  
 

Upon their discovery in the 1980s, the production of exosomes was reported to be via an 

intracellular process in the endosomal compartment of the cell. This process is initiated 

by an inward membrane budding of an early endosome into the luminal department, 

leading to multivesicular bodies (MVBs). Following this, invagination of late endosomal 

membranes results in intraluminal vesicles (ILVs) within large MVB’s. In 1987 

Johnstone et al. later coined these ILVs’ exosomes (Pan et al., 1985; Johnstone et al., 

1987). At this stage, various proteins along with cytosolic compounds from the host cell 

are incorporated into the invaginating membrane-bound ILVs. There are two distinct 

pathways in which MVB’s are fated, the first of which involves fusion to the plasma 

membrane and subsequent release of exosomes into the extracellular space, or fusion with 

lysosomes, leading to the degradation and recycling of their nucleotide, lipid, and protein 

contents (Figure 1.8) (Babst, 2011). 

 

1.6.2.1 ESCRT-dependent  
 

Several proposed models are currently associated with the mechanism by which 

exosomes are formed. However, the most robust system for eukaryotic cells is the 

utilization of the established endosomal sorting complex required for transport (ESCRT) 

system and possibly additional ESCRT-independent pathways (Raiborg and Stenmark, 

2009; Wollert et al., 2009; Colombo et al., 2013). ILV formation requires two distinct 

pathways. The first involves endosomal enrichment for tetraspanin CD9 and CD63, along 

with membrane reorganization (Pols and Klumperman, 2009). Secondly, the recruitment 

of the ESCRT complex to the site of ILV formation. The ESCRT pathway consists of 

approximately 20 proteins sorted into four soluble multi-protein complexes ESCRTs, -

0,-I -II, and -III that work cooperatively to facilitate MVB formation, vesicle budding, 

and protein cargo sorting (Pocognoni, Berberián and Mayorga, 2015; Christ et al., 2017). 

ESCRT complexes contain ubiquitin-binding subunits. Initiation of the pathway begins 

by recognition and sequential binding of ESCRT -0 to ubiquitylated proteins in the 

endosomal membrane (Meister et al., 2017).  
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ESCRT -I complex then recruited to the cytosolic side of the early endosomes via various 

stimuli including tsg101, phosphatidylinositol 3-phosphate, and hepatocyte growth 

factor-regulated tyrosine kinase substrate forming a sophisticated binding ubiquitinated 

cargo proteins and activating the ESCRT-II (Fernandez-Borja et al., 1999; Katzmann, 

Babst and Emr, 2001; Bache et al., 2003; Razi, 2006; Shields et al., 2009; Tamai et al., 

2010). Activation of the ESCRT -11 initiates the oligomerization and the formation of 

the ESCRT-III complex. This whole protein complex is involved in promoting the 

budding processes. Following budding formation and successful cleavage, the ESCRT -

111 complex separates from the MVB membrane via the sorting protein Vps4 and is 

dissembled by AAA-ATPase suppressor-of-potassium-transport-growth-defect-1 protein 

(Bishop and Woodman, 2001; Benedetto et al., 2006). In summary, following endosomal 

membrane reorganization, ESCRT- I and -II initiate and drive intraluminal budding of 

the MVB while ESCRT -III completes the budding and cleavage process resulting in the 

formation of ILVs ready for secretion. 

 

1.6.2.2 ESCRT-independent  
 

Exosomes can also be formed in an ESCRT-independent manner. Several ESCRT-

independent mechanisms have resulted in the successful generation of ILVs in MVBs 

following complete disruption of ESCRT function (Stuffers et al., 2009). Although 

ESCRT-independent biogenesis of exosomes does not disrupt the general formation of 

ILVs, the formation of specific ILV populations may be hindered (Colombo, Raposo and 

Théry, 2014; Edgar, Eden and Futter, 2014). The discovery of a ceramide-based 

mechanism of ILV biogenesis initiated the hypothesis that exosome formation was not 

ESCRT dependent. Studies carried out by Trajkovic et al. have shown that exosome 

biogenesis requires the generation of ceramide, a cone-shaped lipid produced during the 

hydrolyses of sphingomyelin by the enzyme sphingomyelinase. Production of ceremide 

may then facilitate the generation of membrane domains by membrane invagination due 

to its cone-like structure and further induce ILV curvature (Trajkovic et al., 2008; 

Kajimoto et al., 2013). Further studies have shown that MVBs loaded with CD63 positive 

ILVs were formed following depletion of components essential for ESCRT complexes 

(Stuffers et al., 2009). In addition to this, several other ESCRT-independent generations 

of ILVs have been reported, including the role of the tetraspanin-mediated organization 
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of particular proteins, such as the amyloidogenic protein premelanosome in endosomal 

sorting and release (Escola et al., 1998; Fast et al., 2017). 

 

Interestingly, different pathways may act together or even in parallel to promote ILV 

formation and release. This theory was brought to light by Baietti et al. during the 

discovery of an alternative ESCRT pathway, the syndecansyntenin-ALIX pathway. The 

leading players facilitating vesicle formation, loading of proteins, and exosome 

biogenesis include heparinase, syndecan heparan sulfate proteoglycans, phospholipase 

D2, ADP ribosylation factor 6, and syntenin. The formation of ILVs is dictated by the 

interaction of syntenin with ALIX and relies on the bioavailability of heparan sulfate, 

syndecans, ALIX, and ESCRTSs (Baietti et al., 2012). A further study carried out by 

Hoshiono et al. in cancer cells reported that ESCRTs and ceramide function in unison to 

facilitate the formation of ILVs (Hoshino et al., 2013). To date, proteomic analysis of 

exosomes suggests that a cell type can release mixed vesicles populations at any given 

time (Bobrie et al., 2012; Chen et al., 2016; Kowal et al., 2016). Therefore, it is not 

surprising that exosomal biogenesis may involve both ESCRT-dependent and ESCRT-

independent pathways. Although the ESCRT pathway is generally considered the primary 

driver of exosome biogenesis, a major challenge for the future is to understand how 

different regulators of exosome biogenesis interact with one another the effect of each 

mediator on the production of diverse exosome populations. 

 

1.6.3 Exosome secretion and release 
 
Exosomes are secreted by many cell types during physiological and pathological 

conditions. There are two main pathways by which exosomes are released and secreted 

from their host MVB; the constitutive release pathway, associated with general 

physiological secretion of exosomes (Record et al., 2011; Record, 2013) and the inducible 

release pathway initiated by stimuli such as heat shock, hypoxia (Sluijter et al., 2014), 

DNA damage (Yu, Harris and Levine, 2006), increased intracellular calcium release and 

LPS (Théry et al., 1999). The initiation of exosome release begins with the transport of 

MVBs to the plasma membrane; this process is dependent on their interaction with actin 

and the microtubule cytoskeleton (Villarroya-Beltri et al., 2014; Sinha et al., 

2016).  Many mediators are involved during membrane trafficking of ILVs, including 

vesicle budding, membrane fusion, and transport along actin and tubulin (Ostrowski et 
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al., 2010). The most important of which are Rab guanosine triphosphatases (RAB 

GTPase), the most prominent family of small GTPases composed of approximately 70 

distinct proteins that facilitate different purposes (Pfeffer, 2001; Stenmark, 2009; Blanc 

and Vidal, 2018). Among these proteins are Rab11 and Rab35, known for their role in 

trafficking membrane cargo to and from recycling endosomes on the way to the plasma 

membrane (Sato et al., 2008; Takahashi et al., 2012; Klinkert and Echard, 2016), 

Rab27A, known to promote the docking of MVBs and fusion to the plasma membrane 

and Rab27B facilitating vesicle transfer from the Golgi to MVBs (Ostrowski et al., 2010). 

In 2002 Savina et al. were the first to show the role of Rab GTPase, Rab11, in exosome 

secretion in human leukemic K562 cells. They reported that overexpression of a 

dominant-negative Rab11 mutant inhibited exosome release (Savina, Vidal and Colombo, 

2002). Similarly, Koles et al. reported that depletion of Rab11 in drosophila S2 cells 

reduced the levels of exosome secretion (Koles et al., 2012). Further to this, a study by 

Ostrowski et al. reported the role of Rab2b, Rab5a, Rab9a, Rab27a, and Rab27b in 

exosome secretion in an shRNA screening targeting 59 Rab GTPases in HeLa cells. 

Interestingly they showed that depletion of Rab27a and Rab27b reduced the ability of 

MVBs to dock onto the plasma membrane (Ostrowski et al., 2010). Similarly, Hsu et 

al. reported the role of Rab35 localisation onto an oligodendrocyte in a GTP-dependent 

manner during MVB docking and membrane fusion. Inhibition of Rab35 resulted in 

intracellular accumulation of vesicles and impaired exosome secretion (Hsu et al., 2010). 

In contrast, there are several methods of GTPase independent methods of exosome release 

during the inducible secretion of exosomes. In 2012 King et al. demonstrated that the 

release of exosomes from breast cancer cells under hypoxic conditions could be mediated 

through a hypoxia-inducible factor 1a (Michael, Gleadle and King, 2012). Inducible 

release of exosomes was reported in rat microglial cells upon culture with cysteine-rich 

glycoprotein, Wnt3a, exosome secretion was mediated through a glycan synthase kinase 

3-independent mechanism (Hooper et al., 2012). During cellular stress, this enhanced 

exosome secretion depends on activation of p53, a regulator of the transcription of the 

tumour suppression-activated pathway 6 TSAP6 gene (Yu, Harris and Levine, 2006; 

Lespagnol et al., 2008). 
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Once transported to the plasma membrane, MVBs undergo a fusion event followed by 

exosome secretion into the extracellular space. To allow this several coordinated 

multilevel changes in cytoskeletal plasma, membrane interactions have to be overcome. 

The first of which involves energy reduction of the membrane via several protein-protein, 

protein-lipid interactions followed by local enzymatic degradation and activation of 

membrane fusion machinery. MVBs fuse with the plasma membrane via soluble N-

ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), tethering 

factors, Rabs, and other Ras GTPases (Pfeffer, 2007). To date, the exact molecular 

necessities for MVB membrane fusion are not well established; however, many studies 

have reported the crucial role of SNARE proteins and synaptotagmin family members 

(Jahn and Scheller, 2006). The primary function of SNARE proteins and their associated 

complexes is to facilitate vesicle fusion to the plasma membrane while providing 

specificity for membrane trafficking via the formation of a SNARE complex (Bonifacino 

and Glick, 2004). Members of this family of proteins are classified into two categories, 

R or Q SNAREs. The formation of the SNARE complex involved in membrane fusion 

includes one R-SNARE, vesicle-associated membrane protein 7, and three Q-SNAREs 

forming four coiled-coil helices (Pfeffer, 2007). RSNARE proteins VAMP7 and YKT6 

have been reported to be necessary during exosome fusion of leukemic K562 cell lines 

and HEK293 cells, respectively (Fader et al., 2009; Gross et al., 2012).  

 

During membrane fusion, vesicle SNAREs localized on MVBs interact directly with the 

target SNAREs localised on the intracellular side of the plasma membrane to form a 

SNARE complex. Once formed, the MVB successfully fuses with the plasma membrane, 

ready for exosome secretion into the extracellular space. Importantly, it has been shown 

that exosome secretion can be initiated independent of Rab GTPases through increases in 

intracellular calcium levels. Increased intracellular calcium levels following monensin or 

calcium ionophore A23187 have been shown to increase exosome secretion in human 

erythroleukemia K562 cells (Savina et al., 2003). Similarly, Fauré et al. reported that 

following potassium-induced depolarisation of critical neurons, the subsequent influx of 

intracellular calcium led to increased exosome secretion (Fauré et al., 2006). Similar 

findings have since been valid for oligodendrocytes (Krämer-Albers et al., 2007) and 

breast carcinoma cell lines (Messenger et al., 2018).Interestingly it has been shown that 

some proteins such as the synaptotagmin family function as calcium sensors controlling 

exosome secretion. Knockdown of synaptotagmin-7 has been shown to reduce the rate of 
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exosome secretion in head and neck squamous cells and measured by nano-tracking 

analysis (Hoshino et al., 2013). Regardless of the mechanism by which they are released 

from MVBs, exosomes are released into the extracellular space remaining close to their 

host cell, interacting with neighbouring cells, or travel through various bodily fluids. 

 
 

Figure 1.8 Exosome biogenesis. Exosome biogenesis is a complex process and can be 
conducted in an ESCRT dependent/independent manner. The internalisation of the 
plasma membrane initiates the formation of exosomes by endocytosis. The fusion of early 
endosomes results in the production of multivesicular bodies. Upon maturation, MVBs 
are directed to the plasma membrane via a tightly Rab GTPase-dependent multistep 
process. They undergo a SNARE-mediated plasma membrane fusion event followed by 
secretion into the extracellular space. (Created with BioRender.com). 
 

1.6.4 Exosome Uptake and Function  

Once released into the extracellular space, exosomes can reach their target cell and 

delivering their contents to initiate functional responses and/or promote phenotypic 

changes affecting their physiological or pathological status. Current research suggests 

successful delivery of exosomal cargo can occur via two main mechanisms; endocytosis 

or direct fusion with the target cell (Figure 1.9). Exosomal endocytosis is a multi-step 

process; the first step involves exosome docking onto the plasma membrane of the 

recipient cell via receptor-ligand binding. Although the cellular and molecular basis for 
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specific targeting of recipient cells are not clearly defined, several mediators are known, 

including specific lipids, lectins, tetraspanin, various extracellular matrix components, 

and heparan sulfate proteoglycans. For example, uptake of tumour and non-tumour-

derived exosomes is substantially reduced following the block of heparan sulfate 

proteoglycans (Atai et al., 2013; Christianson et al., 2013).  Similarly, the presentation of 

integrins on exosomes interacts with cell adhesion molecules at the surface of recipient 

cells, facilitating stable docking and attachment. 

Irrespective of the mechanism by which exosomes dock to the recipient cell, once bound, 

they either remain attached to the plasma membrane (Denzer et al., 2000; Buschow et al., 

2009) or become internalised. The method by which the exosome becomes internalised 

differs depending on the cell type. Multiple mechanisms of endocytosis have been shown, 

for example, phagocytosis and clatherin-mediated endocytosis in neurons, 

micropinocytosis by microglia, caveolin-mediated endocytosis in epithelial cells, and 

lastly lipid-raft endocytosis in tumour cells (Morelli et al., 2004; Barrès et al., 2010; Feng 

et al., 2010; Fitzner et al., 2011; Frühbeis, Fröhlich and Krämer-Albers, 2012; 

Montecalvo et al., 2012; Nanbo et al., 2013; Svensson et al., 2013). Alternatively, 

exosomal uptake can occur via a direct membrane fusion event. However, this requires 

the insertion of fusogenic proteins into the plasma membrane, followed by lipid 

reorganisation, protein reconstruction, and membrane dimpling (Bonifacino and Glick, 

2004; Podbilewicz, 2014). Following interaction and uptake by recipient cells through 

the mechanisms discussed above, exosomes may fuse with internal cytoplasmic 

endosomes resulting in the transfer of bioactive materials or possible degradation. 

However, it is currently unclear exactly how the cargo transfer occurs (Abels and 

Breakefield, 2016). Once internalised by the receipt, cell exosomes can initiate a diverse 

array of biological functions in both physiological conditions such as; intercellular 

communication (Meldolesi, 2018), immune modulation (Raposo et al., 1996), 

coagulation, and thrombosis (Kapustin et al., 2017) and protection against cellular stress 

and death, and pathological conditions such as; development and progression of 

neurodegenerative disease (Vella et al., 2008), liver disease (Masyuk, Masyuk and 

Larusso, 2013), cancers (Hannafon and Ding, 2013) and CVD (Lawson et al., 2016).  
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Figure 1.9 Exosome uptake by neighbouring cells. Schematic representation of 
exosome uptake by neighbouring cells. Once secreted into the extracellular space, 
exosomes can be taken up by neighbouring cells via two main processes (i) exosomes are 
engulfed into the target cell via endocytosis. Once endocytosed, exosomes fuse with the 
endocytic compartment delivering various cargo (ii) exosomes dock onto the target cell's 
plasma membrane and directly deliver their cargo into the cytoplasm of the target cell. 
(Created with BioRender.com). 
1.6.5 Exosome Structure and the Cargo Within 
 
Since their discovery in the 1980’s exosomes have somewhat been regarded as a 

miniature version of the host cell in which they originate. This theory is predominantly 

due to the complex nature of exosomes in terms of structure and content mirroring that 

of the parent cell. In general, exosomes are heavily loaded with a diverse range of 

bioactive materials such as proteins, lipids, and nucleic acids (Figure 1.10) (Colombo, 

Raposo and Théry, 2014). In recent years extensive research has been carried out in a bid 

to identify and characterise exosomal content. This has led to the establishment of three 

main publicly accessible databases: EVpedia, Vesiclepedia, and Exocarta, which include 

helpful information such as protein, lipid, and nucleic acid content and isolation and 

purification procedures (Mathivanan and Simpson, 2009; Kalra et al., 2012; Kim et al., 

2013). 
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Although exosomes contain a comprehensive and heterozygous range of molecules, some 

aspects of exosome structure are generally conserved across many populations. Scattered 

amongst their lipid bilayer is a cohort of proteins with various functions. Amongst these 

proteins are the tetraspanin family, typically CD9, CD37, CD63, CD81. Moreover, CD82 

assisting in multiple functions such as cell penetration, invasion, and fusion (Escola et 

al., 1998; Théry, Zitvogel and Amigorena, 2002; Yakimchuk, 2015). Although CD9 was 

the first of the family discovered in dendritic cells, several studies have reported an 

abundance of CD63 and CD81 expressed across a broad range of exosomes and are 

therefore are considered a robust marker for exosome detection (Escola et al., 1998; 

Théry et al., 1999; Raposo and Stoorvogel, 2013). Also present within exosomes are 

small heat shock proteins, mainly HSP27, HSP60, HSP70, and HSP90, involved in 

cellular response and antigen presentation during cellular stress, assisting protein folding 

and trafficking (Srivastava, 2002) as well as MVB formation proteins involved in 

exosomes formation and release, Alix, TSG101, Rab GTPases such as RAB11B, 

RAB27A, and ARF6. Interestingly, proteins associated with the endoplasmic reticulum, 

Golgi, and nucleus have not been detected in exosomal fractions (Théry et al., 2001); 

however, numerous studies have shown the presence of  EV membrane bound ligands 

involved in gene activation in target cells via receptor binding and internalisation (Kalra 

et al., 2012; McGough and Vincent, 2016). Although the above proteins are commonly 

encapsulated in exosomes, it has been suggested that they are not uniformly distributed 

in all subpopulations highlighting that even the same cell can release structurally 

homogenous vesicles containing heterogeneous contents (Tauro et al., 2013). 

 



 

33 

 
 

Figure 1.10 Structure and molecular components of exosomes. Exosomes are 
composed of a plasma membrane-derived phospholipid bilayer containing cytosol 
components from the cell of origin. The exosomes' composition depends on the cell type 
of origin, the state of health of the source cell, and extracellular stimuli. There are various 
proteins, lipids, and miRNAs common to most exosomes, including depicted above. 
(Created with BioRender.com).  
 

1.7 Endothelial EVs 
 

Like most cells in the body, vascular ECs retain the ability to release EVs into the 

extracellular space in response to cellular activation or apoptosis. Characterised by their 

expression of various EC specific surface markers (CD31, CD55, CD144, and von 

Willebrand factor), vascular endothelial EVs have been proven to play a putative role in 

physiological processes maintaining vascular homeostasis (Ridger et al., 2017), vascular 

development (Sheldon et al., 2010), endothelial regeneration and vascular cell protection 

(Abid Hussein et al., 2005),  as well as the pathological progression of vascular disease 

(Abid Hussein et al., 2005; Bellin et al., 2019). Under basal conditions, the endothelium 

functions to maintain vascular homeostasis. A unique feature enabling this is the capacity 

to respond to various intrinsic physical stimuli. However, this trait is a double-edged 

sword as the endothelium actively responds to circulating  CVD risk factors, including 

LDL, nicotine, and elevated glucose levels. Basic mechanisms involved in sub-clinical 

atherosclerosis indicate that deleterious alterations of the endothelium, referred to as 
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endothelial dysfunction (ED), represent a critical early step in the development of 

atherosclerosis (Anderson et al., 1995; Kinlay and Ganz, 1997). Endothelial dysfunction 

is characterised by reducing the bioavailability of vasodilators, in particular NO, and/or 

an increase in endothelium-derived contracting factors. In addition to this, ED leads to 

endothelial activation characterised by a procoagulant, proinflammatory, and 

proliferative state that aids the development of sub-clinical atherosclerosis (Anderson, 

1999). To truly understand the role of endothelial-derived EVs as a driving force during 

the pathogenesis of CVD, an understanding of the pivotal role of the vascular endothelium 

as the primary responder to physiological and pathological stimuli is required.  

 
1.7.1 The endothelium, protector of the frontline. 
 
 
1.7.1.1 Vascular barrier  
 
The primary, most basic function of the endothelium is to act as a physical, 

semipermeable barrier. This physical barrier is formed by the close alignment of a single 

layer of ECs supported by the development of multiple cell-cell junctions, including 

adherens junctions, tight junctions, and gap junctions (Figure 1.11) (Yuan and Rigor, 

2011). The central role of the formation of adherens and tight junctions is to establish and 

maintain cell-to-cell adhesion along the endothelium. The initiation of adherens junctions 

requires VE-cadherin recruitment, a calcium-dependent transmembrane endothelial-

specific member of the cadherin family of adhesion proteins. VE-cadherin is linked 

through its cytoplasmic domain to catenin binding proteins p120, β-catenin, and α-catenin 

resulting in a reorganisation of the cytoskeleton actin filaments forming a tight cell-cell 

barrier (Meng and Takeichi, 2009). Similarly, the formation of tight junctions further 

enhances the endothelial barrier. Unlike adherens junctions, they have a complex protein 

composition consisting of a network of 40 different proteins (Schneeberger and Lynch, 

2004), some of which include occludin, tetraspanin, and claudin protein family members, 

as well as many junctional adhesion molecules (Aijaz, Balda and Matter, 2006). 

 

This network of proteins works together to form two distinct pathways across the tight 

junction referred to as a pore pathway, allowing passage of small ions and other various 

uncharged molecules, and a leak pathway, allowing the passage of larger macromolecules 

(Shen et al., 2011). Junctions act as a physical barrier and play a vital role in the 
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permeability of the endothelium. In contrast, the primary function of gap junctions is cell-

cell communication. This communication pathway is facilitated by forming inter-cellular 

hemichannels formed by members of the connexion transmembrane protein family 

(Goodenough, 1996). These inter-cellular channels allow for the bidirectional flow of 

ions and signalling molecules acting as a crucial intercellular communication channel 

involved in multiple cellular processes such as transport of metabolites, apoptosis, 

differentiation, and homeostasis in the vasculature (Laird, 2010). 

 
 

 
 
 
Figure 1.11 Compositional make up of inter-endothelial junctions. Schematic 
representation of the three inter-endothelial junctions; tight junctions composed of 
adhesion proteins such as claudins and occludin connected to actin present in the 
cytoskeleton of adjacent ECs, adherens junctions composed of vascular endothelial-
cadherin connected to adjacent cells via α-catenin, β-catenin, and p-120-catenin 
connected to the actin cytoskeleton and finally gap junctions composed of connexin 
hexamers forming hemichannels. (Created with BioRender.com). 
 
1.7.1.2 Oxidative Stress 

One of the major targets of oxidative stress is the endothelium, playing a crucial role in 

the pathophysiology of several vascular diseases and disorders. Specifically, oxidative 

stress increases the permeability of the endothelium promoting infiltration of immune 
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cells, alterations in endothelial signalling, and redox-regulated transcription factors 

(Higashi et al., 2009; Förstermann, 2010). Reactive oxygen species (ROS) is a term used 

to describe chemically reactive molecules and free radicals containing oxygen, some of 

which include primary ROS  O2-, hydrogen peroxide (H2O2), nitric oxide (NO), and 

hydroxyl radicals (Finkel, 2011). ROS production under controlled conditions activates 

the intracellular reduction and oxidation (redox) signalling pathways mediating many 

physiological processes. However, overproduction of ROS leads to oxidative stress. The 

delicate balance between the beneficial and detrimental roles of ROS production is 

controlled by the presence of an internal antioxidant defence system comprising of 

endogenous pro-oxidative enzymes such as nicotinamide adenine dinucleotide 

phosphate-oxidase (NADPH) oxidase and xanthine oxidase, and anti-oxidative enzymes 

such as glutathione reductase, superoxide dismutase and peroxidase (Tiwari, 2014). 

1.7.1.3  NADPH production of ROS  
 

Initially, the overproduction of ROS metabolites within a cellular system was considered 

to be random. However, the advent discovery of NADPH oxidase (NOX) and dual 

oxidase (DUOX) enzymes have clarified that the generation and regulation of ROS is a 

controlled signalling system driven by two main enzymes; NOX and DUOX (Lambeth, 

Kawahara and Diebold, 2007). The NOX family of proteins are classified as hetero-

protein transmembrane proteins (except for NOX5) and function as gateways to transfer 

electrons, specifically molecular oxygen, across biological membranes. There are seven 

classified NOX proteins present in the plasma membrane in mammals, NOX1 to 5 and 

DUOX 1/2 and the endoplasmic reticulum, NOX 2,4 and 5 the mitochondrial membrane 

NOX4 and the nuclear membrane, NOX4 and 5 (Skonieczna et al., 2017). Although all 

isoforms are structurally similar to each member of the NOX family, enzymes have 

specific regulatory mechanisms, tissue specificity, and unique downstream targets 

(Drummond and Sobey, 2014). 

 

1.7.1.4 Diabetes and NOX activation 
 

Low levels of NOX isoforms are expressed under physiological conditions. However, 

upregulation of these isoforms is associated with vascular pathologies in response to 

endothelial injury. Among the seven isoforms of NOX enzymes, ECs express four NOX 
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isoforms, including the O2--generating enzymes NOX1, 2, and 5 and the hydrogen 

peroxide-generating enzyme NOX4 (Figure 1.12) (Drummond and Sobey, 2014). Under 

physiological conditions, these enzymes are expressed at relatively low levels on 

membranes of the endoplasmic reticulum (ER) and nucleus, contributing to intracellular 

redox signalling processes.  

 

One of the main risk factors associated with the development of CVD is a condition 

known as diabetes mellitus, often referred to as diabetes. Diabetes is a metabolic disorder 

that is classically characterised by chronically elevated blood glucose clinically referred 

to as hyperglycaemia. Endothelial exposure to hyperglycaemic conditions results in an 

array of adverse effects triggering endothelial dysfunction due to attenuation of 

endothelium vasodilation, the release of inflammatory proteins, and insulin secretion 

(Williams et al., 1998; Lin et al., 2001; Toschi et al., 2002; Simsek et al., 2010).  Insulin 

is an essential hormone produced in the pancreas that facilitates glucose entry into the 

body's cells, subsequently converted to energy. The absence of insulin in the body leads 

to high circulating glucose levels in the bloodstream, often clinically referred to as 

hyperglycemia. There are two sub-groups of diabetes (i) type 1 diabetes (T1D), an 

autoimmune reaction in which the body's immune system attacks insulin-producing beta 

cells of the pancreas resulting in daily dependence on insulin, and (ii) type 2 diabetes 

(T2D), the inability of the body's cells to respond to insulin resulting in resistance and 

subsequent inadequate production (World Health Organization, 2006; International 

Diabetes Federation, 2019). Many of the systemic changes in diabetes are known 

activators of NOX (Zhang et al., 2013). Although the role of individual NOX isoform is 

not fully cemented, there is evidence of excess NOX-derived ROS using various in vitro 

models of hyperglycemia. The role of various NOX isoforms activated under 

hyperglycaemic conditions varies depending on the species with NOX1 and NOX2 

elevation reported in murine models after induction of hyperglycemia (Youn, Gao and 

Cai, 2012; Sukumar et al., 2013; Rezende et al., 2018), while NOX2 and NOX4 

associated with human in vitro induction of hyperglycemia (Taye et al., 2010; Williams 

et al., 2012). Interestingly although originally positively associated with regulation of 

vascular endothelial function, upregulation of NOX4 has been linked to ED. Studies in 

cultured human ECs under normal (5.5mol/L) or high glucose (30 mmol/L) 

concentrations showed an increase in both NOX2 and NOX4 protein expression (Taye et 

al., 2010). Further studies have identified NOX4 as the primary source of ROS generation 
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following NF-κB activation, a strong inflammation, and metabolic malfunction. 

Induction of hyperglycemia enhanced interactions between NF-κB/p65 and the NOX4 

promoter, indicating a strong association with NOX4-derived ROS via NF-κB/p65 

transcription (Williams et al., 2012). 

 

The clinical relevance of NOX4 in human studies has not been explored. In vivo animal 

models have given insight into possible roles for NOX4 in hyperglycaemic environments. 

NOX4 has been identified as a curtail regulator of glucose homeostasis, as shown by Li 

and colleagues. Wild-type mice fed a 12-week high fat diet gained significant body 

weight as expected; however, NOX4 KO exacerbated the development of obesity within 

two weeks. Weight gain also continued through the administration of interventions 

suggesting NOX4 may be somewhat responsible for elevations in blood glucose during 

the development of insulin resistance (Li et al., 2012). Previous studies support this 

finding with enhanced NOX4 protein levels report in streptozotocin-induced diabetic rats 

with unchanged levels of NOX1 and NOX2 (Maalouf et al., 2012).  

 
Figure 1.12 NOX isoforms present in the endothelium. Schematic representation of 
the NOX isoforms present in the ER of ECs. (Created with BioRender.com). 
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1.7.2 Endothelial EVs in CVD 
 

Under physiological conditions, vascular ECs secrete low concentrations of EVs into the 

bloodstream. However, upon induction of ED, the concentration of EVs significantly 

increases (Vicencio et al., 2015; Dougherty et al., 2020; Zhang et al., 2021). It is widely 

accepted that when exposed to cellular stress or damage, ECs release growth factors and 

cytokines, which render change amongst neighbouring vascular cells. Whether this 

bioactive material is packaged into an exosome and secreted to other cardiac 

compartments remains clarified. Many studies have shown an increase in exosome 

content during the onset of CVDs such as diabetes mellitus, atherosclerosis, and 

myocardial infarction (Mallat et al., 2000; Bernal-Mizrachi et al., 2003). Although 

multiple studies have shown a direct role for the endothelial release of circulating 

microparticles and CVD, the study and consequence of EVs secretion and cargo content 

are less know. Quantitative proteomic studies have shown that EVs derived from ECs 

under different culture conditions have unique cargo content. When cultured in hypoxic 

conditions, EC-EVs present a high content of proteins involved in extracellular matrix 

remodelling. In contrast, when treated with TNF-a mimicking inflammation, EC EVs 

enriched for several factors associated with immune response and protection suggesting 

a vital role for EC release of EVs composed of a unique repertoire of proteins, lipids, and 

miRNAs in the development and progression of vascular disease (de Jong et al., 2012).  

 

EV-mediated cell-cell communication is thought to drive vascular pathology. Studies 

have suggested that upon induction of ED, the consequential release of EVs into the 

subendothelial space facilitates communication with neighbouring cells such as VSMCs, 

vascular progenitor cells, and circulating immune cells. The uptake of EC-derived EVs 

containing various miRNAs and transcription factors initiates a functional response in 

neighbouring cells. In-vitro co-culture studies have shown KLF4-induced secretion of 

EVs from HUVECs harboured miR-143 and miR-145 enriched cargo. Upon co-culture 

with VSMCs, uptake of these EVs regulates VSMC phenotype depicted by a change in 

vascular de-differentiation genes such as ELK1, KLF4, CAMK2d, and SHH2. 

Furthermore, they established that EVs derived from ECs expressing KLF4 also induced 

the formation of atherosclerotic lesions (Hergenreider et al., 2012).  
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A similar cross-talk mechanism exists between vascular ECs and circulating monocyte 

macrophages, promoting atherosclerotic plaque formation. Studies by Tang and 

colleagues reported that EVs secreted by LPS/INFα activated monocytes are endocytosed 

by human ECs, resulting in the expression of ICAM-1 and pro-inflammatory cytokines. 

This process results in ED via the TLR4 and NF-κB pathways contributing to the 

development of heart disease and potentially other chronic immune activation diseases 

(Tang et al., 2016). Further studies have shown exosome-dependent monocyte to 

endothelial crosstalk exists between monocytes and ECs and visa-versa in response to 

hyperglycaemic conditions. Similar to previous studies, they reported that EVs derived 

from both monocytes and ECs modulate the expression of surface proteins such as ICAM-

1 in response to high glucose (Sáez et al., 2019). This study is in line with previous data 

showing that circulating EVs from newly diagnosed diabetes type 2 patients are enriched 

with proteins responsible for cell activation, i.e., ICAM-1 (Xu et al., 2016).  

 

In summary, a large body of research provides substantial evidence in favour of the active 

involvement of endothelial-derived EVs in the development and progression of 

associated vascular diseases. Endothelial EVs can efficiently deliver their cargo into 

recipient vascular cells driving pathological processes. Isolation and interrogation of 

endothelial EVs have the potential to serve as a snapshot of vascular health at any given 

stage of life. This favourable trait marks them as new contenders for use in early detection 

and prevention of disease. Although extensive research has focused on the role of EV 

miRNA as potential diagnostic biomarkers for disease due to their involvement in post-

transcriptional regulation of gene expression, the role of EV proteomic profiles is recently 

becoming evident. Differences in EV protein content occurs in response to a variety of 

physiological or pathologic stimuli. The protein profile of circulating endothelial EVs 

may stand as a sub-clinical diagnostic biomarker for CVD. Studies of EV proteomic 

profiles have suggested a link between EV proteins and atherosclerosis which showed 

that hypercholesterolemic patients with subclinical lipid-rich atherosclerotic plaques have 

a higher abundance of CD45/CD3-derived ECs than those in patients with fibrous plaques 

(M. A. Rogers et al., 2020). Interestingly current research has focused on the cargo 

encapsulated within EVs as diagnostic biomarkers. Research carried out by our group 

along with others have shown the role of Hh signalling during vascular pathogenesis (Di 

Luca et al., 2021). Local inhibition of the Hh receptor, pathched-1, attenuates subclinical 

atherosclerotic disease in murine models (Redmond et al., 2013). Furthermore HHIP-
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LIGWAS studies have shown an association of Hh SNPs with coronary artery disease  

(Schunkert et al., 2011). Therefore, taking these findings on board further research is 

needed to identify the possible  role of EVs during the transport of Hh morphogens as 

initiators of this pathologic cascade.  

 

1.8 Sonic hedgehog protein 
 

Paracrine signalling refers to the release of a ligand from its site of production into the 

extracellular environment, where it travels until binding to its targeted receptor. Under 

physiological and pathological conditions, cell-fate decisions and tissue homeostasis 

require precise information input from the extracellular space. First discovered for their 

role in embryogenesis,  secreted morphogens act in a paracrine manner aiding essential 

processes within the body. Failures in the secretion of these morphogenic signals lead to 

severe developmental disorders and disease pathogenesis (Briscoe and Thérond, 2013). 

The hedgehog (Hh) signalling pathway is a critical mediator of many cellular and 

developmental processes. The Hh protein family consists of morphogenic molecules 

crucial in embryogenesis, postnatal morphogenesis, and general tissue homeostasis. Hh 

proteins are post-translationally modified by cholesterol at the C-terminus and palmitate 

at the N-terminus; these lipid modifications act as an anchor to the cell (Porter et al., 

1996; Pepinsky et al., 1998). Hh proteins can act in a dose-dependent manner or induce 

factors to control cell fate, proliferation, patterning, and survival. Three Hh proteins have 

been described in vertebrates, Sonic Hh (SHh), Indian Hh (IHh), and Desert Hh (DHh), 

of which SHh is the most studied (Echelard et al., 1993). These proteins have some 

redundant properties. However, each has been shown to almost exclusively mediate 

particular developmental processes, such as neural tube patterning, endochondral skeletal 

development, and spermatogenesis, respectively, through the regulation of stem cell 

populations.  

 

In vertebrates, the SHh signalling pathway is mediated by transcription factors Gli1, Gli2, 

and Gli3, transmembrane proteins Ptch 1, and smoothened (Smo). In the absence of Hh 

proteins, transcription factors Gli 1,2, and 3 are bound to suppressor of fu (sufu) kinase 

family members seven and cos-2, forming a repressor complex. The Hh-dependent 

signalling cascade is initiated when the Hh ligand binds to the integral-membrane protein 
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Ptch receptors via interaction of the Ptch sterol-sensing domain and Hh cholesterol motif. 

Once bound, the Ptch-Smo receptor complex dissociates, resulting in the phosphorylation 

and activation of Smo. This phosphorylation process leads to the disassembly of the Gli-

sufu repressor complex allowing translocation of Gli transcription factors to the nucleus 

to initiate transcription of Hh target genes (Figure 1.13) (Hooper and Scott, 2005; 

Choudhry et al., 2014; Mooney et al., 2015). Gli activators induce the transcription of Hh 

target genes primarily involved in cell proliferation, cell survival, and cell fate 

specification, including PTCH and GLI (Marigo and Tabin, 1996). HHIP (Hh interacting 

protein) modulates Hh signalling activity by binding and inhibiting the action of Hh 

proteins (Chuang and McMahon, 1999).  

 

Genome-wide association studies (GWAS) in patients presenting with CAD have 

identified variants at the 14q332 HHIPL1 that encode a paralog hedgehog interacting 

protein (HHIP) to increase Hh signalling activity, by binding and inhibiting the action of 

hedgehog proteins, resulting in VSMC proliferation and migration in vitro (Schunkert et 

al., 2011). Hh has been identified through increased lipid uptake by macrophages in 

murine atherosclerotic models, while HHIP1 deletion reduces atherosclerotic plaque 

formation (Beckers et al., 2007; Aravani et al., 2019). Furthermore, SHh signalling and 

EGF-like domain-containing two and signal peptide CUB domains are overexpressed in 

injured arteries (Morrow et al., 2009; Ali et al., 2013; Dutzmann, Koch, Weisheit, 

Sonnenschein, Korte, Haertlé, Thum, Bauersachs, Sedding and J. M. Daniel, 2017).  The 

role of stem cell differentiation during VSMC migration in response to vessel injury 

remains a possible source of neointimal cells during vessel remodelling. Adventitial 

Sca1+ cells that co-localise with SHh and Ptch1 significantly contribute to intimal 

thickening in vivo (Tsai et al., 2012; Shikatani et al., 2016; Dutzmann, Koch, Weisheit, 

Sonnenschein, Korte, Haertlé, Thum, Bauersachs, Sedding and J. M. Daniel, 2017) while 

Hh inhibition with cyclopamine or local perivascular depletion of Ptch1 attenuates intimal 

thickening following iatrogenic flow restriction in vivo (Redmond et al., 2013; Fitzpatrick 

et al., 2017). Recent findings have highlighted the role of an alternative S100β+ resident 

vascular stem cells as a source of neointimal VSMCs through lineage tracing analysis of 

transgenic S100β-Egfp-cREert2-Rosa26-tdTomato reporter mice. Morphometric analysis 

of S100β-Egfp-CREer2-Rosa26tdT confirmed a significant increase in the number of 

S100β-tdT marked cells within the intimal and medial layers of the injured vessel. 

Interesting, parallel studies determined that inhibition of Hh signalling, through the 
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administration of Hh inhibitor cyclopamine, controls neointimal thickening following 

flow restriction by attenuating the volume and accumulation of Sca1 cells within lesions. 

Furthermore, Hh signalling directly promotes Sca1/S100β cells from mouse and S100β 

neuroectoderm (NE) stem cells derived from HiPSC to undergo growth and myogenic 

differentiation to VSMC-like cells in vitro (Di Luca et al., 2021). 

 

 
Figure 1.13 Hh signalling pathway. In the absence of Hh, membrane-bound Ptch 
receptor inhibits Smo, resulting in the repression of Gli genes by forming a Gli repressor 
complex composed of Gli full-length proteins, suppressor of Fu, kinesin family member 
seven and costal-2. In contrast, the Hh signalling pathway is activated when the Hh ligand 
binds to Ptch receptor resulting in phosphorylation of Smo, promoting disassembly of the 
Gli repressor complex. This complex then localises in the nucleus activating target gene 
expression of Hh genes (Mooney et al., 2015).  
 
1.8.1 EVs and Hh Signalling 
 
Although several mechanistic models are proposed for the extracellular transport of Hh, 

recent studies have identified the role of EVs as means of transport exerting their long-

range signalling function. Overexpression of GFP/CFP tagged Hh in Drosophila wing 

discs showed Hh trafficking was localised in the plasma membrane of producing cells 

where it forms nanoclusters, tagged Hh is then re-internalised by producing cells (Callejo 

et al., 2011; D’Angelo et al., 2015). Proteomic analysis of vesicles isolated from 

conditioned media of insect cells has identified Hh morphogen and known regulators of 

EV formation, including ESCRT machinery, small GTPase, and Rab proteins. 

Interestingly depletion of these proteins in culture leads to decreased morphogen 
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secretion on EVs (Matusek et al., 2014; Vyas et al., 2014; Parchure et al., 2015). How 

Hh-EVs interact with their receptors is not known. Two possible pathways for interaction 

include endocytosis by neighbouring cells or direct binding to its receptor Ptch at the 

surface of receiving cells (Matusek et al., 2014).  

 

The secretion of Hh has been extensively investigated in Drosophila. Little is known 

about the secretion of Hh invertebrates. As discussed above, SHh plays a vital role during 

embryogenesis and recapitulates in adulthood during various human pathologies. With 

this in mind, SHh-containing EVs have been intensively studied. EVs carrying SHh are 

released into the extracellular space. An increase in circulating SHh-EVs has been shown 

following apoptosis and or T-cell stimulation (Carmen Martínez et al., 2006), following 

endothelial injury (AgouTii et al., 2007) during angiogenesis (Soleti et al., 2009) and 

following myocardial infarction (Bueno-Betí et al., 2019). Murine studies have identified 

the release of HHIP-EVs from damaged ECs when released into circulation; HHIP-EVs 

bind to SHh-EVs, blocking the activation of the Hh signalling pathway in recipient cells 

(Nie et al., 2016). These studies highlight the importance of EVs as viable cell-cell 

communicators during the onset of disease.  

 

1.8.2 EVs and Notch Signalling 
 

Similar to the hedgehog signalling pathway, notch signalling in an evolutionarily 

conserved pathway which plays a significant role during the regulation of embryonic 

development, stem cell fate and maintenance of tissue homeostasis (Guruharsha, Kankel 

and Artavanis-Tsakonas, 2012).  The Notch receptor is a transmembrane protein that 

requires ligand-receptor binding of Notch to the adjacent cell.  In mammals, there are four 

Notch receptors, Notch 1-4, which can be activated by five different types of ligands 

Jagged-1, Jagged-2, and Delta-like ligands 1 – 4. Initiation of the Notch signalling 

pathway is through a transactivation process whereby a Notch receptor binds to 1 of 5 

ligands at the ligand-binding region, EGF 12, resulting in a small conformational change 

(Bray, 2006). This process is controlled by the enzymatic activity of furin convertase, 

which aids ligand-receptor binding. The second proteolytic event involves the cleavage of 

the notch receptor at site two by the ADAM family of metalloproteases, mainly ADAM 

10/ADAM1 followed by a γ-secretase cleavage at S3 in the transmembrane domain 

(TMD) (van Tetering and Vooijs, 2011) (Gordon, Arnett and Blacklow, 2008). 
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Subsequently, the Notch intracellular domain (NICD) is released from the membrane to 

facilitate translocation to the nucleus where it binds to numerous transcription factors at 

the RAM domain. Interaction with the DNA-binding protein RBPJ initiates the 

recruitment of the co-activator Mastermind which subsequently activates the MED88 

mediator transcription activation complex resulting in the activation of Notch target genes 

including the hairy enhancer of split (HES), HES-related repressor protein (HERP -1 to -

3) and the hairy enhancer of split related with YRPW motif protein Hey-1, -2  and Hey L 

in humans (Iso, Kedes and Hamamori, 2003) (Gridley, 2010). While HES genes are 

generally associated with neural and endocrine functions, Hey genes play a vital role 

during vascular development and more recently vascular disease (Wiese, Heisig and 

Gessler, 2010; Louvi and Artavanis-Tsakonas, 2012).  

 

EVs can act as delivery vehicles facilitating Notch signalling via vesicular membrane-

tethered Notch receptor-ligand binding on adjacent cells. Accumulation of Delta-like 

ligands in intracellular vesicles have been studied in Drosophila and zebrafish models; 

this has led to the hypothesis that these ligands may be incorporated into exosomes for 

transport (Le Borgne and Schweisguth, 2003). Although extensive research has been 

published about Notch signalling after cleavage, the mechanism by which the Delta-like 

ligands are cleaved is less known. Previous studies have suggested the Delta-like ligands 

require endocytosis in order to become functional (Le Borgne, 2006). In 2010 Sheldon et 

at., demonstrated the role for endothelial exosome incorporation of Delta-like 4 Notch 

ligand in vascular pathologies and cancer. During this study, they demonstrated that upon 

induction of Delta-like-4 in HUVECs, the protein is incorporated into an exosome. They 

also proved via coincubation that endothelial exosomes containing Delta-like-4 ligands 

are transferred to neighbouring cells resulting in inhibition of Notch signalling and loss of 

notch reporter activity (Sheldon et al., 2010).  

 

1.9 Current models used to study CVD 
 
There are several challenges to understanding the complex pathophysiology of CVD. The 

most obvious of which is the inaccessibility to human tissues with the majority of tissue 

usually obtained post-mortem, representing end stage disease. However, despite this 

several in vivo and in vitro models have been developed to determine the potential power 
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of diagnostic biomarkers further advancing our knowledge of CVD progression and 

detection.  

 

The use of in vivo animal models to study sub-clinical atherosclerosis has proven an 

essential tool toward our current understanding of the molecular mechanisms driving the 

development of atherosclerosis (Conn, 2013; Konstantinov and Jankovic, 2013) . An 

ideal animal model resembles human anatomy and pathophysiology, are easy to acquire, 

and can be maintained at a reasonable cost. In order to successfully model human 

subclinical atherosclerosis as best possible, the choice of animal and choice of injury 

inflicted are paramount. For this reason, animals such as mice and rats are often best 

suited for disease modelling for research purposes due to their fast reproduction rates, 

basic maintenance requirements and suitability for genetic manipulation (Chorro, Such-

Belenguer and López-Merino, 2009; Santos et al., 2015).  

 

To date, several in vivo animal models have been used to study subclinical atherosclerosis 

including; (i) diet and genetic manipulation using low-density lipoprotein receptor-

deficient mice (LDLR-/-) resembling human hypercholesterolemia caused by high levels 

of LDL and decreased levels of HDL molecules in plasma with lesion formation induced 

through feeding of a high fat/cholesterol diet (Ishibashi et al., 1993; Farese et al., 1996; 

Sanan et al., 1998),   (ii) genetic manipulation using animals deficient in Apolipoprotein 

E (ApoE-/-) resulting in atherosclerotic plaque formation distributed throughout the aorta 

proportional to age and diet of the animal resembling the process of atherosclerosis in 

humans (Farese et al., 1996; Egido et al., 2011; Fuster et al., 2012), (iii) complete carotid 

artery ligation, typically used to study vascular remodelling, and intima-media 

thickening, whereby blood flow in the carotid artery is completely disrupted by knotting 

the vessel at the distal bifurcation resulting  in a decrease (approximately 80%) in luminal 

area, medial cell death, reduction in vessel circumference and increased thickness of the 

medial and intimal layers (Kumar and Lindner, 1997; Wang et al., 2006), (iii) partial 

carotid artery ligation, represented by partial distribution of blood flow by knotting the 

left internal and external carotid leaving the occipital free flow of blood, resulting in 

significant reduction in lumen diameter accompanied by an increase in the media and 

intima thickening, typically used to study genetic and molecular mechanisms involved in 

vascular remodelling and intima-media thickening owing to changes in shear stress  

(Korshunov and Berk, 2003; Wang et al., 2006), and lastly, (iv) wire induced injury of 
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the carotid or femoral artery resulting in complete denudation of the endothelium through 

the introduction of a small incision into the respected artery followed by the insertion of 

a wire that is passed along the vessel in a rotational motion. The wire is then removed 

from the vessel and the implication of the resulting damage to the endothelium assessed 

to determine the effect proliferation and migration of resident vascular cells in response 

to endothelial injury (Lindner, Fingerle and Reidy, 1993; Kumar and Lindner, 1997; Sata 

et al., 2000; Wang et al., 2006; Takayama et al., 2015).  

 

Although in vivo mechanisms of atherosclerosis have advanced our knowledge of the 

development and progression of atherosclerosis there are several disadvantages to their 

use including; the need for ethical approval for use, differences in vessel size and make-

up, species-specific metabolic and biochemical activities, and most importantly, various 

chromosomal and genomic differences (Barré-Sinoussi and Montagutelli, 2015).  

 

The use of in vitro cell culture models is an alternative platform used to study many 

aspects of the pathogenesis of atherosclerosis including the response of isolated vascular 

cells to various pathological stimuli, evaluation of new treatments in addition to delivery 

methods for plasmid DNA and nanoparticles for specific therapeutic targets (Korin et al., 

2012; Gupta et al., 2015; Sada et al., 2016). The most common type of in vitro cell culture 

model is the use of primary human cells derived from living tissues, representing cell 

behaviour in vivo. Various primary human aortic cells are commercially available for in 

vitro disease modelling including ECs, VSMCs, and SCs (Thormodsson and Olafsson, 

2005; Sainz et al., 2006; Tang, Wang, Yuan, et al., 2012; Poursaleh et al., 2019). In 

addition to standard in vitro cell culture models, co-culture-based models including direct 

co-culture, and in-direct co-culture, have been utilised to evaluate cellular responses 

between various resident vascular cells. The use of in-direct co-culture enables the 

creation of cellular environments specific to each cell type to determine cell-cell 

interaction during the development of sub-clinical atherosclerosis through the secretion 

of EVs, cytokines and other secretory products. The use of in-direct co-culture to study 

cell-cell communication can be achieved through conditioned media culturing. This 

process involves the following steps: (i) independent growth of cell lines (ii) removal of 

cell culture media (iii) introduction of conditioned cell culture media from one cell culture 

to another to elicit cell-cell interaction via soluble mediators produced and secreted by 

cells. The advantages of using CM co-culture methods include ease of use as cell medias 
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do not have to be optimised for co-culture and experimental flexibility as CM 

supernatants can be frozen and analysed after the experiment is terminated. The use of 

CM models has been used to study the development of atherosclerotic plaques with an 

overwhelming focus on the role of CM-mediated crosstalk between VSMC and 

macrophage/monocyte communication (Vijayagopal and Luke Glancy, 1996; Fillinger et 

al., 1997; Halloran et al., 1997; Zhang et al., 1999; Shioi et al., 2002; Srivastava, 2002; 

Tintut et al., 2002).  

Although the use of primary cells in vitro has been used to mimic VSMCs in vivo many 

limitations have been associated with the isolation and growth of VSMCs in culture. It 

has been reported that upon isolation, primary VSMCs undergo a phenotypic shift from 

a quiescent contractile phenotype to a proliferative dedifferentiated phenotype with a 

significant decrease in the expression of VSMC markers (Owens, Kumar and Wamhoff, 

2004). Extensive characterisation of  three commonly used, commercially available, 

vSMC lines from various species in culture reported that following sub-culture, VSMCs 

in vitro exhibit a decrease in SMC marker MYH11 and increase in MVSC markers  

Sox10, Sox17 and S100β suggesting that VSMCs in culture revert to a more multipotent 

state suggesting these VSMC lines clearly acquire MVSC markers either by de-

differentiation to Sox10+ cells during culture or are outgrown by a small percentage of 

Sox10+ MVSCs over time or both (Kennedy, Mooney, et al., 2014). The complexity of 

cellular components in the vascular wall adds to the challenge during isolation of VSMCs 

with an increased risk of isolating contaminant cells such as ECs, resident vascular stem 

cells, and fibroblasts. Although cell sorting has been utilised to isolate vascular cells, such 

as isolation of ECs using endothelial surface markers, there is a lack of definitive VSMC 

markers to facilitate purification with varying expression levels and poor specificity of 

known VSMC markers, smooth muscle a-actin, CNN1, and MYH11. This limitation 

further applies to the isolation of VSMCs from distinct embryological origins due to the 

lack of markers discovered to date to distinguish VSMC subtypes. The multiple 

limitations of primary VSMC cultures highlight the imminent need to develop novel 

sources of VSMCs from defined embryological origins. 

 

The isolation of human embryonic stem cell (hESCs) in 1981 followed by the discovery 

of HiPSCs in 2006 captured the interest of many researchers as a platform for disease 

modelling due to their favourable characteristics such as the ability to proliferate 

indefinitely and differentiate into almost every cell type (Evans and Kaufman, 1981; 
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Takahashi and Yamanaka, 2006). The identification of four essential transcription factors, 

(Oct3-4, Sox2, c-Myc, and Krüppel-like factor 4), for pluripotency maintenance allowed 

for reprograming of human fibroblast cells to HiPSCs with the capability of self-renewal, 

indefinite growth and ability to differentiate in the three germ layers. This model proved 

advantageous over the use of hESC as they were easily available, were not of ethical 

concern and most importantly have the advantage of being patient and pathology specific 

(Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yamanaka, 2007). The use of 

iPSCs has been extensively used to model the role of vSMCs in the development of 

vascular diseases, for example the neointimal hyperplasia and atherosclerosis associated 

with Hutchison-Gilford Progeria Syndrome (HGPS) (G. H. Liu et al., 2011). Such 

modelling resulted in the identification of premature senescence markers associated with 

the vascular ageing of the disease. Similarly, iPSC-derived VSMC models have too been 

used to investigate the pathogenesis of aortic aneurysms that occurs in Marfan syndrome 

patients and providing an insight for novel therapeutic targets (Granata et al., 2017). 

Finally, iPSCs are emerging as a useful tool for modelling the cardiovascular of 

arteriosclerosis. These models can be used to investigate the influence of embryonic 

origin on disease susceptibility and the source of SMC-like cells found in arterial 

thickening (Liang and Du, 2014; Bargehr et al., 2016).  

 

Generation of iPSC-derived mesodermal models, which account for the majority of SMC 

throughout the vascular tree, can be performed using two approaches.  A monolayer 

method can initiate mesodermal differentiation through glycogen synthase kinase (GSK) 

inhibition and treatment with bone morphogenetic protein 4 (BMP4) (Yang et al., 2016). 

These progenitors can be subsequently differentiated into contractile VSMCs when 

cultured with PDGF-BB, TGF-β1, FGF and VEGF (vascular endothelial growth factor) 

in several steps, or into ‘synthetic’ VSMCs using an altered protocol of growth factor 

treatment (Yang et al., 2016). Neuroectoderm derived VSMCs have too been generated 

via initial differentiation to an neural crest stem cell intermediate before further directed 

progression through the mesenchymal lineage (Wang et al., 2011). Furthermore, Sanjay 

Sinha’s group at Cambridge, UK generated origin-specific vSMCs through separate and 

distinct paraxial mesoderm, lateral plate mesoderm and neuroectoderm lineages (Bargehr 

et al., 2016). Interestingly, the data suggests that each lineage produces an origin-specific 

subtype of vSMCs based on the differential upregulation of particular genes associated 

with each origin, despite appearing phenotypically and functionally identical. The 
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resulting cells must be extensively characterised to confirm the true existence of a 

functional vSMC population. Routinely, confirmation by analysis of gene and protein 

expression is executed using microarray, qRT-PCR, immunofluorescent staining and 

western blot of key VSMC markers including transgelin (SM22α), h1-calponin (CNN1), 

α-smooth muscle actin (α-SMA) and most specifically, myosin heavy chain 11 (MHY11) 

and smoothelin (SMTN) (Sinha, Iyer and Granata, 2014). However, in vitro confirmation 

of vSMCs is made difficult by the fact that several other cell types transiently express 

such markers during development or disease. Therefore, cells should be functionally 

tested for their ability to modulate calcium transients and contract accordingly in response 

to a variety of agonists including carbachol and KCl (Sinha, Iyer and Granata, 2014). 

Additionally, telomerase activity assays can be used throughout the differentiation 

protocol to monitor the stemness of cells and somatic cell progression through loss of 

telomerase activity and telomere length (Zhou et al., 2014).   

 

In summary, rat and human cell culture models in vitro are invaluable tools to address the 

diagnostic value of EVs released from dysfunctional ECs to control the differentiation 

state of S100β+ stem cells responsible in part for the accumulation  of  SMC-like cells in 

the neointima, a hallmark of subclinical atherosclerosis. Moreover, if EC-derived EVs 

contribute to the differentiation and migration of resident S100β+ stem cells during the 

accumulation of SMC-like cells in the neointima, can the photonic signatures of these 

human stem cells and their myogenic progeny in vitro and ex vivo be used as a diagnostic 

discriminator to detect S100β+ stem cell derived SMC-like cells in vascular lesions 

indicative of sub-clinical atherosclerotic disease. 
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1.10 Aims and Objectives  
 

The primary aim of this study was to develop a murine and human in vitro cell model to 

investigate the role of endothelial-derived EVs in dictating the fate of resident vascular 

stem cells following ED due to hyperglycaemia. 

To achieve this goal, the following objectives were addressed: 

• To characterise rat aortic endothelial (RAEC) and human aortic endothelial 

(HAEC) cells in culture before isolation and characterisation of secreted EVs from 

endothelial cell conditioned media following exposure of cells to normal glucose 

(NG-EVs) and high glucose (HG-EVs), respectively, based on size, morphology, 

expression of EV-associated proteins and tracking following endogenous and 

exogenous labelling. 

• To isolate and characterise rat and human multipotent Nestin/S100β+ vascular 

stem cells from medial explants ex vivo and human induced pluripotent stem cells 

(HiPSC) in vitro, respectively, before examining the effects of secreted EVs from 

endothelial cells on vascular stem cell growth and myogenic differentiation 

following exposure of ECs to normal glucose (NG-EVs) and high glucose (HG-

EVs) 

• To determine the putative role of SHh in dictating the myogenic response of 

vascular stem cells in response to secreted EVs from endothelial cells following 

exposure of ECs to normal glucose (NG-EVs) and high glucose (HG-EVs). 

 

The secondary aim of this study was to develop a human in vitro model to facilitate the 

interrogation and discrimination of undifferentiated stem cells and their myogenic 

progeny from distinct embryological origins indicative of sub-clinical atherosclerosis 

using single cell  photonics from RAMAN, FTIR and LiPhos spectral datasets before 

these spectra (RAMAN and LiPhos) were deployed using supervised machine learning 

to interrogate spectra from human arteriosclerotic and atherosclerotic lesions to truly 

evaluate their clinical application for early detection of sub-clinical atherosclerosis. 
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In order to achieve this goal, the following objectives were addressed: 

• To generate and characterise HiPSC-derived NE, paraxial mesoderm (PM), and 

lateral mesoderm progenitor (LM) stem cells and their myogenic progeny (NE-

SMC, PM-SMC and LM-SMC) in vitro, and isolate single cells from human 

cadaveric atherosclerotic and arteriosclerotic aortic tissue ex vivo. 

• To generate Raman, FTIR and LiPhos spectral datasets from HiPSC-derived NE, 

PM, and LM progenitor stem cells and their myogenic progeny (NE-SMC, PM-

SMC and LM-SMC) and discriminate these cells in vitro using multivariate  

analysis (PCA: Principal Component Analysis, LDA: Linear Discriminant 

Analysis) and supervised machine learning with multilayer perceptron neural 

network analysis (MLP). 

• To employ Raman and LiPhos single cell spectral datasets from HiPSC-derived 

NE, and PM progenitor stem cells and their myogenic progeny (NE-SMC and 

PM-SMC) to interrogate Raman and LiPhos spectra from human arteriosclerotic 

and atherosclerotic lesions using supervised machine learning and evaluate the 

contribution of undifferentiated stem cells and their myogenic progeny to human 

lesions. 
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2.1 Biological Materials 
 
All materials used during these experiments were of the highest purity commercially 

available and were of cell culture standard where applicable.  

 
2.1.1 Commercial cell lines & tissue-derived cells  
 

Table 2.1. Commercial cells used during the study 

 

Cells 

 

Morphology 

 

Cell Origin 

 

Description 

 

Supplier 
 

Rat 

Primary  

Aortic 

Endothelial 

(RAEC) 

 

Cobblestone 

 

Adult rat 

aorta 

 

Rat aortic ECs (R304-

05a) Isolated from adult 

rat aorta  

 

Cell Applications 

 

Human 

Primary 

Aortic 

Endothelial 

(HAEC)  

 

Cobblestone 

 

 

Primary 

Aortic  

 

Primary Human Aortic 

ECs are isolated from 

the human ascending 

(thoracic) and 

descending (abdominal) 

aorta. 

 

PromoCell  

 

HiPSCs  

 

Embryoid 

Body 

 

Skin Tissue 

 

White British Male 65-

69, Disease Status: 

Normal, Source material 

Skin tissue 

 

HipSci 

 

HiPSC- 

Derived 

Neural 

Progenitor 

Stem Cells 

(NPCs) 

 

Spindle 

 

HiPSC 

 

Human neural 

progenitor cells (NPCs) 

are derived from 

induced pluripotent 

stem cells (iPSCs). 

 

Merck Millipore 
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Table 2.2. Tissue-derived cells used during the study 

 
 

Cells 

 

Morphology 

 

Cell Origin 

 

Description 

 

Rat 

MVCSs 

 

 

Spindle 

 

 

NE 

 

MVSCs derived from the thoracic aortic 

medial layer of a female Sprague- Dawley 

at the age of 6-8 weeks by explanting.  

 

Rat VSMC 

(rMVSC) 

 

Cobblestone 

and Spindle 

Cells 

 

Not Clarified 

 

MVSCs derived from the thoracic aortic 

medial layer of a female Sprague- Dawley 

at the age of 10 weeks by enzymatic 

dispersion. 

 
 
Table 2.3 HiPSC-Derived Cells used during the study  

 

Cells 

 

Morphology 

 

Cell Origin 

 

Description 
 

NEPs 

 

Spindle 

 

HiPSC 

 

HiPSC-derived NE progenitor cells 

(NEPs) are derived from induced 

pluripotent stem cells generated using a 

chemically defined stimulus. 

 

SNEPs 

 

Spindle 

 

HiPSC 

 

 

HiPSC-derived spontaneous NE 

progenitor cells (SNEPs) are derived from 

induced pluripotent stem cells generated 

using a non-chemical stimulus. 

 

PMs 

 

Spindle 

 

HiPSC 

 

HiPSC-derived Progenitor cells (PMs) are 

derived from induced pluripotent stem 

cells generated using chemically defined 

media. 

 

LMs 

 

Spindle 

 

HiPSC 

 

HiPSC-derived lateral mesoderm 

progenitor cells (LMs) are derived from 
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induced pluripotent stem cells generated 

using chemically defined media. 

 

NEP-

VSMCs 

 

Filamentous 

 

NEPs 

 

NEP-derived VSMCs (NEP-SMCs) are 

derived from HiPSC-derived NEPs. 

 
 

 

SNEP-

VSMCs 

 

Filamentous  

 

SNEPs 

 

SNEP-derived VSMCs (SNEP-SMCs) 

are derived from HiPSC-derived SNEPs. 

 
 

 

PM -

VSMCs 

 

Filamentous 

 

PMs 

 

PM-derived VSMCs (PM-SMCs) are 

derived from HiPSC-derived PMs. 

 

 

LM -

VSMCs 

 

Filamentous 

 

LMs 

 

LM-derived VSMCs (LM-SMCs) are 

derived from an HiPSC-derived LMs. 

 

 
 
2.1.2 Antibodies 
 

Table 2.3 Antibodies used during the study 

 

Antibody/Product  

 

Description 

  

Application 

 

Supplier/Product 

Number 
 

Anti-Calponin-1 

[EP798Y] 

 

 

Rabbit monoclonal IgG to 

Nestin, EP798Y.  

 

ICC 

 

Abcam (ab46794) 

 

Anti–CD31 

[EPR17260-263]  

 

 

Rabbit monoclonal to 

CD31. Recombinant 

fragment within Mouse 

CD31 aa 400-600.  

 

ICC, FACS 

 

Abcam (ab222783) 

 



 

57 

 

Anti- eNOS 

 [M221]  

 

 

Mouse monoclonal to 

eNOS.  Recombinant 

fragment of mouse eNOS 

protein that included 

amino acid residues in the 

C terminal region. 

 

ICC 

 

Abcam (ab76198) 

 

 

Anti- Myosin Heavy 

Chain 11 

[1G12] 

 

Mouse monoclonal to 

smooth muscle Myosin 

heavy chain 11 antibody  

 

ICC 

 

Abcam (ab683) 

 

 

Anti-Nestin 

 [Rat-401]  

 

Mouse monoclonal to 

Nestin. 

 

ICC 

 

Abcam (ab11306) 

 

 

Anti-Nestin 

[196908] 

 

Mouse monoclonal to 

Nestin. Nestin-transfected 

NS0 cells transfected with 

a human Nestin fragment 

aa residues 618-1618. 

 

ICC, FACS 

 

Abcam (ab6320) 

 

 

Anti- S100b 

[EP1576Y] 

 

 

Rabbit monoclonal to 

S100ß, Synthetic peptide 

within Human S100 beta 

aa 50 to the C-terminus  

 

ICC, FACS 

 

Abcam (ab52642) 

 

 

Anti-Oct4 

 

 

Rabbit polyclonal to Oct4 

reacts with 45 kDa Oct4  

 

ICC 

 

Abcam (ab18976) 

 

Anti-SOX10 

[EPR4007]  

 

 

Rabbit monoclonal to 

Sox10 Synthetic peptide  

 

ICC 

 

Abcam (ab155279) 

 

Alexa Flour 488 

donkey anti-goat IgG 

 

Donkey polyclonal IgG 

(whole antibody) 

conjugated with Alexa 

Flourâ 488 fluorochrome 

to goat IgG.  

 

IF 

 

Bioscience (A-

11055) 
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Alexa Flour 546 goat 

anti-mouse IgG 

 

Goat polyclonal IgG 

(whole antibody) 

conjugated with Alexa 

Flourâ 546 fluorochrome 

to mouse IgG.  

 

IF 

 

Bioscience (A-

11030) 

 

Alexa Flour 488 

Anti-Rabbit 

 

Goat polyclonal IgG 

(whole antibody) 

conjugated with Alexa 

Flourâ 488 fluorochrome 

to rabbit IgG.  

 

IF 

 

Bioscience (A-

11008) 

 

 

2.1.3 Primers used in this study  
 

Table 2.4 QIAGEN QuantiTech Primers used in this study  

Primer Product Name Reference Sequence 
 

Human 

CNN1 

 

Hs_CNN1_1_SG_ 

 

 

NM_001299 

 

 

Human 

Gli1 

 

Hs_GLI1_1_SG  

 

 

NM_001160045 

 

 

Human 

Gli2 

 

Hs_GLI2_1_SG  

 

 

NM_005270 

 

 

Human 

Hey1 

 

Hs_HEY1_1_SG  

 

NM_001040708 

 

 

Human 

HeyL 

 

Hs_HEYL_1_SG  

 

 

 

 

NM_014571 
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Human 

HPRT1_1 

 

Hs_HPRT1_1_SG  

 

 

NM_000194 

 

 

Human 

KDR 

 

Hs_KDR_1_SG  

 

 

NM_002253 

 

 

Human 

Myh11 

 

Hs_MYH11_1_SG  

 

 

NM_001040113 

 

 

Human 

NES_1 

 

Hs_NES_1_SG  

 

 

NM_006617 

 

 

Human 

NKX2-5 

 

Hs_NKX2-5_1_SG  

 

 

NM_001166175 

 

 

Human 

PAX1 

 

Hs_PAX1_1_SG  

 

 

NM_006192 

 

 

Human 

PAX6 

 

Hs_PAX6_1_SG  

 

 

NM_000280 

 

 

Human 

S100B 

 

Hs_S100B_1_SG  

 

NM_006272 
 

 

Human 

TBX6 

 

Hs_TBX6_1_SG  

 

 

NM_004608 

 

 

Human rSHh 

 

Hs_SHH_1_SG  

 

 

NM_000193 

 

 

Human Ptch-1 

 

Hs_PTCHD1_1_SG  

 

 

NM_173495 

 

 

Human Smo 

 

Hs_SMO_1_SG  

 

 

NM_005631 

 

 

Human NOX 4 

 

Hs_NOX4_1_SG  

 NM_001143836 
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Rat 

CNN1 

 

Rn_Cnn1_1_SG  

 

 

NM_031747 

 

 

Rat 

Gapd_1 

 

Rn_Gapd1_1_SG 

 

NM_017008 

 

 

Rat 

Gli1 

 

Rn_Gli1_1_SG  

 

NM_001191910 

 

 

Rat 

Gli2 

 

Rn_Gli2_1_SG  

 

NM_001107169 

 

 

Rat 

HeyL 

 

 

Rn_Heyl_2_SG  

 

 

NM_001107977 

 

 

Rat 

HPRT 

 

Rn_Hprt1_1_SG  

 

 

NM_012583 

 

 

Rat 

Myh11 

 

 

Rn_Myh11_1_SG  

 

 

NM_001170600 

 

 

Rat 

Nos3 

 

Rn_Nos3_1_SG  

 

 

NM_021838 

 

 

Rat 

Pecam1 

 

Rn_Pecam1_1_SG  

 

 
NM_031591 
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2.1.4 Chemical and biological agents used in this study  
 

Table 2.5 Chemical and biological agents used in this study  

 

Supplier 

 

Product and Catalogue No. 
 

ATCC 

 

Fetal Bovine Serum ESC Qualified (Lot 

number #62207060) 

 

Bio-Rad 

 

Bio-Rad Protein Assay (Product #23235, Lot 

#C148587) 

 

Bioscience 

 

B-27™ Supplement (50X), serum-free, 

(17504001), Pierce Protein G Agarose beads 

(20398) 

 

BD 

 

FITC Annexin V Apoptosis Detection Kit 

(Catalog No.556547, Lot #8029889) 

 

Cell Applications 

 

Attachment Factor Solution (123-100, Lot 

#428), Rat Endothelial Growth Medium (R211-

500, Lot #263),  

 

Cell Biologics 

Antibiotic – Antimycotic Solution (M1168, Lot 

#0317), EC growth supplement (M1168, Lot 

#0417), Epidermal growth factor (M1168, Lot 

#0317), Fetal Bovine Serum (M1168, Lot 

#0317), Heparin (MII68, Lot #0417), 

Hydrocortisone (M1168, Lot #0317), L-

Glutamine (M1168, Lot #0317), 

 

ExBio 

 
Anti-Hu CD9 PE (1P-208-T025), Anti-Hu CD81 

(1P-558-T025), Anti-Hu CD63 (1P-343-T025), 

Mouse IgG1 Isotype control PE (1P-632-CO25). 

 
 

Gibco 

 

VEGF (M1168, Lot #0317). 
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2-Mercaptoethanol (50Mm) (31350010, Lot 

#1176783), Advanced DMEM/F12 (12634-010, 

Lot #1836495), B-27â Supplement (50X) serum 

free (17504044, Lot #), CD lipid concentration 

(11905-031, Lot # 1815262), CTSä N-2 

Supplement (A1370701, Lot #44577), TrypLEä 

Select Enzyme 10X no phenol red (12563029, 

Lot # 1911606) 

 

R&D Systems 

 

Recombinant Human FGF basic 146 aa (223-

FB-025, Lot # HKW12916061), Recombinant 

human, mouse, rat Activin A (338-AC-010, Lot 

# BNV3715111), Recombinant human jagged 1 

Fc Chimera Protein (1277-JG-050), 

Recombinant human IgG1 (110-HG-100), 

Recombinant Rat Jagged-1 Fc (599-JG-100), 

599-JG-100 (7666-MB-005). 

 

RCSI 

 

Nir-Aza exosome stain 

 

SBI 

 

ExoQuick-TC, 50 ml (EXOTC50A-1-SBI, Lot 

#180326-001), EXOCET Exosome Quantitation 

Kit (EXOCET96A-1-SBI-96react), Lysis Buffer 

(EXOCET96A-1, Lot #170110-026), PBS-B 

Buffer (EXOCET96A-1, Lot#180309-001), 

Buffer A (EXOCET96A-1, Lot #180313-003), 

EXOCET Standard (Lot #180313-002), Buffer B 

(Lot #180313-001). ExoGlow-Membrane EV 

Labelling Kit (EXOGM600A-1-SBI). Exo-

Check Exosome Antibody Array 

(EXORAY210A-8) 

 

Seralab 

 

Chick Embryo Extract (CE-650-J, Lot 

#CHK1785) 

 

 

 

Sigma-Aldrich 
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(+/-)-A-Tocopherol (T3251-5G, Lot 

#MKCG1370) , (+)-A-Tocopherol acetate 

(T3001-10G, Lot #MKBV1182V), 1-

Thioglycerol (M6145, Lot # MKBZ1849V), 2-

mercaptoethanol (M-7154, Lot #117683),  

3,3'',5-Triiodo-L-thyronine Sodium*cell  

(T6397-100MG#BCBS7501), Bovine Serum 

Albumin (A4503, Lot # SLBR5258V), Catalase 

from bovine liver (C40-100MG, 

Lot#SLBT7844), Corticosterone crystalline  

(C2505-500MG, Lot #SLBT2966), Collagenase 

from Clostridium histolyticum (C9891, Lot 

#075M4006V), Dulbecco’s Modified Eagle’s 

Medium (D6046, Lot # RNBD9755), D-(+)-

Galactose (G0625-100G, Lot#SLBR6074V), D-

Mannitol (m4125-100MG. Lot#WXBC3441V) 

Elastase from porcine pancreastype III (E0127)  

Flouromountä Aqueous Mounting Medium 

(F4680, Lot # SLBD6805), Glycine (G8898, Lot 

# SZBE3310V), Gelatin solution (G1393,Lot 

#SLBG9890V)Ham’s Nutrient Mixture F12 

(51651C, Lot #SLBF8068), Holo-transferrin 

from human bioreagent  (T0665-100MG, 

Lot#SLBT9543), Hanks balanced salt solution 

(H6648, Lot #RNBG1246) Insulin human 

(11376497001, Lot #15898200), Insulin human 

recombinant  (91077C-250MG, Lot #17N329), 

L-glutathione Reduced (G6013-5G, Lot 

#SLBV2396), Linoleic acid (L1012-100MG, 

Lot #SLBV9486), Linolenic Acid  (L2376-

500MG. Lot #SLBT8488), L-carnitine 

hydrochloride, synthetic  (C0283, 

Lot#SLBP4786V), Minimum Essential Medium 

(56416C, Lot #66K2411),Penicillin-

Streptomycin (P4333, Lot #025M4818V), 

Putrescine hydrochloride (P5780, 

Lot#BCBV6583), Poly-vinyl alcohol (P8136, 

Lot #SLBM1859V), Protease Inhibitor (P8340), 
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Retinoic Acid (100Mm) (R2656, Lot #), RIPA 

(R0278, Lot #SLBK387OV),  RPMI-1640 

Medium (R8758, Lot # RNBC2874), O2- 

dismutase from bovine erythro  (S5395-75KU, 

Lot #SLBW5001), Sodium selenite g-irradiated, 

bioxtra, l  (S9133-1MG, Lot #SLBR3105V), 

Retinyl acetate (R7882-1G, Lot#SLBW3919), 

Transferrin (10652202001, Lot # 16170600), 

Triton X-100 (T8787, Lot #110012) Trypan Blue 

(T8154, Lot #RNBC9030), Trypsin-EDTA 

solution (T4174, Lot #SLBL1977V), 

TWEENâ20 (P1379), Progesterone (P8783-1G, 

Lot#SLBS7040), Oleic acid bioreagent, suitable 

for cell  (O1383-1G, Lot#SLBQ9717V), L-

Pipecolic Acid  (P2519-100MG, 

Lot#MKCF0248), Biotin, powder, bioreagent, 

suitable (B4639-100MG, Lot# SLBV3617) 

 

StemCell 

 

VitronectinXFä (07180, Lot #15A60726-3), Y-

27632 (ROCK Inhibitor 73202, Lot #17J00261) 

 

Thermo-Scientific 

 

RNASE AWAY SPRAY 475ML bottle 

(10666421, Lot #15051819). 

 

QIAGEN 

 

Rotor-GeneâSYBRâ Green RT-PCR Kit 

(204174, Lot #1570129665) 

 

 

2.1.5 Plastic wear used during this study  
 

Table 2.6 Chemical and biological agents used in this study  

 

Supplier 

 

Catalogue Number 

 

Lennox 

 

15mL conical centrifuge Tubes (ACF450/10X), 

50mL centrifuge tubes (ACF450.30X), 5mL pre-

sterilized serological pipet (APP260.30,), 10mL 
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pre-sterilized serological pipet (APP260.40), 

25ml pre-sterilized serological pipet 

(APP260.60,), Minisartâ NML 0.2µm filter 

(2020-5,), Minisartâ NML 0.45µm filter (2020-

11,) 

 

Thermo Scientific   

 

Cover Glass (1244OS), NuncäEasYFlaskä 

75cm2 NunclonäDelta Surface (156499,), 

NuncäEasYFlaskä 25cm2 NunclonäDelta 

Surface (156367)   

 

 2.2 Methods  
 

2.2.1  Animal stem cell culture  
 

 2.2.1.1 Animal stem cell culture and maintenance  
 

All stem cell culture techniques were carried out aseptically in a Bioscience Air 2000 

M.AC. Laminar flow cabinet.  Cells were maintained in a Hera cell water jacket cell 

incubator at 37 ̊C in an atmosphere humidified with 5% CO2. Cells were visualised and 

imaged using an Olympus CK30 phase-contrast microscope  

 

2.2.1.2 Primary rat multipotent vascular stem cell isolation and culture  
 

Rat MVSCs were  isolated from the aortas of female Sprague-Dawley rats, grown and 

maintained in maintenance media one (MM1) which consisted of DMEM basal media 

supplemented with chick embryo extract (2%),  B27 (2%), N2 (1%), FBS (1%) Penicillin 

Streptomycin (PS) (1%), rFGF (20ng/ml), Retinoic Acid (100nM) and 50nM 2-

mercaptoethanol. Sprague-Dawley rats were sacrificed by anaesthetisation overdoes of 

pentobarbital sodium, death was confirmed by exsanguination. The aorta was then 

removed and placed in PBS. The aorta was then carefully cleaned of surrounding fatty 

tissue. Aortic tissue was incubated in DMEM solution containing collagenase type 1A 

(0.7mg/ml), soybean trypsin inhibitor (0.4mg/ml), and BSA (1mg/ml) for 20 min at 37°C 

to loosen the adventitia before complete removal using a fine-forceps under a dissecting 
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microscope. The resulting aortic tissue was then cut into sections using a sterile blade and 

placed into a 6-well tissue culture plate pre-coated with CELLstartä for 48 hours to allow 

migration of the MVSC population. Following this, the explants were removed and the 

resulting cells were subcultured by washing three times with Hanks Balanced Salt 

Solution, incubated with TrypLE (0.5X) for 5 minutes, and visualised post-incubation, 

ensuring all cells were detached. The TrypLE was neutralised with a serum-containing 

medium (MM1), and the cells were centrifuged at 1500 x rpm for 5 mins. The resulting 

pellet was then re-suspended in a fresh MM1 complete medium and seeded at a density 

determined by experimental requirements. Cells were frozen down in a complete MM1 

medium with 10% DMSO, 10% FBS. All procedures were ap- proved by the University 

Animal Care Committee and were carried out in accordance with EU guidelines for the 

Protection of Animals used for Scientific Purposes, (Amendment) Regulations 2013 (S.I. 

No 434 of 2013).  

2.2.2 Primary cell culture and maintenance  
 

All primary cell culture techniques were carried out aseptically in a Bioscience M.D.H  

X117A laminar flow cabinet.  Cells were maintained in an MSC Galaxy B cell incubator 

at 37 ̊C in an atmosphere humidified with 5% CO2. Cells were visualised and imaged 

using an Olympus CK30 phase-contrast microscope at varying magnifications. 
 

2.2.2.1 Rat aortic EC culture  
 

RAECs (Cell Applications, R304-05a) were cultured in complete rat aortic endothelial 

media, composed of a basal media supplemented with 10% growth supplement 

(ingredients proprietary to manufactures formulation) as per manufacture instructions. 

Before seeding cells, the surface of the culture wear was pre-coated using Attachment 

Factor Solution and incubated at 37°C for 30 minutes. After the incubation time had 

elapsed, the attachment factor solution was removed, and complete rat aortic endothelial 

media, was added to the culture wear. Cells were grown and maintained complete rat 

aortic endothelial media. Cells were frozen down complete rat aortic endothelial media 

with 10% DMSO. The cells were used between passages 3-15. 
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2.2.2.2  Primary rat smooth muscle cell culture  
 

Primary rat VSMCs (rVSMCs) were previously  isolated from the thoracic aorta of 

Sprague-Dawley rats as described in section 2.2.1.2 by members of the Vascular Biology 

& Therapeutics lab group. rVSMCs were maintained in RPMI high glucose basal media 

supplemented with FBS (Sigma) (10%), and PS (1%). In order to subculture, cells were 

washed X3 with HBSS followed by incubation in 1X Trypsin for 5 minutes at 37°C for 

5 minutes. Following trypsin incubation,  trypsin was inactivated by the addition of RPMI 

10% FBS collected in a 15ml tube and centrifuged at 1500rpm for 5mins. The cell pellet 

was re-suspended in the appropriate volume of fresh media (RPMI 10% FBS) and seeded 

in tissue culture treated flasks. Cells were frozen down in RPMI, FBS (10%), DMSO 

(10%). The cells were used between passages 5-8. 

 

2.2.2.3  Primary human aortic EC culture  
 
Human aortic ECs (HAEC) (PromoCell, C12271) were cultured as per the manufacturer's 

instructions. Cells were grown and maintained in complete medium (C22020) which 

contained a basal media supplemented with fetal calf serum (0.05ml/ml), endothelial cell 

growth supplement (0.004ml/ml), recombinant human epidermal growth factor 

(10ng/ml), heparin (90µg/ml) and hydrocortisone (1µg/ml). In order to subculture, cells 

were washed X3 with HBSS followed by incubation in 1X Trypsin for 5 minutes at 37°C 

for 5 minutes. Following Trypsin incubation cells were collected in a 15ml tube and 

centrifuged at 1500rpm for 5mins. The cell pellet was re-suspended in the appropriate 

volume of fresh media and seeded in 6/well plates or tissue culture treated flasks 

depending on requirements for experiments. Cells were frozen down in complete human 

endothelial growth medium supplemented with 10% DMSO.  

 

2.2.3 HiPSC culture  
 

All HiPSC culture techniques were carried out aseptically in a Bioscience Air 2000 

M.AC. laminar flow cabinet.  Cells were seeded in Corning® Costar® TC-Treated 6-

Well Plates and maintained in a Nuaireä DH Autoflow CO2 Air-Jacketed incubator at 

37 ̊C in an atmosphere humidified 5% CO2. Cells were visualised and imaged using an 

Olympus CK30 phase-contrast microscope at varying magnifications.  
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2.2.3.1 HiPSC  
 

HiPSCs were cultured as per the manufacturer's instructions. Before seeding cells, the 

surface of the culture wear was pre-coated using Vitronectin (10µg/ml) and incubated at 

room temperature for  1 hour. Cells were grown and maintained in feeder-free conditions 

in xeno-free, serum-free, complete Essential 8Ô medium (E8) media (ingredients 

proprietary to manufactures formulation), replacing 95% of the medium daily. Cells were 

sub-cultured by washing once with sterile PBS, incubated with EDTA (0.5mM) for 4-8 

at room temperature while being observed under phase-contrast microscopy until 

colonies displayed bright halos around the edges and small holes appeared throughout. 

The EDTA was aspirated, and the recommended volume of E8 was added to the well. 

The dislodged cell colonies were then gently washed from the culture-wear by pipetting 

the medium around the well using a 5ml/10 stripette until the desired cell aggregates were 

achieved. The resulting cell solution was then seeded into as many wells as were required. 

ROCK inhibitor (10mM) was added to optimise colony growth after subculturing. The 

culture wear was then agitated gently within the tissue culture incubator, ensuring even 

distribution of cells across the culture wear was achieved. Cells were frozen down in 

knock-out serum solution with 10% DMSO.  

 

2.2.3.2 Generation of HiPSC-derived NE progenitor stem cells (NEP)  
 

HiPSCs were cultured as described in Section 2.2.3.1 until reaching 70% confluency. 

Cells were then split at a splitting ratio of 1:10 and left at 37°C, five %CO2 for 24 hours. 

Following 24-hour incubation, cells were incubated in a chemically defined media 

(CDM) consisting of 250 ml of IMDM, 250 ml of Ham’s F12 nutrient mix, 5 ml of 

chemically defined lipid concentrate, 250 μL of transferrin (30mg/ml), 350 μL of insulin 

(10mg/ml) (added after filtration) and 20 μL of monothioglycerol and 1% PS 

supplemented with FGF2 (12ng/ml) and SB431542 (10µM/ml) to induce NE 

differentiation. Cells were monitored daily under the phase-contrast microscope. Half of 

the complete medium was changed every second day until reaching day 7. Cells were 

sub-cultured by washing once with sterile PBS, incubated with EDTA (0.5mM) for 4-6 

minutes. Following incubation, the EDTA solution was aspirated, and the recommended 

volume of CDM was added to the well. The resulting NE progenitor cells were 
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maintained in CDM and used between passages 1-10. Cells were frozen down in knock-

out serum solution with 10% DMSO (Figure 2.1). 

 
2.2.3.3 Generation of HiPSC-derived NE progenitors (SNEP)  
 
HiPSCs were cultured as described in Section 2.2.3.1 until reaching 70% confluency. 

Cells were then split at a  ratio of 1:10 and left at 37°C, 5 %CO2 for 24 hours. Following 

24-hour incubation, cells were incubated in E8 and left for 4-5 days. After this time period 

HiPSC colonies began to lose their typical defined boarders followed by cell migration 

from the colonies. In order to promote proliferation of the migrated cells dense HiPSC 

colonies were manually removed using a sterile glass picker. The remaining cells were 

sub-cultured at 60% confluency using EDTA solution (1:1000) for 4-8 minutes at room 

temperature while observed under phase-contrast microscopy until cells displayed bright 

halos. When this was achieved the EDTA solution was aspirated, and the recommended 

volume of E8 medium was added to the well. The dislodged cell colonies were then gently 

washed from the culture-wear by pipetting the medium around the well three times until 

a single cell suspension was obtained. Cells were then centrifuged at 300 x g for four 

3mins; the supernatant was removed, and the required amount of E8 media was added. 

Cells were then titrated into single cells using a 1ml syringe and 0.22µm gauge needle.  

Cells were frozen down in knock-out serum solution with 10% DMSO. The cells were 

used between passages 2-15 (Figure 2.1). 

 

2.2.3.4 Generation of HiPSC-derived mesoderm progenitors  (PM) 
 

HiPSCs were cultured as described in Section 2.2.3.1 until reaching 70% confluency. 

Cells were then split at a splitting ratio of 1:10 and left at 37°C, five %CO2 for 24 hours. 

Following 24-hour incubation, cells were incubated in a CDM consisting of 250 ml of 

IMDM, 250 ml of Ham’s F12 nutrient mix, 5 ml of chemically defined lipid concentrate, 

250 μL of transferrin (30mg/ml), 350 μL of insulin (10mg/ml) (added after filtration) and 

20 μL of monothioglycerol and 1% PS supplemented with FGF2 (20ng/ml)  and 

LY294002 (10µM)  to induce paraxial mesoderm and FGF2 (20ng/ml) and BMP4 

(50ng/ml) to induce lateral mesoderm differentiation. PM progenitors required culturing 

in CDM supplemented with FGF2 and LY294002 for a subsequent 3.5 days. Lateral plate 
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mesoderm progenitors required culturing in CDM supplemented with FGF2 and BMP4 

for 3.5 days. The respective media were replenished after two days of treatment. 

Progenitors were immediately induced into VSMC differentiation as they have not yet 

been shown as stable in culture (Figure 2.1). 

 

2.2.3.5 Human induced pluripotent progenitor derived VSMC 
 

Human-induced pluripotent derived progenitor stem cell populations were generated as 

outlined in sections 2.2.3.2 – 2.2.3.4. Following progenitor differentiation, cells were 

treated with 1X TrypLE for 3–5 min at 37 °C in a 5% CO2 incubator. Cell culture plates 

were gently taped and checked periodically under a phase-contrast microscope to ensure 

that all cells had been dissociated into single cells. TrypLE was terminated by the addition 

of 10 volumes of DMEM to dilute one volume of TrypLE used. Cells were then collected 

and centrifuged he cell for 3 minutes at 200g at room temperature. The supernatant was 

aspirated and discarded.  The remaining cells were re-suspended in DMEM supplemented 

10% FBS (Sigma) 1% PS, PDGF-BB (10ng/ml) and TGF-β1 (2ng/ml).  Cells were then 

plated onto gelatin-coated (0.1% wt/vol) plates at a seeding density of 20,000 cells per 

cm2.  Cells were maintained at 37°C in a 5% CO2 incubator. After one day of PDGF-BB 

and TGF-β1 treatment, 50–70% of the cells attached to the plate. The media was 

discarded to remove floating cells and replaced with a fresh medium. After day 12 of 

PDGF-BB and TGF-β1 treatment, all cells appeared spindle-shaped. Complete medium 

was then changed to DMEM 10% FBS, 1% PS for expansion. Cells were frozen down 

using 90% (volume/volume) FBS + 10% (vol/vol) DMSO (Figure 2.1). 
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Figure 2.1 Schematic representation of HiPSC-derived progeny.  Development of 
human in vitro cell line model using defined differentiation protocols to generate NE and 
mesodermal progenitor stem cells and further VSMC progeny generation.  
 
 
2.2.4 Isolation of single cells from human atherosclerotic cadaveric 

tissue samples  
 
Human fixed cadaveric atherosclerotic and arteriosclerotic tissue sections from the right 

carotid artery were collected from the Royal College of Surgeons, Dublin Ireland. All 

cadaver tissue was sanctioned for research use by The Royal College of Surgeons in 

Ireland Museum Committee. Tissues 3cm thick from 3 patients (both left and right 

carotids) were rehydrated at room temperature by immersing the slides gradients of 

ethanol for 5 minutes, respectively: 100 %, 90 %, 70 %, and 50 % ethanol. Afterward, 

the slides were rinsed in distilled H2O, and incubated once in 1x PBS for 10 minutes. 

Under sterile conditions, vascular tissue was rinsed three times with phosphate-buffered 

saline (PBS), the intima was removed manually by gently rubbing the lumen with a 
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scalpel 2-3 times in each direction. Following this, the adventitial layer was carefully 

removed by incubating tissue sections in DMEM medium supplemented with PS (1%), 

BSA (1mg/ml), soybean trypsin inhibitor (0.4mg/ml), and type I collagenase (0.1%). The 

reaming tissue composed of the medial layer only was finely cut into 2-3 mm pieces. 4-5 

ml of 0.1% type I collagenase (Gibco, Invitrogen Corp) was added to the culture dish. 

This was incubated for 1.5 to 2 hours at 37°C. Digestion media were collected and 

filtrated with BD Falcon™ Cell Strainer to remove the undigested explants, then 

centrifuged (1000 rpm, 5 minutes, four °C). The above procedures were repeated three 

times to acquire more cells. Acquired cells were fixed in 4% formaldehyde for single-cell 

photonic processing. 

 
2.2.5  Differentiation treatments in vitro  
 
2.2.5.1 Vasculogenic Differentiation  
 

Rat MVSCs were seeded onto 6-well plates with coverslips at a density of 10,000 

cells/well and allowed to grow for 24 hours in MM1 (as described in section 2.2.1.2). 

After recovery, cells were washed three times using Hank's balanced salt solution. 

Following this, cells were treated with 2ml/well of complete rat endothelial media (Cell 

Applications, ingredients propriety to manufacture formulations) for 14 days at 37 ̊C 5% 

C02. 

2.2.5.2 Myogenic Differentiation  
 

2.2.5.2.1 TGF-β1 mediated VSMC differentiation  

Rat MVSCs were seeded onto 6-well plates with coverslips at a density of 10,000 

cells/well and allowed to grow for 24 hours in MM1 (as described in section 2.2.1.2). 

After recovery, cells were washed three times using Hank's balanced salt solution. 

Following this, cells were treated with DMEM basal media supplemented with 10% FBS 

(Sigma Aldrich), PS (1%),  TGF-β1 (R&D 7666-MB-05) (2ng/ml) or Jagged1-1Fc 

(2μg/ml) (R&D, 599-JG-100) for 12 days.  

 

2.2.5.2.2 Hh-mediated VSMC differentiation 
 

Rat MVSCs were seeded onto 6-well plates with coverslips at a density of 10,000 

cells/well and allowed to grow for 24 hours in MM1 (as described in section 2.2.1.2). 
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After recovery, cells were washed three times using Hank's balanced salt solution. 

Following this, cells were treated with rSHh (1.0μg/ml)  for  7 days in DMEM basal 

media supplemented with 10% FBS (Sigma Aldrich), 1% PS. To ensure VSMC 

differentiation is mediated by activating the Hh signalling pathway, cells were pre-treated 

with Hh inhibitor cyclopamine (15mM) for 1 hour before rSHh treatments.  

 

2.2.5.2.3 Notch Dependent myogenic differentiation (Jagged-1) 
 

To immobilise Jag-1 to a cell culture plate, each well was first treated with protein G (20 

μg/ml) overnight at 4 ̊C. Following the overnight incubation, Protein G was discarded 

and wells were washed 3 times with sterile PBS. 1ml of blocking buffer (1% BSA in 

PBS) was added to each well. Plate was incubated at room temperature for 2 hours. 

Blocking buffer was discarded and wells were washed 3 times with PBS. 1ml of either 

Recombinant Rat Jagged-1-Fc or Recombinant Human IgG1-Fc (negative control) was 

added to each well. Plate was incubated at room temperature for 2 hours. Jag-1 and IgG1 

were discarded and wells were washed once with PBS. Cells were seeded into wells with 

an appropriate volume of maintenance media.  

2.2.6 Cell characterisation 
 

2.2.6.1 Immunocytochemistry (ICC)  
 

Cells seeded onto UV sterilized coverslips were fixed with 3.7% formaldehyde for 15 

mins at room temperature. If cells required permeabilization to detect intracellular 

antigens, cells were incubated in 0.025%  Triton X-100 PBS at room temperature for 

15mis. All coverslips were blocked using BSA (5%), Glycine (0.3M), Tween (1%) PBS 

solution for 1 hour at RT. Cells were incubated with primary antibodies overnight at 4°C, 

then washed twice with PBS to remove any unbound primary antibody before being 

incubated (1h,RT) with the recommended concentration of fluorochrome-conjugated 

secondary antibodies diluted in blocking buffer. Following 2X wash in PBS, cell nuclei 

were stained using DAPI: PBS (dilution 1:1000) for 15mins at RT. Secondary control and 

an IgG isotype control were performed for each primary and secondary antibody used to 

assess nonspecific binding. An Olympus CK30 microscope and FCellTM software were 

used to capture images. Images were analysed using ImageJ software as described above. 
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Settings were fixed at the beginning of both acquisition and analysis steps and were 

unchanged. Brightness and contrast were lightly adjusted after merging (Figure 2.2). 

 
Figure 2.2 Schematic of ICC protocol. Visualisation of the presence/ localisation of a 
specific protein or antigen using ICC. (A) The cell of interest is fixed to a glass surface 
for interrogation. To reduce non-specific binding, the cells are then blocked using bovine 
serum albumin (BSA). (B) Fixed cells are then incubated with a primary antibody specific 
to the antigen of interest. Following overnight incubation, the cells are then exposed to a 
secondary antibody that has a conjugated fluorophore. (C) The fluorophore is exposed to 
light leading to a detectable level of excitation. The excitation of the fluorophore is 
visualised using a fluorescent microscope. 
 

2.2.6.2 Quantitative PCR   

Total RNA was isolated from cultured cells using the ReliaPrepTM RNA Cell Miniprep 

System by Promega according to manufactures instructions. The concentration of purified 

nucleic acid samples was determined spectrophotometrically using the NanoDrop. 2-10 

micrograms of RNA were used for reverse transcription with Rotor-Gene SYBR Green 

RT-PCR (QIAGEN) protocols for Real-Time One-Step RT-PCR using the Real-Time 

Rotor-GeneRG-3000 TM light cycler from Corbett Research using primers listed in 

section 2.1.3. Total RNA (2-10 ng) was then reverse transcribed and PCR amplified in a 

one-step reaction containing RT mix, SYBR green mix, and RNase free water at 55°C for 

10 mins, 95°C for 5 mins, followed by 40 cycles of 95°C for 5 seconds, 60°C for 10 

seconds  (Figure 2.3 A) and subsequent melt curve analysis (Figure 2.3 B). Samples were 

run in triplicate with a no reverse transcriptase (-RT) control. Gene expression was 

normalised to that of the housekeeping gene, GAPDH or HPRT (for terminally 

differentiated cells or HPRT for stem cells). Ratio of gene expression was calculated 

using the efficiency corrected delta Ct method. The ratio of sample:control was calculated 

therefore the control when compared to itself will always have a value of 1 as the ratio is 

1:1. Results were plotted using PRISM software (Figure 2.3 C). Melt curve analysis was 

performed on all runs to confirm that amplification of a single transcript product per 

primer occurred at the validated melt temperature. 
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Figure 2.3 qRT-PCR.  (A) Amplification of target genes using QuantiTech QC primers 
presented as fluorescence vs. number of cycles (40 cycles). Threshold baseline values 
were set at the point of exponential growth on the amplification curve to determine Ct 
values. (B) Melt curve analysis was performed for each run as an in-house validation to 
ensure amplification of single transcript product per gene. (C) Gene expression was 
normalised using housekeeping gene GAPDH or HPRT. Ratio of gene expression was 
calculated using the efficiency corrected delta Ct method. Results were plotted using 
PRISM software. 
 
2.2.6.3 Flow cytometry 
 

Cells were re-suspended in media, counted, and fixed using BD Cytofix/Cytoperm 

solution for 20 minutes at 4°C. Following incubation, cells were then washed in 1X 

BD Perm/Wash solution by centrifugation at 500g for 3 minutes X3. The remaining 

pelleted cells were then re-suspended in (i) fluorochrome-conjugated antibodies and 

control IgG’s or (ii) the appropriate primary antibody with fluorochrome-conjugated 

secondary antibodies at a final concentration of 1 μg per sample and incubated at four °C 

for 30 min. Fluorescence labelled cells analysis was performed using a BD FACS Aria 

flow cytometry system (BD Biosciences) or the Amnis™ CellStream ™ flow cytometer. 

Cells were selected from debris based on their forward and side scatter properties.  Single 

cells were defined as having an aspect ratio of approximately 1 (Figure 2.4 A,B). 

Antibody expression was displayed on a bivariant plot e.g. FITC vs SSC (Figure 2.4 C). 

Multiple histogram overlays were created using the analysis software tool to demonstrate 

the difference between control vs treated samples (Figure 2.4 D). For identification of 

potential EVs, the Cell Stream™ flow cytometer was set to small particle detection. A 

A.

B.

C.
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gate was set up using an SSC vs FSC plot to identify “potential EVs” (Figure 2.5 A). 

Using this “potential EVs” gated population antibody + EVs e.g. PE+ events were gated 

(Figure 2.5 B). Antibody expression was displayed on a bivariant plot using Frequency 

vs Intensity (Figure 2.5 C). To verify the detection of EV particles a panel of control 

samples were ran simultaneously as listed in Table 2.8. 

Table 2.7 FACs controls for detection of cellular antibody expression  

 

Control Name 

 

Purpose  

 
Unstained Cells 

 
Gating  

 
PBS only (filtered) 

 
Determine background signal from PBS 

 
PBS + Antibody  

 
Fluorescence compensation 

 
PBS + IgG 

 
Fluorescence compensation 

 
Cells + IgG 

 
Fluorescence compensation 

 
Cells + Antibody 

 
Determine antibody + cells 
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Figure 2.4 Gating strategy for FACs. Cells were selected from debris based on their 
forward and side scatter properties and a gate was appropriately drawn (A).  Single cells 
were defined as having an aspect ratio of approximately 1 (B). Antibody expression was 
displayed on a bivariant plot e.g. FITC vs SSC. (C) Multiple histogram overlays were 
created using the analysis software tool to demonstrate the difference between control vs 
treated samples (D). 
 

 

Figure 2.5 Gating strategy for EV detection. A gate was set up using an SSC vs FSC 
plot to identify “potential EVs” (A). Using this “potential EVs” gated population antibody 
+ EVs e.g. PE+ events were gated (B). Antibody expression was displayed on a bivariant 
plot using Frequency vs Intensity (C).  
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Table 2.8 nanoFACs controls for detection of EV antibody expression  

 
 

Control Name 

 

Purpose  

 
Unstained EVs 

 
Gating  

 
PBS only (filtered) 

 
Determine background signal from PBS 

 
PBS + Antibody  

 
Fluorescence compensation 

 
PBS + IgG 

 
Fluorescence compensation 

 
EVs + IgG 

 
Fluorescence compensation 

 
EVs + Antibody  

 
Determine antibody + EVs 

 
EVs + Antibody + Triton X-
100 

 
Determine signals are coming from lipid-based 
particles 
 

 

 

2.2.6.3.1 Imaging Flow cytometry 
 
Cells were re-suspended in media, counted, and fixed using BD Cytofix/Cytoperm 

solution for 20 minutes at 4°C. Following incubation, cells were then washed in 1X 

BD Perm/Wash solution by centrifugation at 500g for 3 minutes X3. The remaining 

pelleted cells were then re-suspended in (i) fluorochrome-conjugated antibodies and 

control IgG’s or (ii) the appropriate primary antibody with fluorochrome-conjugated 

secondary antibodies at a final concentration of 1μg per sample and incubated at four °C 

for 30 min. Fluorescence labelled cells analysis was performed using the ImageStream™ 

imaging flow cytometer. Cells were selected from debris based on their forward and side 

scatter properties.  Single cells were defined as having an aspect ratio of approximately 

1. Morphometric analysis of single cells including size and shape was carried out by 

plotting Area vs. Aspect Ratio (width divided by length) (Figure 2.6).  
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Figure 2.6 Gating strategy for morphometric analysis of cells using ImageStreamÔ 
. Morphometric analysis of single cells including size and shape was carried out by 
plotting Area vs. Aspect Ratio. Individual cells were analysed by selecting a blue point 
on the graph with smaller cells gathered close to the Y axis and larger cells further on the 
X axis.  
 
 

Antibody expression was displayed on a bivariant plot, Intensity vs. Area. Multiple 

histogram overlays were created by plotting Normalized frequency vs. Antibody Intensity 

using the analysis software tool to demonstrate the difference between control vs treated 

samples. 

 

2.2.6.4 Confocal microscopy  
 

Cells were analysed with a Zeiss LSM 510 Confocal Laser Scanning microscope 

(CLSM). Prior to CLSM imaging, cells were seeded on pre-coated glass-bottom dishes 

(50 mm, MatTek Corporation, USA). After the solidification of matrices, the suspensions 

of cells in the medium were seeded onto the glass surface at specific densities. The 

samples were then incubated at 37°C and 5% of CO2 for 24 hours before fixation. Images 

were taken using a Zeiss LSM 510 Confocal Laser Scanning microscope with a white-

light 100x objective.  
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2.2.6.5 Celigo imaging cytometer  
 
2.2.6.5.1 Proliferation assay  
 
Cells were seeded onto a 48 well plate at a density of 100 cells/well in maintenance media. 

Following overnight, cells media was removed and replaced with various cell treatments. 

Cell proliferation was monitored over a period of time (0, 24, 48 and 72 hours). Using the 

Celigo Application software, a confluence channel was selected for brightfield imaging. 

Cells were autofocused, and the entirety of each well was imaged at each time point. 

Using the confluence application, all cells are outlined by the use of a texture algorithm. 

A graphic overlay is then applied to each well. A heat map of cell confluence is then 

provided for analysis stating the % confluency of each well at a defined time point. 

 

2.2.7 Detection of cellular oxidative stress 
 
2.2.7.1 Determination of intracellular ROS production via DHE  
 
A qualitative DHE stain was used to determine intracellular O2- anion production in 

HAECs following a 48-hour incubation in NG and HG conditions. Cells were seeded 

onto a 48-well plate at a density of 1,000 cells/well. Following HG and NG treatment, 

cells were washed with HBSS, and cell media was replaced. DHE stain was added at 

a concentration of 5uM and incubated for 15 mins avoiding exposure to light. 

Fluorescent images were taken immediately using the Celigo. 

 

2.2.7.2 Determination of intracellular ROS production via NBT  
 

A quantitative nitroblue tetrazolium (NBT) assay was used to determine intracellular 

O2- anion production in  HAECs following a 48-hour incubation in NG and HG 

conditions. Cells were washed once with PBS and incubated with NBT (0.36 ml at 

0.33 mg/ml) for 2 hours. Following NBT incubation, cells were washed with PBS, and 

the NBT crystals were solubilised in 0.6 ml DMSO:ethanol:0.9 N NaOH (1/1/1, v/v/v). 

Absorbance measured at 680nm. 
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2.2.8 Analysis of EVs 
 

2.2.8.1 Conditioned media harvesting 
 
ECs were optimised for short-term growth in 0% serum conditions. This was achieved by 

lowering serum concentrations by 0.5% over a period of time (every 24 hours until growth 

in 0% serum was achieved). Once optimised, a T75cm2 of 80% confluent ECs were 

treated with normal glucose (NG) (5mmol/l, NG)  and high glucose media (HG) 

(30mmol/l, HG). The conditioned media from both groups were harvested every 48 hours. 

A batch of NG and HG conditioned media was collected and spun down at 2000rpm for 

5 minutes to remove cellular material. Following this CM  was pooled for downstream 

experiments to avoid batch to batch variability. Condition media was stored at -80°C.  

 
2.2.8.2  Isolation of EVs from conditioned media  
 
EV isolation was achieved using ExoQuick-TC reagent. EVs were isolated as per the 

manufacturer’s protocol. All centrifugation steps were done at 4°C. Briefly, NG and HG 

conditioned media was centrifuged at 3,000g for 15 minutes removing cells and cellular 

debris (Figure 2.7, B). The supernatants were then transferred to a sterile 50ml tube, 

appropriate amounts of  ExoQuick-TC reagent were added to of conditioned media. 

Samples were mixed by inverting, followed by overnight incubation at 4°C for 24 hours 

(Figure 2.7, C). After 24 hours, samples were then centrifuged for 1,500 x g for 30 

minutes. The resulting supernatants were removed, and a further centrifugation step was 

carried out at 1,500 x g for 5 mins (Figure 2.7, D). The supernatant was then aspirated, 

and the resulting pellet was re-suspended in NaCl solution, ddH20 or cell culture media 

depending on downstream application. Note: Functional experiments which included the 

treatment of both rat and human stem cells with  EVs from endothelial cell conditioned 

media were carried out immediately after EV isolation. EVs were stained using a CFSE, 

Nir-Aza, and ExoGlow and analysed using the Amnis™ CellStream ™ flow cytometer. 

In the case of EV treatments. EVs isolated from 10mls of conditioned media was treated 

with 9cm2 of adherent cells. 
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Figure 2.7 Schematic representation of EV isolation. Schematic representation of EV 
isolation. EC were grown in 0% serum RAEC media in normal glucose and high glucose 
conditions. Cell culture media was harvested for EV isolation. EVs were isolated using 
ExoQuickTCÔ reagent.  
 
 
2.2.8.3 Dynamic light scattering  
 
Dynamic light scattering (DLS) measurements were performed to determine the size of 

the isolated EVs using the Malvern Zetasizer Nano. This technique is laser-based, sending 

a beam through a polarised sample whilst measuring the scatter light to determine the size 

of particles in the EV solution. Samples were diluted 100ul of isolated EVs were diluted 

in 900 ul of ultrapure water and filtered through a 0.45μM filter into a disposable plastic 

cuvette and covered with parafilm to prevent the entry of dust particles. 12 reads at 30 

seconds each were performed using standard settings Refractive Index = 1.331, viscosity 

= 0.89, temperature = 25°C. 

 

2.2.8.4 Nanoparticle tracking analysis 
 
Nanoparticle tracking analysis (NTA) was performed by Particular Sciences Ltd. using 

the NanoSight NS300 nanoparticle analyser (NanoSight, Malvern NTA  Version: NTA  

3.2  Dev  Build  3.2.16.) as per the manufacturer's instructions. EVs purified from 

conditioned cell media were diluted (1:1000) in PBS and filtered using a 0.45μM filter 

and subjected to size and concentration measurements. Analysis settings were set up as 

follows; Detection threshold 3, blur size auto, max jump size auto. The video was then 

analysed with NTA 2.3 software to obtain the size and concentration information of the 

EVs, including the mean, mode, standard deviation. 
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2.2.8.5 Exogenous EV labelling using ExoGlow-Membrane™ EV 

labelling kit 
 
EVs were labelled using ExoGlow-Membrane™ EV Labelling Kit as (EXOGP100A‐1, 

SBI) per manufacturer’s instructions. Briefly, total EV protein concentration was 

measured using Pierce™ BCA Protein Assay Kit. 100µg of EVs was mixed with labelling 

dye and incubated at 30 minutes at room temperature (Figure 2.8 A,B). Free dye removal 

was carried out using PD SpinTrap G-25 columns. Labelled EVs were resuspended in 

essential eight media and incubated with SNEPs for periods 2hrs-24 hrs. Cells were fixed 

with 4% paraformaldehyde for 20 min (Figure 2.8, C). After washing with PBS, nuclei 

were stained with DAPI (1:1000). The signals were analysed using the Leica TCS SP8 

Confocal microscope (Figure 2.8, D). 

 
 

 
 
Figure 2.8 Schematic representation of exogenous HG-EV labelling using ExoGlow 
EV-labelling dye. EVs were isolated using ExoQuickTCÔ reagent. Purified EV pellets 
from conditioned media were labelled using ExoGlow labelling kit. ExoGlow-labelled 
EVs were cultured with reporter cell line to determine EV uptake. Following 24 hour 
incubation reporter cell lines were fixed and visualised to determine uptake of EC-derived 
EVs. 
 
 
2.2.8.6 Endogenous EV labelling using an amphiphilic NIR-fluorescent 

probe 

Endothelial EVs were labelled using an amphiphilic NIR-fluorescent probe to favour 

chemical and photo-stability and effective internalisation by cells. HAECs were grown in 

0% serum maintenance media. Once they reached 80% confluence, NIR-AZA was added 

to a concentration of 5 mM, and a 37°C incubation was maintained for two h – 24 hours 

(Figure 2.9 A). Fluorescence imaging of live cells at this time point showed a high degree 
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of the plasma membrane and cytoplasmic staining. Following removal of the media from 

the cells, EVs were isolated as per section 2.2.8.2 (Figure 2.9 B). Non-labelled controls 

were produced via an identical procedure but by omitting the addition of probe NIR-AZA. 

Biochemical analyses were performed on both labelled and unlabelled EVs using flow 

cytometry and fluorescent microscopy (Figure 2.9 C,D). 

 

Figure 2.9 Schematic representation of endogenous HG-EV labelling using NirAza 
EV-labelling dye. EC EV labelling using NirAza dye in vitro. EVs were labelled from 
point of EC secretion. EVs were isolated using ExoQuickTCÔ reagent. Purified EV 
pellets from conditioned media were cultured with reporter cell line to determine EV 
uptake. Following 24 hour incubation reporter cell lines were fixed and visualised to 
determine uptake of EC-derived EVs. 
 
 
2.2.8.7 EV tracking using fluorescent imaging cytometer 
 

Fluorescent microscopy using the Celigo Imaging Cytometer was used to  (i) monitor EV 

staining during HAEC-EV production using Nir-Aza stain and (ii) tracking of EV uptake 

by SNEPs. Cells were treated with an EV-stain and imaged over various timepoints to 

increase fluorescent intensity. The Celigo Imaging software was set up using a fluorescent 

mask depending on the excitation and emission of stains for visualisation. Before 

imaging, cells were autofocused using the BF channel. The level of exposure was then 

auto-defined for each well. Simultaneous BF and fluorescent images were taken at each 

time point. Levels of fluorescent intensity were recorded and analysed at each time point.  

 
2.2.8.8 Antibody Array  
 
Surface proteins of isolated EVs were confirmed using the Exo-Check™ Antibody Array 

(EXORAY210A-8). A BCA protein array was used to determine vesicular protein 
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concentration, with 100ug/ml of protein being used for the arrays. The manufacturer’s 

protocol was followed to determine EV protein cargo including GM130, FL0T-1, ICAM, 

ALIX, CD81, CD63, EpCAM, ANXA5 and TSG101. Protein blots were developed with 

TMB solution (Sigma Aldrich) 5-10 minutes.  

 

2.2.8.9 Field Emission Scanning Electron Microscopy (FeSEM) 
 

A 1mL of isolated EVs solution was resuspended in dH2O. FeSEM of EVs was carried 

out by trained staff in the NRF DCU using the Hitachi S5500 Field Emission SEM. 

 

2.2.9 FTIR and Raman spectroscopy  
 

For both FTIR and Raman spectroscopic analyses, cells were seeded on calcium fluoride 

slides in 6 well plates at approximately 10,000 cells/well and incubated for a period of 24 

hours. After fixation, the slides were washed with PBS and placed briefly in distilled 

water. The slides were left to air dry before recording spectra. Colleagues recorded 

Raman spectra at the Facility for Optical Characterisation and Spectroscopy, Technology 

University Dublin (TuDublin). Using a custom-built Raman micro-spectroscopy system. 

Briefly, this system employed a 150 mW laser with a wavelength of 532 nm (Laser 

Quantum, Torus), spectrograph (Andor, Shamrock 500) operating with 600 lines/mm 

grating, and a CCD camera (Andor; DU420A-BR-DD) cooled to −80 °C. A 50× 

microscope objective, with a numerical aperture of 0.8 (Olympus, UMPlanFl), was used 

to image the spectral irradiance to a 100μm confocal aperture, which isolates the signal 

from the cell nucleus, and minimises background noise from the sample substrate, as well 

as from optical elements in the system. 

IR absorption measurements were carried out using a Perkin Elmer Spotlight 400 N FTIR 

imaging system. The system was equipped with an Auto Image microscope system 

operating with a ×40 Cassegrain objective and operated in transmission or reflection 

mode. FTIR images were acquired in transmission mode with ten scans of a 150 × 150 

μm area of the slide for each cell population. All experiments were carried out in triplicate 

(576 spectra per scan were recorded, 30 scans per sample, ~15,000 spectra per cell 

population). Individual spectra were acquired with liquid nitrogen-cooled mercury 

cadmium telluride line detector of pixel size 6.25 μm × 6.25 μm at a spectral resolution 
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of 4 cm−1, interferometer speed of 1.0 cm/s, and the useable spectral range is restricted to 

900–4000 cm−1. Background measurements were acquired on a region with no cells with 

120 scans- s per pixel, whereas 32 scans per pixel were recorded from the sample.  

 
2.2.9.1 FTIR/ Raman data processing 
 
 
FTIR and Raman data processing was carried out as previously published (Molony et al., 

2018). The different data pre-processing and analysis steps were performed using MatLab 

(Mathworks, USA). For FTIR data, the resonant Mie scattering correction algorithm 

(RMieS-EMSC) was employed to re-move scattering effects from FTIR spectra (Bassan 

et al., 2009), as has been successfully demonstrated in a number of studies (Hughes et al., 

2010). Due to differences in spectral resolution of the instrumentation used to acquire 

Raman signatures of cells versus tissues interpolation of the tissue data set was carried 

out. Linear interpolation is an imputation technique that assumes a linear relationship 

between data points and utilises non-missing values from adjacent data points to compute 

a value for a missing data point. Using Python, The Pandas data frame interpolate function 

was applied to all tissue data sets before the application of cosmic ray removal of an 

extended multiplicative signal correction algorithm as described in detail previously 

(Bassan et al., 2009). After pre-processing, Principal Components Analysis (PCA) and 

Linear Discriminate Analysis (LDA) using Past 4 and WEKA software tools respectively 

was employed as an unsupervised multivariate analysis tool to differentiate the data 

recorded from different cell phenotypes.  

 
2.2.10 Living photonics of individual cells  
 
 
2.2.10.1 Biochip Device 
 

The biochip device for single-cell capture was prepared by colleagues in the Cell 

Handling Group, Fraunhofer Project Centre for Embedded Bioanalytical Systems at DCU 

(Figure 2.10). Briefly, the biochip design was based on cell sedimentation under stagnant 

flow conditions due to the application of centrifugal force into an array of V-shaped 

capturing elements. Briefly, the sedimentation takes place with the liquid bulk at rest to 

provide high capture efficiency. V-cups (13 μm diameter) staggered in an array of 47 × 
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24 cups which can thus trap up to 1128 individual cells. Additional trap and pillar-based 

locations are also on the biochip to facilitate a subpopulation of cells to be selected and 

further single-cell assays. Finally, a disc for holding three biochips and for mounting onto 

the centrifugal test stand was manufactured using 3D printing. The centrifugal test setup 

comprised a motor for spinning the microfluidic chips (4490H024B, Faulhaber 

micromotor SA, Switzerland), a synchronized camera for image acquisition during 

rotation (TXG14c, Baumer AG, Germany) coupled to a motorized 12x zoom lens 

(Navitar, USA) and a strobe light unit (Drelloscop 3244, Drello, Germany). The system 

integration between the microfluidic and optical systems for SCA was performed using 

an in-built optical detection and imaging system on the centrifugal test stand.  

 

Excitation was performed by a 250-W halogen lamp (KL 2500 LCD, Schott, Germany) 

with an enclosed filter wheel to allow both broadband light (λ = 360–800 nm) and selected 

fluorescent excitation (filtered at excitation wavelengths of 403 ± 32 nm, 492 ± 15 nm, 

515 ± 25 nm, 572 ± 15 nm and 610 ± 32 nm) and emission wavelengths (emission filters 

are 465 ± 20 nm, 530 ± 20 nm, λ565 ± 20 nm and 630 ± 20 nm and 670 ± 20 nm). The 

module was mounted on a computer-controlled X-Y stage (Qioptiq, Germany). 

Measurement of background photons assessed the contribution of the chip PDMS 

material and the surrounding liquid (cell media) on a fully primed empty chip. The images 

are acquired post-capture when the cells settle into the capture V-cup region. The method 

of travel through the chip was sedimentation-based and did not impact the fluorescence 

emissions as the cells experience minimum shear force as they travel through the chip. 

Spin speed for the cells travelling through the chip is fixed at 10 Hz for all experiments 

to reduce any instrumentation variations. Excitation (lamp power etc.) and image 

acquisition settings (exposure time, min and max values, etc.) were fixed and uniform 

across all experiments. The effect of the width of the excitation (15–32 nm) using 

commercial filters fitted into the imaging system revealed that changing an excitation 

filter bandwidth by a small increment had little impact on fluorescence excitation. The 

entire cell was selected as the region of interest (ROI) in all studies, and the mean value 

across the entire cell is presented. The experimental volume fraction of the cell probed 

and the standard deviation across each cell, in each wavelength, was low.  

 
The device was placed in a vacuum before introducing the liquids for a minimum of 30 

min ensure complete and bubble-free filling. The biochip was primed with the appropriate 



 

88 

cell culture media formulation for the cell type under test via the loading chamber on the 

top right section of the biochip. After priming, cells were introduced via the loading 

chamber on the top left section of the biochip. All pumping was performed the centrifugal 

test stand and a 3D-printed chip holder, which allows three biochips to be tested in 

parallel, thus significantly increasing the cell capture efficiency of the V-cup array system 

compared to common, flow-driven systems. Initial cell capture tests were performed 

using 20-μm polystyrene beads to emulate cell behaviour before being repeated using 

cells. In all cases, the sedimentation in the absence of flow led to significantly increased 

occupancy of the V-cups (≥ 95%) compared to common, flow-driven methods (data not 

shown).  

 

 

 

Figure 2.10 Biochip device. Schematic of the capture of individual cells using the 
LoaD platform (Molony et al., 2021).  
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2.2.11 Supervised machine learning (ML) 
 
Supervised ML is a technique in which a model is trained on a range of inputs (or features) 

that are associated with a known outcome. Once the algorithm is successfully trained, it 

will be capable of making outcome predictions when applied to new data. Spectra from 

FTIR, Raman and single cell AF  were first classified to create ground truth for each 

sample before the data were normalized. Dimensionality reduction was achieved through 

Multiclass Fisher’s Linear Discriminant Analysis (FLDA), as previously described before 

MLP artificial neural network analysis was performed on each dataset using the WEKA 

machine learning tool kit (Frank et al., 2004). Once the dataset was loaded and pre-

processed using the FLDA filter, it was processed using the “Classify” panel to implement 

MLP artificial neural network (ANN) analysis. ANNs are algorithms that are loosely 

modelled on the neuronal structure observed in the mammalian cortex and are arranged 

with a number of input neurons, which represent the information taken from each of the 

features in the dataset, which are then fed into any number of hidden layers before passing 

to an output layer in which the final decision is presented. The algorithm was iteratively 

improved using an optimization technique by changing the number of hidden layers 

(1,2.3., etc.) and the momentum (0.1–0.5) and rate of learning (0.1–0.5) to reduce the 

error of prediction and then evaluated using cross-validation. The risk of over-fitting was 

mitigated when our dataset was split into two segments, a training segment, and a testing 

segment, to ensure that the training model can generalize to predictions beyond the 

training sample. Each segment contained a randomly selected proportion of the features 

and their related outcomes, which allowed the algorithm to associate certain features, or 

characteristics, with a specific outcome and is known as training the algorithm. Once 

training was completed, the algorithm was then applied to the features in the testing 

dataset without their associated outcomes. The predictions made by the algorithm were 

then compared to the known outcomes of the testing dataset to establish model 

performance.  

 

For single cell AF analysis PCA and LDA multivariate analysis, the cells were first 

classified to create ground truth for each sample before the spectral data were normalized 

to one by dividing the fluorescence intensity at each wavelength by the average 

background intensity at that wavelength. Dimensionality reduction was for FTIR, Raman 

and single-cell AF achieved through an FLDA pre-processing filter, as previously 
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described using WEKA machine learning tool kit, version 3.8.4, and further analysed by 

PCA and LDA using the multivariate statistical package PAST4. A scatter plot of 

specimens along the first two canonical axes produces maximal and second to maximal 

separation between all groups. The axes are linear combinations of the original variables 

as in PCA, and eigenvalues indicate the amount of variation explained by these axes. 

When only two groups are analysed, a histogram is plotted. The data are classified by 

assigning each point to the group that gives minimal Mahala Nobis distance to the group 

mean. The Mahala Nobis distance is calculated from the pooled within-group covariance 

matrix, giving a linear discriminant classifier. The given and estimated group assignments 

are listed for each point. In addition, group assignment is cross validated by a leave one 

outcross validation (jack-knifing) procedure. To interrogate the photonic profiles from 

unknown ‘mystery’ groups, i.e., data not included in the discriminant analysis itself but 

classified. In this way, it is possible to classify new datasets that are not part of the training 

set. 

2.2.12 Quantification and Statistical Analysis  
 
All data were determined from multiple individual biological samples and presented as 

mean values ± standard error of the mean (SEM). All in vitro experiments were 

performed in triplicate and repeated three times unless otherwise stated. All data were 

checked for normal Gaussian distribution for statistical comparisons before parametric 

and non-parametric tests were performed. An unpaired two-sided Student’s t-test was 

performed to compare differences between two groups, and significance was accepted 

when p≤ 0.05. A one-sample t Wilcoxon test was performed on fold changes, and 

significance was accepted when p≤ 0.05. An ANOVA test was performed for multiple 

comparisons with Tukey’s multiple comparisons test using GraphPad Prism software v8. 

Significance was accepted when p≤ 0.05. 
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3.1 Introduction  
 
Diabetes mellitus is a chronic metabolic disorder characterised by an inability to produce 

or effectively utilise insulin in the body. Notably, the leading cause of mortality and 

morbidity among subjects with diabetes is CVD (Grundy et al., 1999; Zimmet, Alberti 

and Shaw, 2001). Patients with diabetes are at a two to three-fold higher risk of 

developing many CVDs, including coronary heart disease, stroke, peripheral arterial 

disease, and cardiomyopathy. Of interest in this study is the relationship between diabetes 

and the development of atherosclerosis.  

 

Atherosclerosis is a widespread chronic inflammatory disorder of the arterial wall 

characterised by the accumulation of VSMC-like neointimal cells from various possible 

sources including medical VSMCs, resident stem cells, ECs or a combination of all three, 

lipid retention and infiltration of immune cells. The relationship between diabetes and 

atherosclerosis is multifactorial and includes a complex interaction of dyslipidaemia, 

hyperglycemia, increased oxidative stress, and inflammation (Grundy et al., 1999; 

Bornfeldt, 2016; Hagensen et al., 2019). It is widely accepted that the predominant 

response within the vessel wall following vascular injury is the essential 

pathophysiological process of endothelial dysfunction before the accumulation of 

neointimal VSMC-like cells. In the past decade, compelling evidence now suggests that 

endothelial dysfunction has harmful effects during the development of CVD.  

 

Hyperglycaemia, a hallmark of diabetes, is an essential initiator of endothelial 

dysfunction, with many of the earliest pathological responses to hyperglycemia 

manifested in vascular ECs. Hyperglycemic-induced endothelial dysfunction is driven by 

constant EC exposure to elevated circulating glucose levels resulting in an imbalance of 

endothelial-derived factors and subsequent malfunction in vasodilation (Shi and 

Vanhoutte, 2017). A hallmark of atherosclerosis is pathological arterial re-modelling due 

to the accumulation of VSMC-like neointimal cells, either derived from medial VSMC, 

resident vascular stem cells, endothelial cells, or a combination of all three thereby 

resulting in the formation of a neointima, reduced blood flow, and vessel occlusion. The 

origin of neointimal cells has been extensively studied for many years.  Initially, it was 

widely accepted that the origin of cells in the neointima involved the de-differentiation 

and migration of VSMC in the medial layer of the artery (Owens, Kumar and Wamhoff, 
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2004; Rensen, Doevendans and Van Eys, 2007). Initial studies of this process describe 

the downregulation of VSMC markers such as smooth muscle α-actin (SM α-actin) and 

Myh11 in neointimal cells post vessel ligation, which led to these cells being termed 

VSMC-like rather than VSMC (Ross and Glomset, 1973; Chamley-Campbell, Campbell 

and Ross, 1979). Numerous studies have since reported the ability of VSMCs to de-

differentiate and take on a new phenotype, switching from contractile VSMCs to a 

synthetic VSMC  displaying higher levels of proliferation and inflammatory cell 

recruitment following vascular injury (Rensen, Doevendans and Van Eys, 2007).  In 

recent years, this assumption has been challenged. Several other cell types have been 

reported to be involved in the development of the VSMC-like cells of the neointima. 

Lineage tracing and scRNA-seq have provided compelling evidence for the involvement 

of a discrete population of (i) differentiated Myh11+ medial SMCs that are Sca1+ 

(Chappell et al., 2016; Dobnikar et al., 2018) and (ii) various medial and adventitial 

progenitors in progressing intimal thickening (Tang, Wang, Yuan, et al., 2012; KRamann 

et al., 2016; Yuan et al., 2017; Tang et al., 2020).  

 

Given the multiple origins of cells within lesions and their cellular heterogeneity, a greater 

understanding of cell-cell communication and the subsequent initiating factors underlying 

the vascular pathology is needed. Activation of pathological inflammatory processes 

through paracrine and endocrine signalling has long been considered the driving source 

of cellular communication during the development of CVD. However, the advent of EVs 

as key intercellular communicators raises the possibility of EVs serving as an important 

nexus for signalling between the EC and the underlying vessel wall during vascular 

disease progression.  EC-derived EVs are small membrane-derived vesicles shed by ECs 

into the extracellular space. Upon secretion, these lipid-bilayer protected EVs travel to 

neighbouring cells within the vasculature to be phagocytosed or dock to recipient cells 

eliciting a functional response. Since their discovery, extensive research has focused on 

the putative changes in EV cargo in response to various stimulants of vascular injury as 

early indicators for diagnosing sub-clinical atherosclerosis (Bank et al., 2015; Yin, Loyer 

and Boulanger, 2015; Kowal et al., 2016). 

 

Of particular interest is EV-dependent transport of the secreted morphogen, SHh a known 

driver of myogenic differentiation recapitulated during vascular pathogenesis (Beckers et 

al., 2007; Aravani et al., 2019) and Notch receptor, a key signalling pathway involved in 
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mammalian cardiogenesis, including cell fate decisions, differentiation and proliferation, 

and angiogenesis (Gridley, 2010; Del Monte et al., 2011; MacGrogan, Luxán and de la 

Pompa, 2014).Hh activates signalling in recipient cells by binding to its receptor Patched 

(Ptch). The binding of Hh to Ptch abrogates its inhibition on Smo and activates signalling 

via Gli transcription factors. Although mammals possess three distinct forms of the Hh 

morphogen, SHh has been the most widely implicated vascular disease. Recent studies 

have shown that Hh morphogen can be released through EV-mediated pathways 

(Liégeois et al., 2006; Callejo et al., 2011). Furthermore, it was demonstrated that SHh 

morphogen is secreted by two types of EVs (Vyas et al., 2014). Similarly, activation of 

Notch signalling requires binding to its receptors Jagged-1, Jagged-2, and Delta-like 

ligands 1 – 4 activating the transcription of Notch target genes Hey1 Hey 2 and HeyL. 

Various studies have investigated the role of EV-mediated transport of Notch and 

associated ligands, through overexpression of Notch1 in MSCs promoting angiogenesis 

(Xuan, Khan and Ashraf, 2020), detection of Jagged-1-EVs regulating EC behaviour and 

function (Tan, Asada and Ge, 2018) and transport of Dll4-EVs from ECs to neighbouring 

cells resulting in inhibition of Notch signalling and loss of Notch receptor (Sheldon et al., 

2010).  

 

This chapter investigated the functional role of hyperglycaemic-induced secretion of EC-

derived EVs from RAEC in controlling activation of SHh and/or Notch signalling in 

resident S100β/Sca1+ vascular stem cells in vitro as a potential early diagnostic biomarker 

for subclinical atherosclerosis. 

3.2 Objectives   
 

The main aims of this chapter were. 

 
(i) To develop an in vitro murine model of RAEC in culture and characterise EC-

derived EVs under normal and hyperglycaemic conditions that mirror diabetic 

conditions of the vasculature in vivo.  

(ii) To determine whether EC-derived EVs under normal and hyperglycaemic 

conditions impact hedgehog and Notch signalling in S100β/Sca1+ resident 

vascular stem cells in vitro.  
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3.3 Strategy  
 

The main objective was to develop an in vitro murine cell culture model to test our 

hypothesis that EC-derived EVs harbouring SHh, and Notch are involved in the 

communication between ECs and resident vascular stem cells to promote the activation 

of Hh and/or Notch signalling of S100β/Sca1+ resident vascular stem cells in vitro. Two 

murine cell models were developed (i) diabetic endothelial model for EV production, (ii) 

vascular reporter stem cell model to determine EV functionality (Figure 3.1).  

 

Primary RAECs were purchased from Cell Applications (R304-05) and cultured in 

normal glucose (NG:5mM) until reaching 70% confluency (Section 2.2.2.1). ICC was 

carried out to characterise the cell population by probing for membrane-bound protein 

CD31 and cytoplasmic protein eNOS (Section 2.2.5.1). ICC was also used to ensure these 

cells were not enriched for Cnn1, a VSMC differentiation cell marker. Confirmatory 

qRT-PCR analysis was used to determine mRNA levels of CD31, eNOS, and Cnn1 and 

compared to rat smooth muscle cells (Section 2.2.5.2). To mimic vascular diabetic 

conditions found in vivo, RAECs were treated with high glucose (HG:30mM)) for 48 

hours. Prior to cell treatments, RAECs were treated with decreasing percentages of serum 

until reaching 0% serum with minimal cellular apoptosis to achieve (i) cell quiescence 

and synchronisation and (ii) to remove contaminating serum containing EVs from the EC 

conditioned media. Having reached 80%, confluency RAEC media was replenished with 

normal glucose, high glucose, or mannitol (MT) (30mM), serving as an osmotic control. 

 

Cell culture media was harvested and stored at -80°C for EV isolation and 

characterisation following each cellular treatment.  EC-derived EVs following exposure 

to normal and hyperglycemic conditions were isolated from stored conditioned media 

using ExoQuick-TC™, a proprietary polymer for gentle precipitation of EVs (Section 

2.2.7.1). To characterise the resulting purified EVs, two methods were deployed (i) NTA 

to measure the Brownian motion of nanoparticles where the speed of motion, or diffusion 

coefficient, is related to particle size through the Stokes-Einstein equation (2.2.7.4) and 

(ii) nanoFACs analysis using the Amnis™ Cell Stream FACS analyser (Section 2.2.5.3) 

following CFSE staining of EVs. 
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To investigate whether EVs derived from hypoglycaemic RAECs activate SHh and/or 

Notch signalling in S100b+ Sca-1+ resident vascular stem cell in vitro, S100b+ multipotent 

stem cells from the medial layer of rat aortic explants were isolated (Section 2.2.1.2) and 

characterised.  Medial VSMCs within the aortic arch develop from a NE embryological 

origin and are associated with the high-risk site for vascular re-modelling events, 

especially in aging populations (Redheuil et al., 2010; Bacakova et al., 2018). Therefore, 

following dissection and harvest of the rat aortic vessel, rMVSCs were isolated from the 

arch region of a female Sprague-Dawley rat and expanded in MM1. ICC was then carried 

out to characterize the cell population by probing for the calcium-binding protein S100β 

and the neural stem cell marker Nestin.  ICC was also used to investigate if these cells, 

isolated from an area rich in smooth muscle cells (VSMCs), expressed VSMC markers, 

such as Cnn1 and Myh11.  

 

The multipotency of the rMVSCs was evaluated using vasculogenic (endothelial) and 

myogenic (smooth muscle) inductive media.  Rat MVSCs were cultured for 14 days in 

inductive differentiation media to obtain endothelial (Section 2.2.5.1) and myogenic 

differentiation, respectively (Section 2.2.5.2.1). Phase-contrast images were taken during 

the differentiation process to interrogate for changes in cell morphology. ICC was 

performed to detect the endothelial marker, CD31, and the loss of a discrete 

subpopulation of Cnn1+ partially differentiated rMVSCs.  Myogenic differentiation of 

rMVSCs was achieved via activation of the Notch signalling pathway using immobilised 

Jagged-1 (Section 2.2.5.2.3). The ɣ-secretase inhibitor, N-[N-(3,5-Difluorophenacetyl)-

L-alanyl]-S-phenyl glycine t-butyl ester (DAPT) was used to confirm that the myogenic 

differentiation process was Notch-dependent. After 14 days, the transcript and protein 

expression of myogenic genes Cnn1 and Myh11 were measured by qRT-PCR and ICC, 

respectively. Lastly, to determine the role of RAEC-EV-mediated activation of Hh and 

Notch signalling in rMVSCs, cells were treated with EVs derived from normal and 

hyperglycemic RAECs for 48 h before Notch, and SHh target gene expression was 

evaluated by qRT-PCR (Section 2.2.5.2). 

 

For statistical comparisons, all data were checked for normal Gaussian distribution using 

the Kolmogorov-Smirnov normality test before parametric and non-parametric tests were 

performed. In the case of data containing only two samples, an unpaired t-test with 

Welch’s correction was performed on normally distributed data. For non-parametric 
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(skewed) data, the Wilcoxon test was carried out to calculate statistical significance. 

ANOVA testing was used to perform multiple comparisons between all samples for data 

containing more than two samples. This could be carried out using an ordinary one-way 

(one parameter to compare) or two-way (two parameters to compare) ANOVA for 

normalised data or the Kruskal-Wallis test for non-parametric data. Further post hoc test, 

Tukeys method, was carried out to identify the group comparisons that are significantly 

different while limiting the family error rate to the significance level. Significance was 

accepted when p≤ 0.05. 

 

 

 

 
 

Figure 3.1 Graphic summary of experimental strategy. Graphic summary of the 
experimental strategy to determine the role of RAEC-derived-EVs under normal and 
hyperglycaemic conditions in activating the Hh and Notch signalling pathway in murine 
resident S100β+ stem/progenitor cells in vitro. 
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3.4 Results  
 
3.3.1 Primary RAECs express distinct endothelial markers CD31, vWF, and eNOS 

under NG conditions.  

 

To develop an in vitro murine cell culture model for EV secretion, RAECs were grown 

in culture and characterised for their expression of endothelial markers, including CD31 

and eNOS, before RAEC were exposed to normal and hyperglycaemic conditions. 

RAECs displayed typical EC characteristics when grown as a single adherent monolayer. 

A distinct cobblestone morphology was observed by phase-contrast microscopy at 4X 

and 10X magnification (Figure 3.2 A, B). The cells were significantly enriched for Cd31 

and eNOS mRNA levels compared to rat VSMCs in culture (Figure 3.2 C, D). 

 

The expression of eNOS, Cd31, and Cnn1 proteins was determined by 

immunocytofluorescence staining (ICC). Cells were seeded onto sterile coverslips in a 6-

well plate at a low density (4,000 cells/well) and incubated at 37°C for 48 h. Cells were 

fixed with 3.7% formaldehyde and stained with primary antibodies for Cd31 (1:100), 

eNOS (1:50), or Cnn1 (1:200). To generate a fluorescent signal for staining, fluorophore-

Alexa Fluor 488-conjugated secondary antibodies were added, and nuclei were stained 

with DAPI.  Using a fluorescent microscope, these stains were visualised, imaged, and 

analysed to determine the expression of each protein. An IgG control (secondary antibody 

probing without primary antibody staining) was included to account for background 

fluorescence or off-target binding of secondary IgGs. The expression of endothelial 

markers eNOS and Cd31 were abundant in RAECs (Figure 3.3 A-B). Although both 

proteins were abundantly expressed, the localisation of protein expression differed. The 

expression of Cd31 was localised around the membrane of the cell. In contrast, the 

expression of eNOS was localised in the cytoplasm of the cell. In order to ensure RAEC 

did not contain a contaminant VSMC cell in culture, the expression of early myogenic 

differentiation Cnn1 protein was determined (Figure 3.3 C). As expected, RAECs did not 

express Cnn1 protein. Positive cells were counted and compared against the total cell 

DAPI stain cell count for quantitative analysis and are presented as the fraction of positive 

cells compared to a negative cell control (Figure 3.3 D-F). 
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Figure 3.2 Characterisation of primary RAECs. (A) Phase-contrast images of RAEC 
in culture at 4X and 10X magnification.  Scale bar representative of 20μm and 50μm 
respectively. (B) Relative mRNA levels of endothelial markers Cd31 and eNOS in 
RAECs. Data are expressed as the ratio of mRNA expression relative to Gapdh and are 
the mean ± SEM, n = 9, * p ≤ 0.05 versus rVSMCs. 
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Figure 3.3 Characterisation of primary RAECs by ICC. (A-C) Representative images 
of fluorescence staining of DAPI nuclei and immunocytochemical analysis of the 
expression of endothelial markers eNOS, Cd31, and myogenic marker Cnn1 in RAECs. 
(D-F) Fraction of eNOS+, Cd31+ and Cnn1+ cells. All images were taken using Olympus 
DP-50 fluorescent microscope. Alexa Fluor  488 secondary antibody used for 
visualisation of primary antibody binding. All images are representative of n > 6 images 
per experimental group from three independent cultures—scale bar representative of 
10μm.  
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3.3.2 Labelling of RAEC-derived EVs following exposure of cells to normal and 

hyperglycaemic conditions in vitro  

Secreted by virtually all cell types in the body, EVs are small, membranous particles that 

have recently emerged as an important mediator of intracellular communication, 

suggesting their pathophysiological role in CVD progression. The cellular origin, 

composition, and functional property of circulating EVs can be exploited as a sub-clinical 

non-invasive biomarker used to detect pathological diseases represented by various 

proteins, lipids, and nucleic acids encapsulated in the vesicular membrane. RAECs were 

cultured under normal and hyperglycemic conditions facilitating the release of EVs into 

conditioned cell culture media in vitro. After 48 h, cell culture media was harvested, 

followed by EV isolation using ExoQuick TC reagent as described in section 2.2.8.2. 

Once purified, EVs were resuspended in dH20 for characterisation. Submicron particle 

detection and characterisation of EVs from normal and hyperglycemic conditions were 

carried out using the Amnis™ CellStream  nanoFACs analyser that employs a time delay 

integration charge-coupled device (TDI CCD) camera technology for detection, offering 

exceptional sensitivity for studying small particles.   

CFDA-SE was used as an intra-vesicular dye becoming converted to CFSE once 

hydrolysed by esterase within EVs, removing diacetate residues resulting in activation of 

the CFSE green fluorescence. RAEC-EVs derived from normal and hyperglycemic 

conditions positively expressed CFSE staining (Figure 3.4 C, Figure 3.5 C). In order to 

determine the true isolation of intact EVs, appropriate controls were performed in parallel 

to eliminate detection of false-positive CFSE staining of particles, including unstained 

EVs (Figure 3.4 A, Figure 3.5 A) and CFSE staining in the absence of EVs (Figure 3.4 

B, Figure 3.5 B). In order to differentiate RAEC-derived EVs following exposure to 

normal and hyperglycemic conditions from protein aggregates, detergent treatment (0.1% 

Triton X-100) was used. CFSE stained RAEC-derived EVs from normal and 

hyperglycemic conditions showed a decrease in CFSE+ events following TritonX-100 

treatment (Figure 3.4 D, Figure 3.5 D). 
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Figure 3.4 CFSE labelling of RAEC-derived NG-EVs. Submicron particle detection 
by nanoFACs of CFSE stained NG-EVs from RAECs (A) CFSE+ events of unstained 
NG-EVs (B) CFSE+ events of CFSE stain without NG-EVs (C) CFSE+ events of NG-
EVs stained with CFSE (D) CFSE+ event of CFSE-NG-EVs treated with TritonX-100. 
Data is representative of n=3.  
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Figure 3.5 CFSE labelling of RAEC-derived HG-EVs. Submicron particle detection 
by nanoFACs of CFSE stained HG-EVs from RAECs (A) CFSE+ events of unstained 
HG-EVs (B) CFSE+ events of CFSE stain without HG-EVs (C) CFSE+ events of HG-
EVs stained with CFSE (D) CFSE+ event of CFSE-HG-EVs treated with TritonX-100. 
Data is representative of n=3.  
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3.3.3 Characterisation of RAEC-derived EVs following exposure of cells to normal 
(NG) and hyperglycaemic conditions (HG) in vitro using Nanoparticle Tracking 
Analysis (NTA) 
 

NTA was performed using a NanoSight NS300 instrument (Malvern Ltd) equipped with 

NTA 3.2 analytical software to determine particle size and concentration. Samples were 

first thawed on ice and diluted in dH20. Each sample was then loaded in the sample 

chamber, and the camera focus was adjusted. Using Brownian motion and light scattering 

properties, particle size distribution was determined for RAEC-derived EVs from normal 

and hyperglycemic conditions. The camera operating at 30fps captures a video of 

particles moving in Brownian motion (Figure 3.6 A). A camera level of 12 (RAEC-

derived EVs from normal conditions) and 9 (RAEC-derived EVs from hyperglycemic 

conditions) was used for the recordings, and the detection threshold was fixed at 3. All 

comparisons were made at consistent camera levels. Five 30 or 60 s videos were recorded 

for each sample. Statistical analysis of merged data was performed using NTA 3.2 Dev 

Build 3.2.16. The mean mode and standard deviation for RAEC-derived EVs from normal 

conditions were 183.2nm, 160.6nm, and 69.6nm, respectively. The mean, mode, and 

standard deviation of HG-EVs were 183.2nm, 160.6nm and 69.6nm, respectively. 

Furthermore, a distinct peak at 161nm was obtained for RAEC-derived EVs from normal 

conditions, whereas multiple peaks at various sizes, mainly at 137nm, 202nm, and 296nm 

was obtained for RAEC-derived EVs from hyperglycemic conditions (Figure 3.6 B and 

C). 

An increase in EV particle secretion has been reported in response to EC exposure to 

hyperglycemic conditions (Li et al., 2016). In order to investigate particle concentration 

of RAEC-derived EVs from normal conditions (NG) versus hyperglycemic conditions 

(HG), analysis of particle concentration was determined using the NTA platform. 10mls 

of conditioned media from normal and hyperglycemic RAECs following 24 h treatment 

was collected. RAEC-derived EVs from normal and hyperglycemic conditions were 

isolated characterised using NTA under the same conditions as mentioned above. An 

increase in the secretion of EVs was observed in EVs isolated from hyperglycemic 

RAECs in comparison to EVs isolated from normal RAECs. The concentration of 

particles for RAEC-derived EVs from normal conditions and RAEC-derived EV from 

hyperglycemic conditions was 2.67 x 108  and 1.42 x 109 particles/ml, respectively.  
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Figure 3.6 NTA of RAEC derived NG and HG-EVs. (A) Representative video 
screenshot of EV particles moving in Brownian motion for NTA. (B) A representative 
particle size distribution profile from NTA of NG-EV rich fractions. (C) A representative 
particle size distribution profile from NTA of NG-EV rich fractions.  
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3.3.4 Resident vascular stem cells isolated from the medial explants of rat aortic 

tissue express stem-associated markers  

 

To determine the functional effect of RAEC-derived EVs from hyperglycemic cells on 

the response of resident vascular stem cells, a reporter in vitro murine cell culture model 

was developed. S100β+ stem cells have been shown to contribute to the development of 

ligation-induced neointima through migration and differentiation (Di Luca et al., 2021; 

Molony et al., 2021). Therefore, cultured rMVSCs from rat aortic medial explants were 

isolated and characterised for specific stem cell makers. The expression of Sox17, Sca1, 

Sox10 and S100β stem cell markers and VSMC myogenic marker Cnn1 was determined 

by ICC staining. Cells were seeded onto sterile coverslips in a 6-well plate at a low density 

(7,000 cells/well) and incubated at 37°C for 48 h. Cells were fixed with 3.7% 

formaldehyde and stained with primary antibodies Sox17 (1:200), Sca1 (1:150), Sox10 

(1:100), S100β (1:50) and Cnn1 (1:200). To generate a fluorescent signal for staining, 

fluorophore-Alexa Fluor 488-conjugated secondary antibodies were added, and nuclei 

were stained with DAPI. Using a fluorescent microscope, these stains were visualised, 

imaged, and analysed to determine the expression of each protein. IgG controls 

(secondary antibody probing without primary antibody staining) were used to account for 

background fluorescence or off-target binding of secondary IgGs. Cultured rVSMCs were 

used as a comparative myogenic cell. Stem cell markers Sox17, Sca1, Sox10, and S100β, 

were detected in isolated rMVSCs (Figure 3.7 A-D). Although all proteins were 

abundantly expressed, the localisation of protein expression differed. The expression of 

Sox17 and Sox10 was localised in the nucleus of rMVSCs. In contrast, the expression of 

Sca1 and S100β was localised in the cytoplasm of the cell. No expression of stem cell 

proteins was detected in the comparator rVSMC cell, as expected (Figure 3.7 E-H). 

Positive cells were counted and compared against the total cell DAPI stain cell count for 

quantitative analysis and are presented as the fraction of positive cells compared to a 

negative cell control (Figure 3.7 E-H). 
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Figure 3.7 Characterisation of rMVSCs from rat aortic explants. (A-D) 
Representative images of fluorescence staining of DAPI nuclei and immunocytochemical 
analysis of the expression of stem markers  Sox17 (Green) (A), Sca1  (B), Sox10 (C), and 
S100β (D) in rMVSCs. E-H) Fraction of Sox17, Sca1, Sox10, and S100 positive cells. 
(E-H) Fraction of Sox17+, Sca1+, Sox10+, and S100β cells. All images were taken using 
Olympus DP-50 fluorescent microscope. Alexa Fluor  488 secondary antibody used for 
visualisation of primary antibody binding. All images are representative of n > 6 images 
per experimental group from three independent cultures—scale bar representative of 
10μm.  
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3.3.5  Vasculogenic differentiation of rMVSCs 

 
As a measure of the multipotency of isolated rMVSCs, vasculogenic differentiation 

stimuli were used to demonstrate stem cell plasticity. Cultured rMVSCs were seeded in 

wells of a 6-well plate at 5000 cells/well and incubated at 37°C for 24 h. Media was then 

replaced with a 1:1 dilution of MM1 (stem cell maintenance media) and complete EC 

media (RAEC + MM), and RAEC complete media (RAEC) composed of a basal media 

and 10% vasculogenic growth supplement. Cells were incubated at 37°C for 14 d with 

media replacement every 3-4 days. Following 7 d incubation, phase-contrast images of 

rMVSCs pre- and post-treatment were analysed and revealed distinct morphological 

changes from stem-like neural elongated cells to endothelial-like cobblestone 

morphology following treatments (Figure 3.8 A). Cells were harvested, and RNA was 

isolated. RNA samples were analysed by qRT-PCR to measure the expression of EC 

markers eNOS and Cd31 in treated samples relative to the MM1 control. In all RAEC 

media-treated samples (1:1 dilution and neat), a significant increase was detected in the 

expression of both eNOS and Cd31 compared to the MM1 control (Figure 3.8 B, C). 

 

Parallel ICC analysis was carried out to determine the expression of EC protein eNOS. 

Cells were seeded onto sterile coverslips in a 6-well plate at a low density (5,000 

cells/well) and incubated at 37°C for 24 h. Media was removed and replaced with RAEC 

media for 14 d. Cells were fixed with 3.7% formaldehyde and stained with a primary 

eNOS (1:50) antibody. To generate a fluorescent signal for staining, fluorophore-Alexa 

Fluor 488-conjugated secondary antibodies were added, and nuclei were stained with 

DAPI. Using a fluorescent microscope, these stains were visualised, imaged, and 

analysed to determine the expression of each protein. IgG controls (secondary antibody 

probing without primary antibody staining) were used to account for background 

fluorescence or off-target binding of secondary IgGs. Following RAEC treatment 

rMVSCs expressed a significant increase in eNOS protein expression in comparison to 

rMVSC in MM (Figure 3.9 A, B). Positive cells were counted and compared against the 

total cell DAPI stain cell count for quantitative analysis and are presented as the fraction 

of positive cells compared to a control (Figure 3.9 C). 
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Figure 3.8 Vasculogenic differentiation of rMVSCs in vitro. (A) Phase-contrast images 
of morphological changes in rMVSC in culture pre-and post-treatment with vasculogenic 
differentiation media at 4X and 10X magnification. Scale bar representative of 20μm and 
50μm respectively. (B, C) Relative mRNA levels of endothelial markers Cd31 and eNOS 
in rMVSCs following vasculogenic treatments. Data are expressed as the ratio of mRNA 
expression relative to control and are the mean ± SEM, n = 9, * p ≤ 0.05 versus RAEC + 
MM and RAEC.  
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Figure 3.9 Vasculogenic differentiation of rMVSCs in vitro. (A, B) Representative 
images of fluorescence staining of DAPI nuclei and immunocytochemical analysis of the 
expression of endothelial marker eNOS in rMVSCs.  (C) Fraction of eNOS+ cells after 
treatment. All images were taken using Olympus DP-50 fluorescent microscope. Alexa 
Fluor  488 secondary antibody used for visualisation of primary antibody binding. All 
images were taken using Olympus DP-50 fluorescent microscope. Alexa Fluor  488 
secondary antibody used for visualisation of primary antibody binding. All images are 
representative of n > 6 images per experimental group from three independent cultures—
scale bar representative of 20μm.  
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3.3.6  Recombinant Jagged-1 and SHh activation of Hh and Notch signalling and 

subsequent myogenic differentiation in rMVSCs. 

To investigate the role of EV facilitated activation of Hh and Notch signalling via 

transport of vesicular cargo, it was first imperative to confirm that direct treatment with 

Jagged-1 protein and recombinant SHh in the absence of EVs activates Hh and Notch 

signalling and subsequent myogenic differentiation of rMVSCs. In order to activate the 

Notch signalling pathway, rMVSCs were cultured in plates pre-coated with 1μg/mL 

immobilised IgG-Fc, Jagged-1-Fc, and Jagged1-Fc plus the ɣ-secretase inhibitor, DAPT 

(80μM)  for 14 d. Cell viability was analysed after 14d. DAPT treatment showed no effect 

on cell viability.  

Following treatments, cells were fixed before ICC was performed. Expression of the early 

myogenic differentiation protein, Cnn1 and the late differentiation protein , Myh11 

protein was evaluated. Cells were incubated with primary Cnn1 (1:200) and Myh11 

(1:250) antibodies overnight. After overnight incubation, cells were incubated with 

secondary antibody Alexa Fluor  488 (1:1000) and stained using DAPI stain for nuclear 

visualisation. Treatment of rMVSCs with Jagged-1 significantly increased the fraction of 

Cnn1 (Figure 3.10 A, B) and Myh11 (Figure 3.11 A, B) positive cells after 14 d in culture. 

The levels of Cnn1 and Myh11 mRNA mirrored the changes in protein, where rMVSCs 

treated with Jagged-1 became significantly enriched for Cnn1 and Myh11, an effect 

attenuated by  theg-secretase inhibitor, DAPT  (Figure 3.11 C).  

 

In order to activate the Hh signalling pathway, rMVSCs were cultured with recombinant 

SHh (1.0µg/ml)  protein and recombinant SHh plus the smoothened inhibitor, 

cyclopamine (15mM) for 7 d. Following treatments, cells were fixed before ICC was 

performed. Expression of the early myogenic differentiation protein, Cnn1 was 

determined as described in section 2.2.6.1. Cells were incubated with primary Cnn1 

(1:200) antibody overnight. After overnight incubation, cells were incubated with 

secondary antibody Alexa Fluor  488 (1:1000) and stained using DAPI stain for nuclear 

visualisation. Treatment of rMVSCs with rSHh (1.0µg/ml) significantly increased the 

fraction of Cnn1 positive cells after 7 d in culture (Figure 3.12 A, B). The levels of Cnn1 

mRNA mirrored the changes in protein, where rMVSCs treated with rSHh became 
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significantly enriched for Cnn1, an effect attenuated following Hh inhibition with 

cyclopamine (15mM) (Figure 3.12 C).  
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Figure 3.10 Jagged-1 stimulation of Notch-mediated myogenic (VSMC) 
differentiation of rMVSCs. (A) Representative images of fluorescence staining of DAPI 
nuclei and immunocytochemical analysis of endothelial marker Cnn1 expression in 
rMVSCs. (B) Fraction of Cnn1+ cells after treatment. All images were taken using 
Olympus DP-50 fluorescent microscope. Alexa Fluor  488 secondary antibody used for 
visualisation of primary antibody binding. All images were taken using Olympus DP-50 
fluorescent microscope. Alexa Fluor  488 secondary antibody used for visualisation of 
primary antibody binding. All images are representative of n > 6 images per experimental 
group from three independent cultures—scale bar representative of 50μm. (C) Relative 
levels of Cnn1 mRNA expression in rMVSCs following jagged-1 treatment. Data are 
expressed as the ratio of mRNA expression relative to control Fc and are the mean ± 
SEM, n = 9, * p ≤ 0.05 versus Jagged-1 and * p ≤ 0.05 Jagged-1 versus jagged-1 DAPT. 
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Figure 3.11 Jagged-1 stimulation of Notch-mediated myogenic (VSMC) 
differentiation of rMVSCs. (A) Representative images of fluorescence staining of DAPI 
nuclei and immunocytochemical analysis of the expression of endothelial marker Myh11 
in rMVSCs. (B) Fraction of Cnn1+cells after treatment. All images were taken using 
Olympus DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used for 
visualisation of primary antibody binding. All images were taken using Olympus DP-50 
fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation of 
primary antibody binding. All images are representative of n > 6 images per experimental 
group from three independent cultures—scale bar representative of 25μm. (C) Relative 
levels of Myh11 mRNA expression in rMVSCs following jagged-1 treatment. Data are 
expressed as the ratio of mRNA expression relative to control Fc and are the mean ± 
SEM, n = 9, * p ≤ 0.05 versus Jagged-1 and * p ≤ 0.05 Jagged-1 versus jagged-1 DAPT. 
 

DAPI Myh11 DAPI Myh11

Ig
G 

Fc
Ja

gg
ed

-1
Ja

gg
ed

-1
+D

AP
T

Fc Jagged-1
 

Jagged-1 +
 DAPT

0.0

0.5

1.0

Fr
ac

tio
n 

of
 M

yh
11

 p
os

iti
ve

 c
el

ls

✱✱✱✱

✱

✱✱✱✱

Fc Jagged-1
 

Jagged-1
 + DAPT

0

2

4

6

8

R
at

io
 o

f M
yh

11
 E

xp
re

ss
io

n 
(R

)

✱✱✱✱

✱✱✱✱

✱✱✱✱

A.

DAPI Myh11 DAPI Myh11

DAPI Myh11 DAPI Myh11

B. C.

Ra
tio

 o
f M

yh
11

 E
xp

re
ss

io
n 

(R
)

Fr
ac

tio
n 

of
 M

yh
11

 p
os

iti
ve

 c
el

ls



 

115 

 
 

Figure 3.12 rSHh stimulation of Hh-mediated myogenic (VSMC) differentiation of 
rMVSCs. (A) Representative images of fluorescence staining of DAPI nuclei and 
immunocytochemical analysis of endothelial marker Cnn1 expression in rMVSCs. (B) 
Fraction of Cnn1+cells after treatment. All images were taken using Olympus DP-50 
fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation of 
primary antibody binding. All images were taken using Olympus DP-50 fluorescent 
microscope. AlexaFluor 488 secondary antibody used for visualisation of primary 
antibody binding. All images are representative of n > 6 images per experimental group 
from three independent cultures—scale bar representative of 50μm. (C) Relative levels 
of Cnn1 mRNA expression in rMVSCs following rSHh treatment. Data are expressed as 
the ratio of mRNA expression relative to control Fc and are the mean ± SEM, n = 9, * p 
≤ 0.05 versus rSHh and * p ≤ 0.05 rSHh versus rSHh + cyclopamine. 
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3.3.7 EVs derived from hyperglycaemic RAECs do not activate Notch target genes 
 
 
To determine a putative role for EVs harbouring Notch ligands in dictating the phenotypic 

changes in rMVSCs,  the levels of Notch target genes were evaluated in rMVSC before 

and after treatment with EVs derived from normal and hyperglycemic RAECs for 48 h. 

In order to ensure the increase of Notch target genes is due to EVs derived for 

hyperglycemic conditions a panel of controls were ran in parallel which included; EVs 

derived from normal RAEC culture, EVs derived from mannitol treated RAEC culture as 

well as normal, glucose and mannitol conditioned media in the absence of cells.  

 

Following RAEC culture, conditioned media was removed and EVs were isolated from 

normal mannitol and hyperglycemic RAECs and respected conditioned medias in the 

absence of cells.  Isolated EVs were resuspended in rMVSC maintenance media (MM1) 

for further downstream applications.  Cultured rMVSCs were seeded at a density of 

200,000/well for 24 h at 37°C.  Following removal of  MM1 media, rMVSCs were treated 

with fresh MM1 media supplemented with EVs isolated from the three treatment groups. 

Changes in mRNA expression of the Notch target genes,  Hey1 and Hey L  were evaluated 

using qRT-PCR after 48 hours. A significant increase in the ratio of  Hey1 was observed 

across all three EV treatment groups, NG-EV, HG-EV and MT-EVs in comparison to the 

their control groups. However, when comparing EV groups, a significant increase in Hey1 

expression was only observed when comparing NG-EVs and HG-EVs with no significant 

increase present in HG-EVs compared to MT-EVs  (Figure 3.13 A). Similarly, a significant 

increase in the ratio of  HeyL was observed across EV treatment groups, NG-EV, HG-EV in 

comparison the their control groups.  However, there was a significant increase in HeyL 

expression in HG-EVs when compared to NG-EVs and the MT-EVs control (Figure 3.13 B). 
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Figure 3.13 RAEC-derived HG-EVs do not activate Notch signalling in rMVSCs in 
vitro. Relative mRNA levels of Notch target genes Hey1  (A)  and HeyL (B) in rMVSCs.  
Data are expressed as the ratio of mRNA expression relative to control and are the mean 
± SEM, n = 3,* p ≤ 0.05 versus NG-EVs and * p ≤ 0.05 versus MT-EVs. 
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3.3.8 EVs derived from hyperglycaemic RAECs activate Hh target genes 
 
 
To determine a putative role for EVs harbouring Hh ligands in dictating the phenotypic 

changes in rMVSCs,  the levels of Hh target genes were evaluated in rMVSC before and 

after treatment with EVs derived from normal and hyperglycemic RAECs for 48 h. In 

order to ensure the increase of Notch target genes is due to EVs derived for hyperglycemic 

conditions a panel of controls were ran in parallel which included; EVs derived from 

normal RAEC culture, EVs derived from mannitol treated RAEC culture as well as 

normal, glucose and mannitol conditioned media in the absence of cells.  

 

Following RAEC culture, conditioned media was removed and EVs were isolated from 

normal mannitol and hyperglycemic RAECs and respected conditioned medias in the 

absence of cells.  Isolated EVs were resuspended in rMVSC maintenance media (MM1) 

for further downstream applications.  Cultured rMVSCs were seeded at a density of 

200,000/well for 24 h at 37°C.  Following removal of  MM1 media, rMVSCs were treated 

with fresh MM1 media supplemented with EVs isolated from the three treatment groups. 

Changes in mRNA expression of the Hh target genes,  Gli1 and Gli2  were evaluated using 

qRT-PCR after 48 hours. A significant increase in Hh target genes Gli1 and Gli2 was 

observed following rMVSC treatment with EVs derived from hyperglycemic RAEC cells in 

comparison to normal EV and mannitol EV controls (Figure 3.14 A,B). 

 

In order to determine whether the activation of SHh signalling in rMVSCs is due to EVs-

derived from hyperglycaemic cells, the expression of SHh was measured in RAEC exposed 

to hyperglycemic conditions in comparison to RAECs from normal and mannitol 

conditioning. A significant increase in SHh mRNA expression was observed in RAECs 

exposed to hyperglycemic conditions (Figure 3.15). Although RAECs exposed to 

hyperglycemic conditions have an increased expression of SHh, Hh signalling is activated in 

effector cells if the ligand is successfully bound to its receptor, Ptch1 resulting in 

phosphorylation and activation of Smo. For this reason, we measured the levels of SMO gene 

expression in RMVSCs following RAEC-derived EV treatments. A significant increase in 

Smo was observed in rMVSCs treated with EVs derived from RAECs exposed to 

hyperglycemic conditions (Figure 3.16 
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Figure 3.14 RAEC-derived HG-EVs activate Hedgehog signalling in rMVSCs in 
vitro. Relative mRNA levels of Hh target genes Gli1  (A) and Gli2  (B) in rMVSCs.  Data 
are expressed as the ratio of mRNA expression relative to control and are the mean ± 
SEM, n = 3,* p ≤ 0.05 versus NG-EVs and * p ≤ 0.05 versus MT-EVs. 
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Figure 3.15.  Effect of HG on SHh expression in RAECs. The relative expression of 
SHh mRNA levels by qRT-PCR in RAECs exposed to hyperglycemic conditions for 48 
hours. Data are expressed as the ratio of mRNA expression relative to control and are the 
mean ± SEM, n = 6,* p ≤ 0.05 versus RAEC and * p ≤ 0.05 versus RAEC-MT.  
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Figure 3.16.  Effect of RAEC-derived NG, HG and MT-EVs on Smo expression in 
rMVSCs. The relative expression of Smo mRNA levels by qRT-PCR in rMVSCs 
exposed to RAEC-derived NG-EVs, HG-EVs and MT-EVs for 48 hours. Data are 
expressed as the ratio of mRNA expression relative to control and are the mean ± SEM, 
n = 6,* p ≤ 0.05 versus HG, ,* p ≤ 0.05 versus NG-EVs and * p ≤ 0.05 versus MT-EVs.  
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3.5  Summary  
 
• Cultured RAEC display distinct endothelial cobblestone morphology in culture. ICC 

and transcriptional analysis confirmed the expression of endothelial-associated 

markers/genes CD31 and eNOS. 

• Healthy and dysfunctional hyperglycaemic RAECs secrete EVs in vitro.  Nano FACS 

analysis using CFSE staining confirmed the presence of a discrete EV population 

following isolation using the ExoQuick TC commercial precipitant. NTA analysis 

revealed a distinct difference in the size and number of EV particles secreted from 

healthy and dysfunctional hyperglycaemic RAECs.  

• Resident multipotent vascular stem cells (rMVSCs) isolated from rat aortic explants 

express NE stem cell markers - Sox10, Sox17, Sca1 and S100β.  

• Rat MVSCs are multipotent capable of differentiating down a vasculogenic and 

myogenic lineage following exposure to vasculogenic (endothelial media) and 

myogenic stimuli (Jagged-1). 

• RAEC exposure to hyperglycaemic conditions increased SHh expression in comparison 

to RAECs in normal and mannitol culture conditions. 

• EVs derived from RAEC conditioned media under hyperglycaemic conditions (HG-EVs) 

promoted Hh target gene (Gli1 and 2) and Smo expression in resident rMVSCs when 

compared EVs from cells grown under normal glucose conditions (NG) or with mannitol 

(MT). Moreover,  this effect  was not mimicked by non-conditioned media supplemented 

with NG, HG or MT. 

 

 

 

 

 

 

 

 

 

 

 



 

123 

3.6 Discussion  

 
Vascular complications resulting from diabetes account for a substantial proportion of 

morbidity and mortality in diabetic patients. Although diabetes is considered a driver of 

many complications' atherosclerosis is regarded as the leading cause of death amongst 

diabetic patients. A hallmark of atherosclerosis is the formation of fibrous neointima 

(Fishbein and Fishbein, 2009). The occurrence of intimal medial thickening (IMT) has 

become one of the significant challenges for CVD treatment as routine procedures such 

as stenting, balloon angioplasty and vein-graft bypass often lead to further vascular injury 

and emergence of arteriosclerotic lesions (Haery, Sachar and Ellis, 2004). Therefore, the 

discovery of early diagnostic biomarkers for the detection of sub-clinical atherosclerosis 

is clearly an unmet clinical need. To facilitate this, further research is required to greater 

understand the role of cell-cell communication as the primary orchestrator of neointimal 

VSMC-like cell accumulation leading to intimal thickening and neointima formation. 

 

Initially considered as cellular waste, EVs have recently emerged as a critical player in 

cellular communication. The composition of EVs can play an important role in vascular 

homeostasis and pathological processes such as angiogenesis, inflammation, and 

senescence (Fujita et al., 2015; Andrews and Rizzo, 2016; Takasugi, 2018). Recent 

studies have reported a notable increase in EC-EV secretion in response to circulating 

CVD risk factors (Heiss et al., 2008; Gordon et al., 2011; Liu et al., 2014, 2017). One 

such risk factor of interest in this study is the role of EVs secreted from EC exposure to 

hyperglycemic conditions. Prolonged exposure to hyperglycemia is widely recognised as 

one of the main factors in the pathogenesis of diabetic complications (Grundy et al., 1999; 

Laakso, 1999). Hyperglycaemia induces an increase in oxidative stress by producing 

intracellular ROS resulting in endothelial dysfunction and accelerated atherosclerosis. 

Various studies have reported deleterious effects of the endothelium in response to 

hyperglycaemic conditions, including reduced NO production (Ding et al., 2000; Du et 

al., 2001), enhanced NF-κB activation (Hamuro et al., 2002), an increase in EC apoptosis 

(Sheu et al., 2005; Su et al., 2018). This response has also been shown for EVs secreted 

from ECs when exposed to hyperglycemic conditions. Using in vitro cell culture models’ 

studies have shown that EC exposure to hyperglycemic conditions effectively enhances 

EC-EV generation and secretion  (Burger et al., 2017). Furthermore, differences in both 

protein and RNA content of EVs secreted from ECs in response to cellular stress stimuli 
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including hypoxic and hyperglycemic conditions (de Jong et al., 2012). Proteomic 

analysis of EC-EVs derived from normal and hyperglycemic conditions have identified 

differential expression of proteins highlighting differences in vesicular cargo in response 

to pathologic stimuli. Similarly, EC-derived EVs cultured under high glucose conditions 

induced endothelial dysfunction, vascular inflammation and prompted atherosclerosis in 

vivo (Burger et al., 2017). Although the aforementioned studies have reported differences 

in the profile of EVs derived from hyperglycemic conditioning the use of in vitro 

hyperglycemic modelling generally involves treatments of cells with supra-physiological 

doses of glucose (30mmol and above) which does not mimic hyperglycemic conditions 

in vivo. Therefore, changes in vesicular cargo harvested from in vitro hyperglycemic cell 

culture models may not be clinically relevant. 

 

The first aim of this study was to develop a reliable in vitro cell culture murine model to 

evaluate the secretion of EC-derived EVs under normal and hyperglycaemic conditions 

and determine differences in their functionality. The use of cell culture conditioned media 

enables a controlled environment for EV secretion and isolation. RAECs in culture were 

characterised by their expression of associated endothelial markers CD31, and eNOS. In 

order to investigate changes in RAEC secretion of EVs, RAECs were exposed to normal, 

hyperglycemic and mannitol conditions for 48 h. Upon exposure to hyperglycemic 

conditioning RAECs become dysfunctional demonstrated by an increase in the 

expression of Annexin V (Appendix A). Although many EV isolation techniques exist, 

including ultracentrifugation, the use of density gradients, sequential filtration, size 

exclusion chromatography and immunoaffinity techniques (Brennan et al., 2020), 

commercially available precipitation technique, ExoQuick TCÔ was used to purify EVs 

utilizing a decrease in the solubility of compounds in the solutions of super hydrophilic 

polymers. ExoQuick TCÔ EV isolation was chosen as it is less time consuming than 

alternative methods, with isolated EVs produced in less than 24 hours, requires less labour 

due to the use of proprietary polymer and overnight incubation as opposed to lengthily 

ultracentrifugation and chromatography methods and was appropriate for starting 

experimental volumes and downstream applications. Although many studies have 

reported isolation of functional EVs using ExoQuick TCÔ (Kong et al., 2018; 

Leszczynska et al., 2018; Naseri et al., 2018; Brenner, Su and Momen-Heravi, 2019; Ono 

et al., 2019; Wang et al., 2019; Youn et al., 2019) several disadvantages have been 
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reported including contamination of isolated EV fractions with proteins, protein 

complexes and lipoproteins (Van Deun et al., 2014; Lobb et al., 2015). Therefore 

extensive verification and characterisation of EVs was carried out to validate the isolation 

of EVs from RAECs in vitro.  

 

The concentration of isolated EV from hyperglycemic and normal RAEC culture was 

initially assessed using NTA, the most widely used quantitative method for EV analysis 

(Gardiner et al., 2016). An increase in particle count was detected in RAEC-derived EVs 

exposed to hyperglycemic conditions in comparison to EVs derived from normal and 

mannitol conditioning. In addition to particle count NTA was used to determine the size 

of isolated EVs. The various methods of sizing EVs have been compared in recent studies 

and often report differences in average size values (Van Der Pol et al., 2010; van der Pol 

et al., 2014; Varga et al., 2014). EVs derived from RAECs exposed to normal conditions 

were approx. 161nm in comparison to a more heterogenous population of EVs derived 

from hyperglycemia conditions  with distinct peaks at 137nm and 203nm.  

 

Labelling fluorescent techniques and FACs analysis have previously been used to detect 

EVs (Morales-Kastresana et al., 2017; Monopoli et al., 2018; Ender et al., 2020). The use 

of standard FACs analysis for EV detection requires extensive EV sample preparation 

including initial NTA characterisation to determine the number of particles, antibody 

staining or EV-binding to appropriate beads that are large enough to be reliably resolved 

on the flow cytometer (Koga et al., 2005). To overcome these challenges CFSE-stained 

RAEC EVs derived from normal and hyperglycemic conditions along with appropriate 

experimental controls including buffer only, CFSE-only, CFSE-EVs and CFSE-EVs-

Triton X-100 were detected using the Amnis™ CellStream ® Flow Cytometer, which 

enables high-throughput flow cytometry with increased sensitivity for detecting small 

particles. EVs-derived from normal and hyperglycemic conditions demonstrated positive 

expression of CFSE, which was depleted following Triton X-100 treatment of EV-CFSE+ 

samples confirming detection of EVs through lysis of the vesicular membrane 

(Osteikoetxea et al., 2015).  

 

The diagnostic and therapeutic value of EVs lies in their capacity to deliver their cargo to 

various target cells and tissues in the body (Revenfeld et al., 2014). The effects of EVs in 

CVD are pathogenesis are complex and depend on many variables such as their origin, 
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intervascular content, and target cell.  While the release of EC-derived EVs has been 

shown to be upregulated during pathogenesis of CVD the effect of their uptake in resident 

vascular cells is not well understood. Previous studies have shown a role EC-derived EVs 

in cell-cell communication between neighbouring ECs, pericytes and vSMCs (Buzas et 

al., 2014; Robbins and Morelli, 2014; Yamamoto et al., 2015; Robbins, Dorronsoro and 

Booker, 2016) however, little is known about the role of EC-derived EV and resident 

vSCs. Resident vascular stem cells have been repeatedly shown to migrate to the site of 

injury in the arterial wall and differentiate to become SMC-like cells (Tang, Wang, Yuan, 

et al., 2012; KRamann et al., 2016; Di Luca et al., 2021). The presence of resident 

vascular stem cells within the arterial layers has been well established (Sartore et al., 

2001; Tintut et al., 2003; Sainz et al., 2006). Recent studies suggest that S100β cells are 

present in adaptive lesions following vascular injury in S100β-eGFP transgenic mice 

accompanied by a significant increase in intimal thickness (Di Luca et al., 2021). 

Moreover, genetic lineage tracing analysis of marked perivascular S100β-tdTomato cells 

revealed that many neointimal cells originate from a resident S100β perivascular non-

VSMC parent population following flow restriction (Luca et al., 2018; Di Luca et al., 

2021). Cell fate mapping studies have been extensively utilized to address the origin of 

neointimal VSMCs. However, concerns have persisted regarding the lack of relevant 

negative controls and the possibility that the tamoxifen can remain in the tissue and still 

be labelling cells for at least four weeks post-treatment (Reinert et al., 2012). Lineage 

tracing studies in vascular injury murine models set up within our research group have 

mitigated against this issue by introducing a 4 week washout period prior to injury.  In 

these studies, S100β+ cells were indelibly marked with  tdTomato red fluorescence protein 

using S100β-Cre-LoxP- tdTomato red transgenic mice prior to the 4 week washout period 

and revealed a significant accumulation of tdTomato+ cells in the neointimal following 

vessel injury (Di Luca et al., 2021). This data provided justification for the use of S100β+ 

resident vascular stem cells as a reporter cell line for examining the effects of RAEC-

derived EVs following exposure to hyperglycemic conditions. 

 

Using ICC, isolated rMVSCs showed an abundance of stem cell marker expression 

including S100β, Nestin, Sox10, Sox17, and Sca1 (Tang, Wang, Yuan, et al., 2012; 

Kennedy, Hakimjavadi, et al., 2014). The expression of Sca1 has previously been 

reported to be upregulated in SMC phenotypic switching (Dobnikar et al., 2018) and a 

number of stem cell populations have also been reported to express Sca1 (Torsney, Hu 
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and Xu, 2005; Sainz et al., 2006; Tang et al., 2020). However, the media in which resident 

stem cells are maintained may have an effect on their expression of Sca1 as previous 

studies using isolated MVSCs reported that the cells were Sca1- when grown in DMEM 

with 10% FBS as opposed to MM1 (Tang, Wang, Yuan, et al., 2012). As the primary cell 

of the medial layer is a differentiated VSMC population, parallel immunocytochemical 

analysis of the expression of intermediate VSMC markers, Cnn1, and terminal 

differentiation marker Myh11 was performed by ICC. Isolated MVSCs showed no 

expression of either protein suggesting that these cells are unlikely to be VSMCs. This is 

further supported by previous studies in our lab  that demonstrated the epigenetic profile 

of murine MVSCs is enriched for stem cell-specific tri-methylation of lysine 27 on 

histone H3 (H3K27me3) but not enriched for the VSMC-specific epigenetic signature of 

di-methylation of lysine 4 on histone H3 (H3K4me2) at the Myh11 locus. As epigenetic 

signatures are retained following phenotypic switching (Gomez, Swiatlowska and 

Owens, 2015), the lack of enrichment of H3K4me2 at the Myh11 locus suggests the 

MVSCs are not derived form a medial VSMC (Di Luca et al., 2021). 

 

Multipotency has been defined as a critical hallmark identified in medial vascular stem 

cells. Recent studies have reported the multipotent potential of MVSCs to differentiate 

down various lineages such as adipogenic and osteogenic (Tang, Wang, Yuan, et al., 

2012; Kennedy, Hakimjavadi, et al., 2014; Di Luca et al., 2021). To investigate the 

multipotent potential of isolated rMVSCs, cells were treated with vasculogenic inductive 

media to stimulate endothelial differentiation. Following a 14 day treatment, rMVSCs 

undergo vasculogenic differentiation characterised by increased expression of endothelial 

genes, Cd31 and eNOS. Further interrogation of protein expression by 

immunocytochemical analysis revealed an increase in eNOS protein expression and 

decreased VSMC early differentiation marker Cnn1.  Furthermore, activation of the 

Notch receptor by the Notch ligand, Jagged-1 and the patched receptor with SHh both 

promoted myogenic differentiation in vitro with increased levels of VSMC markers Cnn1 

and Myh11 observed. The ability of isolated rMVSCs to respond to both vasculogenic 

and myogenic stimuli underscores their multipotency capacity. These data indicate that 

MVSCs pose high levels of multipotency to differentiate down vasculogenic, myogenic, 

adipogenic, and osteogenic pathways offering a potential explanation for the complexity 

of cellular phenotypes residing in disease vessels (Tang, Wang, Yuan, et al., 2012; 

Kennedy, Hakimjavadi, et al., 2014; Di Luca et al., 2021) 
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The mechanisms by which resident vascular stem cells undergo differentiation into 

mature VSMC are not yet fully understood. Interestingly, a number of different signalling 

pathways have been reported to play a role in VSMC differentiation including; TGF-

β/PDGF signalling (Hao, Gabbiani and Bochaton-Piallat, 2003; Xie et al., 2011; Cheung 

et al., 2014; G. Wang et al., 2015), Wnt/β-catenin signalling (Ezan et al., 2004; Hooper 

et al., 2012) as well as and two pathways investigated in this study Hh and Notch 

signalling (Hooper and Scott, 2005; Morrow, Scheller, et al., 2005; High et al., 2007; 

Morrow et al., 2009; Shin, Nagai and Sheng, 2009; Di Luca et al., 2021).  To date the 

role of the Notch receptor in regulation of both embryonic and adult stem cell fate has 

been extensively reported (Guruharsha, Kankel and Artavanis-Tsakonas, 2012). Of 

interest, the Notch signalling pathway has been report to promote proliferation of SCs in 

response to vascular injury as well as activation of myogenic differentiation (Morrow, 

Sweeney, et al., 2005; Kurpinski et al., 2010). Similarly Hh signalling has also been 

shown to play a pivotal role in maintenance of adult progenitor/stem cells, tissue repair 

and atherosclerosis (Dutzmann, Koch, Weisheit, Sonnenschein, Korte, Haertlé, Thum, 

Bauersachs, Sedding and J. M. Daniel, 2017; Aravani et al., 2019; Di Luca et al., 2021) 

 

Previous studies have highlighted the role of SHh in atherosclerosis through increased 

lipid uptake by macrophages. Our research group, along with others, has shown a putative 

role for SHh signalling in the control of 'de-differentiation VSMC growth in cultured cells 

in vitro and neointimal formation in vivo (Morrow et al., 2007; Polizio et al., 2011; 

Redmond et al., 2013). Therefore, having previously shown upregulation of Hh and 

Notch signalling using recombinant proteins in MVSCs the next objective of this study 

was to investigate if activation of the Notch and Hh signalling pathway in MVSCs could 

be facilitated by RAEC-derived EVs from hyperglycemic cells.  

 

Canonical Notch signalling occurs through trans activation whereby a ligand, Jagged-1 

or Delta-like ligand (DLL)-1,-3 and -4, located on neighbouring cell binds to the Notch 

receptor requiring direct cell-cell contact (Bray, 2006). Although non-canonical modes 

of Notch signalling have not been thoroughly researched (D’Souza, Meloty-Kapella and 

Weinmaster, 2010; Andersen et al., 2012) the role of EV-mediated transport of Notch 

ligands has recently been highlighted enabling the activation of Notch signalling not only 

in cells in direct contact but also cells and tissues further afield (Simons and Raposo, 
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2009).  To date the detection of EV bound Notch ligands Dll4 and Jagged-1 have been 

reported. In 2010, Sheldon et al. were the first to report that Dll4, a Notch ligand shown 

to play a role in pathogenesis of atherosclerosis, (Guruharsha, Kankel and Artavanis-

Tsakonas, 2012), naturally secreted in EVs from human umbilical vein endothelial cells 

in vitro. Furthermore they demonstrate Dll4+ EVs can transfer Dll4 from one cell to 

another where it can be incorporated into the plasma membrane of recipient cells both in 

vitro and in vivo (Sheldon et al., 2010). Subsequent studies have identified the presence 

of Jagged-1 in EVs from human cancer cell lines (Beckler et al., 2013; Liang et al., 2013; 

Lazar et al., 2015; Tan, Asada and Ge, 2018). However, the detection of Notch signalling 

components in EVs or the role of EVs-mediated transport of Notch signalling components 

has not been addressed in resident vascular cells.  

 

RAEC-derived EVs were isolated from normal, hyperglycemic and mannitol conditioned 

media followed by subsequent incubation with rMVSCs in culture for 48 hours to 

determine the effect of RAEC-derived EVs on Notch signalling. A significant increase in 

Hey 1 and Hey L mRNA levels was shown in rMVSCs treated with RAEC-derived EVs 

from normal and  hyperglycemic conditions in comparison to their relevant controls. 

Although the direct treatment of rMVSCs with RAEC-derived NG, HG and MT-EVs 

resulted in an increase in Notch target gene expression, the levels of Hey 1 and HeyL 

mRNA in HG-EV treated rMVSCs were higher than their NG-EV counterparts. However 

since the level of Hey1 expression following treatment of rMVSCs with HG-EVs was 

similar to the level with MT-EVs, the increased levels may be due to osmotic changes. 

Moreover, further analysis using the Notch signalling inhibitor DAPT should be included 

to ensure the increase in Notch target gene expression is ligand dependant. Alternatively, 

overexpression of Notch1 in RAECs or knockdown using siRNAs could be employed to 

control the levels of Notch transported by EVs to MVSCs. Additionally,  proteomic 

analysis of RAEC-derived EVs would provide an insight into the expression profile of 

Notch ligands and/or receptors determining if differences exist in response to pathologic 

stimuli.  

 

Paracrine signalling, in which a ligand is released from its site of production into the 

extracellular environment plays an instructive role in pathological conditions. Hh, a 

secreted morphogen acts in a paracrine manner activating signalling in recipient cells by 

binding to its receptor Ptch. The mechanism by which morphogens are secreted into the 



 

130 

extracellular space has been extensively investigated and a number of different processes 

have been described including the secretion of unmodified Hh and the release of Hh via 

lipoproteins (Panáková et al., 2005; Eugster et al., 2007; Dierker, Dreler, et al., 2009; 

Palm et al., 2013). Extensive research has been carried out to determine to role of EV-

mediated Hh in Drosophila (Callejo et al., 2011; Bischoff et al., 2013; Sanders, Llagostera 

and Barna, 2013; Kornberg and Roy, 2014), however little is known about the secretion 

of Hh, particularly EV-mediated Hh in vertebrates.  

 

In order to address this, RAEC-derived EVs exposed to hyperglycemic conditions were 

isolated from normal, hyperglycemic and mannitol conditioned media followed by 

subsequent incubation with rMVSCs in culture for 48 hours. The treatment of rMVSCs 

with RAEC-derived EVs was normalised based on conditioned media volumes. A 

significant increase in Gli1 and Gli2 was demonstrated between rMVSC treated with 

RAEC-derived EVs from normal conditions versus RAEC-derived EVs from 

hyperglycemic conditions suggesting that RAEC EVs secreted under hyperglycemic 

conditions may have a higher level of Hh morphogen tethered to their membrane. 

Although it is easy to surmise that the increase in Hh target gene expression is specifically 

due to the generation of SHh+ EVs upon exposure to hyperglycemic conditioning, one 

trivial reason for this increase may be  the direct effect of a higher concentration of EVs 

in the HG-EV group as the experiments were normalised to volume of conditioned media 

as opposed to normalisation of EV particles. In order to prove the increase in Hh target 

genes is ligand specific, acute knockdown of Hh in RAECs using siRNA knockdown 

prior to RAEC-EV generation is required. Alternatively, prior treatment of rMVSCs with 

a Hh signalling inhibitor such as cyclopamine before the addition of RAEC-derived EVs 

would be favourable. Although an increase in Hh target gene expression was 

demonstrated in rMVSCs treated with RAEC-derived HG-EVs, it is important to note the 

possibility of the isolation of Hh independent of EVs as a contaminant during the isolation 

process. To rule out the possibility of Hh protein precipitation during isolation of EVs 

RAEC complete media spiked with recombinant Hh was collected and processed through 

the EV isolation protocol. Subsequent treatment of Hh spiked RAEC media with rMVSCs 

showed no increase in Hh target genes Gli 1 and Gli 2 (data not shown). Therefore the 

isolation of Hh aggregates as a contaminant during EV isolation is unlikely. It is however 

important to highlight the a further limitation regarding ExoQuick precipitation of growth 

factors and cytokines although the aforementioned experiment has shown precipitation 
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of SHh independently is unlikely cation needs to be taken when assigning activities 

specifically to EVs as the co-isolation of growth factors and cytokines may trigger 

activation of Hh signalling.  

 

Although vertebrates express three Hh genes, SHh signalling has been reported to induce 

vSMC proliferation (Li et al., 2010) and as well as  myogenic differentiation of murine 

and HiPSC-derived SCs in vitro (Di Luca et al., 2021). A significant increase in SHh 

gene expression in RAEC exposed to hyperglycemic conditions was demonstrated which 

most likely results in a greater percentage of EV-SHh+ secretion. Hh signalling is 

activated by binding to its receptor Ptch resulting in the phosphorylation of Smo and 

subsequent activation of Hh target gene (Mooney et al., 2015). For this reason the 

expression of Smo was measured in rMVSCs following exposure to RAEC-derived 

normal, hyperglycemic and mannitol EVs and a significant increase in Smo was 

demonstrated. This along with previous data presented provides supportive evidence of  

EV-mediated activation of Hh signalling in resident vascular stem cells.  

In conclusion, the development of a murine cell culture model in vitro was validated to 

investigate the role of RAEC-derived EVs on a population of resident vascular stem cells 

previously shown to play a role in lesion formation (Di Luca et al., 2021). Using this 

model it was shown that (i) RAECs exposed to hyperglycemic conditions undergo 

endothelial dysfunction in vitro mimicking diabetic environments in vivo (ii) induction 

of RAEC dysfunction results in an increase in the secretion of EVs  that differ in size 

compared to normal EC culture conditions (iii) the pathological repercussions of this 

change in RAEC EV properties when exposed to hyperglycaemia was shown by an 

increase in Hh signalling in resident vascular stem cells which highlights the role for EV 

secretion and transport of Hh morphogen and subsequent activation of Hh target genes 

during the onset of sub-clinical atherosclerosis.  
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Chapter 4: 
 
 
 

Endothelial cell-derived EVs induce SHh-
dependent myogenic differentiation of 

human iPSC-derived S100β+ 
stem/progenitor cells in response to 
hyperglycaemic conditions in vitro 
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4.1 Introduction  
 

Recent advances in molecular biology and personalised medicine have significantly 

broadened our understanding of the biological components of various diseases such as 

cancers, immunological disorders, and CVD. Animal models remain vital to improve our 

understanding of fundamental mechanisms involved in the development and progression 

of CVD and facilitate improved methods for the detection and treatment of disease.  

However, these discoveries more often than not do not seamlessly translate from animal 

to human models due to various factors such as disparities in vessel size and make-up, 

species-specific metabolic and biochemical activities, and most importantly, various 

chromosomal and genomic differences (Barré-Sinoussi and Montagutelli, 2015).  

 

The discovery of HiPSCs in 2007 by Prof. Yamanaka has enabled a new realm of ethics-

free, patient-specific in vitro models of disease (Takahashi et al., 2007). This discovery 

was the first of its kind, reverting a terminally differentiated cell into a pluripotent state 

without the need for a complex mechanism such as somatic cell nuclear transfer or 

cellular fusion. Since this, HiPSC-based systems generated by direct reprogramming of 

patient-derived somatic cells such a fibroblasts and skin cells have emerged as a critical 

model for investigating disease pathophysiology (Soldner and Jaenisch, 2012; Liang and 

Du, 2014; Kim, 2015). 

 

Atherosclerosis is considered a chronic inflammatory disease of the arterial blood vessel 

wall and the most common pathophysiologic process underlying CVD (Bennett, Sinha 

and Owens, 2016). Like many such processes, atherosclerosis exists along a continuum 

from subclinical atherosclerosis to clinical atherosclerotic vascular disease. Subclinical 

atherosclerosis underlies most cardiovascular events, and its detection can greatly 

improve risk stratification (Singh et al., 2018). The importance of the early neointima in 

subclinical atherosclerosis as fertile soil for plaque development cannot be 

overemphasized (Schwartz, DeBlois and O’Brien, 1995). A thickened intimal layer, 

observed in 30% of new-born children, is a fundamental structural difference that 

separates human arteries from other animals. The intima is primarily defined as a single 

layer of ECs separated from the underlying media by a relatively thin layer membrane. 

This earliest intimal layer is exposed to various blood borne components such as elevated 
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levels of glucose and positive hemodynamic forces, which strongly influence 

atherosclerosis development (Kolodgie et al., 2007).  

 

Based on numerous studies using animal models, migration and proliferation of VSMC-

like cells derived from differentiated medial VSMCs and/or undifferentiated resident 

vascular stem cells and the deposition of lipids within macrophage foam cells are two key 

events during the pathogenesis of atherosclerosis. A critical role for medial VSMCs in 

the progression of atherosclerosis has become increasingly apparent due to the 

introduction of rigorous VSMC lineage tracing, scRNA-seq analysis, and conditional 

gene knockout studies in murine models (Gomez and Owens, 2012; Laura S Shankman 

et al., 2015; Cherepanova et al., 2016; Dobnikar et al., 2018).  Lesion formation due to 

the clonal expansion of a rare subset of mature Myh11+, Sca1+ medial VSMCs has been 

reported (Dobnikar et al., 2018). These lesional cells lack characteristic VSMC markers 

but express markers for macrophages, mesenchymal stem cells, and myofibroblasts 

(Gomez et al., 2013; Laura S Shankman et al., 2015; Cherepanova et al., 2016; Newman 

et al., 2018). Moreover, VSMC-specific knockout studies have shown that VSMCs can 

have key beneficial or detrimental effects on lesion pathogenesis, depending on the nature 

of their phenotypic transitions (Laura S Shankman et al., 2015; Cherepanova et al., 2016; 

Durgin et al., 2017).  Recent discoveries using lineage tracing models have identified a 

sub-population of S100β+ resident stem cells in the medial/adventitial layer of the vessel, 

termed MVSCs, which migrate and differentiate to become neointimal VSMC-like cells 

(Tang, Wang, Wang, et al., 2012; Yuan et al., 2017). Furthermore, studies from our 

research group have supported these finding using indelibly marked S100β+ cells and 

demonstrated that a significant number of neointimal cells are derived from a small parent 

S100β+ population of medial stem cells (Di Luca et al., 2021; Molony et al., 2021). Due 

to conflicting arguments surrounding the origin of VSMCs in the neointima, a model 

system of embryologically distinct VSMCs originating from the same genetic source is 

favourable to truly understand the intrinsic differences between various regions of the 

vasculature.  

 

The atherosclerotic process in humans is more nuanced and develops in a different 

manner (Nakagawa and Nakashima, 2018). Vascular VSMCs are already abundantly 

present in the thickened intima before developing subclinical atherosclerosis in lesion-

prone arteries. This non-atherosclerotic intima exhibits DIT or later AIT.  The developing 
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intima is diverse in its structural composition and function (Potente and Mäkinen, 2017). 

There are striking regional differences in disease development that are thought to be 

governed by hemodynamic factors and vessel wall structure (Langille, 1996; Riha et al., 

2005). While hemodynamic forces are important factors driving adaptive lesion 

formation and the progression of atherosclerotic lesions (Otero-Cacho et al., 2018), 

disease susceptibility may also be dictated by the embryonic origin of VSMCs and/or 

their progenitors within the vasculature, and the consequences of this heterogeneity on 

disease (Sinha, Iyer and Granata, 2014; Bargehr et al., 2016).  Lineage tracing studies 

have indicated that VSMCs arise from multiple origins during development and respond 

differently to risk factors such as changes in blood flow, shear stress, and hyperglycaemia  

(Majesky and W., 2007). The aorta offers a unique region to study the impact of 

embryonic origin on vascular phenotype and disease susceptibility as it consists of VSMC 

derived from the three lineages, the NE, the paraxial mesoderm (PM), and the lateral plate 

mesoderm (LM), across the ascending, descending and root of the aorta, respectively. 

 

Many limitations have been associated with the isolation and growth of VSMCs in 

culture. Upon isolation, primary VSMCs undergo a phenotypic shift from a quiescent 

contractile phenotype to a proliferative dedifferentiated phenotype with a significant 

decrease in the expression of VSMC markers (Owens, Kumar and Wamhoff, 2004). The 

complexity of cellular components in the vascular wall adds to the challenge during 

isolation of VSMCs with an increased risk of isolating contaminant cells such as ECs, 

resident vascular stem cells, and fibroblasts. Although cell sorting has been utilised to 

isolate vascular cells, such as isolation of ECs using endothelial surface markers, there is 

a lack of definitive VSMC markers to facilitate this process as definitive markers for 

VSMCs such as MYH11 and Smoothelin B are intracellular proteins. Furthermore, the 

isolation of VSMCs from distinct embryological origins proves difficult due to the lack 

of markers discovered to date to distinguish VSMC subtypes. The multiple limitations of 

primary VSMC cultures highlight the unmet need to develop novel sources of VSMCs 

from defined embryological origins.  

 

Studies have attempted to recapitulate the germ layer-specific developmental processes 

in vitro to model and characterise the influence of lineage-specific differentiation on the 

phenotype of vascular progenitors and VSMCs  (Sinha, Iyer and Granata, 2014; Bargehr 

et al., 2016).  The discovery of human pluripotent stem cells (hPSCs) over the past three 
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decades, initially embryonic and now the increasing use of induced pluripotent stem cells 

(iPSCs), serves as a platform for generating unlimited amounts of isogenic VSMC 

subtypes.  The directed differentiation of HiPSCs through distinct NE, PM, and LM 

lineages via progenitor intermediates generates origin-specific and functional VSMCs 

harbouring many of the phenotypic differences observed ex vivo, revealing inherent 

differences and thus allowing for the categorisation of origin-specific-VSMC subtypes 

(Bargehr et al., 2016). Not only can this HiPSC-derived model be utilised to determine 

the effects of VSMC embryological origin on atherosclerotic pathogenesis, but it also 

represents lineage-specific multipotent progenitor stem cell population for use during the 

study of vascular cell-cell communication in vitro.  

 

Initiation of subclinical atherosclerosis results from continued damage to the 

endothelium, activation of endothelial cell dysfunction, and subsequent lesion formation. 

Endothelial injury triggers a cascade of events, including an increase in the release of 

small membrane-bound intracellular communicators known as EVs (Libby, 2000; Koga 

et al., 2005; Dignat-George and Boulanger, 2011).  EVs have emerged as crucial vascular 

homeostasis and CVD progression regulators by transferring biological messages to 

target vascular stem cells. Once released, EVs may target neighbouring cells within the 

vascular wall, including resident vascular progenitor stem cells. Based on the data 

presented in Chapter 3, murine EVs derived from hyperglycaemic ECs promote Hh target 

gene expression in murine S100β resident vascular stem cells in vitro. These S100β 

resident vascular stem cells cells contribute to subclinical atherosclerosis and lesion 

formation in murine models and can undergo myogenic differentiation in response to 

recombinant Hh ligands (SHh) in vitro (Di Luca et al., 2021).  Attenuation of Hh 

signalling in murine models of arteriosclerotic disease attenuates IMT and lesion 

formation (Redmond et al., 2013; Aravani et al., 2019; Di Luca et al., 2021). By using 

HiPSC derived progenitor stem cells in vitro, it is now possible to study the transfer of 

potential pathogenic biological messages from various cell types within the vascular wall, 

including but not limited to endothelial to stem cell, endothelial to VSMC, and stem cell 

to VSMC crosstalk. We therefore sought to determine whether these data could be 

recapitulated in a human iPSC model to further validate the importance of endothelial 

derived EVs harbouring Hh ligands in response to hyperglycaemic conditions to promote 

a change in S100β vascular stem in vitro. 
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4.2 Objectives  
 

 

The main aims of this chapter were. 

 
(i) To develop an in vitro human cell model of HAEC in culture and characterise 

EC-derived EVs released under normal and hyperglycaemic conditions  

 

(ii) To develop and validate an in vitro human reporter cell model using HiPSC-

derived progenitor stem cells from neuroectoderm (NE), paraxial mesoderm 

(PM), and lateral mesoderm (LM) embryological origins.  

 

(iii) To determine whether HAEC-derived EVs under normal and hyperglycaemic 

conditions impact Hh signalling and myogenic differentiation of HiPSC 

derived S100b+ vascular stem cells in vitro 

 

4.3 Strategy  
 
The main aim of this Chapter is to characterise HAEC-derived EVs under normal (NG-

EVs) and hyperglycaemic conditions (HG-EVs) and determine their uptake by HiPSC-

derived NE S100b+ progenitor stems and subsequent Hh-induced myogenic 

differentiation in vitro. To investigate the potential role of HG-EV-dependant myogenic 

differentiation of HiPSC-derived NE S100b+ progenitor stem cells it was essential to 

develop two in vitro cell culture models (i) human primary aortic ECs exposed to HG 

conditions for secretion of HG-EVs and (ii) HiPSC-derived reporter NE S100b+ 

progenitor stem cell population for HG-EV uptake and subsequent activation of VSMC-

associated signalling pathways (Figure 4.1).  

 

Endothelial exposure to circulating HG levels in vivo, clinically referred to as 

hyperglycaemia, results in endothelial dysfunction, development of diabetes, and 

subsequent acceleration of CVD (Williams et al., 1998; Debakey and Glaeser, 2000; Sheu 

et al., 2005).  Hallmarks associated with hyperglycaemia-induced ED are (i) an increase 

in cellular NOX-dependant ROS production, (ii) loss of NO bioavailability (iii) an 

increase in the secretion of HG-EVs (Simsek et al., 2010; Dimassi et al., 2016; Meza et 
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al., 2019). As part of this study, a human primary aortic endothelial cell model was 

developed in vitro to investigate the secretion of HG-EVs when exposed to HG 

conditions. Human primary aortic ECs were purchased commercially from PromoCell 

(C-12271) and cultured until reaching 70% confluency (Section 2.2.2.3). ICC was carried 

out to characterise the cell population by probing for membrane-bound protein CD31 

(Section 2.2.6.1). Confirmatory qRT-PCR analysis was used to determine mRNA 

expression levels of endothelial markers CD31, vWF, and early myogenic VSMC 

differentiation marker CNN1 (Section 2.2.6.2). 

 

To mimic vascular diabetic conditions found in vivo, HAECs were grown in HG 

conditions (2.2.8.1). Several biochemical pathways have been associated with 

hyperglycaemia, including a glucose-mediated increase in ROS and O2- and a decrease 

in NO availability. To investigate changes in the biochemical activity of HG-treated 

HAECs, a number of techniques were used to measure intracellular O2- and NO 

availability.  A quantitative NBT assay was used to determine intracellular O2- production 

in NG and HG-treated ECs in culture (2.2.7.2). Cells were visualised under the 

microscope for the presence of NBT formazan deposits formed by the reduction of the 

membrane-permeable NBT by O2-. Following this, NBT formazan particles were 

quantified by solubilizing crystals using DMSO/ethanol solution, and absorbance was 

measured at 680nm. Confirmatory experiments were performed to assess the presence of 

O2- production in HG-ECs using an O2- indicator, dihydroethidium (DHE), whereby blue 

fluorescence in the cytosol is oxidised intercalating within the cell’s DNA resulting in a 

bright fluorescent red nuclear stain (2.2.7.1). Furthermore, gene expression changes 

important to functional changes, including nitic oxide synthase enzyme NOS3 and 

NADPH enzyme NOX4 were measured by qRT-PCR.  

 

In addition to changes in biochemical pathways in response to HG conditions, changes in 

EV secretion and cargo content have also been reported (Freeman et al., 2018). To further 

investigate this, EVs from NG and HG cell culture conditions were isolated using 

ExoQuick-TC, a proprietary polymer for gentle precipitation of EVs (Section 2.2.8.2). A 

limitation to the use of commercially available EV isolation kits is the precipitation of 

contaminants, including cellular organelles, lipids, cholesterol, and other undesired 

microparticles (Morales-Kastresana et al., 2017). Therefore, it was essential to verify the 

purity of isolated EV samples. HAEC-NG and HG-EVs were characterised using DLS 
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(Section 2.2.8.3), Fe-SEM imaging (Section 2.2.8.8), and nanoFACs technology (Section 

2.2.6.3). DLS of isolated HG-EVs was carried out to determine the distribution profile of 

isolated EVs in solution providing an average value of EV particle size. Following this, 

Fe-SEM imaging which uses beams of electrons to produce a magnified image of a 

sample, was used to check the purity of the sample by providing a high-resolution image 

to distinguishing EVs from similarly sized non-EV particles.  

 

Lastly, nanoFACs technology using the Amnis™ CellStream  flow cytometer was used 

for the analysis of isolated EVs, combining measurements from high sensitivity 

multiparametric scattered light and fluorescence to analyse EVs individually (Morales-

Kastresana et al., 2017; Mastoridis et al., 2018). Firstly, using specific endogenous and 

exogenous EV-labelling dyes NirAza and ExoGlow, respectively, HG-EV populations 

were characterised in isolated fractions to determine the true presence of intact EVs 

(Section 2.2.8.5, Section 2.2.8.6). Triton X-100 detergent was used to degrade the HG-

EV membrane resulting in a decrease in intact EV detection. Secondly, the percentage of 

CD9, CD63, and CD81 positive HG-EVs were assessed using specific fluorescently 

labelled antibodies to stain EV surface proteins. Confirmatory experiments were carried 

out to confirm the expression of a panel of EV-associated proteins using an EV antibody 

array (Section 2.2.8.7). 

 

Having developed a human endothelial cell model for EV secretion and confirmed the 

presence of isolated EVs from HG-conditioned cell culture media, HG-EV induced SHh-

dependent myogenic differentiation of an S100b+ vascular stem cell population in vitro 

was evaluated. HiPSCs were purchased from HipSci, cultured (Section 2.2.3), and 

characterised to ensure expression of specific embryological markers OCT4 and NANOG 

(Section 2.2.6.1). Once suitable starting HiPSC cells had been selected, differentiation 

protocols were used to drive myogenic differentiation using intermediate progenitor cells. 

The differentiation protocol comprised of three main steps (i) preparation of HiPSCs for 

differentiation, (ii) chemically and non-chemically driven differentiation of HiPSC to NE, 

PM, and LM progenitor stem cells, and finally (iii) differentiation of progenitor stem cells 

into VSMC subtypes.  

 

Several stem cell populations have been identified in the vasculature by several different 

research groups. Of interest, many of these groups have reported that cells present in the 
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neointimal lesion during sub-clinical atherosclerosis may arise from a stem cell parent 

population (Wang et al., 2018). A sub-population of adventitial/medial S100β+ stem cells 

contribute to the development of a ligated-induced neointima through migration and 

differentiation (Liu et al., 2020; Di Luca et al., 2021; Molony et al., 2021) . In order to 

determine the functional effects of HG-EV cargo on resident vascular stem cells, a 

HiPSC-derived S100β+ NE stem cell reporter was developed through the use of defined 

chemically derived and non-chemically derived differentiation protocols (Section 2.2.3.2, 

Section 2.2.3.3). Following differentiation of HiPSCs to NE, both NEP and SNEP cells were 

characterised using ICC by probing for NE markers S100β and NESTIN. ICC was also 

used to ensure NE cells were not enriched for VSMCmarkers CNN1 (Section 2.2.6.1). 

Confirmatory qRT-PCR analysis was used to determine the mRNA expression levels of 

NE markers S100β, NESTIN, PAX6, and mesodermal markers PAX1, TBX6, and KDR 

(Section 2.2.6.2). As both chemically defined (NEPs) and non-chemically defined 

(SNEPs) protocols generated S100β+, NESTIN+   HiPSC-derived SCs, further analysis 

was undertaken to determine their myogenic capacities was carried out using both NEPs 

and SNEPs before and the selection of an applicable reporter cell line.  

 

The ability of NE, PM, and LM-derived progenitor stem cells to undergo  myogenic 

differentiation was evaluated through activation of TGF-β1-PDGF-dependent pathways 

(Section 2.2.3.5). Furthermore, the responsiveness of NE progenitor stem cells to 

recombinant  SHh ligand was undertaken to confirm myogenic differentiation of S100β+ 

stem cells in the presence of SHh prior to EC treatment. Phase-contrast images were taken 

during differentiation to track changes in cell morphology.  ICC and RT-qPCR were then 

carried out to detect transcript and protein expression of myogenic genes markers,  CNN1 

and MYH11. Both NEP and SNEP HiPSC-derived NE stem cell populations displayed 

similar expression of S100β  and NESTIN mRNA and protein levels following HiPSC 

differentiation. Furthermore, both NE populations displayed the capacity to differentiation 

toward a myogenic lineage. However non-chemically derived NE STEM CELL population 

SNEPs were chosen as  a reporter cell line to determine HAEC-derived EV functionality due 

to advantages characteristics including; less time taken for  generation and the use of a less 

complex maintenance media therefore providing a more cost effective model.  

 

To determine the role of HAEC-EVs in regulating SHh-dependent myogenic 

differentiation of NE vascular stem cells, S100b+ HiPSC-derived SNEPs in vitro were 
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exposed to previously isolated and characterised HAEC-NG and HG-EVs. Fluorescent 

microscopy using labelled EVs was used to assess phagocytosis/receptor docking of 

isolated HG-EVs by SNEP populations using the Leica microscope. Z-stack images were 

taken to determine to localisation of HG-EVs in SNEP populations. The migratory and 

proliferative changes in HiPSC-derived SNEPs were monitored after HG-EV incubation 

using the Celigo imaging cytometer to determine the effect of HG-EV induced myogenic 

differentiation of HiPSC-derived in vitro via EV-dependent cell-cell communication 

(Section 2.2.6.5). 

 

To determine the role of HAEC HG-EVs in regulating SHh-dependent myogenic 

differentiation of NE vascular stem cells, previously isolated and characterised HAEC-

NG and HG-EVs were exposed to S100b+ HiPSC-derived SNEPs in vitro. Hedgehog 

target genes GLI 1 and GLI 2 were measured after 48 hours to determine activation of 

EV-mediated activation of Hh signalling. Followed by the measurement of early 

myogenic differentiation marker CNN1 after 7 days. To confirm that the changes in GLI1 

and CNN1 gene expression was ligand dependent, S100b+ HiPSC-derived SNEPs were 

pre-treated with the SHh signalling inhibitor cyclopamine or the SHh neutralising 

antibody 5E1 (Section 2.2.5.2.2).  
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Figure 4.1 Graphic summary of experimental strategy. Graphic summary of the 
experimental strategy to determine the role of HG -EV induction of SHh-dependent 
myogenic differentiation of HiPSC-derived NE progenitor stem cells in vitro. 
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4.4 Results 
 
4.4.1 Primary HAECs express distinct endothelial markers CD31 and eNOS  

 

To develop a human in vitro cell model for EV secretion under hyperglycaemic 

conditions (HG-EVs), primary HAECs were grown in culture and interrogated for typical 

endothelial markers, including CD31 and eNOS, before EVs from normal (NG-EV) and 

hyperglycaemic (HG-EV) HAECs were generated. HAECs from passages 3-12 displayed 

typical EC characteristics when grown as a single adherent monolayer. A distinct 

cobblestone morphology was observed by phase-contrast microscopy at 10X 

magnification (Figure 4.2 A). The cells were significantly enriched for CD31 and ENOS 

mRNA levels compared to HiPSCs in culture (Figure 4.2 B, C). 

 

The expression of CD31 protein was determined by ICC. Cells were seeded onto sterile 

coverslips in a 6-well plate at a low density (4,000 cells/well) and incubated at 37°C for 

48 h. Cells were fixed with 3.7% formaldehyde and stained with primary antibodies for 

CD31 (1:100). To generate a fluorescent signal for staining, fluorophore-Alexa Fluor 

488-conjugated secondary antibodies were added, and nuclei were stained with DAPI. 

Using a fluorescent microscope, these stains were visualised, imaged, and analysed to 

determine the expression of each protein. IgG controls (secondary antibody probing 

without primary antibody staining) were used to account for background fluorescence or 

off-target binding of secondary IgGs. The expression of endothelial marker CD31 was 

abundant around the cell membrane of HAECs (Figure 4.2 D).  
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Figure 4.2 Characterisation of HAECs. (A) Phase-contrast images of HAEC in the 
culture at 10X magnification —scale bar representative of 50μm respectively. (B, C) 
Relative mRNA levels of endothelial markers CD31 and eNOS in HAECs. Data are 
expressed as the ratio of mRNA expression relative to GAPDH and are the mean ± SEM, 
n = 6, * p ≤ 0.05 versus HiPSCs. (D) Representative images of fluorescence staining of 
DAPI nuclei and immunocytochemical analysis of the expression of an endothelial 
marker, CD31 in HAECs. All images were taken using Olympus DP-50 fluorescent 
microscope. AlexaFluor 488 secondary antibody used for visualisation of primary 
antibody binding. All images are representative of n > 6 images per experimental group 
from three independent cultures—scale bar representative of 25μm.  
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4.4.2 HG increases intracellular O2‾‾ production accompanied by elevated NOX4 

and NOS3 gene expression levels 

Diabetes is a complex metabolic syndrome associated with the acceleration of CVD. A 

hallmark of diabetes is endothelial exposure to hyperglycaemic conditions leading to 

dysregulation of endothelial function and initiation of vascular complications (Versari et 

al., 2009). During exposure to HG, intracellular production of ROS is one of the main 

factors responsible for pathophysiological changes. EC generation of ROS includes O2-, 

H2O2, peroxynitrite, and NO radicals (Li and Shah, 2004). HAECs were grown in HG 

conditions. Increases in ROS generation in HG-HAEC treated cells were measured by an 

increase in O2‾‾. A quantitative NBT assay was used to determine intracellular O2‾‾ 

production in NG and HG treated HAECs in vitro. An increase in NBT formazan deposits 

formed by reducing the membrane-permeable NBT by O2‾‾ was observed in HG-HAECs 

compared to NG-HAECs (Figure 4.3 A). NBT formazan particles were quantified by 

solubilizing crystals using DMSO/ethanol solution, and absorbance was measured at 

680nm. An increase in NBT formazan particles was observed in HAECs treated with 

30mM and 100mM glucose, respectively (Figure 4.3 B).  

Confirmatory experiments were performed to assess the presence of O2‾‾ production in 

HG-HAECs using a O2- indicator, DHE, whereby blue fluorescence in the cytosol is 

oxidised intercalating within the cell’s DNA resulting in a bright fluorescent red nuclear 

stain. An increase in fluorescent red nuclear stain was observed in HG-HAECs in 

comparison to NG-HAECs (Figure 4.3 C).  

During exposure to HG conditions, intracellular O2‾‾ increases from various sources, 

which include the NOX family of enzymes (NOX)-dependant generation and uncoupled 

constitutive NO synthase (eNOS)  (Zhou et al., 2012; Jansen et al., 2013). HAECs were 

treated in NG and HG conditions for 24 h. Following treatment, RNA samples were 

analysed by qRT-PCR to measure the expression of NOS3 (eNOS) and NOX4. A 

significant increase in NOX4 and NOS3 was observed in HG-HAECs in comparison to 

NG-HAECs (Figure 4.3 D).  
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Figure 4.3 HG-HAEC induces an increase in endothelial ROS through increased 
levels of O2‾‾ production.  (A) Phase-contrast images following NBT incubation of HG-
HAECs (B) Quantification of O2‾‾ following 48 h HAEC-HG culture. Results presented 
as a percentage of HAEC-NG control treatment, n=3 (C) Representative fluorescence 
imaging capturing DHE fluorescence in NG and HG conditions after 48 h —scale bar 
representative of 10μm respectively. (D) Relative mRNA levels of endothelial markers 
NOX4 and NOS3 in NG and HG-HAECs. Data are expressed as the ratio of mRNA 
expression relative to control and are the mean ± SEM, n = 3, * p ≤ 0.05 versus NG-5mM. 
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4.4.3 NG and HG treated HAECs secrete EVs in vitro 
 

It is well established that ECs are the first responder to circulating risk factors associated 

with CVD in vivo. For this reason, EC-derived EV secretion provides a platform to study 

the health of the vasculature at any given time. HAEC derived NG- and HG-EVs were 

generated and characterised in vitro. HAECs were cultured in NG and HG for 48 h 

facilitating EV  secretion. After 48 h, cell culture media was removed and EVs isolated, 

as before. Once purified, EVs were resuspended in dH20 for characterisation. Cryo-

electron microscopy SEM was performed on EVs purified by ExoQuick TC, revealing 

the presence of vesicular bodies. Morphometric analysis showed heterogeneity in EV 

sizes, with isolated populations falling between 80nm-120nm in size (Figure 4.4 A-D). 

Having confirmed the presence of intact EVs in isolated fractions, DLS technology was 

used to confirm the size of NG-EV and HG-EV particles. NG-EVs ranged between 25nm-

60nm with a small sub-population at 86nm, where-as HG-EVs ranged between 30 – 80nm 

with a small sub-population at 122nm (Figure 4.4 E, F). 

To further evaluate HG-EV content, the expression of EV-associated proteins was 

assessed using nanoFACs and dot-blot analyses. Amnis™ CellStream  analysis of HG-

EVs expressed endosomal protein markers CD81  (Figure 4.5 A) and CD63 (Figure 4.5 

B) with minimal expression of CD9 (Figure 4.5 C) noted. Control samples were examined 

for antibody only and IgG, respectively.  

Dot-blot analyses of NG and HG-EV protein expression identified differences in the 

expression of various endosomal and cytoplasmic protein markers (Figure 4.6 A, B). 

Densitometry was carried out on samples to measure the intensity of EV-associated 

protein expression and normalised to the positive control. The main differences in 

expression were identified for  TSG101, ANXA5, ALIX, ICAM EV-proteins in NG and 

HG-EVs with elevated TSG101, ANXA5, and ALIX proteins and decrease in expression 

of ICAM in HG-EVs compared to NG-EVs (Figure 4.6 C, D).  
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Figure 4.4 Characterisation of HAEC-derived EVs following ExoQuick TC 
isolation. (A-D) Scanning electron microscopy images representative of HG-EVs 
precipitated using ExoQuick TC —scale bar representative of 100, 200, and 400 μm.  Size 
distribution profile of isolated NG-EVs (E) and HG-EVs (F) measured by DLS.  
 
 
 

A. B.

C. D.

E.

F.

NG-EVs

HG-EVs



 

149 

 

Figure 4.5 Amnis ™ CellStream characterisation of tetraspanin protein expression 
in HAEC HG-EVs. Representative scatter plot analysis of the expression of (A) CD81 
positive HAEC HG-EVs, (B) CD63 positive HAEC HG-EVs, and  (C) CD9 positive 
HAEC HG-EVs. Control comparisons include antibody only and IgG, n=4.   
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Figure 4.6 Characterisation of EV-protein profile in NG-EVs and HG-EVs. (A, B) 
Representative dot blot images for qualitative evaluation of endosomal and cytoplasmic 
EV-associated protein expression in NG and HG-EVs. (C, D) Densitometry analysis of 
the intensity of EV-associated protein expression in NG and HG-EVs. Data expressed as 
a percentage of the positive control.  
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4.4.4 Exogenous and endogenous labelling of HAEC-derived HG-EVs 

Following characterisation of NG and HG-EVs, endogenous and exogenous labelling of 

HG-EVs was carried to enable subsequent tracking of EV uptake by reporter target 

resident vascular stem cells in vitro. Two labelling techniques were used, (i) NIR-

Fluorescent probe (Nir-Aza) for endogenous HAEC HG-EV labelling and (ii) 

ExoGlow™ membrane EV labelling dye for exogenous HAEC-EV labelling. In order to 

optimise the concentration of Nir-Aza used to label the generation of EVs, HAECs were 

seeded at 500 cells/well onto a 48 well plate. Following 24 h culture in maintenance media 

varying concentrations from 1µM to 5µM of Nir-Aza was added to each well. Cells were 

imaged using the Celigo Imaging Cytometer at various time points from 0 hours – 24 h 

using bright field and far-red detection channels (Figure 4.7 A). A heat map was generated 

indicating fluorescent intensity levels at each time point (Figure 4.7 B). The percentage 

of Nir-Aza positive cells from 0-5 hours (Figure 4.7 C) and 0-24 hours (Figure 4.7 D) 

was graphed. The optimal concentration of Nir-Aza for endogenous labelling of HAEC-

EVs in culture was 3µM.  

Further analysis of HAEC Nir-Aza-EVs was carried out using the Amnis™ CellStream 

™. HG-Nir-Aza-EVs were isolated from conditioned media. The isolated EVs were 

analysed using the Amnis™ CellStream ™. Data were acquired using the Amnis™ 

CellStream ™ flow cytometer for 3 minutes per sample. The 642nm was run at 100% 

laser power, and no thresholding was used. Control samples were collected for NirAza 

only and EV only (Figure 4.8 A, B). Detergent controls were collected for the NirAza-

labelled EV samples, which were incubated in 0.1% Triton X-100 for 10 mins. To identify 

potential HG-NirAza-HG-EVs, a gate was set using an SSC vs. FSC plot. Using the 

“potential EVs” gated population, Nir-Aza positive events were gated. HG-NirAza-EVs 

positive events were 3,840,893,100 (Figure 4.8 C). When incubated with detergent, a 

reduction of 99.95% in positive events was detected, demonstrating labelling of intact 

HG-EVs (Figure 4.8 D). 

Similarly, exogenous HG-EV labelling was carried out using ExoGlow. Labelled HG-

EVs were analysed using the Amnis™ CellStream ™. Data were acquired using the 

Amnis™ CellStream ™ flow cytometer for 3 minutes per sample. The 488nm was run at 

100% laser power, and no thresholding was used. Control samples were collected for 

ExoGlow only and HG-EV only (Figure 4.9 A, B). Detergent controls were collected for 
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the ExoGlow-labelled HG-EV samples, which were incubated in 0.1% Triton X-100 for 

10 mins. A gate was set using an SSC vs. FSC plot (Figure 4. A). Using the “potential 

EVs” gated population, ExoGlow positive events were gated. HG-ExoGlow-EVs positive 

events detected were 1,456,401 (Figure 4.9 C). When incubated with detergent, a 

reduction of 86.72% in positive events was detected, demonstrating labelling of intact 

HG-EVs (Figure 4.9 D). 

 

 

 



 

153 

 

Figure 4.7 Endogenous labelling of HG-EVs using NirAza in vitro. (A) Representative 
phase-contrast and immunostaining overlay images of NirAza uptake by HAECs in 
culture from 0 -24 h.  (B) Heatmap representation of the intensity of NirAza stain 
following incubation over a time course of 0-24 h.  (C,D) Graphic representation of 
NirAza positive cells over time from 0-5 h (B) and 0-24 h. 
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Figure 4.8 Detection of Nir-Aza positive HG-EVs following endogenous labelling. 
(A-D) Detection of NirAza positive HG-EVs following endogenous labelling in culture. 
Representative images of control samples (A) NirAza dye only, (B) HG-EVs only, and 
(D) NirAza-HG-EVs treated with Triton X detergent. Data representative of n=3.  
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Figure 4.9 Detection of ExoGlow positive HG-EVs following exogenous labelling. 
(A-D) Detection of ExoGlow positive HG-EVs following endogenous labelling in 
culture. Representative images of control samples (A) ExoGlow dye only, (B) HG-EVs 
only, and (D) ExoGlow-HG-EVs treated with Triton X detergent. Data representative of 
n=3.  
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4.4.5 HiPSCs express distinct embryological markers NANOG and OCT4 

 

To determine the functional effect of HAEC-HG-EVs uptake, an in vitro human cell 

model was developed. The reprogramming of autologous somatic cells into HiPSCs has 

provided a key translational technology to differentiate highly pure and functional 

pluripotent vascular stem cells from various embryological origins. HiPSCs were 

purchased from the Welcome Sanger Institute HiPSC Initiative. The source material of 

the HiPSC generation was skin tissue of a white British European male or normal disease 

status. Upon receipt, HiPSCs were cultured, phase-contrast images of HiPSC culture 

demonstrate typical iPSC morphology including a high nucleus: cytoplasm ratio, 

predominant nucleoli, and formation of compact colonies observed by phase-contrast 

microscopy at 4X and 10X magnification (Figure 4.10 A, B) HiPSCs were significantly 

enriched for OCT4 and NANOG mRNA levels when compared to HAECs in culture 

(Figure 4.10 C, D). 

 

The expression of embryological marker OCT4 and NE markers NESTIN and S100β 

were determined by ICC. Cells were fixed with 3.7% formaldehyde and stained with 

primary antibodies OCT4 (1:250), NESTIN (1:200), and S100β (1:100) overnight. To 

generate a fluorescent signal for staining, fluorophore-Alexa Fluor 488-conjugated 

secondary antibodies were added, and nuclei were stained with DAPI. Using a fluorescent 

microscope, these stains were visualised, imaged, and analysed to determine the 

expression of each protein. IgG controls (secondary antibody probing without primary 

antibody staining) were used to account for background fluorescence or off-target binding 

of secondary IgGs. The expression of embryological marker OCT4 and NE marker,  

NESTIN was detected in HiPSC colonies (Figure 4.11 A, B). However, HiPSCs were 

negative for the expression of NE marker S100β (Figure 4.11 C). Although both OCT4 

and NESTIN were expressed in HiPSC colonies, OCT4 expression was abundant in all 

HiPSC cells within the colony. However, the expression of NESTIN was localised around 

the periphery of the colony. Positive cells were counted and compared against the total 

cell DAPI stain cell count for quantitative analysis and are presented as the fraction of 

positive cells compared to a negative cell control (Figure 4.11 D-F). 
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Figure 4.10 Characterisation of HiPSCs. (A) Phase-contrast images of HiPSCs in the 
culture at 4X and 10X magnification Scale bar representative of 20μm and 50μm 
respectively. (B) Relative mRNA levels of embryological markers OCT4 and NANOG in 
HiPSCs. Data are expressed as the ratio of mRNA expression relative to GAPDH and are 
the mean ± SEM, n = 6, * p ≤ 0.05 versus HAEC. 
 
 
 
 
 
 
 
 

 
 
 

A. B.

4X 10X

C. D.

HAEC HiPSC
0

200

400

600

800

R
at

io
 o

f O
C
T4

 E
xp

re
ss

io
n 

(R
) ✱✱✱✱

HAEC HiPSC
0

20

40

60

80

100

R
at

io
 o

f N
AN
O
G

 E
xp

re
ss

io
n 

(R
) ✱✱✱✱



 

158 

 

. 

Figure 4.11 Characterisation of HiPSC by ICC. (A-C) Representative images of 
fluorescence staining of DAPI nuclei and immunocytochemical analysis of the expression 
embryological marker OCT4 and NE markers NESTIN (green), S100β in HiPSC 
colonies. (D-F) Fraction of OCT4+, NESTIN+ and S100β + cells. All images were taken 
using Olympus DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used 
for visualisation of primary antibody binding. All images are representative of n > 12 
images per experimental group from three independent cultures—scale bar representative 
of 50μm. 
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4.4.6 HiPSC differentiation to NE multipotent progenitor stem cells (NEP) 

 
Several stem cell populations have been identified in the vasculature by several different 

research groups. The use of lineage tracing studies has confirmed that cells in a neointimal 

lesion may arise, at least in part, from a stem cell parent population (Wang et al., 2018). 

S100β+ stem cells have been shown to contribute to the development of a ligation-induced 

neointima through migration and differentiation (Di Luca et al., 2021). As part of this study, 

HiPSCs were utilised to generate S100β+ human NEPs to investigate the possible role of 

S100β+  cells in vascular lesion formation. Prior to differentiation, HiPSC exhibited clear, 

distinct colony boundaries. Before differentiation, HiPSC colonies were first allowed to 

grow to approximately 20% confluency, keeping colony size relatively small (Figure 4.12 

A).  NE differentiation was carried out and phase-contrast microscopy was performed to 

monitor changes in cellular morphology during differentiation. Over three days, HiPSC 

began to lose defined colony borders (Figure 4.12 B, C). Colonies grew larger, giving rise 

to a NE morphology by day 7 (Figure 4.12 D). HiPSC-derived NEPs were maintained in 

culture using Essential 8™ Medium. Cells were harvested, and RNA was isolated from 

each sample. RNA samples were analysed by qRT-PCR to measure the expression of 

embryological marker OCT4 and NE markers NESTIN, S100β, and PAX6 compared to 

HiPSCs. Following NE differentiation, decreased OCT4 and an increase in NESTIN, 

S100β, and PAX6 mRNA levels were observed compared to HiPSC (Figure 4.13 A-D). 

 

The expression of embryological marker OCT4 and NE markers NESTIN and S100β 

were determined by ICC staining as described in section 2.2.6.1. Cells were fixed with 

3.7% formaldehyde and stained with primary antibodies OCT4 (1:250), NESTIN (1:200), 

and S100β (1:100) overnight. To generate a fluorescent signal for staining, fluorophore-

Alexa Fluor 488-conjugated secondary antibodies were added, and nuclei were stained 

with DAPI. Using a fluorescent microscope, these stains were visualised, imaged, and 

analysed to determine the expression of each protein. IgG controls (secondary antibody 

probing without primary antibody staining) were used to account for background 

fluorescence or off-target binding of secondary IgGs. The expression of NE markers 

NESTIN and S100β was detected in NEPs (Figure 4.14 A, B). However, NEPs were 

negative for the expression of OCT4 (Figure 4.14 C). Although both NESTIN and S100β 

were expressed in NEPs, S100β was expressed in the cytoplasm. However, NESTIN 

expression was detected in the Golgi apparatus. Positive cells were counted and compared 
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against the total cell DAPI stain cell count for quantitative analysis and are presented as 

the fraction of positive cells compared to a negative cell control (Figure 4.14 D-F). 
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Figure 4.12 Timeline for induction of NEPs from HiPSC with chemically defined 
media. (A) Representative phase-contrast images of typical morphology of HiPSC 
colony in culture prior to differentiation. (B-D) Induction of NEP differentiation after 3,5 
and 7 d following incubation in CDM supplemented with FGF2 (12 ng ml−1) and 
SB431542 (10 μM).Scale bar representative of 20μm respectively.  
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Figure 4.13 Characterisation of HiPSC-derived NEPs by qRT-PCR. (A) Relative 
levels of embryonic stem cell marker OCT4 (A), NESTIN (B), S100β (C), and PAX6 
mRNA expression in NEPs (D) Data are expressed as the ratio of mRNA expression 
relative to HPRT and are the mean ± SEM, n = 8, * p ≤ 0.05 versus NEP and * p ≤ 0.05 
versus HiPSC. 
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Figure 4.14 Characterisation of HiPSC-derived NEPs by ICC. (A-C) Representative 
images of fluorescence staining of DAPI nuclei and immunocytochemical analysis of NE 
markers NESTIN, S100β, and embryological marker OCT4 in HiPSC-derived NEP. (D-
F) Fraction of NESTIN+ S100β+ and OCT4+ cells. All images were taken using Olympus 
DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation 
of primary antibody binding. All images are representative of n > images per 
experimental group from three independent cultures—scale bar representative of 25μm. 
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4.4.7 TGF-β1/PDGF induces myogenic differentiation of HiPSC-NEP.  

 
In order to generate embryologically defined myogenic (VSMC) subtypes, HiPSC-

derived NEPs were cultured in DMEM supplemented with 10% FBS, 1% PS, TGFβ-1 

(2ng/ml), and PDGF (10ng/ml) for 12 d.  Following the myogenic differentiation 

protocol, phase-contrast analysis revealed a distinct change in cellular morphology from 

an appearance of small spindle neural-like cells (Figure 4.15 A) to large filamentous cells 

at day 12  (Figure 4.15 B). Cells were harvested, and RNA was isolated from each sample. 

RNA samples were analysed by qRT-PCR to measure the expression of NE markers 

NESTIN and PAX6 and VSMC markers CNN1 and MYH11. Following myogenic 

differentiation, a significant increase in CNN1 and MYH11 mRNA levels was observed 

(Figure 4.15 D, E) concomitant with a decrease in NESTIN and PAX  levels (Figure 4.15 

C, F). 

 
The expression of NE markers NESTIN, S100β and VSMC markers CNN1 and MYH11 

were determined by ICC as described in section 2.2.6.1. Cells were fixed with 3.7% 

formaldehyde and stained with primary antibodies NESTIN (1:200), S100β (1:100), 

CNN1 (1:200), and MYH11(1:50) overnight. To generate a fluorescent signal for 

staining, fluorophore-Alexa Fluor 488-conjugated secondary antibodies were added, and 

nuclei were stained with DAPI. Using a fluorescent microscope, these stains were 

visualised, imaged, and analysed to determine the expression of each protein. IgG 

controls (secondary antibody probing without primary antibody staining) were used to 

account for background fluorescence or off-target binding of secondary IgGs. The 

expression of CNN1 and MYH11 increased significantly in NEP-VSMC compared to 

NEPs (Figure 4.16 A-C). In contrast, NESTIN's expression decreased by ~60% in NEP-

VSMC compared to NEPs (Figure 4.16 D). Positive cells were counted and compared 

against the total cell DAPI stain cell count for quantitative analysis and are presented as 

the fraction of positive cells compared to a negative cell control (Figure 4.16 E-G). 
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Figure 4.15 Characterisation of TGF-β1/PDGF-mediated myogenic differentiation 
of NEPs by qRT-PCR. (A) Phase-contrast images of morphological changes in NEP 
following VSMC myogenic differentiation at 4X and 10X magnification. Scale bar 
representative of 20μm and 50μm respectively. (B, C) Relative mRNA levels NE markers 
S100β, PAX6, and myogenic markers CNN1. Data are expressed as the ratio of mRNA 
expression relative to control and are the mean ± SEM, n = 6, * p ≤ 0.05 versus HiPSC 
and * p ≤ 0.05 versus NEP. 
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Figure 4.16 Characterisation of TGF-β1/PDGF-mediated myogenic differentiation 
of NEPs by ICC. (A-E) Representative images of fluorescence staining of DAPI nuclei 
and immunocytochemical analysis of the expression of myogenic markers CNN1, 
MYH11, NE markers S100β, and NESTIN. (F-1) Fraction of CNN1+, MYH11+, and 
S100β+ cells after TGFβ-1/PDGF treatment. All images were taken using Olympus DP-
50 fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation of 
primary antibody binding. All images are representative of n > 12 images per 
experimental group from three independent cultures—scale bar representative of 25μm. 
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4.4.8 Non-chemical spontaneous differentiation of HiPSC to NE progenitors (SNEP) 

 
HiPSC differentiation to various progenitor lineages has been previously defined 

(Cheung et al., 2014). Although chemically defined HiPSC differentiation protocols have 

advanced the generation of embryologically defined VSMCs, there are several 

limitations, including (i) the preparation of HiPSC colonies for differentiation to ensure 

correct colony sizes are obtained (ii) the cost of associated factors using to drive various 

progenitor stem cells in culture (iii) optimisation of maintenance media used to maintain 

progenitor stem cell lineages in culture. Lineage tracing studies carried out by our 

research group have shown the role of resident S100β+ progenitor stem cells during the 

progression of neointimal in atherosclerosis pathogenesis (Di Luca et al., 2021). With 

this in mind, an alternative HiPSC-NEP differentiation method in the absence of 

chemically defined stimuli was developed, reducing the cost associated with CDM 

culture and the necessity to prepare HiPSC colonies of distinct size and colony formation.  

 

HiPSC-derived SNEPs were generated before phase-contrast microscopy was performed 

to monitor the migration of peripheral HiPSC cells and the loss of distinct colony borders 

(Figure 4.17 A). Following the migration of peripheral cells, HiPSC colonies were 

removed from the culture as described in Section 2.2.3.3.  Expansion of SNEPs was 

achieved by day 10 (Figure 4.17 B). HiPSC-derived SNEPs were maintained in culture 

using Essential 8™ complete medium.  Although both HiPSC-derived NEPs and SNEPS 

were maintained in Essential 8™ complete medium their morphologies differed as 

SNEPs resembled a more neural like morphology with distinct elongated lamopodia.  

 

Cells were harvested, and RNA was isolated from each sample. RNA samples were 

analysed by qRT-PCR to measure the expression of embryological marker OCT4 and NE 

markers NESTIN, S100β, and PAX6 compared to HiPSCs. Following SNEP 

differentiation, a significant decrease in OCT4 and an increase in NESTIN, S100β, and 

PAX6 mRNA levels were observed compared to HiPSC (Figure 4.17 C-F). 

 

The expression of embryological marker OCT4 and NE markers NESTIN and S100β 

were determined by immunocytofluorescence staining as described in section 2.2.6.1. 

Cells were fixed with 3.7% formaldehyde and stained with primary antibodies OCT4 

(1:250), NESTIN (1:200), and S100β (1:100) overnight. To generate a fluorescent signal 
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for staining, fluorophore-Alexa Fluor 488-conjugated secondary antibodies were added, 

and nuclei were stained with DAPI. Using a fluorescent microscope, these stains were 

visualised, imaged, and analysed to determine the expression of each protein. IgG 

controls (secondary antibody probing without primary antibody staining) were used to 

account for background fluorescence or off-target binding of secondary IgGs. The 

expression of NE markers NESTIN and S100β was detected in SNEPs (Figure 4.18 A-

D).  SNEPs were negative for the expression of OCT4 (Figure 4.18 E). Positive cells were 

counted and compared against the total cell DAPI stain cell count for quantitative analysis 

and are presented as the fraction of positive cells compared to a negative cell control 

(Figure 4.18 F-H). 
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Figure 4.17 Characterisation of HiPSC-derived SNEPs by qRT-PCR. (A, B) 
Representative phase-contrast images following induction of NE differentiation after 7 d. 
Scale bar representative of 20μm and 50μm respectively. (C-F) Relative levels of 
embryological stem cell marker OCT4 and NE markers, NESTIN, S100β, and PAX6 
mRNA expression in SNEPs (D) Data are expressed as the ratio of mRNA expression 
relative to HPRT. They are the mean ± SEM, n = 6, * p ≤ 0.05 versus SNEP and * p ≤ 
0.05 versus HiPSC. 
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Figure 4.18 Characterisation of HiPSC-derived SNEPs by ICC. (A-E) Representative 
images of fluorescence staining of DAPI nuclei and immunocytochemical analysis of NE 
markers NESTIN, S100β, and embryological marker OCT4 in HiPSC-derived SNEP. 
Fraction of NESTIN+ S100β+ and OCT4+, cells. All images were taken using Olympus 
DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation 
of primary antibody binding. All images are representative of n >6 images per 
experimental group from three independent cultures—scale bar representative of 50μm 
(A,C,E) and 25μm (B,D) respectively. 
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4.4.9 TGF-β1/PDGF induces myogenic differentiation of NE progenitor stem cells 

into smooth muscle cell subtypes.  

 
In order to generate embryologically defined myogenic (VSMC) subtypes, HiPSC-

derived SNEPs were cultured in DMEM supplemented with 10% FBS, 1% PS, TGF-β1 

(2ng/ml), and PDGF (10ng/ml) for 12 days. Following the myogenic differentiation 

protocol, phase-contrast analysis revealed a distinct change in cellular morphology from 

an appearance of small spindle neural-like cells (Figure 4.19 A) to large filamentous cells 

(Figure 4.19 B). Cells were harvested, and RNA was isolated from each sample. RNA 

samples were analysed by qRT-PCR to measure the expression of NE markers NESTIN 

and PAX6 and VSMC markers CNN1 and MYH11. Following myogenic differentiation, 

a significant increase in CNN1 and MYH11 mRNA levels was observed (Figure 4.19 F, 

G) concomitant with a decrease in NESTIN, S100β, and PAX  levels (Figure 4.19 C, D, 

E). 

 
The expression of NE markers NESTIN, S100β and VSMC markers CNN1 and MYH11 

were determined by ICC as described in section 2.2.6.1. Cells were fixed with 3.7% 

formaldehyde and stained with primary antibodies NESTIN (1:200), S100β (1:100), 

CNN1 (1:200), and MYH11(1:50) overnight. To generate a fluorescent signal for 

staining, fluorophore-Alexa Fluor 488-conjugated secondary antibodies were added, and 

nuclei were stained with DAPI. Using a fluorescent microscope, these stains were 

visualised, imaged, and analysed to determine the expression of each protein. IgG 

controls (secondary antibody probing without primary antibody staining) were used to 

account for background fluorescence or off-target binding of secondary IgGs. The 

expression of CNN1 and MYH11 in SNEP-VSMC was significantly increase compared 

to SNEPs (Figure 4.20 A-C). In contrast, the expression of NESTIN and was significantly 

decreased in SNEP-VSMC in comparison to SNEPs (Figure 4.20 D, E). Positive cells 

were counted and compared against the total cell DAPI stain cell count for quantitative 

analysis and are presented as the fraction of positive cells compared to a negative cell 

control (Figure 4.20 F-I). 

 

To evaluate the localisation of NESTIN positive expression in SNEP and SNEP-VSMCs 

and morphometric changes in cell size and shape, single cells FACs analysis was 

conducted using the Image Stream™.  SNEP cells displayed positive expression localised 
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in the cytoplasm compared to IgG endogenous control (Figure 4.21). In contrast, SNEP-

VSMCs showed no indication of NESTIN-positive cells. Furthermore, morphometric 

analysis of images taken using an internal CCD camera showed increased cell size 

following differentiation of SNEP to SNEP-VSMCs (Figure 4.22). 
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Figure 4.19 Characterisation of TGF-β1/PDGF-mediated myogenic differentiation 
of SNEPs by qRT-PCR. (A) Phase-contrast images of morphological changes in SNEP 
following VSMC differentiation at 4X and 10X magnification. Scale bar representative 
of 20μm. (B, C) Relative mRNA levels NE markers NESTIN, S100β, PAX6, and 
myogenic markers CNN1 and MYH11. Data are expressed as the ratio of mRNA 
expression close to control and are the mean ± SEM, n = 6, * p ≤ 0.05 versus HiPSC and 
* p ≤ 0.05 versus SNEP-VSMC. 
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Figure 4.20 Characterisation of TGF-β1/PDGF-mediated myogenic differentiation 
of SNEPs by ICC. (A-E) Representative images of fluorescence staining of DAPI nuclei 
and immunocytochemical analysis of the expression of myogenic markers CNN1, 
MYH11, NE markers S100β , and NESTIN. (F-1) Fraction of CNN1+, MYH11+, and 
S100β+ cells after TGFβ-1/PDGF treatment. All images were taken using Olympus DP-
50 fluorescent microscope. AlexaFluor 488 secondary antibody used for visualisation of 
primary antibody binding. All images are representative of n > 12 images per 
experimental group from three independent cultures—scale bar representative of 50μm. 
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Figure 4.21 Single Cell Flow Cytometry and morphometric analysis of HiPSC-
derived SNEPs. (A)  Representative images of SNEP-IgG cells using a bright filed CCD 
camera and 488 detection channel (B) Representative images of Nestin positive SNEP 
using a bright-field CCD camera and 488 detection channel (C) Histogram representation 
of IgG and NESTIN positive expression in SNEP IgG (pink) and SNEP-NESTIN (purple) 
populations. Data analysis was carried out using the ImageStream MKII, n=3.  
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Figure 4.22 Single cell Flow Cytometry and morphometric analysis of HiPSC-
derived SNEPs and SNEP-VSMCs. (A) Representative images of SNEP-Nestin cells 
using a bright filed CCD camera and 488 detection channel (B) Representative images of 
SNEP-VSMC-Nestin cells using a bright filed CCD camera and 488 detection channel 
(C) Histogram representation of NESTIN positive expression in SNEP IgG (pink) and 
SNEP-Neston (purple) and SNEP-VSMC populations. Data analysis was carried out 
using the ImageStreamX MKII, n=3.  
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4.4.10 Recombinant Sonic Hh induces myogenic differentiation of SNEP progenitor 

stem cells into smooth muscle cell subtypes 

 
Having previously shown the role of EV-dependent activation of Hh signalling in 

rMVSCs in Chapter 3 Section 3.3.7, we sought to validate this finding using our human 

in vitro model. To confirm HiPSC-derived SNEPs were capable of undergoing rSHh-

mediated myogenic differentiation, SNEPs were exposed to rSHh (1.0µg/ml) and rSHh 

+ Smo inhibitor, cyclopamine (15mM). Having previously demonstrated TGFβ-1/PDGF 

mediated SNEP VSMC differentiation, cells were also treated in parallel with TGF-β1 

(2ng/ml) and PDGF (10ng/ml) as a positive control for myogenic differentiation.  

 

SNEPS were seeded in 6-well plates at a density of 50,000 cells/well. On day 0, SNEPs 

were washed using HBSS and treated, rSHh (1.0μg/ml), rSHh/cyclopamine (15mM) and 

TGF-β1 (2ng/ml) and PDGF (10ng/ml) for 12 d. Following the differentiation protocol, 

phase-contrast images revealed a distinct change in cellular morphology from small 

spindle neural-like cells (Figure 4.23 A, C) to large filamentous cells (Figure 4.23 B, D). 

Cells were harvested, and RNA was isolated from each sample. RNA samples were 

analysed by qRT-PCR to measure the expression of VSMC markers CNN1 and MYH11. 

Following VSMC differentiation, a significant increase in CNN1 and MYH11 was 

observed in rSHh, and TGFβ-1 (2ng/ml), and PDGF treated SNEPs. This response was 

attenuated in samples treated with rSHh +cyclopamine (Figure 4.23 E, F). 
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Figure 4.23 Recombinant rSHh stimulation of Hh-mediated myogenic (VSMC) 
differentiation of SNEPs. (A-D) Phase-contrast images of morphological changes in 
SNEPs in culture pre-and-post rSHh treatment at 4X and 10X magnification. Scale bar 
representative of 20μm and 50μm respectively. (E, F) Relative levels of CNN1 and 
MYH11 mRNA expression in SNEPs following rSHh treatment. Data are expressed as 
the ratio of mRNA expression relative to control and are the mean ± SEM, n = 9, * p ≤ 
0.05 versus MM and * p ≤ 0.05 versus rSHh + cyclopamine.  
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4.4.11 Human-induced pluripotent stem cell (HiPSC) differentiation to paraxial 

(PM) and lateral mesoderm (LM) progenitor stem cells. 

 

Prior to differentiation, HiPSC exhibited clear, distinct colony boundaries. Before 

differentiation, HiPSC colonies were first allowed to grow to approximately 20% 

confluency, keeping colony size relatively small (Figure 4.24 A, B), (Figure 4.25 A, B).  

Paraxial (PM) and lateral mesoderm (LM) differentiation was carried out. Phase-contrast 

microscopy was performed to monitor changes in cellular morphology during 

differentiation. Over three days, HiPSC began to lose their defined borders (Figure 4.24 

C-D) (Figure 4.25 C-D). Colonies grew larger, giving rise to a mesoderm morphology by 

day 7 (Figure 4.24 E), (Figure 4.25 E).  

Following differentiation, cells were harvested, and RNA was isolated from each sample. 

RNA samples were analysed by qRT-PCR to measure the relative levels of PM-

associated markers TBX6, PAX1, and PAX6 and LM-associated markers KDR, PAX1, and 

PAX6. The HiPSC-derived PM progenitor cells had increased expression of TBX6 and 

PAX1 compared to HiPSCs (Figure 2.24 F, G). In contrast, the expression of PAX6 in 

PM-progenitors was significantly decreased compared to HiPSC-derived NEPs (Figure 

2.24 H). HiPSC-derived LM progenitor cells had increased expression of KDR and PAX1 

compared to HiPSCs (Figure 2.25 F, G). In contrast, the expression of PAX6 in LM-

progenitors was significantly decreased compared to HiPSC-derived NEPs (Figure 2.25 

H). 
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Figure 4.24 Timeline for induction of PM progenitors from HiPSC with chemically 
defined media. (A) Representative phase-contrast images of typical morphology of 
HiPSC colony in culture before PM differentiation. (B-E) Induction of PM differentiation 
after 1.5, 3, 4and 5 d following incubation in CDM supplemented with FGF2 (12 ng 
ml−1) and SB431542 (10 μM). (F-H) PMs' relative levels of PM markers TBX6, PAX1, 
and NE marker PAX6 mRNA expression in PMs following differentiation. Data are 
expressed as the ratio of mRNA expression relative to HPRT and are the mean ± SEM, n 
= 6, * p ≤ 0.05 versus HiPSC and * p ≤ 0.05 PM 
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Figure 4.25 Timeline for induction of LM progenitors from HiPSC with chemically 
defined media. (A) Representative phase-contrast images of typical morphology of 
HiPSC colony in culture before LM differentiation. (B-E) Induction of LM differentiation 
after 1.5, 3, 4and 5 d following incubation in CDM supplemented with FGF2 (12 ng 
ml−1) and SB431542 (10 μM). (F-H) Relative levels of PM markers KDR, PAX1, and 
NE marker PAX6 mRNA expression in PMs following differentiation. Data are 
expressed as the ratio of mRNA expression relative to HPRT and are the mean ± SEM, n 
= 6, * p ≤ 0.05 versus HiPSC and * p ≤ 0.05 LM 
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4.4.12 TGF-β1/PDGF induces myogenic differentiation of PM progenitor stem cells 

into smooth muscle cell subtypes.  

 
In order to generate embryologically defined myogenic (VSMC) subtypes, HiPSC-

derived PM progenitors were cultured in DMEM supplemented with 10% FBS, 1% PS, 

TGF-β1 (2ng/ml), and PDGF (10ng/ml) for 12 days. A distinct increase in the size of the 

nucleus and span of the cytoplasm was observed following myogenic of differentiation 

of PM progenitor stem cells. In addition,  the development of continuous myofilaments 

extending across the cytoplasm was observed in myogenic progeny indicative of the 

transition of these cells to a defined contractile function.    Cells were harvested, and RNA 

was isolated from each sample. The expression of VSMC markers CNN1 and MYH11 

were determined by ICC as described in section 2.2.6.1. Cells were fixed with a 3.7% 

formaldehyde and stained with primary antibodies CNN1 (1:200) and MYH11(1:50). To 

generate a fluorescent signal for staining, fluorophore-Alexa Fluor 488-conjugated 

secondary antibodies were added, and nuclei were stained with DAPI. Using a fluorescent 

microscope, these stains were visualised, imaged, and analysed to determine the 

expression of each protein. IgG controls (secondary antibody probing without primary 

antibody staining) were used to account for background fluorescence or off-target binding 

of secondary IgGs. Positive cells were counted and compared against the total cell DAPI 

stain cell count for quantitative analysis and are presented as the fraction of positive cells 

compared to a negative cell control. The number of CNN1 and MYH11 positive cells 

increased by ~ 80% in PM-VSMC compared to PMs (Figure 4.26 A-C), (Figure 4.27 A-

C).  

 

RNA samples were analysed by qRT-PCR to measure the expression of VSMC markers 

CNN1 and MYH11. Following myogenic differentiation, a significant increase in CNN1 

and MYH11 relative mRNA levels was observed in TGFβ- PDGF treated cells compared 

to PM and HiPSCs  (Figure 4.26 D), (Figure 4.27 D). 
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Figure 4.26 Characterisation of TGF-β1/PDGF-mediated myogenic differentiation 
of PMs by ICC. (A, B) Representative images of fluorescence staining of DAPI nuclei 
and immunocytochemical analysis of the expression of myogenic marker CNN1, (C) 
Fraction of CNN1+ cells after TGFβ-1/PDGF treatment. All images were taken using 
Olympus DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used for 
visualisation of primary antibody binding. All images are representative of n > 12 images 
per experimental group from three independent cultures—scale bar representative of 
50μm  (D) Relative levels of myogenic marker CNN1 mRNA expression in PMs 
following VSMC differentiation. Data are expressed as the ratio of mRNA expression 
relative to HPRT and are the mean ± SEM, n = 6, * p ≤ 0.05 versus HiPSC and * p ≤ 0.05 
PM. 
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Figure 4.27 Characterisation of TGFβ-1/PDGF-mediated VSMC differentiation of 
PMs by ICC. (A, B) Representative images of fluorescence staining of DAPI nuclei and 
immunocytochemical analysis of the expression of myogenic marker MYH11 (C) 
Fraction of CNN1+ cells after TGFβ-1/PDGF treatment. All images were taken using 
Olympus DP-50 fluorescent microscope. AlexaFluor 488 secondary antibody used for 
visualisation of primary antibody binding. All images are representative of n > 12 images 
per experimental group from three independent cultures—scale bar representative of 
50μm  (D) Relative levels of myogenic marker MYH11 mRNA expression in PMs 
following VSMC differentiation. Data are expressed as the ratio of mRNA expression 
relative to HPRT and are the mean ± SEM, n = 6, * p ≤ 0.05 versus HiPSC and * p ≤ 0.05 
PM 
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4.4.13 HiPSC-derived SNEP uptake of endogenous ExoGlow labelled 
HAEC-derived EVs in vitro 
 
 
To investigate the role of EV facilitation of SHh-dependent myogenic differentiation of 

HiPSC-SNEPs, confirmatory experiments were carried out to ensure uptake of EVs 

during HAEC-NG-EV and HAEC-HG-EV treatments. EV uptake assays were performed 

by incubating endogenous (ExoGlow) and exogenous (Nir-Aza) labelled EVs with 

HiPSC-derived SNEPs. EVs were isolated using ExoQuick TC. Following isolation, 

endogenous labelling of isolated EVs has been carried out. ExoGlow labelled EVs were 

resuspended in SNEP essential eight maintenance media. SNEP cells were seeded onto a 

12 well plate at ~1000 cells/well. A dilution of ExoGlow labelled EVs was added to each 

well (Neat, 1:10, 1:50, 1:100). A control of ExoGlow only was used to ensure positive 

staining was EV dependent. Cells were imaged using the Celigo Imaging Cytometer at 4 

hours and 24 hours using bright field and green (483/32nm) detection channels to 

determine the optimal time needed to facilitate EV uptake. A heat map was generated 

indicating fluorescent intensity levels at 4 and 24 hours (Figure 4.28 A). The percentage 

of ExoGlow+ cells after 24-hour incubation was graphed (Figure 4.28 B) was graphed. 

Fluorescent imaging showed EV uptake after 4 hours and 24 hours with a significant 

increase in uptake after 24 hours (Figure 4.28 C, D). As expected, the optimal 

concentration of ExoGlow uptake was incubated with neat isolated EVs (100µg).  

 

Further analysis of SNEP HAEC-EVs was performed by confocal fluorescent microscopy 

using the Leica TCS SP8 STED microscope. SNEPs were seeded at a density of ~5,000 

cells/well onto sterile glass coverslips in a 6-well cell culture plate. ExoGlow labelled 

HG-EVs (100µg) were incubated for 24 hours to allow optimal EV uptake. Cells were 

fixed and imaged using the 488 lasers at 20X (Figure 4.29 A), 60X (Figure 4.29 B), and 

100X (Figure 4.29 C). The uptake of EVs by HiPSC-SNEPs was confirmed and was 

located in the cell's cytoplasm with the majority of positive EV staining present around 

the nucleus. Further, Z-stack imaging enabled visualisation of endocytosed HAEC-

ExoGlow-EVs in the cytoplasm with additional membrane staining (Figure 4.29 D, E) 

indicating that HAEC-EVs can dock to the cell membrane via receptor-ligand binding or 

be internalised by HiPSC-SNEP. 
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Figure 4.28 HiPSC-derived SNEP uptake of exogenous labelled HG-EVs in vitro. 
Evaluation of SNEP HG-ExoGlow-EV uptake following 24 h incubation. (A) Heatmap 
representing the percentage of ExoGlow+ cells following incubation over a time course 
of 4 and 24 h at various HG-EV concentrations. (B) Graphic representation of ExoGlow+ 

cells using a dilution of ExoGlow labelled HG-EVs. (C,D). Representative images of 
ExoGlow uptake by SNEPs in vitro at 4 hours (C) and 24 hours (D). Scale bar 500µm. 
Data representative of n=3.  
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Figure 4.29 HiPSC-derived SNEP uptake of exogenous labelled HG-EVs in vitro. (A-
C) Representative images of fluorescence staining of DAPI nuclei and fluorescent 
detection of exogenous labelled HAEC-derived HG-EVs at 20X,60X, and 100X, 
respectively. (D-E) Z-stack imaging of HAEC-derived HG-EVs after 24 h. All images 
are representative of n > 12 images per experimental group from three independent 
cultures—scale bar representative of 75μm, 25μm, and 5μm. 
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4.4.14 HiPSC-derived SNEP uptake of exogenous Nir-Aza labelled 
HAEC-derived EVs in vitro 
 
SNEP uptake of EVs exogenously labelled during HAEC culture was explored due to the 

advantageous characteristics of in vitro labelling. EV uptake assays were performed by 

incubating exogenous (Nir-Aza) labelled HG-EV with HiPSC-derived SNEPs. EVs were 

isolated using ExoQuick. Following isolation, NirAza labelled HG-EVs have 

resuspended in SNEP Essential 8™ maintenance media. SNEP uptake of NirAza-HAEC-

HG-EVs was visualised by confocal fluorescent microscopy using the Leica TCS SP8 

STED microscope. SNEPs were seeded at a density of ~5,000 cells/well onto sterile glass 

coverslips in a 6-well cell culture plate. NirAza labelled HG-EVs were incubated for 24 

hours to allow optimal EV uptake. Cells were fixed and imaged using the 642 lasers at 

20X (Figure 4.30 A), 60X (Figure 4.30 B), and 100X (Figure 4.30 C). The uptake of EVs 

by HiPSC-SNEPs was confirmed and localised  within the cell's cytoplasm with the 

majority of positive EV staining present around the nucleus. Further, Z-stack imaging 

enabled visualisation of endocytosed HAEC-NirAza-EVs in the cytoplasm with 

additional membrane staining indicating that HAECs can dock to the cell membrane via 

receptor-ligand binding  or be internalised by HiPSC-SNEP (Figure 4.30 D, E) 
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Figure 4.30 HiPSC-derived SNEP uptake of endogenous labelled HG-EVs in vitro. 
(A-C) Representative images of fluorescence staining of DAPI nuclei and fluorescent 
detection of endogenous labelled HAEC-derived HG-EVs (red) at 20X,60X, and 100X, 
respectively. (D-E) Z-stack imaging of HAEC-derived HG-EVs after 24 h. All images 
are representative of n > 12 images per experimental group from three independent 
cultures—scale bar representative of 75μm, 25μm, and 5μm. 
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4.4.15 HG-HAEC-EVs induce SHh-dependent myogenic differentiation of HiPSC-

derived neurectoderm progenitor cells in vitro. 

 
To determine the role of HAEC-EVs in promoting SHh-myogenic differentiation, 

HiPSC-derived SNEPs were cultured in the absence or presence of EVs purified from 

normal (NG) and hyperglycaemic (HG) endothelial-derived EVs before the relative 

mRNA levels of Hh target gene (GLI1) and the myogenic differentiation marker  gene 

(CNN1) were assessed after 48 hours and 7 days, respectively. The relative levels of GLI1 

mRNA were significantly increased in SNEPs following treatment with HG-EVs 

compared to NG-EVs and Mannitol (MT-EVs) controls after 48 hrs (Figure 4.31 A). The 

relative levels of CNN1 mRNA were also significantly increased in SNEPs treated with 

HG-EVs compared to NG-EVs and MT-EVs controls, respectively  (Figure 4.31 B).  In 

both cases,  the direct effect of NG, HG, and MT-treated media on GLI1 and CNN1 

mRNA levels in the absence HAECs was not significant (Figure 4.31 A, B). 

Further experiments were carried out to verify that HG-EVs activated Hh signalling in 

SNEPs in vitro using two independent Hh signalling inhibitors, cyclopamine and Hh 

neutralising antibody 5E1. For cyclopamine inhibition of Hh signalling, SNEPs were 

cultured in 6-well tissue culture plates at a density of ~ 100,000 cells/well. Cells cycling 

was synchronised by culturing cells in the absence of serum for 24 hours. Following 

quiescence, SNEPs were washed and treated with 15 mM of cyclopamine in maintenance 

media for 1 hour. HG-HAEC-derived EVs were added to the SNEP cultures before the 

cells were harvested after 48 hours for measurement of GLI1 transcript. A reduction of 

GLI1 expression was observed following cyclopamine-dependant inhibition of the Hh 

signalling pathway (Figure 4.32 A). Positive controls were run in parallel by treating 

SNEPs with 1.0µg/ml of recombinant SHh in the absence or presence of 15mM 

cyclopamine.  

Hh inhibition was  also carried out using a Hh neutralising antibody 5E1. SNEP cells 

were prepared as above, before the neutralising antibody 5E1 was added to SNEP cultures 

for 1 hour at a concentration of  1µg/ml.  Following antibody incubation, HG-HAEC-

derived EVs were added to the SNEP culture. SENPs were harvested after 48 hours for 

measurement of Gli1 transcript. A reduction of GLI1 mRNA expression was observed 

following 5E1-dependent inhibition of the Hh signalling pathway (Figure 4.32 B). 
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Positive controls were run in parallel by treating SNEPs with 1.0µg/ml of recombinant 

SHh in the absence or presence of 5E1. 
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Figure 4.31 HAEC-HG-EVs stimulate Hh target genes in S100β+ SNEPs. (A) 
Relative of GLI1 and CNN1 mRNA expression in SNEPs following HAEC-HG-EVs. 
Data are expressed as the ratio of mRNA expression relative to control healthy EVs and 
are the mean ± SEM, n = 9, * p ≤ 0.05 versus glucose-EV and * p ≤ 0.05 versus mannitol-
EVs. 
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Figure 4.32 Inhibition of EV-mediated SHh response in SNEPS. (A) The relative 
expression of GLI1 mRNA levels by qRT-PCR in SNEPs treated for 48 h with Hh 
signalling inhibitor cyclopamine. (B) The relative expression of GLI1 mRNA levels by 
qRT-PCR in SNEPs treated for 48 h with Hh neutralising antibody 5E1. Data are 
presented as the ratio of Gli1 expression relative to the negative control sample NT and 
positive control sample rSHh. Error bars based on SEM. Data representative of n=3 , * p 
< 0.05.  
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4.4.16 HG-HAEC-EVs induces proliferation of HiPSC-derived neurectoderm 

progenitor cells, SNEPs, in vitro. 

 

Following vascular injury, resident vascular stem cells undergo myogenic differentiation 

and proliferation, resulting in an increase in the medial and intimal layer of the artery and 

a subsequent decrease in the luminal (Yuan et al., 2017). To determine the effect of HG-

HAEC-EVs on the proliferation profile of SNEPs in vitro. SNEPs were seeded at a 

concentration of ~500 cells/well in a 48-well plate. NG-, HG-, and MT- HAEC-derived 

EVs were isolated from conditioned media and 100µg of EVs added to each well in the 

absence or presence of cyclopamine (15mM). Bright-field images were taken at various 

time points (day 0 – 3). A confluence overlay was applied during each time point using 

the Celigo imaging platform (Figure 4.33 A). The percentage confluence per well was 

recorded every 24 hours for three consecutive days. Percentage confluence was recorded 

on a percentage confluence map and heat map, respectively (Figure 4.33 B). Following 

three days of incubation, the increase in cell number was graphed. A significant increase 

in cell proliferation was noticed in HG-HAEC -EV treated samples in comparison to NG-

HAEC-EVs and Mannitol-HAEC-EVs (Figure 4.33 C). Moreover, the increase in SNEP 

proliferation was blocked using Hh signalling pathway inhibitor,  cyclopamine (Figure 

4.33 D). 
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Figure 4.33 HAEC-HG-EVs promote proliferation of SNEPs. (A) Confluence overlay 
determining an increase in proliferating cells over a period of 48 and 72 h (B) Graphic 
depiction of percentage confluence per well represented as a % confluence mask and heat 
map respectively. (C) Comparison of the confluence of SNEPs following exposure to 
maintenance media (red), NG-EVs (green) and NG-EVs + Cyclopamine (yellow) from 0 
– 72 hrs. (D) Comparison of the confluence of SNEPs following exposure to maintenance 
media (red), HG-EVs (green) and HG-EVs + Cyclopamine (yellow) from 0 – 72 hrs. (E) 
Comparison of the confluence of SNEPs following exposure to maintenance media (red), 
MT-EVs (green) and MT-EVs + Cyclopamine (yellow) from 0 – 72 hrs.(F) Comparison 
of the confluence of SNEPs following exposure to MT-EVs (red), NG-EVs (yellow) and 
HG-EVs (green) from 0 – 72 hrs. 
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4.5 Summary  
 
• HAEC displays distinct endothelial cobblestone morphology in culture. ICC and 

transcriptional analysis confirmed the expression of endothelial-associated 

markers/genes CD31 and eNOS. 

• HG-treated HAECs increases intracellular ROS production via increasing levels of 

O2‾‾ production accompanied by elevated NOX4 and NOS3 gene expression levels. 

• HAECs secrete NG-EVs and HG-EVs with discrete differences in size, and 

expression of EV-associated proteins in vitro. 

• HG-EVs can be labelled exogenously and endogenously using ExoGlow and NirAza 

dyes, respectively.  

• HiPSCs express distinct embryological markers NANOG and OCT4.  

• HiPSC can be used to generate NE, paraxial (PM) and lateral mesoderm (LM) 

embryologically defined progenitor stem cells by chemical means. Spontaneous 

generation of NE progenitors (SNEPs) was confirmed using non-chemical means. 

• HiPSC-derived NE, PM, and LM progenitors undergo myogenic differentiation in 

response to TGF-β1/PDGF treatment  

• Recombinant SHh induces myogenic differentiation of HiPSC-derived SNEPS  

• HiPSC-derived SNEP endocytoses HG-EVs 

• HG-HAEC-derived EVs induce SHh-dependent myogenic differentiation of SNEPs.  

• Inhibitors of the Hh signalling pathway cyclopamine and 5E1 block myogenic 

differentiation of HiPSC-SNEPs following rSHh treatment or exposure to HG-EVs 

• HG-HAEC-EVs induces proliferation of HiPSC-derived SNEPs in vitro, an effect 

attenuated following treatment with Hh inhibitor, cyclopamine. 
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4.6 Discussion  
 

When studying the aetiology and pathophysiological of any human disease with a view 

to diagnostic and/or therapeutic discovery, the primary critical component is the 

requirement of a physiologically relevant experimental model of disease. To date, due to 

practical and ethical concerns, animal modelling, most frequently through the use of 

rodents (mice and rats), has been key to understanding the development and manifestation 

of various diseases. More often, the translation of discoveries made in animal models to 

human trial fails due to genetic, molecular, and physiological reasons (Leenaars et al., 

2019). Human tissues have been proposed to alleviate the problems associated with the 

translation of animal models in human trials. However, studies using human tissues also 

pose some challenges, including lengthy ethical applications, access to fresh disease 

samples on an ongoing basis, inability to study subclinical disease as samples are 

invariably obtained following post-mortem (Kim, 2015).  

 

The use of iPSCs for in vitro disease modelling has emerged as an alternative cell source 

to tissue isolation with superior advantages compared to its predecessors by providing (i) 

a complicated genetic signature of human tissue and (ii) unlimited resource for 

identifying the mechanism underlying disease pathogenesis enabling the discovery of 

sub-clinical biomarkers.  

 HiPSCs have been extensively used to model the role of VSMCs in the development of 

vascular diseases (G. H. Liu et al., 2011; Granata et al., 2017). Of interest, HiPSCs are 

emerging as a useful tool for modelling the development of atherosclerosis through the 

investigation of embryonic origin on disease susceptibility and the source of VSMC-like 

cells found in arterial lesions (Liang and Du, 2014; Bargehr et al., 2016). Furthermore, 

the generation of embryologically defined HiPSC-derived progenitor SCs provides a 

platform to study the role of EC-STEM CELL communication during pathogenesis of 

atherosclerosis.  

 

HiPSCs have been deployed to study various aspects of the development of 

atherosclerosis including the use of ‘disease in a dish’ models for screening the efficacy 

of novel therapeutic therapies (Davaapil, Shetty and Sinha, 2020; Mallone et al., 2020) 

as well as isolation of iPSCs for genetic screening of patients considered to have a 

predisposition to the development of CVD (Davis et al., 2012; Itzhaki et al., 2012; Sun 
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et al., 2012; Lan et al., 2013). However, the use of HiPSCs has not been reported to 

investigate cell-cell communication between resident vascular cells during pathogenesis 

of disease. Furthermore very little research has been carried out using HiPSC models to 

elicit the role of EV-mediated initiation of discrete molecular changes indicative of sub-

clinical atherosclerosis. Data presented in Chapter 3 provided compelling evidence that 

EVs derived from hyperglycaemic RAECs promoted Hh target gene expression in murine 

S100β resident vascular stem cells in vitro. This finding highlights the potential role of 

sub clinical detection of Hh from circulating EVs as an early diagnostic biomarker of 

atherosclerosis as attenuation of Hh signalling in murine models of arteriosclerotic 

disease results in mitigation of IMT and lesion formation (Redmond et al., 2013; Aravani 

et al., 2019; Liu et al., 2020; Di Luca et al., 2021). One major limitation of these findings 

is the model in which they are discovered. In order to determine the true clinical 

relevance, the detection of Hh+ EVs in biological fluids is paramount. Therefore, it was 

important to determine whether our findings in murine models could be recapitulated 

using HiPSCs to further validate the importance of endothelial derived EVs harbouring 

Hh ligands in response to hyperglycaemic conditions to promote a change in S100β 

vascular stem in vitro. 

 

By using HiPSC derived progenitor stem cells in vitro, it is now possible to study the 

transfer of potential pathogenic biological messages from various cell types within the 

vascular wall, including but not limited to intimal endothelial cell-medial/adventitial stem 

cell, endothelial cell to medial vascular smooth muscle cells and vascular smooth muscle 

cell-medial/adventitial stem cell crosstalk. In recent years, circulating EVs have been 

interrogated as possible surrogate biomarkers for disease through their potential as cell-

cell communicators between the aforementioned cells within the vascular wall (Gaceb, 

Martinez and Andriantsitohaina, 2014). In this study, a HiPSC-derived in vitro model was 

developed to delineate the role of endothelial derived EV transport of the morphogen, 

SHh during myogenic differentiation of S100β-stem cells in response to hyperglycaemia, 

typical of their role in response to vascular injury in rodent models. Generation of 

embryologically defined HiPSC stem cell progenitors and subsequent myogenic 

differentiation expands our current understanding of vascular pathology and represents 

an important therapeutic platform for developing early biomarkers for the detection of 

subclinical atherosclerosis.  
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Dysfunction of the endothelium at lesion-prone areas of the arterial wall marks the earliest 

detectable change during the development of atherosclerotic lesions (Stary, 2000; 

Virmani et al., 2000). Although many systemic factors such as hypercholesterolemia, 

hyper homocysteinemia, and hyperglycaemia increase the probability of atherosclerotic 

development, a common denominator of these is represented by an increase in ROS 

production (Taniyama and Griendling, 2003; Stocker and John F.  Keaney, 2004). The 

presence of excess NOX-derived ROS from studies using various in vitro models of 

hyperglycaemia has been previously reported (Zhang et al., 2008; Taye et al., 2010; Chen 

et al., 2013). However, relative roles of particular NOX isoforms remain to be 

determined. For this reason the role of distinct NOX isoforms during activation of EC 

dysfunction in response to hyperglycemic  conditions was determined by detecting 

differences in biochemical properties. Using both qualitative DHE staining, and 

quantitative NBT uptake, a significant increase in O2-, a biproduct of specific NOX 

isoforms NOX1 and NOX2 (Takac et al., 2011) was demonstrated in HAECs  

 

Although the role of NOX4 is often considered protective rather than detrimental to 

endothelial function, we, along with others, have shown an increase in the expression of 

NOX4 mRNA levels in HAEC when exposed to hyperglycemic conditions compared to 

normal conditions in vitro. This response is likely due to hyperglycaemic induced NF-

KB activation resulting in enhanced interactions of NF-KB/p65 and the NOX4 promoter, 

a process reported during vascular complications associated with T2D (Williams et al., 

2012; Antonopoulos et al., 2015). A consequence associated with elevated NOX-derived 

EC ROS production is the mediation of eNOS uncoupling. Uncoupling of eNOS is 

present in T2D, although the relationship between activation of specific NOX isoforms 

is not clear (Thum et al., 2007). To investigate the effect of NOX-mediated ROS 

production, levels of eNOS mRNA were measured following HAEC exposure to 

hyperglycemic conditions for 48 h. An increase in eNOS mRNA levels were 

demonstrated concordant with previous in vitro and in vivo studies (Ding et al., 2007; 

Zhang et al., 2008; Adela et al., 2015).  

 

A cascade of pathological events is initiated due to ED, including an increase in EC 

permeability and recruitment of circulating monocytes, resulting in macrophage 

infiltration, and increased levels of lipoproteins. Due to the nature of EC location, ECs 

are the primary responder to circulating CVD risk factors; however, how the information 
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is transferred from ECs to resident vascular (Williams et al., 2012)(Quagliaro et al., 2003) 

cell populations remains unclear. Exposure of vascular ECs to glucose levels above 10 

mmol/L (in vitro or in vivo) is regarded as hyperglycemic conditioning (Popov, 2010). 

HAEC exposure to hyperglycemic conditions triggers a number of EC modifications  

including pro-inflammatory, pro-adhesive phenotypic changes (Ido, Carling and 

Ruderman, 2002; Rajapakse et al., 2009) as well as changes in EC migratory and 

proliferation properties (McGinn et al., 2003). Furthermore, hyperglycemia has been 

identified as an independent risk factor for early plaque development (McGill et al., 2001; 

Järvisalo et al., 2002). Although the role of hyperglycemia in sub clinical development 

of atherosclerosis is evident, little research has focused on discrete changes in the 

secretome of ECs derived from normal versus hyperglycemic conditions. The EC 

secretome, defined as a collection of factors consisting of transmembrane proteins and 

other biological components secreted by cells into the extracellular space  (Berezin, 

2017), from serum samples of patients with diabetes, heart failure and atherosclerosis 

have been shown to be defective in maintaining vascular homeostasis (Lu et al., 2013; 

Helmke and Vietinghoff, 2016) . Therefore, detection of discrete changes in the secreted 

profile of ECs represents a platform for the discovery of sub-clinical biomarkers for early 

detection of atherosclerosis. 

 

Originally considered as cellular was products, the secretion of EVs have been proven to 

mediate the transfer of functional molecules to target cells serving as mediators of cell-

to-cell crosstalk (Becker et al., 2016; Maas, Breakefield and Weaver, 2017; Laulagnier 

et al., 2018; Laurenzana et al., 2018; Bartel et al., 2020) Moreover, the content of EV 

encapsulated cargo has previously been reported to indicate cellular health at any given 

time, making them the ideal candidate for detection of early diagnostic biomarkers for 

subclinical disease (Yáñez-Mó et al., 2015; Perakis et al., 2017). Changes in EV cargo 

secreted from ECs in response to hypoxia (de Jong et al., 2012), shear stress (Burghoff 

and Schrader, 2011) and hypercholesterolemia (Yuan et al., 2020) have been 

demonstrated. However the main focus of this research has mainly been the initiation of 

inflammatory processes with a significant gap in our knowledge surrounding the effect 

of EVs as a driver for discrete molecular changes in stem cells that may control their 

proliferation and myogenic  differentiation during sub-clinical atherosclerosis. 
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For this reason, the primary aim of this study using HAECs exposed to hyperglycaemic 

conditions was to generate a cohort of pathological associated EVs for subsequent 

interrogation as diagnostic biomarkers, in particular SHh, a known mediator of myogenic 

differentiation of resident vascular stem cells that contribute to subclinical 

atherosclerosis. To this end, HAECs were cultured in normal and hyperglycemic 

conditions for a period of 48 h. Following harvest of conditioned medias EVs were 

isolated using a commercially available PEG precipitation method due to advantageous 

characteristics, including simplistic isolation protocols and speed. This method utilises a 

decrease in the solubility of compounds in solutions of super hydrophilic polymers 

resulting in the isolation of EV fractions. DLS technology was used to determine the size 

of isolated EVs with a population characterised between 20-60nm for EVs derived from 

normal conditions  and  30-80nm for EVs derived from hyperglycemic conditions. 

Interestingly a much more homogenous population of EVs were isolated from HAECs in 

both normal and hyperglycemic conditions in comparison to RAECs derived from similar 

conditioning. Characterisation of RAEC derived EVs from hyperglycemic conditions 

suggested isolation of a larger population of EVs classically referred to as microvesicles, 

which are known to be heterogenous in size (Théry et al., 2018). In comparison, 

characterisation of EVs from HAECS exposed to normal and hyperglycemic conditions 

revealed a smaller population of EVs referred to as exosomes which represent a more 

homogenous population (Willms et al., 2016). However, further characterisation of the 

biogenesis pathway in which isolated HAEC derived EVs are produced will be required.  

It is important to note PEG has been previously applied to isolate proteins, nucleic acids, 

viruses, and other small particles (Yamamoto et al., 1970). Therefore, to overcome this 

limitation, isolated HAEC-EVs derived from normal and hyperglycemic conditions were 

characterised based on a suite of techniques to ensure intact isolation of vesicular bodies 

including FeSEM, DLS, nanoFACs, and dot blot antibody array in line with the minimal 

information for studies of EVs (MISEV) (Théry et al., 2018).  

 

According to proteomic results gathered in EV databases, ExoCarta and EVpedia, EVs 

have a defined protein signature (Simpson, Kalra and Mathivanan, 2012; Kim et al., 

2013). EVs have been described as highly enriched for tetraspanin, including CD81, 

CD63, and CD9. Using nanoFACs antibody staining for these markers, HAEC derived 

EVs were positive for expression of CD81 and CD63 with minimal expression of 

CD9.Furthermore, antibody dot-blot array distinguished the expression of EV biogenesis 
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ESCRT proteins ALIX and TSG101, EV-purity marker GM130, and other associated EV 

proteins including FL0T1, ICAM, EpCAM, and ANXA5. The proteomic profile of EVs 

changes depending on the cell of origin and the health status of the cell. Although similar 

expression of tetraspanin proteins CD63 and CD81 were observed,  an increase in the 

expression of proteins normally enriched in EVs including TSG101, ANAXA5 was 

observed with a notable decrease in EV-associated protein ALIX, a protein reported to 

play a role in the secretion of smaller EVs (Willms et al., 2018). Taking these findings 

together,  it is clear that EVs secreted in response to a pathologic hyperglycaemic stimulus 

express differential levels of EV-associated proteins in comparison to EVs derived under 

normal conditions.  

 

Having shown the secretion, isolation and characterisation of HAEC EVs derived from 

normal and hyperglycemic conditions, a reporter stem cell model was generated using 

HiPSCs to determine their functional effects on stem cell proliferation and myogenic 

differentiation. A hallmark of atherosclerosis is the formation of neointima due to the 

proliferation and migration of resident vascular cells. Despite extensive research, the 

origin of neointimal VSMC-like cells remains controversial (Nguyen et al., 2013). It was 

generally accepted that VSMC switches from a contractile phenotype to a plastic 

phenotype in response to vascular injury resulting in increased proliferation, the release 

of pro-inflammatory cytokines and growth factors (Campbell and Campbell, 2012). 

Although independent studies have proposed the progeny within lesions are derived from 

various origins, including differentiated medial VSMCs (Campbell and Campbell, 2012; 

Chappell et al., 2016; Dobnikar et al., 2018), ECs (Cooley et al., 2014; Yuan et al., 2017) 

and/or resident vascular stem cells (Tang, Wang, Yuan, et al., 2012; KRamann et al., 

2016; Yuan et al., 2017; Tang et al., 2020). Of interest in this study is a population of 

S100β+ resident stem cells in the media, termed MVSCs, which have been shown to 

migrate and differentiate to become neointimal VSMC-like cells (Tang, Wang, Yuan, et 

al., 2012; Yuan et al., 2017). Our research group have reported similar results using 

indelibly marked S100β+ cells to demonstrate a significant number  of neointimal cells 

are derived from a small parent population of S100β stem cells in the media (Di Luca et 

al., 2021; Molony et al., 2021).  

 

Generating VSMCs from HiPSCs in vitro has been extensively demonstrated through 

directed differentiation using a cocktail of fibroblast growth factor 2, platelet-derived 
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growth factor (PDGF), and TGF-β1 (Dash et al., 2015; Yang et al., 2016). However, one 

of the major concerns for subsequent disease modelling or therapeutic transplant is 

confirming the absolute specificity of the resulting differentiated cells. It has been 

established that VSMCs arise from multiple origins during embryonic development, 

including mesoderm lineages, the neural crest, and the secondary heart field (Majesky 

and W., 2007; G. Wang et al., 2015). Such embryonic origin is increasingly linked to site-

specific susceptibility of vascular diseases, including atherosclerosis and aortic aneurysm 

(Cheung et al., 2012; Sinha, Iyer and Granata, 2014). Therefore, the specific lineage 

that VSMCs are derived from must be carefully considered. Neuroectoderm lineage was 

chosen as it is associated with areas of high risk for atherosclerotic lesion formation 

(Redheuil et al., 2010). Although the main focus of this study was the development of 

intermediate NE progenitor stem cells and subsequent generation of embryologically 

defined VSMCs, we report the generation of origin-specific vascular VSMCs from 

HiPSCs through intermediate lineages, NE, lateral plate mesoderm, and PM through the 

use of chemically defined protocols (Yang et al., 2016). Interestingly, a study conducted 

by Ying et al. in 2003 reported that chemical induction of ESCs using various signalling 

activators and inhibitors was not necessary for ESCs to commit efficiently to a neural 

fate. They demonstrated that neural fates emerge in the absence of serum or added growth 

factors concluding that NE appears to be the default differentiation pathway for ESCs 

when pluripotency factors are absent (Ying et al., 2003).  

 

We determined whether this process was also valid for NE differentiation of HiPSCs. 

HiPSC-SNEP were generated in the absence of serum and characterised for NE markers; 

Nestin, predominantly expressed during early developmental stages in neural and muscle 

stem/progenitor cells (Sejersen and Lendahl, 1993), calcium-binding protein S100B and 

NE lineage specification protein PAX6 (Zhang et al., 2010). To ensure our SNEPs were 

a pure NE population, we investigated the expression of mesoderm lineage marker PAX1 

and myogenic markers CNN1 and MYH11. SNEPs did not express PAX1, CNN1, or 

MYH11 when interrogated by qRT-PCR and ICC, respectively. In most in vitro methods, 

the distinction between NE and mesoderm is based solely on the expression of marker 

genes. However, this may be concerning as a number of genes are shared between the 

embryonic lineages and are not lineage-specific. To overcome this limitation, one 

approach may be to follow epigenetic changes during differentiation of HiPSC to defined 

lineages facilitating improved differentiation of HiPSCs towards specific stem/progenitor 
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and VSMC subtypes (Cypris et al., 2019; Efrat, 2021). As pathologic observations in 

human vessels confirm that early transitional lesions are enriched with VSMC-like cells, 

we confirm the ability of HiPSC-derived SNEP undergo myogenic differentiation in 

response to TGF-β1/PDGF. NE lineage-specific SNEPs treated with TGF-β1 and PDGF 

for 12 d proceeded down a myogenic lineage characterised by morphometric changes 

displaying contractile filaments, increased expression of VSMC markers CNN1 and 

MYH11, and a decrease in expression of NE associated markers, NESTIN and S100β. 

This in vitro model offers an ideal platform to study the functional effect of HG-EV on 

myogenic differentiation of lineage-specific NE-derived intermediate stem/progenitors 

cells mimicking a process reported in vitro in response to vascular injury (Di Luca et al., 

2021).  

 

The molecular mechanisms by which resident vascular stem cells differentiate into 

VSMC-like cells are multifactorial. A number of pathways are reported to play a role, 

including TGF-β1 and VEGF pathways (G. Wang et al., 2015). A large body of evidence 

now suggests a role for Hh signalling during the pathogenesis of atherosclerosis as it 

recapitulates during the onset of vascular disease. This came to light following the 

implication of HHIPL1 at the chromosome 14q32 CAD locus during several genome 

wide association studies (GWAS) (Schunkert et al., 2011; Harst and Verweij, 2018). 

Similarly Hh signalling has also been shown to play a pivotal role in maintenance of adult 

progenitor/stem cells, tissue repair and atherosclerosis (Dutzmann, Koch, Weisheit, 

Sonnenschein, Korte, Haertlé, Thum, Bauersachs, Sedding and J.-M. M. Daniel, 2017; 

Aravani et al., 2019; Di Luca et al., 2021). Hh has been identified through increased lipid 

uptake by macrophages in murine atherosclerotic models, while HHIP1 deletion reduces 

atherosclerotic plaque formation (Beckers et al., 2007; Aravani et al., 2019). 

Furthermore, SHh signalling and EGF-like domain-containing two and signal peptide 

CUB domains are overexpressed in injured arteries (Morrow et al., 2009; Ali et al., 2013; 

Dutzmann, Koch, Weisheit, Sonnenschein, Korte, Haertlé, Thum, Bauersachs, Sedding 

and J. M. Daniel, 2017).  The role of Hh in controlling stem cell differentiation during 

VSMC migration in response to vessel injury remains a strong possible source of 

neointimal cells during vessel remodelling. Adventitial Sca1+ cells that co-localise with 

SHh and Ptch1 significantly contribute to intimal thickening in vivo (Tsai et al., 2012; 

Shikatani et al., 2016; Dutzmann, Koch, Weisheit, Sonnenschein, Korte, Haertlé, Thum, 

Bauersachs, Sedding and J. M. Daniel, 2017) while Hh inhibition with cyclopamine or 
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local perivascular depletion of Ptch1 attenuates intimal thickening following iatrogenic 

flow restriction in vivo (Redmond et al., 2013; Fitzpatrick et al., 2017). 

 

In this context, the next objective of this study was to narrow our investigation to 

determine the potential of HAEC EVs derived from hyperglycemic and normal 

conditioning to activate Hh signalling and myogenic differentiation in our HiPSC-derived 

NE stem cells, a response mimicked by direct treatment of cells with recombinant SHh. 

Extensive studies have been carried out to determine mechanisms of morphogen release 

into the extracellular space (Panáková et al., 2005; Liégeois et al., 2006; Eugster et al., 

2007; Dierker, Dreier, et al., 2009; Callejo et al., 2011). Evidence for EV-mediated Hh 

release comes from the study of genes involved in endocytosis and biogenesis of MVBs 

which reduce the Hh gradient and target gene activation in Drosophila models (Callejo et 

al., 2011; Bischoff et al., 2013). Although little is known about the secretion of Hh in 

vertebrates a study carried out by Vyas et al. identified the secretion of SHh in EV 

secreted from human HEK cells in culture furthermore they demonstrate that packaging 

of SHh along with other signalling proteins such as integrins on EVs modulate target gene 

expression (Vyas et al., 2014)  

 

In order to investigate the role of Hh as a potential biomarker for the detection of sub-

clinical atherosclerosis initial studies were carried using the direct treatment of 

recombinant SHh on HiPSC-derived SNEPS. Herein, we provide evidence that HiPSC-

derived S100β SNEPs undergo growth and myogenic differentiation to VSMC-like cells 

in vitro in response to recombinant rSHh. However, it is worth noting that the use of 

recombinant SHh as a comparison to EV-SHh is not cholesterol modified; therefore, 

differences in the functionality of rSHh on SNEPS compared to the release of active 

mature SHh may not be comparable. Nevertheless, following treatment with recombinant 

SHh, expression of Hh target gene GLI1 and myogenic marker CNN1 were significantly 

upregulated after 48 h and 7 d respectively in SNEPs. This is supported by previously 

reported data demonstrating that increases in Hh signalling regulate VSMCs proliferation 

and migration in vitro in CAD patients (Aravani et al., 2019). Furthermore, adventitial 

Sca1+ cells co-localize with SHh and Ptch1 and significantly contribute to intimal 

thickening in vivo (Passman et al., 2008; Tsai et al., 2012; Shikatani et al., 2016; 

Dutzmann, Koch, Weisheit, Sonnenschein, Korte, Haertlé, Thum, Bauersachs, Sedding 

and J. M. Daniel, 2017; Di Luca et al., 2021) 
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Given the pivotal role of EVs during cell-cell communication, the role of EV-mediated 

transport of SHh to control resident vascular S100β+ NE progenitor stem cells and 

whether they direct SNEPs to undergo proliferation and myogenic differentiation in vitro 

was evaluated.  Imaging and tracking EVs can be challenging due to their small nature. 

In order to determine HiPSC-derived S100β SNEP uptake of HAEC EVs derived from 

normal and hyperglycemic cells EVs were fluorescently labelled enabling visualisation 

of their uptake individual cells, as their biodistribution in target cells SNEPs (Dehghani 

and Gaborski, 2020).  Firstly, to assess the uptake of HAEC EVs isolated from 

hyperglycemic conditions, exogenous fluorescent labelling of HG-EVs was achieved 

using ExoGlow™ and detected using the Amnis Cell Stream flow cytometer. HAEC 

derived EV isolates demonstrated the expression ExoGlow™ (green). Commercially 

designed for specific labelling of EVs, inadvertent labelling of non-EV contaminants is 

often present in isolated EV samples that may give false-positive results. To ensure that 

ExoGlow labelling was EV specific,  samples were incubated with TritonX-100 detergent 

to permeabilise EV membrane resulting in a decrease in fluorescently tagged EVs.  

 

Although exogenous labelling of HAEC-derived EVs was successfully demonstrated, 

several limitations pertain including loss of EV integrity due to surface modifications, 

contamination with conjugation reagents, physical damage during labelling steps as well 

as a maximum conc. of EV proteins (100µg) in a given preparation which may have an 

effect on the initiation of signalling pathways in reporter cell line, SNEPs. Therefore, an 

alternative approach was taken for endogenous labelling of HG-EVs using Nir-Aza, an 

amphiphilic probe. The use of the Nir-Aza probe for EV labelling has been previously 

reported as an ideal candidate for endogenous EV labelling (Monopoli et al., 2018). 

Incubation of NIR-AZA probe resulted in non-specific cell internalization leading to 

intracellular EV labelling in HAECs exposed to normal and hyperglycemic conditions. 

Following isolation HAECs derived EVs isolated from normal and hyperglycaemic 

conditions were detected using the Amnis Cell Stream flow cytometer. Although both 

ExoGlow and NirAza dyes showed successful labelling of RAEC-derived HG-EVs a 

difference in the detection of EV+ events was demonstrate, this was due to the method by 

which EVs are labelled as ExoGlow™ labelling can only be conducted on EV 

preparations up to 100µg whereas NirAza labels any EV secreted from its host cell.  
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How EV encapsulated morphogens interact with their target receptors is unknown, nor is 

it clear whether EVs need to be endocytosed to trigger signalling. However, the 

possibility of activation through both endocytosis and receptor-ligand docking is strong 

since SNEP uptake of NirAza-HG-EVs in the cytoplasm of SNEPs was concentrated 

around the nucleus of the cell with significant membrane-bound staining, either plasma 

or nuclear, also evident using confocal microscopy. Having shown the uptake of HAEC 

HG-EVs by SNEP, further functional studies were carried out to address EV-dependent 

transfer of SHh specifically. Although the packaging of Hh morphogens into EVs for 

secretion in producing cells is not fully understood, EVs containing Hh have been 

identified in conditioned media from cultured inset cells (Guduric-Fuchs et al., 2012; 

Beckett et al., 2013; Gradilla et al., 2014; Matusek et al., 2014; Vyas et al., 2014; 

Parchure et al., 2015). SHh activation of Hh signalling following SNEP-uptake was 

clearly evident since SNEPs increased their expression of  the Hh target gene, GLI1 

following exposure to HAEC-HG-EVs. In order to determine whether the increase in 

GLI1 is hedgehog specific, two alternative mechanisms of Hh signalling inhibition were 

assessed; attenuation of GLI1 following (i) chemical inhibition of Hh signalling through 

exposure of HiPSC-derived NE SNEPs with cyclopamine, targeting Smo binding and 

attenuation of downstream signalling and activation of target Hh genes (ii) biological 

inhibition of Hh signalling through HiPSC-derived NE SNEP pre-treatment with 

monoclonal antibody 5E1 that recognises mammalian hedgehog ligands and prevents Hh 

signalling transduction via the Patched receptor (Cousins et al., 2020). Although the main 

objective of this study was to determine the feasibility of EV-encapsuled Hh as a 

diagnostic biomarker of sub-clinical atherosclerosis, this finding also highlights the 

potential role of 5E1 as a potential therapeutic to inhibit the cascade of pathological events 

occurring as a result of the activation of the Hh signalling pathway as many studies have 

shown the role of EVs as a therapeutic in the era of personalised medicine as they can be 

isolated from a given patient, engineer to contain effect biological therapeutics i.e. 5E1 

and readministered as a therapeutic treatment (Mentkowski et al., 2018; R. G. Rogers et 

al., 2020; Ma et al., 2021; Witwer, 2021). Although Hh target genes were upregulated in 

HiPSC-derived stem cells in response to HAEC-derived EVs from hyperglycaemic 

conditions,  it could not be assumed that this would result in myogenic differentiation. 

Therefore the expression of early differentiation marker CNN1 was measured after a 7 d 

treatment. Confirmation of an upregulation in CNN1 expression was demonstrated in 
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SNEPs following exposure to hyperglycaemic endothelial derived EVs, a response 

blocked by both by cyclopamine and 5E1.  

 

A hallmark of sub-clinical atherosclerosis is proliferation and migration of a resident 

vascular cell resulting in the formation of an increased intima. Further studies evaluating 

HiPSC-derived SNEP confluency following HAEC-derived EV exposure demonstrated 

an increase in cell confluency in response to HG-EVs in comparison to NG and MT-EVs 

and HG-EVs with cyclopamine. Novel findings presented in this study demonstrated for 

the first time that (i) HAECs exposed to hyperglycaemic conditions secrete EVs that 

differ in morphological characteristics and EV-related proteins in comparison to HAECs 

exposed to normal conditions (ii) HiPSC-derived NE-SNEPs actively engage with HAEC 

derived EVs through internalisation of HiPSC-derived NE SNEPs, (iii) Exposure of 

HAECs to hyperglycaemic conditions resulted in an increase in SHh expression in vitro 

(iv)  HAEC-derived EVs under hyperglycaemic conditions increase Hh signalling, growth 

and myogenic differentiation of HiPSC-derived NE SNEPs highlighting the potential 

application of SHh-EV detection as an early diagnostic biomarker for sub-clinical 

atherosclerosis.  

 

Although a putative role of EV mediated intracellular communication via EC and stem 

cells is evident from these data, it is worth noting that EV cell-cell communication may 

also exist amongst various other resident vascular cell populations, including medial 

SMCs, adventitial progenitors and ECs themselves. This intrinsic intracellular 

communication pathway is present in both intimal lesions of developing plaques and in 

advanced plaques suggesting a role of EV participation in both initial and final stages of 

plaque formation in humans (Leroyer et al., 2007; Bobryshev, Killingsworth and 

Orekhov, 2013; Perrotta and Aquila, 2016).  Therefore, these data may offer a unique 

platform for the identification of novel diagnostic EV-biomarkers for subclinical 

detection of CVD. 
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Label-free photonic analysis of HiPSC-
derived progenitor stem cells and their 
myogenic progeny in vascular lesions 

using supervised machine learning. 
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5.1 Introduction  
 
Currently, the most frequently studied biomarkers for sub-clinical atherosclerotic disease 

are circulating biomarkers due to their abundance in bodily fluids, high specificity, high 

sensitivity, and ease of accessibility, some of which include C-reactive protein (CRP) for 

the detection of arterial inflammatory conditions (Landry et al., 2017; Ries et al., 2021), 

cardiac troponin I and T for the detection of acute myocardial infarction AMI, (Apple and 

Collinson, 2012), B-type natriuretic peptides (BNP AND NT-proBNP) for detection of 

AMI (Di Angelantonio et al., 2009) and D-dimer for detection of thrombosis, ischemic 

heart disease and cardiovascular mortality (Tokita et al., 2009). Due to the complexity of 

both sub-clinical and clinical atherosclerosis development, various diagnostic platforms, 

including imaging techniques in conjunction with circulating biomarkers, have been 

deployed to detect CVD, including CA, MRI, ECG, and more commonly, sonographic 

measurement of cIMT. A hallmark of subclinical atherosclerosis is the accumulation of 

VSMC-like cells leading to lesion formation, the origin of which has been extensively 

debated  (Bennett, Sinha and Owens, 2016). Lineage tracing and scRNA-seq have 

revolutionised the analysis of vascular phenotypes in murine models, however these 

techniques are not as easily performed in human model systems due to the inaccessibility 

of sub-clinical biopsy samples for scRNA-seq analysis and impracticalities of  lineage 

tracing, with the exception of one study which utilised gender dependent chromosomal 

X,Y tracking in bone marrow recipients with atherosclerotic disease (Caplice et al., 

2003). Therefore, the development of alternative platforms to detect discrete changes in 

cellular composition of healthy and diseased vessels is necessary for identification of sub-

clinical atherosclerosis in human models.   

 

A limitation of the current imaging techniques is the inability to detect plaques prior to 

their formation, ruling out their application for early detection of sub-clinical 

atherosclerosis. The use of light as a diagnostic tool has become an increasingly popular 

as it can be used to characterise biological samples identifying discrete changes indicative 

of disease (Yun and Kwok, 2017; Molony et al., 2021). The interaction of light with 

matter, such as tissue, results in the scattering and absorption of light.  Interruption of the 

path of light results in a scattering event which can be recorded and mapped. This 

characteristic can be used to determine discrete changes in healthy versus disease tissues 

and cells represented by a change in light scattering profiles. On the other hand, when 
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light is absorbed by a sample, the energy from the photons changes to vibrational or 

electronic energy and can result in inelastic scattering or accoustomechanical waves 

which can be recorded to yield physical, biochemical and molecular information about a 

sample (Yun and Kwok, 2017). 

 

Two novel label-free technology platforms deployed as diagnostic tools to interrogate 

discrete cell populations and cellular changes in early ‘transitional’ atherosclerotic lesions 

are the vibrational spectroscopy and single cell photonics (Qavi et al., 2009; Cheng and 

Xie, 2015). Vibrational spectroscopy is a subset of spectroscopy that analyses vibrations 

within a given material, in this case, a cell, providing a unique spectroscopic output 

reading that acts as a ‘fingerprint’ for detection in complex systems such as arterial 

neointimal formation. FTIR and Raman spectroscopy are two complementary vibrational 

spectroscopy techniques that can play a significant role in the clinical treatment of 

disease. FTIR and Raman have previously been used to investigate the components of 

atherosclerotic plaques and have provided a detailed characterisation of lipid content 

components of diseased tissues (Lattermann et al., 2013). The spectrum of vibrational 

energies can be utilised to characterise a molecular structure or changes to it due to 

environmental cues, including circulating risk factors associated with CVD such as 

elevated glucose, homocysteine, or cholesterol or in response to the external environment, 

including hemodynamic factors.  

 

In addition to the use of vibrational spectroscopy,  single cell photonics has emerged as a 

diagnostic and prognostic tool due to advantageous factors, including high sensitivity, 

low limits of detection, and most importantly for clinical ease of use, non-invasive 

analysis (Qavi et al., 2009). LiPhos is one such tool that incorporates microfluidics with 

single cell photonics to reveal light scattering, absorbance and auto-fluorescent emissions 

from cells that are closely associated with metabolism and protein structural changes 

under normal and pathological conditions (Ranjit et al., 2015; Habibalahi et al., 2020). In 

order to measure label-free single-cell photonic emissions ex vivo, the use of LoaD 

platforms has been established (Molony et al., 2021). This allows single-cell detection of 

photonic emissions across five broadband light wavelengths (between 465 -670nm), 

enabling the detection of discrete changes in healthy and diseased samples ex vivo.  
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It is clear that alternative diagnostic tools such as FTIR, Raman, and LiPhos have the 

potential to further our understanding of the development of sub-clinical atherosclerosis 

through the detection of discrete changes in the composition of the vessel wall. 

Complementary machine learning tools based primarily on artificial neural network 

geometries have also been developed as a predictive method to obtain real-time decision-

making systems to analyse spectroscopic data (Pradhan et al., 2020). The analysis of 

tissues and cells using vibrational spectroscopy and photonics results in the generation of 

large datasets. Principal component analysis (PCA), a dimensionality-reduction method 

that is often used to reduce the dimensionality of large data sets, by transforming a large 

set of variables into a smaller one focusing on the greatest variation between groups 

across datasets. Positive loadings indicate a variable and a principal component are 

positively correlated: an increase in one results in an increase in the other. Negative 

loadings indicate a negative correlation. Large (either positive or negative) loadings 

indicate that a variable has a strong effect on that principal component. (Ling et al., 2002). 

While PCA identifies differences between the data sets, Linear Discriminant Analysis 

(LDA) maximises the separability between groups across datasets for the purpose of 

classification grouping similar spectral sets. In summary PCA performs a feature 

reduction of the data and LDA classifies the data into one of two or more classes (Crow 

et al., 2005; Perfecto-Avalos et al., 2019). Similar to LDA an alternative tool known as 

multi-layer perceptron analysis (MLP) can be used to classify large data sets by artificial 

neural network (ANN) analysis. ANNs are algorithms which are loosely modelled on the 

neuronal structure observed in the mammalian cortex and are arranged with a number of 

input neurons, which represent the information taken from each of the features in the 

dataset which are then feed into any number of hidden layers before passing to an output 

layer in which the final decision is presented.  

 

In this Chapter, the combination of vibrational spectroscopy and single cell photonics 

with supervised machine learning tools, PCA, LDA and multilayer perceptron (MLP) 

neural network analyses was harnessed to discriminate human S100β vascular 

stem/progenitor cells from their myogenic progeny in vitro. Furthermore, photonic 

interrogation of single cells from healthy and diseased arteriosclerotic human vessels was 

then used to determine the presence of  S100β progenitors and their myogenic progeny 

within vascular lesions in an effort to predict the origin of VSMC-like cells during 

neointimal formation using supervised machine learning.  
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5.2 Objectives  
 
The main objectives of this chapter were. 
 

(i) To validate the use of vibrational spectroscopy (FTIR and Raman) to 

discriminate  

HiPSC, HiPSC-derived embryologically defined progenitor stem cells (NE 

and PM) and their respective myogenic progeny  

(ii) To interrogate normal, aged and diseased arteriosclerotic (without plaque) and 

atherosclerotic lesions (with plaque) Raman datasets for the presence of 

HiPSC-derived progenitor stem cells and/or their myogenic progeny using 

supervised machine learning in an effort to determine the origin of VSMC-

like cells in vascular lesions.  

(iii) To validate the use single cell autofluorescence photonic emissions to 

discriminate HiPSC, HiPSC-derived embryologically defined progenitor stem 

cells (NE and PM) and their respective myogenic progeny  

(iv) To interrogate single cell autofluorescence photonic emissions from diseased 

arteriosclerotic (without plaque) and atherosclerotic lesions (with plaque) for 

the presence of HiPSC-derived progenitor stem cells and/or their myogenic 

progeny using supervised machine learning in an effort to determine the origin 

of VSMC-like cells in vascular lesions. 

 

5.3 Strategy  
 
The main aim of this chapter was to interrogate vascular cell phenotypes of distinct 

embryological origin, indicative of sub-clinical atherosclerosis, and discriminate them 

using a combination of vibrational spectroscopy (FTIR, Raman) and single cell 

autofluorescence photonic emissions (AF). Furthermore, to determine if the  spectral 

datasets representing distinct cellular phenotypes could be detected within diseased 

atherosclerotic and arteriosclerotic tissues thereby validating their clinical application for 

early detection of sub-clinical atherosclerosis. 

 
Firstly, a HiPSC in vitro cell culture model (previously characterised in Chapter 4), 

including HiPSC-derived NE and PM SCs and their myogenic progeny, were used to 

generate distinct FTIR and Raman spectral datasets to determine their application in 
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discrimination of undifferentiated HiPSCs from their  progenitor stem cells and 

furthermore from their respective myogenic progeny. In order to do so, HiPSCs, HiPSC-

derived progenitor stem cell populations (NEPs, SNEPs, NPCs and PMs)  and their 

respective myogenic progeny were prepared for spectral processing as described in 

Section 2.2.9. FTIR and Raman spectra of the cytoplasm, were recorded for each 

population. Spectral datasets were then baseline corrected and subjected to cosmic ray 

and MIE scattering removal using the extended multiplicative signal correction 

algorithm. Datasets were then smoothed using Savitzky-Golay filter (k = 3; w = 7) to 

reduce noise. Dimensionality reduction was achieved through a Multiclass Fisher’s 

Linear Discriminant Analysis (Multiclass FLDA) pre-processing filter, as previously 

described using WEKA machine learning tool kit, version 3.8.4 (Gunaratne et al., 2019; 

Pradhan et al., 2020)  and further analysed by PCA and LDA and MLP using the 

multivariate statistical package, PAST4 and WEKA machine learning tool respectively 

(Section 2.2.11).  Secondly, published Raman spectral datasets from normal, aged, 

arteriosclerotic (without plaque) and atherosclerotic (with plaque) tissues were acquired. 

Interpolation was carried out (as described in Section 2.2.9.1) to facilitate training of LDA 

and MLP algorithms before determining (i) if Raman spectral datasets could be used to 

discriminate normal vessels from diseased vessels (ii) if the Raman spectral datasets of 

normal or diseased vessels had any spectral similarities to HiPSC-derived cells or stem 

cell-derived VSMCs. 

 

Having shown the application of Raman to discriminate HiPSCs and their derived 

progeny, as well as discrimination of normal versus diseased tissues, a novel LoaD 

platform was used to discriminate to measure label-free single-cell AF photonic 

emissions across five broadband wavelengths (λ465, λ530, λ565, λ630 and λ670 nm with 

a bandwidth of 20 nm) HiPSCs, HiPSC-derived NE progenitor stem cell populations 

(NEPs, SNEP and NPCs) and their respective myogenic progeny. Cells were loaded onto 

the biochip microfluidic device allowing for V-cup capture (Section 2.2.10.1). Following 

capture, single-cell photonic readings across five wavelengths were recorded and 

processed for analysis (Section 2.2.11). In order to determine the application of AF to 

discriminate normal versus diseased vessels, single cell isolation of cadaveric tissues 

from normal, atherosclerotic (with plaque) and arteriosclerotic (without plaque) was 

carried out ex vivo. Cells were loaded onto the biochip microfluidic device allowing for 

V-cup capture Following capture, single-cell photonic readings across five wavelengths 
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were recorded and processed for analysis . AF datasets of HiPSC-derived NE SCs and 

their myogenic progeny were interrogated to determine if these spectral datasets could be 

used to discriminate whether they had any spectral similarities to atherosclerotic or 

arteriosclerotic spectra.  
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5.4 Results  
 

5.4.1 FTIR and Raman spectroscopy discriminates HiPSC, and HiPSC derived 

embryologically defined progenitor stem cells in vitro  

 

Detection of sub-clinical atherosclerosis via early detection of ‘transitional’ adaptive 

lesion formation is paramount to facilitate early primordial treatment preventing CVD 

pathogenesis. A hallmark of sub-clinical atherosclerosis is the formation of a neointima 

made up of VSMC-like cells, the origin of which remains controversial. It is now accepted 

that the embryological origin, NE versus mesoderm, of VSMCs influences disease 

localisation and progression (Bargehr et al., 2016). Vibrational spectroscopy techniques 

have emerged as novel techniques to detect discrete changes in extracellular and 

intracellular constituents of cells. Using HiPSC to generate embryologically defined NE 

and PM progenitor stem cells,  Raman and FTIR spectroscopy were deployed to 

discriminate HiPSC-derived progeny in vitro based on these biomolecular changes.  

 

HiPSC-derived progenitor stem cells were seeded on calcium fluoride slides for confocal 

imaging followed by FTIR and Raman spectroscopy. The raw spectra were recorded, 

processed, and the mean spectrum are presented.  Confocal imaging was performed in 

parallel to allow tracking of the morphological changes associated with differentiation of 

HiPSCs to intermediate progenitors (NE and PM). Confocal imaging revealed a distinct 

change in cellular morphologies following their differentiation to intermediate 

progenitors. HiPSCs in vitro grow as dense, defined colonies where all cells within the 

colony have a homogenous, ovoid shape, with a size of ~ 20 μm in length (Figure 5.1 A, 

B).  Following chemical induced differentiation of HiPSCs to NE and PM intermediate 

progenitors, the cells detach from the colony and grow as single cells in vitro. NE 

progenitors grow as neural-like cells with defined lamellipodia (Figure 5.1 C-D). In 

contrast, PM progenitors are oval in shape  (Figure 5.1 F).  
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Having confirmed the morphological changes associated with HiPSC differentiation to 

NE and PM intermediate progenitors, FTIR spectra were generated for the cytoplasm of 

each progenitor subtype over a wavenumber range of 1000-1800cm-1. Using WEKA 

machine learning tool kit, FLDA was carried out to perform a dimensionality-reduction 

of the large FTIR data set into small sets of variables whilst retaining all information.  

 

PCA carried out using the multivariate statistical package PAST4 was used to focus on 

the greatest variation between HiPSCs and HiPSC-derived NE (NEP, SNEP, NPC) and 

PM progeny. The order of the PCs denoted their importance in the dataset, whereby PC1 

described the highest amount of variation. A scatter plot of specimens along the first two 

canonical axes was produced to show maximal and second to maximal separation 

between all groups. The axes represent linear combinations of the original variables as in 

PCA, and eigenvalues indicate amount of variation explained by these axes. When only 

two groups are analysed, a histogram is plotted. The data were classified by assigning 

each point to the group that gives minimal Mahalanobis distance to the group mean. The 

Mahalanobis distance was calculated from the pooled within-group covariance matrix, 

giving a linear discriminant classifier. The given and estimated group assignments was 

listed for each point. In addition, group assignment were cross-validated by a leave-one-

outcross-validation (jack-knifing) procedure. Using PCA 2-way multivariate statistical 

analysis variation between HiPSC and HiPSC-derived NE and PM progenitor stem cells, 

a significant separation was observed using PCA scatter  (Figure 5.2 A-D). Although 

clear separation based on PCA of FTIR datasets was demonstrated between HiPSC and 

HiPSC-derived progeny, direct comparison of spectra from HiPSC-derived NE and PM 

progenitor stem cells exhibited some similarities (Figure 5.2 E). Using the multivariate 

statistical package, PAST4, further LDA of spectra from HiPSC and HiPSC-derived NE 

and PM progenitor stem cells was used to demonstrate the maximum  separability 

between groups across the data set. LDA analysis presented as a histogram revealed that 

the FTIR profile of HiPSC and HiPSC-derived NE and PM progenitors could be easily 

separated from each other (Figure 5.3 A-D). Furthermore analysis of HiPSC-derived 

progeny only showed a distinct separation of HiPSC-derived NE progenitors from PM 

progeny (Figure 5.3 E), with little differences revealed in HiPSC-derived NE progeny 

only (Figure 5.3 F). 
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Raman spectra were generated for each progenitor subtype over a wavenumber of 400-

1800 cm-1.  Raw data sets were pre-processed for background correction, and smoothing 

correction was applied. As above, PCA carried out using the multivariate statistical 

package PAST4 to focus on the greatest variation between HiPSCs and HiPSC-derived 

NE (NEP, SNEP, NPC) and PM progeny. Using PCA 2-way multivariate statistical 

analysis variation between HiPSC and HiPSC-derived NE and PM progenitor stem cells 

a significant separation presented using PCA scatter plots was demonstrated (Figure 5.4 

A-D). Although clear separation based on PCA of Raman datasets was demonstrated 

between HiPSC and HiPSC-derived progeny direct comparison of HiPSC-derived NE 

and PM progenitor stem cells showed some similarities (Figure 5.4 E). Further LDA using 

the multivariate statistical package, PAST4 of HiPSC and HiPSC-derived NE and PM 

progenitor stem cells was used to demonstrate the maximum  separability between groups 

across the data set. LDA analysis presented as a histogram, using the multivariate 

statistical package PAST4, revealed that the Raman profile of HiPSC and HiPSC-derived 

NE and PM progenitors could be easily separated from each other (Figure 5.5 A-D). 

Furthermore analysis of HiPSC-derived progeny only demonstrated no significant 

separation of HiPSC-derived NE and PM progenitors (Figure 5.3 E). 
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Figure 5.1 Confocal imagining of HiPSC and HiPSC-derived NE and PM progenitor 
stem cells. (A) Representative confocal images of HiPSC colonies prior to differentiation 
(A, B), HiPSC-derived NE progenitor stem cells, and (C-E) HiPSC-derived PM 
progenitor stem cells (F) —scale bar representative of 20μm.  
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Figure 5.2. PCA loading plots of FTIR spectra for the cytoplasm of HiPSC and 
HiPSC-derived NE and PM progenitor stem cells. A 2-way scatter plot of the first two 
principal components after PCA of HiPSC compared to NEP (A), SNEP (B), NPC (C), 
and PM (D) in vitro. (E) A 2-way scatter plot of the first two principal components after 
PCA of HiPSC-derived NE and PM progeny. Data are representative of 30 cells across 
1000-1800 cm-1 wavelengths.  
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Figure 5.3 LDA loading plots of FTIR spectra for the cytoplasm of HiPSC and 
HiPSC-derived NE and PM progenitor stem cells. A histogram (discriminant vs. 
frequency) of HiPSC compared to NEP (A), SNEP (B), NPC (C), and PM (D) in vitro. A 
2-way scatter plot of the first two components after LDA of HiPSC-derived NE and PM 
progeny (E) and HiPSC-derived NE progeny only (F). Data are representative of 30 cells 
across 1000-1800 cm-1 wavelengths.  
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Figure 5.4 PCA loading plots of Raman spectra for the cytoplasm of HiPSC and 
HiPSC-derived NE and PM progenitor stem cells. A 2-way scatter plot of the first two 
principal components after PCA of HiPSC compared to NEP (A), SNEP (B), NPC (C), 
and PM (D) in vitro. (E) A 2-way scatter plot of the first two principal components after 
PCA of HiPSC-derived NE and PM progeny. Data are representative of 30 cells across 
400-1000 cm-1 wavelengths. 
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Figure 5.5 LDA loading plots of Raman spectra for the cytoplasm of HiPSC and 
HiPSC-derived NE and PM progenitor stem cells. A histogram (discriminant vs. 
frequency) of HiPSC compared to NPC (A), NEP (B), SNEP (C), and PM (D) in vitro. A 
2-way scatter plot of the first two components after LDA of HiPSC-derived NE and PM 
progeny and HiPSC-derived NE progeny only (E). Data are representative of 30 cells 
across 400-1000 cm-1 wavelengths. 
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5.4.2 FTIR and Raman spectroscopy discriminates HiPSC-derived progenitor 

stem cells from their myogenic progeny subtypes in vitro. 

 

The risk of arteriosclerotic disease may depend, in part, on the embryological origin of 

VSMC progenitors with VSMC of NE origin (ascending) exhibiting a higher risk 

compared to their PM counterparts (descending) within aortic regions (Cheung et al., 

2012; Di Luca et al., 2021). To determine the feasibility of utilising FTIR and Raman as 

discriminators of distinct embryological vascular progenitor and their myogenic progeny 

phenotypes in vitro, we generated HiPSC-derived NE and PM progenitors and their 

respective myogenic progeny phenotypes before they were interrogated by FTIR and 

Raman spectroscopy. 

 

Parallel confocal imaging facilitated tracking of morphological changes  to compliment 

the spectral analysis of discrete changes intracellular components during differentiation. 

Confocal imaging revealed a distinct change in cellular morphologies following 

myogenic differentiation.. A distinct increase in the size of the nucleus and span of the 

cytoplasm was observed following myogenic of differentiation of NE and PM progenitor 

stem cells. In addition,  the development of continuous myofilaments extending across 

the cytoplasm was observed in myogenic progeny from both NE and LM progenitors, 

indicative of the transition of these cells to a defined contractile function (Figure 5.6 A-

C).  

 

Similar to the analyses carried out in Section 5.4.3 PCA was carried to focus on the 

greatest variation between HiPSC-derived NE and PM progenitors (SNEP, NPC, PM) 

and their myogenic progeny (SNEP-SMC, NPC-SMCM PM-SMC). Using PCA 2-way 

multivariate statistical analysis variation between HiPSC-derived NE and PM progenitor 

stem cells and their myogenic progeny a significant separation presented using PCA 

scatter plots was demonstrated (Figure 5.7 A-C). Although clear separation based on PCA 

of FTIR datasets was demonstrated between HiPSC-derived NE and PM and their 

myogenic progeny direct comparison of HiPSC-derived NE and PM SMCs showed some 

similarities, with NPC-SMCs demonstrating the greatest difference (Figure 5.7 E). 

Further LDA using the multivariate statistical package, PAST4 of HiPSC-derived NE and 

PM progenitors and their myogenic progeny was used to demonstrate the maximum  



 

225 

separability between groups across the data set. LDA analysis presented as a histogram, 

using the multivariate statistical package PAST4, revealed that the FTIR profile of 

HiPSC-derived NE and PM progenitors and their myogenic progeny could be easily 

separated from each other (Figure 5.8 A-C). Similar to PCA of FTIR datasets HiPSC-

derived NE and PM SMCs showed some similarities, with NPC-SMCs demonstrating the 

greatest difference (Figure 5.8 E) 
 

Raman spectra were generated for each HiPSC-derived NE and PM SMC subtype over a 

wavenumber of 400-1800 cm-1.  Raw data sets were pre-processed for background 

correction, and smoothing correction was applied. As above, PCA carried out using the 

multivariate statistical package PAST4 was used to focus on the greatest variation 

between HiPSC-derived NE and PM progenitors (SNEP, NPC, PM) and their myogenic 

progeny (SNEP-SMC, NPC-SMCM PM-SMC). Using PCA 2-way multivariate 

statistical analysis variation between HiPSC-derived NE and PM progenitor stem cells 

and their SMC progeny a significant separation presented using PCA scatter plots was 

demonstrated (Figure 5.9 A-C).  

 

Although clear separation based on PCA of Raman datasets was demonstrated between 

HiPSC and HiPSC-derived progeny, direct comparison of HiPSC-derived NE and PM 

SMCs revealed some similarities between PM-SMC and NPC-SMC with the greatest 

difference represented by SNEP-SMCs (Figure 5.9 D). Further LDA using the 

multivariate statistical package, PAST4 of HiPSC-derived NE and PM progenitor SMCs 

was used to demonstrate the maximum  separability between groups across the data set. 

LDA analysis presented as a histogram, using the multivariate statistical package PAST4, 

revealed that the Raman profile of HiPSC-derived NE and PM progenitors and their 

myogenic progeny could be easily separated from each other (Figure 5.10 A-C). 

Furthermore analysis of HiPSC-derived NE and PM SMCs only demonstrated similarities 

between SNEP-SMCs and PM-SMCs (Figure 5.10 E). 

Having shown the ability of FTIR and Raman to successfully separate HiPSC from their 

NE and PM progenitor stem cells and further separation of HiPSC-derived NE and PM 

stem cells from their myogenic progeny using the multivariate statistical package, 

PAST4, an alternative machine learning tool, WEKA was used to validate the maximum 

separability of HiPSC, HiPSC-derived stem cells and HiPSC stem cell-derived SMCs. 
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The data set was loaded and pre-processed using the FLDA filter to achieve 

dimensionality reduction, it was the processed using the “Classify” panel with the 

implementation of for LDA. Cross validation confirmed that optimized neural networks 

can identify all cell types with high performance, based only on their Raman spectral 

profile and resulted in an F-score of 1.00. The cells were also trained on a 66 % split 

before the remainder was tested and the F score remained at 1.00 this was presented as a 

confusion matrix (Figure 5.11 A). Each HiPSC-derived cell population (i.e. NEP, SNEP, 

NPC, PM, NPC-SMC, SNEP-SMC, PM-SMC) was then supplied as an unknown. 

Interrogation of the trained LDA set revealed the spectral profile of cells generated from 

HiPSCs pr HiPSC-derived progenitor stem cells could be easily separated from each other 

with accuracies of 93%, 100%, 80%, 97%, 80%, 77%, 84%, and 73% for HiPSC, NEP, 

NPC, SNEP, PM, NPC-VSMC, PMV-SMC, and SNEP-VSMC respectively on a cross-

validated leave-one-out basis (Figure 5.11 B). 
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Figure 5.6 Confocal imagining and FTIR spectral analysis of HiPSC-derived PM-
VSMC, NEP-VSMC, and SNEP-VSMC. (A) Representative confocal images of 
HiPSC-derived PM to VSMC differentiation, (B) HiPSC-derived NE to SMC 
differentiation (C) HiPSC-derived-SNEP to SMC differentiation  —scale bar 
representative of 20μm.  
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Figure 5.7 PCA loading plots of cytoplasm FTIR spectra for HiPSC-derived NE and 
PM and their respective myogenic progeny. A 2-way scatter plot of the first two 
principal components after PCA of HiPSC-NE and PM compared to SMC subtypes (A) 
SNEP vs.  SNEP-SMC (B), NPC vs. NPC-VSMC and  (C) PM vs. PM-VSMC in vitro. 
(D) A 2-way scatter plot of the first two principal components after PCA of HiPSC-
derived NE and PM derived SMCs. Data are representative of 30 cells across 1000-1800 
cm-1 wavelengths. 

 

 

 

 
 

PC1 

PC
2 

PC1 

PC
2 

SNEP-SMC
SNEP

A..

NPCSMC
NPC

B..

PC1 

PC
2 

PM-SMC
PM

C.. D..
SNEP-SMC
NPCSMC

PM-SMC

PC1 

PC
2 



 

229 

 
 
 

 

Figure 5.8 LDA loading plots of cytoplasm FTIR spectra for HiPSC-derived NE and 
PM and their respective myogenic progeny. A 2-way scatter plot of the first two 
principal components after PCA of HiPSC-NE and PM compared to SMC subtypes (A) 
SNEP vs.  SNEP-SMC (B), NPC vs. NPC-VSMC and  (C) PM vs. PM-VSMC in vitro. 
(D) A 2-way scatter plot of the first two principal components after PCA of HiPSC-
derived NE and PM derived SMCs. Data are representative of 30 cells across 1000-1800 
cm-1 wavelengths. 
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Figure 5.9 PCA loading plots of cytoplasm Raman spectra for HiPSC-derived NE 
and PM and their respective myogenic progeny. A 2-way scatter plot of the first two 
principal components after PCA of HiPSC-NE and PM compared to SMC subtypes (A) 
SNEP vs.  SNEP-SMC (B), NPC vs. NPC-VSMC and  (C) PM vs. PM-VSMC in vitro. 
(D) A 2-way scatter plot of the first two principal components after PCA of HiPSC-
derived NE and PM derived SMCs. Data are representative of 30 cells across 400-1000 
cm-1 wavelengths. 
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Figure 5.10 LDA loading plots of cytoplasm FTIR spectra for HiPSC-derived NE 
and PM and their respective myogenic progeny. A 2-way scatter plot of the first two 
principal components after LDA of HiPSC-NE and PM compared to SMC subtypes (A) 
NPC vs.  NPC-SMC (B), SNEP vs. SNEP-SMC and  (C) PM vs. PM-SMC in vitro. (D) 
A 2-way scatter plot of the first two principal components after PCA of HiPSC-derived 
NE and PM derived SMCs. Data are representative of 30 cells across  400-1000 cm-1 
wavelengths. 
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Figure 5.11 LDA of cytoplasmic Raman spectra from HiPSC derived NE and PM 
progenitor stem cells and their respective myogenic progeny. Confusion matrix of 
true class and predicted class following a leave-one-out cross-validation procedure by the 
LDA classifier. Data representative  240 cells across eight cell lines.  
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5.4.3 FTIR and Raman spectroscopy discriminates healthy human vessels from aged 

and atherosclerotic vessels  

A hallmark of CVD is subclinical atherosclerosis is  intimal thickening and arterial 

remodelling of the vessel wall. Arterial remodelling was categorised into three main 

categories; atherosclerosis, primary calcification, and fibromuscular IMT, making up 

most cases (Fishbein and Fishbein, 2009). Having demonstrated the ability of Raman 

spectroscopy to discriminate between intermediate progenitors of embryologically 

defined origins and their respective myogenic progeny, Raman spectral datasets from 

healthy and diseased human tissue datasets were interrogated for the presence of these 

cellular phenotypes. In order to do so, previously published healthy, aged, arteriosclerotic 

and atherosclerotic human Raman spectral datasets were first interpolated to match 

spectral wavelengths from intermediate progenitors and their respective myogenic 

progeny before they were interrogated for similarities using supervised machine learning. 

In order to determine the greatest variation between the aforementioned disease states, 

PCA was carried  out. The order of the PCs denoted their importance in the dataset, 

whereby PC1 described the highest amount of variation. A scatter plot of specimens along 

the first two canonical axes was produced to show maximal and second to maximal 

separation between all groups. The axes represent linear combinations of the original 

variables as in PCA, and eigenvalues indicate amount of variation explained by these 

axes. When only two groups are analysed, a histogram is plotted. The data were classified 

by assigning each point to the group that gives minimal Mahalanobis distance to the group 

mean. The Mahalanobis distance was calculated from the pooled within-group covariance 

matrix, giving a linear discriminant classifier. The given and estimated group assignments 

was listed for each point. In addition, group assignment were cross-validated by a leave-

one-outcross-validation (jack-knifing) procedure. Using PCA 2-way multivariate 

statistical analysis variation between normal vs. aged, atherosclerosis and arteriosclerosis 

a significant separation presented using PCA scatter plots was demonstrated (Figure 5.12 

A-C).  

Furthermore, a clear separation was demonstrated between normal, atherosclerosis and 

arteriosclerosis with the aged cohort dispersed across all three (Figure 5.12 D). LDA 

revealed the spectral profile of tissues could be easily separated from each other with 
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accuracy of 88%, 66%, 79%, and 78% for normal, aged arteriosclerosis and 

atherosclerosis, respectively, on a cross-validated leave-one-out basis (Figure 5.9). 

 

LDA using the machine learning tool, WEKA was used to validate the maximum 

separability of normal, aged, atherosclerotic and arteriosclerotic datasets. The data set 

was loaded and pre-processed using the FLDA filter to achieve dimensionality reduction, 

it was the processed using the “Classify” panel with the implementation of for LDA. 

Cross validation confirmed that optimized neural networks can identify all cell types with 

high performance, based only on their Raman spectral profile and resulted in an F-score 

of 0.86. The cells were also trained on a 66 % split before the remainder was tested and 

the F score dropped to  at 0.81. Each disease state was then supplied as an unknown. 

Interrogation of the trained LDA set revealed the spectral profile of cells generated from 

HiPSCs pr HiPSC-derived progenitor stem cells could be easily separated from each other 

with accuracies of 88%, 66%, 79%, and 78% for normal, aged arteriosclerosis and 

atherosclerosis, respectively, on a cross-validated leave-one-out basis (Figure 5.13). 
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Figure 5.12 PCA loading plots of Raman spectra from healthy and diseased human 
aortic tissue. 2 and 3-way scatter plot of the first two principal components after PCA of 
human healthy aortic tissue versus (A) aged, (B) atherosclerosis, (C) arteriosclerosis and 
(D) aged versus atherosclerosis and arteriosclerosis. 
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Figure 5.13 LDA of Raman spectra from healthy and diseased human aortic tissue. 
Confusion matrix of true class and predicted class following a leave-one-out cross-
validation procedure by the LDA classifier. 
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5.4.4 Supervised Machine Learning of Raman spectral datasets from human aortic 

healthy and diseased tissue to interrogate for the presence of HiPSC-derived 

progenitor stem cells and/or their myogenic progeny 

 
MLP artificial neural network analysis was deployed to train  the algorithm and classify 

healthy human aortic vessels from aged, arteriosclerotic and atherosclerotic vessels using 

their Raman spectral profiles before HiPSC-derived NE and PM and their respective 

myogenic progeny were interrogated using thus supervised machine learning procedure. 

We optimized several experimental conditions to train the network, including the number 

of wavelengths for input data, number of hidden layers, momentum, and learning rate. 

The final classification model had an F-score of 0.787,  recall of 0.788 and a precision 

score of 0.787.  Cross-validation confirmed that the optimized neural network could 

identify tissue types with high performance, based only on their Raman spectra, and 

resulted in an F-score of 0.769 (Figure 5.14). The tissues were also trained on a 66% split. 

This trained network was subsequently used to interrogate spectral datasets of cells 

isolated from HiPSC-derived NE, PM, and their respective myogenic progeny in vitro.  

 

Classification of HiPSC-derived NE and PM progenitor stem cells based on the MLP 

artificial neural network analysis of Raman spectra from normal, aged, arteriosclerotic 

and atherosclerotic vessels was as follows;   

 

(i) SNEPs: characterised as  46% similar to cells in a normal vessel and  54%  

similar to cells in an aged vessel with no similarities identified in aged and 

atherosclerotic vessels (Figure 5.15 A).  

(ii) NPCs: characterised as  93% similar to cells in normal vessels,  4%  similar 

to cells in aged vessels and 4% similarity to cells in arteriosclerotic vessels 

with no similarities to cells found atherosclerotic vessels (Figure 5.15 B).  

(iii) PMs: characterised as having 100% similarity to cells in normal vessels 

(Figure 5.15 C) 

(iv) SNEP-SMCs:  characterised as having 100% similarity to cells found in 

arteriosclerotic vessels with no similarity detected in normal, aged and 

atherosclerotic vessels  (Figure 5.15 D) 
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(v) NPC-SMCs:. Characterised as having 40% similarity to cells in 

arteriosclerotic vessels and 60% similarity to cells in aged vessels with no 

similarities in normal or atherosclerotic vessels (Figure 5.15 E)  

(vi) PM-VSMCs: Characterised as having 60% similarity to cells in normal 

vessels, 40% similarity to cells in aged vessels and 7% similarity to cells found 

in arteriosclerotic vessels (Figure 5.15 F).  

 

Thus,  supervised machine learning using MLPs neural network analysis successfully 

identified each cell type in human aortic tissue training sets with a high degree of accuracy 

(>70%) and confirmed that a significant number of NE-derived VSMCs are present in 

arteriosclerotic lesions in comparison to normal, aged and atherosclerotic vessels (Figure 

5.16). 
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Figure 5.14 MLP neural network analysis of Raman spectra from healthy and 
diseased human aortic tissue Confusion matrix of true class and predicted class 
following training with (i) normal, (ii) aged (iii) arteriosclerosis, and (iv) atherosclerotic 
aortic tissue Raman datasets using MLP neural network analysis. 
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Figure 5.15 Detection of HiPSC-derived NE and PM progenitors and their 
respective myogenic progeny in healthy and diseased human aortic tissue following 
MLP analysis of Raman spectral datasets. Percentage of HiPSC-derived NE and PM 
progenitors and their respective myogenic progeny in normal, aged, arteriosclerotic and 
atherosclerotic aortic vessels classified using MLP neural network analysis. 
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Figure 5.16 MLP neural network analysis identifies HiPSC-derived S100β/Nestin 
myogenic progeny in arteriosclerotic human vessels. Graphic representation of the 
percentage of cells in normal and arteriosclerotic vessels using MLP neural network 
analysis. 
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5.4.5 Single Cell Photonics of HiPSC-derived NE progenitor stem cells and their 

respective myogenic progeny 

Having demonstrated the ability of FTIR and Raman spectroscopy to successfully 

discriminate HiPSC-derived progenitor stem cells from their myogenic progeny, we 

sought to determine whether this could be replicated using a single-cell autofluorescence 

photonics platform, LiPhos. Firstly, HiPSCs and NE progenitor stem cells were generated 

and prepared for LiPhos single-cell photonic analysis as describe in Section 2.2.3.2, 

2.2.3.3. A limitation of HiPSC-derived progeny is the optimisation of cell culture 

conditions. As the culture conditions of HiPSC-derived PMs has not yet been optimised 

generation of PMs for sufficient cell numbers for LiPhos analysis was not carried out. 

However, HiPSCs were differentiated to PMs and straight to PM-SMCs for LiPhos 

analysis.  

Single-cell photonic profiles of individual cells were measured following capture on V-

cups using a centrifugal Lab-on-a-Disc (LoaD) platform, as previously described (King 

et al., 2019; Molony et al., 2021) and visualised by phase-contrast microscopy on each 

V-cup (Figure 5.17 A,C,E). The Log10 AF emissions of 50 cells were recorded across 

five broadband light wavelengths (λ465, λ530, λ565, λ630 and λ670 with a bandwidth of 

20 nm) (Figure 5.17) and corrected as fold increase over background for further analysis. 

The photonic intensity of single cells from HiPSC-derived NEPs showed a significant 

increase at wavelength λ465 in comparison to HiPSC (Figure 5.17 D), where-as HiPSC-

derived SNEPs and NPCs showed a significant decrease at the λ465 wavelength (Figure 

5.17 B, F).  

Subsequent analysis determined whether undifferentiated HiPSC-derived NE progenitor 

stem cells could be discriminated from their myogenic progeny following stimulation 

with media supplemented TGF-β1/PDGF for 12 days.  Myogenic differentiation was 

confirmed by immunohistochemical analysis of cells before and after treatment (Chapter 

3 Section 4.4.7, 4.4.9). Single-cells were visualised by phase-contrast microscopy 

following V-cup capture before their photonic profiles were compared (Figure 5.18 A, 

C).  There was a significant increase in the photonic intensity of SNEP-VSMCs at λ465, 

λ530, λ630 and λ670 nm (Figure 5.18 B) and at λ530 and λ630nm in NEP-VSMCs 

(Figure 5.18 D), when compared to their undifferentiated NE controls. Although the 

analysis of HiPSC-derived PM could not be achieved due to the lack of standardised 
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culture of HiPSC-derived PMs, HiPSCs were generated and immediately differentiated 

to a myogenic lineage using TGF-β1/PDGF for 12 days. PM-SMCs were used as a 

comparison cell for HiPSC-derived NE SMC subtypes to determine differences if any 

differences in AF photons could be determined. There was a significant increase in the 

photonic intensity of NEP-VSMCs at λ465, λ530 wavelengths in comparison to PM-

SMCs., (Figure 5.19 A) Similarly a significant increase in the photonic intensity at λ465, 

λ530 wavelengths in comparison to PM-SMCs (Figure 5.19 B). 

The spectral data was pre-processed using WEKA machine learning tool kit. FLDA was 

carried out to perform a dimensionality-reduction of the large Raman data set into small 

sets of variables whilst retaining all information. PCA carried out using the multivariate 

statistical package PAST4 was used to focus on the greatest variation between HiPSCs 

and HiPSC-derived NE (NEP, SNEP) progenitor stem cells and their SMC progeny 

(NEP-SMC, SNEP-SMC). Using PCA 2-way multivariate statistical analysis variation 

between HiPSC and HiPSC-derived NE progenitor stem cells a significant separation 

presented using PCA scatter plots was demonstrated (Figure 5.20 A,C). Similarly, a 

distinct separation of HiPSC-derived NE progenitor stem cells and their myogenic 

progeny was demonstrated (Figure 5.21 A,C). 

 

Further LDA using the multivariate statistical package, PAST4 of HiPSC and HiPSC-

derived NE progenitor stem cells  and their SMC progeny was used to demonstrate the 

maximum  separability between groups across the data set. LDA analysis presented as a 

histogram, using the multivariate statistical package PAST4, revealed that the Raman 

profile of HiPSC-derived NE progenitors could be easily separated from each other 

(Figure 5.20 B,C). Furthermore HiPSC-derived NE progenitor stem cells could be 

separated from their myogenic progeny (Figure 5.21 B,D).To further classify HiPSC-

derived NE progenitor stem cells and their myogenic progeny MLP artificial neural 

network analysis was deployed. We optimized several experimental conditions to train 

the network, including the number of wavelengths for input data, number of hidden 

layers, momentum, and learning rate. The final classification model had an F-score of 

0.780, a recall of 0.783, and a precision score of 0.794. Cross-validation confirmed that 

optimized neural networks could identify tissue types with high performance, based only 

on their AF emissions, and resulted in an F-score of 0.799 (Figure 5.22).  
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Figure 5.17 Single cell photonics of HiPSCs and their NE progenitor stem cell 
intermediates (SNEP, NEP and NPC). (A, C, E) Visualisation of HiPSC-derived NE 
progenitor stem cells on each V-cup in the LoaD platform. (B, D, F) Single-cell auto-
fluorescence photon emissions across five broadband light wavelengths (λ465, λ530, 
λ565, λ630 and λ670 nm with a bandwidth of 20 nm) from HiPSC and HiPSC derived 
NE progenitor stem cell (SNEP, NEP and NPCs). Data are the mean ± SEM of Log10 
photons, p≤0.05 vs. HiPSC. 
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Figure 5.18 Single cell photonics of NE progenitor stem cell intermediates (SNEP, 
NEP and NPC) and their respective myogenic progeny. (A, C,) Visualisation of NE-
derived VSMCs on each V-cup in the LoaD platform. (B, D,) Single-cell auto-
fluorescence photon emissions across five broadband light wavelengths (λ465, λ530, 
λ565, λ630 and λ670 nm with a bandwidth of 20 nm) from HiPSC-derived NE progenitor 
stem cells and derived VSMC. Data are the mean ± SEM of Log10 photons, p≤0.05 vs. 
SNEP, p≤0.05 vs. NEP. 
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Figure 5.19 Single cell photonics of NE and PM progenitor stem cell derived 
myogenic progeny. Single-cell auto-fluorescence photon emissions across five 
broadband light wavelengths (λ465, λ530, λ565, λ630 and λ670 nm with a bandwidth of 
20 nm) from NE and PM derived VSMC. Data are the mean ± SEM of Log10 photons, 
p≤0.05 vs. NEP-SMC, p≤0.05 vs. SNEPSMC. 
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Figure 5.20 PCA and LDA of AF spectra for HiPSCs vs. HiPSC-derived NE 
progenitor cells. A 2-way scatter plot of the first two principal components after PCA of 
HiPSCs compared to SNEP (A) and NEP  in vitro. A 2-way scatter plot of the first two 
principal components after LDA of HiPSCs compared to SNEPs (B) and NEPs (D). Data 
are representative of 30 cells across 400-1000 cm-1 wavelengths.  
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Figure 5.21 PCA and LDA of AF spectra for HiPSC-derived NE progenitor cells 
versus NE-derived SMCs. A 2-way scatter plot of the first two principal components 
after PCA of SNEP compared SNEP-SMCs (A) and NEP compared to NEP-SMCs (C)  
in vitro. A 2-way scatter plot of the first two principal components after LDA of SNEPs 
compared to SNEP-SMCs (B) and NEPs compared to NEP-SMCs  (D). Data are 
representative of 30 cells across 400-1000 cm-1 wavelengths.  
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Figure 5.22 MLP neural network analysis of AF spectra from HiPSC-derived NE 
progenitors and SMC subtypes. Confusion matrix of true class and predicted class 
following training with human datasets.  
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5.4.6 Single Cell Photonics of human atherosclerotic (ATH) and arteriosclerotic 

(ART) cells ex vivo. 

In order to assess the contribution of HiPSC-derived NE progenitors and/or their 

myogenic progeny to the overall heterogeneous phenotype of human atherosclerotic and 

arteriosclerotic lesions single cells derived from cadaveric human atherosclerotic (no 

plaque) and arteriosclerotic vessels (with plaque) were isolated (Figure 5.23 A, C). 

Single-cell photonic profiles of individual cells were measured following capture on V-

cups using a centrifugal Lab-on-a-Disc (LoaD) platform, as previously described (King 

et al., 2019; Molony et al., 2021) and visualised by phase-contrast microscopy on each 

V-cup (Figure 5.23 B,D). The Log10 AF emissions of 50 cells were recorded across five 

broadband light wavelengths (λ465, λ530, λ565, λ630 and λ670 with a bandwidth of 20 

nm) and corrected as fold increase over background for further analysis (Figure 5.23 E). 

The photonic intensity of single cells derived from ATH showed a significant increase at 

wavelength all five wavelengths in comparison to ART (Figure 5.23 E).   

The spectral data was then pre-processed using WEKA machine learning tool kit. FLDA 

was carried out to perform a dimensionality-reduction of the large Raman data set into 

small sets of variables whilst retaining all information. PCA carried out using the 

multivariate statistical package PAST4 was used to focus on the greatest variation 

between single-ells isolated from ATH and ART lesions. Using PCA 2-way multivariate 

statistical analysis variation between ATH and ART a significant separation presented 

using PCA scatter plots was demonstrated (Figure 5.24 A).  

 

Further LDA using the multivariate statistical package, PAST4 of cells isolated from 

ATH and ART lesions was used to demonstrate the maximum  separability between the 

two disease groups. LDA analysis presented as a histogram, using the multivariate 

statistical package PAST4, revealed that the AF profile of ATH and ART could be easily 

separated from each other (Figure 5.24 B).  

LDA using the machine learning tool, WEKA was used to validate the maximum 

separability of single cells isolated from ATH and ART lesions. The data set was loaded 

and pre-processed using the FLDA filter to achieve dimensionality reduction, it was the 

processed using the “Classify” panel with the implementation of for LDA. Cross 

validation confirmed that optimized neural networks can identify all cell types with high 



 

251 

performance, based only on their AF profile and resulted in an F-score of 0.80.. The cells 

were also trained on a 66 % split before the remainder was tested and the F score dropped 

to  at 0.78. Each disease state was then supplied as an unknown. Interrogation of the 

trained LDA set revealed the spectral profile of cells generated from ATH and ART 

lesions could be easily separated from each other with accuracies of 94% of the ATH 

cells were classified as similar to each other, with only a small proportion of cells 

classified as similar to cells from ART vessels. In contrast, 66% of ART cells were 

classified as similar to each other, with 33% classed as similar to ATH (Figure 5.24 C,D). 
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Figure 5.23 Single cell photonics of atherosclerotic (ATH) and arteriosclerotic 
(ART) lesion cells ex vivo. (A, C) Graphic representation of human atherosclerotic and 
arteriosclerotic cadaveric vessels prior to single-cell digestion. (B, D) Visualisation of 
atherosclerotic and arteriosclerotic isolated medial cells on each V-cup in the LoaD 
platform. (E) Single-cell auto-fluorescence photon emissions across five broadband light 
wavelengths (λ465, λ530, λ565, λ630 and λ670 nm with a bandwidth of 20 nm) from 
atherosclerotic and arteriosclerotic medial VSMCs. Data are the mean ± SEM of Log10 
photons, p≤0.05 vs. ART. 
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Figure 5.24 PCA and LDA of AF spectra from single cells isolated from 
atherosclerotic (ATH) and arteriosclerotic (ART) lesions. (A) A 2-way scatter plot of 
the first two principal components after PCA of single cells isolated from ATH and ART 
lesions ex vivo (B) A 2-way scatter plot of the first two principal components after LDA 
of single cells isolated from ATH and ART lesions ex vivo. (C) LDA of single cells 
isolated from ATH and ART lesions using WEKA software. Confusion matrix of true 
class and predicted class following a leave-one-out cross-validation by the LDA 
classifier. 
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5.4.7 Supervised Machine Learning of single cell photonic data from human aortic 

diseased tissue to interrogate for the presence of HiPSC-derived progenitor stem 

cells and/or their myogenic progeny  

 
MLP artificial neural network analysis was deployed to train  the algorithm using AF 

profiles of HiPSC-derived NE progenitor stem cells (NEP and SNEP), NE-derived SMC 

progeny (NEPSMC and SNEPSMC) and PM-derived SMC progeny (PM-SMC) before 

interrogation with ATH and ART AF signatures. To train the network, we optimized 

several experimental conditions, including the number of wavelengths for input data and 

the number of hidden layers. The final classification model had an F-score of 0.794, a 

recall of 0.795, and a precision score of 0.803 (Figure 5.25 A, B). Cross-validation 

confirmed that optimized neural networks could identify all cell types based only on their 

singe cell autofluorescence emissions and resulted in an F-score of 0.634. The cells were 

also trained on a 66% split before the remainder was tested, and the F score dropped to 

0.647. This trained data set was subsequently used to interrogate spectral datasets of cells 

isolated from ATH and ART vessels ex vivo.  

 

Classification of ATH and ART cells based on the MLP artificial neural network analysis 

of AF spectra from HiPSC-derived NE progenitor stem cells, NE-derived SMCs and PM-

SMCs characterised single cells isolated from ATH (Figure 5.26 A,B) and ART (Figure 

5.26 C,D) vessels ex vivo as follows; 

 

(i) Single cells isolated from ATH vessels were characterised as having;  

a. 79% similarity to SNEP-SMCs  

b. 15% similarity to NEP-SMCs 

c. 5% similarity to PM-SMCs 

d. 1% similarity to SNEPs  

 

(ii) Single cells isolated from ART vessels were characterised as having; 

a. 62% similarity to SNEP-SMC 

b. 18% similarity to PM-SMC 

c. 14% similarity to NEP-SMC 

d. 6% similarity to NEP 

e. 2% similarity to SNEP 



 

255 

 

Thus,  supervised machine learning using MLPs neural network analysis of HiPSC-

derived stem cell and SMC progeny as a training data set confirmed that a significant 

number of NE-derived VSMCs are present in ATH and ART vessels.  
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Figure 5.25 MLP neural network algorithm of single-cell AF photonics. Confusion 
matrix of true class and predicted class following training with (i) SNEP, (ii) NEP (iii) 
SNEPVSMC, (iv) NEPVSMC, and (v) PMVSMC scPH across five wavelengths using 
MLP neural network analysis. 
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Figure 5.26 MLP neural network analysis identifies HiPSC-derived NE and PM 
intermediate progenitors and their myogenic subtypes in atherosclerotic and 
arteriosclerotic human vessels. Graphic representation of the percentage of cells in 
atherosclerotic and arteriosclerotic vessels using MLP neural network analysis. 
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5.5 Summary  
 
• PCA and LDA of FTIR and Raman vibrational spectra datasets discriminates HiPSCs 

from HiPSC-derived NE and PM progenitor stem cells. 

• PCA and LDA of FTIR and Raman vibrational spectra datasets discriminates HiPSC-

derived NE and PM progenitor stem cells from their myogenic progeny. 

• LDA enabled quantification of discrimination of undifferentiated HiPSC-derived NE 

and PM stem cells from both their myogenic progeny. 

• PCA and LDA of Raman vibrational spectra datasets discriminates healthy (<50), 

aged (>50), atherosclerotic and arteriosclerotic tissues. 

• NE stem cell-derived SMCs shared the greatest spectral similarity with 

arteriosclerotic tissues following cross validation.  

• PCA and LDA of single-cell autofluorescence photonic emissions discriminates 

HiPSCs from HiPSC-derived NE progenitor stem cells. 

• NE stem cell-derived SMCs shared the greatest spectral similarity with 

arteriosclerotic and atherosclerotic tissues following MLP analysis.  

• Label-free discrimination in situ may facilitate interrogation of these important 

phenotypes during vascular disease progression 
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5.6 Discussion  
 
A variety of diagnostic tools have been developed to detect remodelling of the arterial 

wall indicative of atherosclerosis, including coronary angiography, intravascular 

ultrasound, magnetic resonance imaging, and ECG. Currently, cIMT is regarded as one 

of the primary surrogate indices of atherosclerosis (Papageorgiou et al., 2016). However, 

in some AMI patients, interrogation by angiography reveals no significant lesions within 

surveyed coronary beds. It is widely accepted that the initial step in the pathogenesis of 

atherosclerosis is a change in arterial cell composition. A hallmark of subclinical 

atherosclerosis is the accumulation of VSMC-like cells leading to neointimal thickening 

and lesion formation. The origin of neointimal cells has been extensively debated over 

the past decade. While medial SMCs have been purported to contribute to the majority of 

VSMC-like cells in vascular lesions, the involvement of resident vascular stem cells, in 

particular resident S100β+ stem cells has recently emerged (Di Luca et al., 2021; Molony 

et al., 2021). The emergence of vibrational spectroscopy and  single cell photonics as a 

diagnostic tool for the detection of sub-clinical atherosclerosis holds promise due to the 

ability to detect discrete changes in the cellular composition of neointimal VSMC-like 

cells and discriminate heterogeneous cell populations (Molony et al., 2018, 2021). 

However, much of this work has been reported using animal models. Herein, this study 

evaluated the application of single-cell vibrational spectroscopy and photonics as a tool 

to discriminate HiPSC-derived vascular cell phenotypes in vitro before the presence of 

HiPSC-derived stem cell and their myogenic progeny within vascular lesions was 

assessed ex vivo using supervised machine learning tools.  

 

The use of HiPSCs for in-vitro disease modelling is highly appealing as it offers an 

unlimited source of defined disease-relevant cells (Soldner and Jaenisch, 2012). Although 

previous studies have demonstrated SMC differentiation of HiPSCs through direct 

differentiation (Cheung and Sinha, 2011) the generation of vSMCs from defined 

embryological origins was demonstrated in this study through the use of NE and PM 

intermediate progenitor stem cells. Following the generation and characterisation of NE 

and PM progenitor stem cells (Chapter 3, Section 4.4.6, 4.4.8, 4.4.11) TGF-ß1 was used 

to generate embryologically defined SMCs through the activation of the heteromeric 

complex of two serine threonine kinase receptors (TßII and ALK5) resulting in a 

phosphorylation-depended activation of Smad 2 and 3 subsequently complex with Smad 
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4 and translocate to the nucleus where they stimulate myogenetic gene expression 

(Massagué, Seoane and Wotton, 2005). Myogenic differentiation of NE and PM-derived 

SMCs was shown by an increased expression of transcript for SMC differentiation 

markers (CNN1 and MYH11) and decrease in NE markers (NESTIN and S100ß) and PM 

markers (PAX1)  concomitant with a significant increase in the number of CNN1 and 

MYH11+ positive cells (Chapter 3, Sections 4.4.7, 4.4.9, 4.4.12). Furthermore distinct 

changes in cellular morphology of HiPSCs, HiPSC-derived progenitor stem cells and 

their respective SMC progeny was evaluated using confocal imaging. In vitro, NE and 

PM  progenitor cells gradually detached from HiPSC colonies developing extensive 

lamellipodia, a characteristic fundamental to cell motility and filamentous like 

prolongations, in search of contact with other cells (Bkaily et al., 1997). A stark difference 

was observed during myogenic differentiation of intermediate progenitors as SMCs 

exhibit a less elongated neural like morphology with an increase in the nucleus and 

cytoplasmic area and the development of myofilaments, a typical hallmark of vascular 

SMCs (Wilson, 2011).  

 

Previous studies have utilised FTIR to discriminate healthy versus diseased cells with the 

majority of research conducted in cancer cell lines. FTIR and spectral imaging carried out 

in conjunction with conventional H&E staining accurately assembles a clustered graph 

mimicking the histological pattern of axillary lymph nodes and metastatic breast cancer 

tissues (Caine et al., 2012). Similarly, the application of FTIR as a diagnostic tool has 

been demonstrated by the ability to distinguish between epithelial, myoepithelial and 

stomal tissues in benign or cancerous tumours (Walsh et al., 2012). More recently FTIR 

spectral features of atherosclerotic plaques has been addressed in a bid to determine the 

biochemical markers of mechanical stiffness during the developmental of atherosclerosis 

(Wrobel et al., 2015). Analysis of FTIR spectral profiles has also been deployed to 

address changes in the composition of the vessel wall during development of 

atherosclerosis the first of which was demonstrated using rabbit aortic tissue (Colley et 

al., 2004). Since then, FTIR has been performed on healthy versus diseased aortic tissues 

to evaluate the diagnostic potential of the technique (Bonnier et al., 2008). In addition to 

the detection of spectral differences between healthy versus diseased  aortic tissues FTIR 

has also been deployed as a diagnostic tool to investigate the role of stem cells in 

contributing to vascular remodelling. Interrogation of de-differentiated SMCs, 

undifferentiated bone-marrow MSCs, and their myogenic progeny revealed significant 
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differences in their respective spectral signatures highlighting the ability of FTIR as an 

accurate means of detecting specific alteration in cellular profiles (Molony et al., 2018). 

A major limitation of this study was the use of rodent derived bm-MSCs for the 

generation of SMCs. Therefore this study sought to overcome this limitation using HiPSC 

cell culture  models to address the application of FTIR in conjunction with multivariant 

machine learning tools to detect distinct difference between (i) HiPSC and derived NE 

and PM progeny and (ii) HiPSC-derived NE and PM SMCs. Having demonstrated 

successful generation of HiPSC intermediate NE and PM progenitors and their 

subsequent myogenic differentiation in vitro , HiPSC-derived progenitor stem cells and 

their myogenic progeny were interrogated by FTIR to investigated if each population can 

be clearly distinguished from one another.   

  

Raw FTIR spectral data sets from HiPSCs and HiPSC-derived progeny were analysed 

using multivariate statistical packages PAST4 and WEKA. Firstly, PCA of HiPSC and 

HiPSC-derived NE and PM progenitor stem cells revealed a distinct separation between 

HiPSCs and HiPSC-derived NE (NEP, SNEP, NPC) and PM progeny. The order of the 

PCs denoted their importance in the dataset, whereby PC1 described the highest amount 

of variation. A scatter plot of specimens along the first two canonical axes showed 

maximal and second to maximal separation between all groups. The axes represented 

linear combinations of the original variables as in PCA, and eigenvalues indicated the 

amount of variation explained by these axes. Using PCA 2-way multivariate statistical 

analysis variation between HiPSC and HiPSC-derived NE and PM progenitor stem cells 

a significant separation was presented using PCA scatter plots. Although clear separation 

based on PCA of FTIR datasets was demonstrated between HiPSC and HiPSC-derived 

progeny direct comparison of HiPSC-derived NE and PM progenitor stem cells showed 

some similarities. This is not surprising as morphological analysis of both NE and PM 

progenitors should morphological similarities therefore spectral similarities could be 

attributed to their abundance of stem cell-associated characteristics. LDA of HiPSC-

derived NE and PM progenitor stem cells was used to demonstrate the maximum  

separability between groups across the data set. LDA, presented as a histogram, revealed 

that the FTIR profile of HiPSC and HiPSC-derived NE and PM progenitors could be 

easily separated from each other. Furthermore, analysis of NE and PM progeny in the 

absence of HiPSCs showed a distinct separation.  
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Although the discrimination of embryonically defined stem cells using FTIR can be 

useful for the detection of discrete niches of stem cells that may reside in atheroprone 

versus atheroresistant areas of the vessel the true sub-clinical diagnostic potential lies in 

the ability to detect the presence of NE-derived SMCs during early stages of neointimal 

formation. Following FTIR of HiPSC-derived NE and PM SMC progeny PCA 

demonstrated the ability to separate HiPSC-derived NE and PM progenitors (SNEP, NPC, 

PM) from their myogenic progeny (SNEP-SMC, NPC-SMCM PM-SMC). Using a PCA 

2-way multivariate statistical analysis variation between HiPSC-derived NE and PM 

progenitor stem cells and their myogenic progeny showed a significant separation 

presented using PCA scatter plots with NE and PM-derived SMCs clustering away from 

the cell in which they were derived. Although clear separation based on PCA of FTIR 

datasets was demonstrated between HiPSC-derived NE and PM and their myogenic 

progeny direct comparison of HiPSC-derived NE and PM SMCs showed some 

similarities, with NPC-SMCs demonstrating the greatest difference. Maximum 

separability between HiPSC-derived stem cells and their myogenic progeny was 

evaluated using LDA which revealed that the FTIR profile of HiPSC-derived NE and PM 

progenitors and their myogenic progeny could be easily separated from each other. 

Although previous studies have focused on spectral differences, mainly differences in 

spectral peaks, between human embryonic stem cells and their differentiated progeny 

(Pijanka et al., 2010; Tanthanuch et al., 2010) this study focuses on the ability to separate 

stem cells and their derived progeny using a combination of FTIR and machine learning 

tools reducing the time spent on analysis of complex FTIR graphs presenting it as a more 

applicable tool for sub-clinical disease detection.  

 

While FTIR analysis of HiPSCs and their respective stem cell and SMC progeny 

facilitated initial screening and discrimination of stem cells versus their SMC progeny, 

Raman spectroscopy of the cytoplasm of individual cells revealed distinct separation of 

each cell type in vitro. In contrast to FTIR analysis of whole cells Raman spectra were 

generated from the cytoplasm of individual HiPSCs and HiPSC-derived NE and PM 

progeny as differences within the cytoplasm are more pronounced as stem cells begin to 

differentiate down a myogenic lineage (Vazão et al., 2011). PCA of Raman spectroscopic 

data demonstrated that HiPSCs and their derived stem cell NE and PM cells could be 
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clearly separated according to the first principal component (PC1). Moreover a 4-way 

multivariate statistical analysis revealed that HiPSC-derived NE and PM progeny could 

be clearly discriminated from HiPSCs. Similar findings were reported following TGF-1-

dependant myogenic differentiation of HiPSC-derived stem cells as NE and PM-derived 

SMCs could be clearly separated. LDA of all HiPSC-derived cell lines enabled 

quantification of this discrimination with the sensitivity and specificity value determined 

for all cell populations based on a leave-one-out- cross validation. Cross validation 

confirmed that optimized neural networks can identify all cell types with high 

performance, based only on their Raman spectral profile Interrogation of the trained LDA 

set revealed the spectral profile of cells generated from HiPSCs pr HiPSC-derived 

progenitor stem cells could be easily separated from each other with accuracies of <70%.  

 

In order to truly determine differences in biochemical properties associated with HiPSC-

derived stem cell and SMC differentiation further analysis of spectral shifts in these cell 

populations would provide reliable estimates of changes in  in situ protein, nucleic acid 

and lipid content. A limitation of the findings reported is the use of a heterogeneous 

population of cells in culture, the use of a clonogenic cell may improve separation 

accuracies as it would give rise to a more homogenous population suited as an improved 

population for clinical  validation. In addition, ex vivo analysis of human tissues is a 

favoured over  the use of cells in culture as changes in cells composition can be easily 

affected by the media in which they are maintained (Kennedy, Mooney, et al., 2014). 

Vibrational spectroscopy techniques for ex vivo analysis of various tissues associated with 

vascular disease including endothelial dysfunction, atherosclerotic plaque and vessel 

remodelling has been reported (Buschman et al., 2001; Marzec et al., 2015). Therefore, 

this study investigated the use of Raman to separate  previously published spectral 

datasets from healthy (<50 year olds) and diseased human tissues (aged, atherosclerotic 

and arteriosclerotic). To determine the greatest variation between the aforementioned 

disease states, PCA using PAST4 was carried  out. Firstly, using PCA 2-way multivariate 

statistical analysis variation plot between normal vs. aged, atherosclerosis and 

arteriosclerosis a significant separation was presented. Secondly, using a 3-way 

multivariate statistical analysis variation plot a clear separation was observed between 

aged, atherosclerosis and arteriosclerosis spectral datasets. LDA using the machine 

learning tool, WEKA was used to validate the maximum separability of normal, aged, 
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atherosclerotic and arteriosclerotic datasets. Cross validation confirmed that optimized 

neural networks can identify all cell types with high performance, based only on their 

Raman spectral profile and resulted in an F-score of 0.86. Each disease state was then 

supplied as an unknown. Interrogation of the trained LDA set revealed the spectral profile 

of cells generated from HiPSCs pr HiPSC-derived progenitor stem cells could be easily 

separated from each other with accuracies of 88%, 66%, 79%, and 78% for normal, aged 

arteriosclerosis and atherosclerosis, respectively, on a cross-validated leave-one-out 

basis. Although the ideal diagnostic scenario would sperate each disease state with 100% 

accuracy inaccuracies may be due to spectral peaks from various constituents of the vessel 

wall including the elastic lamina as the dataset generated was not cell specific rather 

across a cross-section of aortic tissue samples.  

 

The use of vibrational spectroscopy was successfully applied to detect changes in spectral 

signatures of HiPSC-derived stem cells versus their myogenic progeny in vitro and 

healthy, aged, atherosclerotic and arteriosclerotic vessels ex vivo. The initial step in the 

development of arteriosclerosis disease is IMT and neointimal formation therefore this 

study sought to interrogate the Raman spectral datasets from healthy, aged, 

atherosclerotic and arteriosclerotic using the spectral profiles of HiPSC-derived stem 

cells and their SMC progeny using MLP artificial neural network analysis. The algorithm 

was trained using 66% of the tissue data sets. This trained network was subsequently used 

to interrogate spectral datasets of cells isolated from HiPSC-derived NE, PM, and their 

respective myogenic progeny in vitro. Interrogation of these early atherosclerotic vessels 

in situ using vibrational spectroscopy could successfully detect the presence of stem-cell 

derived SMC progeny. This finding supports the use of Raman spectroscopy in particular 

as a diagnostic potential for sub-clinical atherosclerotic development due to the ability to 

detect stem cell-derived SMC progeny in arterial vessels. In order to translate this 

platform for use in a clinical setting the development of a Raman optical probe, similar 

to that used during brain surgery (Jermyn et al., 2015),  would be a necessity.  

 

Having demonstrated the application of FTIR and Raman in discriminating HiPSC-

derived stem cell and VSMC progeny, the next objective of this chapter was to investigate 

the application of single-cell AF to generate similar findings. The application of label-

free autofluorescence readings has been underutilised as a diagnostic tool for sub-clinical 
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disease. The use of light to assess changes in cellular phenotypes has been reported to 

identify ocular disease or degradation (Fleckenstein, Schmitz-Valckenberg and Holz, 

2010). Other clinical applications includes the analysis of skin AF spectra for detection 

of advanced glycation end products and collagen identified as novel risk factors of 

chronic kidney disease and CVD (Noordzij et al., 2012; Den Dekker et al., 2013). As 

with many diagnostic platforms, the use of AF to detect changes in normal versus disease 

states has been investigated for detection and monitoring of various cancers (Wang et al., 

2017; Yuan et al., 2019). Although light as a diagnostic and prognostic tool has several 

advantages including high sensitivity, non-invasive measurement and low limits of 

detection the combination of AF and microfluidics photonics enables real time, 

measurements of relevant analytes in small sample volumes (Sheikh, Lighthouse and 

Greif, 2014). The use of novel LoaD platforms has demonstrated many attractive qualities 

for cellular analysis and disease diagnostics (Yun and Kwok, 2017). Microfluidic V-cup 

capture design and auto-fluorescence readings makes it possible to analyse cell 

populations within minutes. In this context, using optical multi-parameter interrogation 

of single cells on this novel LoaD platform in conjunction with multivariant machine 

learning tools we clearly demonstrate that single cell photonics across five wavelengths 

is of sufficient coverage to discriminate HiPSC-derived NE progenitor stem cells from 

their myogenic progeny. Moreover, photonic AF datasets can classify carotid medial 

SMCs from atherosclerotic and arteriosclerotic vessels ex vivo with shared spectral 

similarities to HiPSC NE-derived SMCs.  

 

Single-cell photonic measurements of HiPSC and HiPSC-derived NE progenitor stem 

cells across five AF wavelengths were recorded following V-cup capture. The photonic 

intensity of each stem cell progenitor cell line was compared to that of HiPSCs. Both 

SNEP and NPCs demonstrated lowered photonic intensities at each wavelength when 

compared to HiPSCs. In contrast NEPs demonstrated an increase in intensity at λ 465nm 

+ 20nm suggesting that there are biochemical differences between NE-derived stem cell 

populations. In contrast, the photonic intensity of both NEP and SNEP cells at λ530 and 

λ603nm + 20nm significantly increased following myogenic differentiation.  

 

The risk of vascular disease may depend on the embryological origin of VSMCs, with 

VMSCs of NE origin exhibiting a higher risk to their paraxial mesodermal counterpart. 

Although previous studies comparing undifferentiated bone marrow-derived 
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mesenchymal stem cells and C3H/10T1/2 MSCs before and after TGF-B1 induced  

myogenic differentiation in vitro have reported an increase in AF at λ465, λ530, λ565, 

and λ630nm after 7d (Molony et al., 2021) using scPH of NE-derived VSMC populations, 

we demonstrated distinct differences in photonic intensity at λ465, λ530 after 12 d. These 

differences may be due to a difference in the length of TGF-b1 treatments or alternatively 

may be due to differences in embryological origins as bone-marrow derived MSCs are 

considered good models of SMC differentiation from mesoderm precursors in vitro 

(Boström et al., 2000; Miwa and Era, 2018), In order to determine if this is true further 

AF analysis of HiPSC-derived PM progenitor stem cells would be needed. Although the 

direct comparison of AF profiles HiPSC-derived PM and PM-SMCs could not be carried 

out due to the uncertainty of PM maintenance in vitro AF emissions of NE-derived SMCs 

were significantly increased at 465 and 530 wavenumbers in comparison PM-derived 

SMCs. Furthermore multivariant analysis using PCA and LDA of single-cell photonic 

data demonstrated the ability to discriminate HiPSC, NE and PM-derived progenitors and 

their respective myogenic progeny. This data suggest that single-cell photonic profiles in 

vitro are of sufficient specificity and overall quality for LDA algorithms to discriminate 

various HiPSC-derived cell types. This shift in intensities at differing auto fluorescent 

emissions along with the ability to separate NE and PM-derived SMCs by PCA and LDA 

demonstrates that single cell photonics can be used not only as a label-free photonic 

platform to discriminate embryologically defined progenitors and their respective 

myogenic progeny but also to further define embryologically defined myogenic progeny 

of NE and PM origin, which can be utilised to determine disease-prone areas of the aortic 

vessel in vivo.  

Although FTIR, Raman and single cell LiPhos photonics discriminated HiPSC-derived 

progenitors from their respective myogenic progeny in vitro, further experiments were 

carried out using label-free single cell photonics from atherosclerotic and arteriosclerotic 

vessels ex vivo were interrogated and compared to HiPSC-derived NE progenitor stem 

cells and their respective myogenic progeny across five broadband light wavelengths. An 

increase in photonic intensity of single cells from the atherosclerotic vessel ex vivo was 

significantly enhanced across all five wavelengths when compared to single cells from 

arteriosclerotic vessels. Similarly, PCA and LDA revealed that the photonic profile of 

cells isolated from atherosclerotic and arteriosclerotic vessels could be easily separated 

from each other across the five wavelengths. Confusion matrices revealed that 94% of 
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the atherosclerotic cells were classified as similar to each other. In contrast, 66% of 

arteriosclerotic cells were classified as similar to each other, with 33% classed as similar 

to atherosclerotic on a cross-validation leave-one-out-basis suggesting a greater level of 

cellular heterogeneity exists in single cells isolated from arteriosclerotic vessels as 

opposed to atherosclerotic vessels. This level of heterogeneity  may indicates the 

existence of specific subsets of medial SMCs within arteriosclerotic lesions therefore 

further analysis was performed to determine if the photonic profile of atherosclerotic and 

arteriosclerotic was similar to SMCs derived from NE or PM origins.  

 

Multi-layered neural networks that mimic human neural circuit structure have recently 

been utilised to classify highly non-linear datasets, proving an ideal candidate for label-

free cell subtypes, including HiPSC, generated ECs, lymphocyte cells, and hematopoietic 

cells  (Godinez et al., 2017; Pradhan et al., 2020). Using a pre-trained MLP neural 

network the classification of HiPSC-derived progenitors and their myogenic progeny was 

facilitated based on AF emissions alone. Interrogation of this pre-trained MLP artificial 

neural network using single cells isolated from atherosclerotic and arteriosclerotic lesions 

further predicted similarities between HiPSC-derived NE progenitor stem cells and their 

myogenic progeny and single-cells isolated from atherosclerotic and arteriosclerotic 

vessels These findings identified strong similarities between  HiPSC-derived NE SMCs 

and single cells isolated from atherosclerotic and arteriosclerotic vessels with 76% (62% 

SNEP-SMC, 15% NEP-SMC) of arteriosclerotic cells classified as NE-derived SMCs 

and 94% (79% SNEP-SMC, 15% NEP-SMC) of atherosclerotic cells classified as NE-

derived SMCs. This finding is not surprising as the tissue sections from which cells were 

isolated had originated from the carotid bifurcation, an area classified as atheroprone with 

intimal cells derived from the neural crest (Majesky and W., 2007). In consonance with 

our findings using MLP of Raman vibrational spectra, we identified a small population 

of NE-derived stem cells <10% in atherosclerotic and arteriosclerotic photonic datasets 

with the majority of cells classified as NE derived SNEP-SMCs. Our findings confirm 

previously reported lineage tracing data that mapped NE S100β+ stem cells and myogenic 

progeny to vascular lesions (Yuan et al., 2017; Tang et al., 2020; Di Luca et al., 2021). 

One  limitation of this study is the use of cell models in vitro to effectively model vSMCs 

in diseased lesions in situ. Although embryologically defined HiPSC-derived  stem cell 
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populations were generated, further cloning of NE and PM populations would ensure a 

more homogenous population for further clinical testing.  

 

In conclusion, we have demonstrated that vibrational spectroscopy and single cell 

photonics present as novel diagnostic platforms to facilitate the detection of disease-

relevant spectral signatures that reflect cell status, i.e., undifferentiated versus 

differentiated healthy versus diseased. The detection of changes in cellular status in 

resident vascular cells may have an important predictive value for the identification of 

early ‘transitional’ lesions in subclinical atherosclerosis. These diagnostic platforms can 

be readily  translated to a clinical setting as the data generated is based on vibrational 

spectroscopy, a technique already utilised for detection of various cancers (Eikje, Aizawa 

and Ozaki, 2005) and detection of broadband light using in situ endoscopic analysis 

(Pahlevaninezhad et al., 2016). Using a combination of these techniques, this study adds 

a dimension to the current approach in the stratification of  early vascular lesions whereby 

imaging and photonic signatures are combined to assess lesion progression, thereby 

enabling more information about the disease before primary prevention interventions are 

prescribed combating the pathogenesis of CVD progression.  
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CVD remains the lead cause of death worldwide (Virani et al., 2020). To combat the 

ever-rising prevalence of CVDs, the emphasis on subclinical detection and treatment 

before clinical manifestation is vital (Hobbs, 2004). Atherosclerosis, a chronic 

inflammatory disease of the arterial wall, is responsible for various CVDs, including 

pulmonary hypertension, arteriosclerosis, myocardial infarction (MI) and stroke (Ross, 

1999). Unlike most communicable diseases, atherosclerosis is often referred to as a silent 

killer as patients may remain asymptomatic until the late stages of well-advanced 

atherosclerotic lesions. Due to the multifactorial complexity of the development of 

atherosclerosis, various invasive and non-invasive techniques have been developed to 

measure atherosclerosis and, more recently, sub-clinical atherosclerosis, including non-

invasive techniques such as MRI, ultrasonography, as well invasive techniques such as 

coronary angiography and intravascular ultrasound (Kohsaka and Makaryus, 2008; 

Celeng et al., 2016). The main focus of such diagnostic platform is to identify physical 

risk factors such as luminal diameter or stenosis, vessel wall thickness and plaque volume 

and composition (Toth, 2008; Papageorgiou et al., 2016; Gatto and Prati, 2020). 

However, a limitation of such platforms is the inability to identify discrete phenotypic 

changes within the cellular composition of the arterial wall indicative of early sub-clinical 

atherosclerosis and the accumulation of vSMC-like cells driving neointimal formation. 

 

Subclinical atherosclerosis defines the initiation and progression of early atherosclerotic 

plaques (Singh et al., 2018). The diagnosis of sub-clinical atherosclerosis is of 

fundamental importance as it allows the prompt implementation of primary prevention 

therapeutic measures. A hallmark of subclinical atherosclerosis is the accumulation of 

vSMC-like cells leading to IMT and the formation of lesions embedded in atheroprone 

areas of the arterial wall (Bennett, Sinha and Owens, 2016). Central to this process is the 

development of PIT, the first truly progressive lesion responsible for the rise in the 

appearance of advanced atherosclerotic plaques (Kolodgie et al., 2007). Although it is 

widely accepted that the development of a neointima within arterial vessels is due to the 

migration and proliferation of vSMC-like cells, identifying the origin and molecular 

mechanisms by which these cells arise is paramount to discovering practical diagnostic 

tools that can be deployed as general routine surveillance of the vasculature. In recent 

years, the previously accepted model of medial vSMC de-differentiation/modulation and 

phenotypic switching to vSMC-like cells within the developing neointima (Owens, 

Kumar and Wamhoff, 2004) has been challenged by various studies that report a role for 
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resident medial and /or adventitial vascular stem cells (Tang, Wang, Yuan, et al., 2012; 

Majesky et al., 2017; Tang et al., 2020; Di Luca et al., 2021; Molony et al., 2021), 

circulating bone marrow-derived stem cells (Sata, 2003), and/or transition of endothelial 

cells to mesenchymal stem cells as the primary mode of neointima formation (Cooley et 

al., 2014). However, the most compelling evidence to date using lineage tracing studies, 

scRNA-Seq, and single-cell photonics is the discovery of a rare population of (i) 

differentiated MYH11 medial Sca1+ stem cells (Chappell et al., 2016; Dobnikar et al., 

2018) and (ii) resident adventitial and medial S100β+ progenitors stem cells,  that 

undergo myogenic differentiation and migration to the site of injury (Di Luca et al., 2021; 

Molony et al., 2021) 

 

In order to discover effective detection platforms for subclinical atherosclerosis,  a greater 

understanding of the molecular mechanisms by which these stem cell populations may 

undergo myogenic differentiation to SMC-like cells is needed.  One such pathway that 

plays a pivotal role in maintaining adult progenitor/stem cells in tissue repair after injury 

is the Hh signalling pathway (Petrova and Joyner, 2014). GWAS studies in CAD patients 

have identified increased Hh signalling and vSMC-like proliferation and migration in 

vitro (Schunkert et al., 2011; Aravani et al., 2019). Hh signalling has also been reported 

to control myogenic differentiation and accumulation of S100β/Sca1+ stem cell derived 

VMSC-like progeny within vascular lesions (Di Luca et al., 2021). Although it is clear 

that Hh plays a significant role in the pathogenesis of atherosclerosis, the mechanism(s) 

responsible for activation is(are) less understood. The emerging role of EV facilitation of 

intercellular communication has attracted huge interest in the potential application of EVs 

as diagnostic tools in CVD due to their stability and abundance in biological fluids (de 

Freitas et al., 2021).  

 

Taking into account recent findings and the overall need to continuously improve on the 

plethora of diagnostic techniques deployed for detection of subclinical atherosclerosis, 

this study aimed to develop novel strategies that interrogate and discriminate resident 

vascular stem cell  populations and their myogenic progeny by detecting discrete changes 

at a molecular level in the cellular composition of the arterial wall. To achieve this, two 

methods for early disease detection were assessed; namely (i) development of a murine 

and human in vitro cell model to investigate the role of endothelial HG-EV mediated 

transport of SHh morphogen and uptake by a resident NE Nestin/ S100β+ progenitor stem 
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cell within atheroprone regions of arterial vessels  (ii) development of a human in vitro 

model to detect vascular cellular phenotypes of distinct embryological origin indicative 

of sub-clinical atherosclerosis and discriminate them from each other using single-cell 

photonic analysis using FTIR, Raman and autofluorescence spectra (AF) to predict their 

presence in human lesions.  By taking this approach, this study identified (i) a potential 

initiator of subclinical atherosclerosis via interrogation of the endothelial cell-derived 

EVs from dysfunctional ECs for the presence of key modulators of resident vascular stem 

cell fate and the generation of SMC-like cells, (ii) a resident vascular stem cell that 

facilitates endothelial derived EV uptake via interrogation of cells in lesions using single 

cell photonics and vibrational spectroscopy to determine the presence of one of the origins 

of SMC-like cells in vascular lesions.  

 

6.1 EC-derived HG-EVs facilitate the transport of SHh initiating vSMC 

differentiation of resident S100β + vascular stem cells in vitro.  

Although many studies have focused on the role of EV-encapsulated miRNA for 

prognosis and diagnosis of various CVDs, little is known about the presence of EV 

associated proteins as activators of pathologic conditions (Navickas et al., 2016; Wendt 

et al., 2018; Zhou et al., 2018). One of a multitude of pathways recapitulated during 

vSMC differentiation and neointimal formation is the Hh signalling pathway. Previous 

studies have identified an abundance of dual labelled Hh-responsive S100β+ stem cells 

derived from a non-SMC parent population in response to iatrogenic flow restriction in 

vivo (Di Luca et al., 2021) whilst studies have also reported the role of S100β+ resident 

vascular stem cells in arterial remodelling following vessel ligation (Tang, Wang, Yuan, 

et al., 2012; Cao et al., 2017). In addition,  the presence of Gli marked cells in vascular 

lesions following cell fate mapping has been reported indicating the presence of Hh 

responsive cells within these lesions (KRamann et al., 2015, 2016).  

EC dysfunction marks the initiation of a cascade of events of primary importance to the 

pathogenesis of the vascular disease (Anderson et al., 1995) (Kinlay and Ganz, 1997). 

Under physiological conditions, vascular ECs secrete low concentrations of EVs. Upon 

induction of ED, the concentration of EVs significantly increases (Vicencio et al., 2015; 

Dougherty et al., 2020). Using a diabetic in vitro model, we report an increase in EC-

derived EVs following acute exposure to HG conditions, a hallmark of diabetes. 
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Hyperglycaemia induces an increase in oxidative stress by producing intracellular ROS 

resulting in endothelial dysfunction and accelerated atherosclerosis. Various studies have 

reported deleterious effects of the endothelium in response to hyperglycaemic conditions, 

including reduced NO production (Ding et al., 2000; Du et al., 2001), enhanced NF-κB 

activation (Hamuro et al., 2002), an increase in EC apoptosis (Sheu et al., 2005; Su et al., 

2018). This response has also been shown for EVs secreted from ECs exposed to 

hyperglycaemic conditions. Using in vitro cell culture models,  EC exposure to 

hyperglycaemic conditions effectively enhances EC-EV generation and secretion  

(Burger et al., 2017). Furthermore, differences in both protein and RNA content of EVs 

secreted from ECs in response to cellular stress stimuli including hypoxic and 

hyperglycemic conditions has been shown (de Jong et al., 2012). Proteomic analysis of 

EC-EVs derived from normal and hyperglycaemic conditions have identified differential 

expression of proteins highlighting differences in vesicular cargo in response to 

pathologic stimuli. Similarly, EC-derived EVs cultured under high glucose conditions 

induced endothelial dysfunction, vascular inflammation and prompted atherosclerosis in 

vivo (Burger et al., 2017). 

Although these studies identified key pathologic effects and proteomic changes in the 

vesicular cargo between healthy and hyperglycaemic conditions, the direct identification 

of key EV-encapsulated modulators of vascular pathogenies is unknown. Having 

developed  well-characterised, robust in vitro cell models, the role of EV-mediated EC-

stem cell communication was investigated. EV proteins have been associated with CVD 

risk factors, with changes in vesicular cargo reported in response to smoking and obesity 

(Kranendonk et al., 2014; Benedikter et al., 2019). Data from this study provided 

compelling evidence of a distinct change in EVs secreted under physiological and 

pathological conditions, represented not only by an increase in secreted EVs but also an 

increase in SHh target genes in S100β+ progenitor stem cells when treated with EC-

derived HG-EVs, a response blocked by SHh signalling pathway inhibitors cyclopamine 

and 5E1. In addition,  we report an increase in the expression of SHh in ECs exposed to 

hyperglycemia which it tempting to speculate results in an increase in SHh encapsulated 

in EVs however further characterisation of HG-EVs to determine the exact levels of SHh 

would be necessary.  
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An increase in myogenic differentiation genes CNN1 and MYH11 in  S100β+ progenitor 

stem cells was demonstrated, suggesting that EC-derived EVs generated in response to 

pathologic stimuli mediate SHh-dependent vSMC differentiation of S100β+  progenitor 

stem cells in vitro as Hh inhibition demonstrate attenuation of EC-derived HG-EV 

mediated myogenic differentiation. The role of EC-derived HG-EV mediated transport 

of SHh from ECs to S100β+ NE progenitor stem cells is novel and highlights a diagnostic 

biomarker responsible for initiating vSMC differentiation and neointimal migration 

formation. While Hh signalling has been previously implicated in the pathogenesis of 

atherosclerosis through modulation of differentiated SMC phenotypes (Aravani et al., 

2019), studies have also reported an association with hyperglycemic induced activation 

of Hh signalling in human ECs resulting in endothelial autophagy, a catabolic process in 

which a cell digest its own components via the lysosomal machinery, a process associated 

with the pathogenesis of diabetes (Ravikumar et al., 2010). Moreover, inhibition of this 

Hh signalling cascade via administration of Metformin alleviated hyperglycemia-induced 

endothelial dysfunction, resulting in its use as a frontline treatment for diabetes and more 

recently associated as a therapeutic treatment for prevention and improved prognosis of 

various cancers including pancreatic, gastric and breast cancer (FAN et al., 2015; Song 

et al., 2017; Niu et al., 2019). 

One of the main limitations to these findings was the use of in vitro murine models to 

discover human biomarkers. Although the use of animal models of atherosclerosis has 

played an essential role to improve the understanding of the molecular mechanisms 

involved during the pathogenesis of atherosclerosis (Emini Veseli et al., 2017), 

significant limitations when modelling human disease exist, including disparities in 

vessel size and composition, the main being the presence of a thickened intimal layer in 

humans from birth, as well as differences in biochemical activity and fundamental 

differences in genomic organisation (Barré-Sinoussi and Montagutelli, 2015).To 

overcome these limitations, an in vitro HiPSC model was developed to validate previous 

findings of EC HG-EV-dependent upregulation of vSMC differentiation of resident 

S100β+ stem cells. Patient-derived HiPSCs provide an unlimited supply of cells that can 

be differentiated into the disease-relevant cell harbouring the genetic variation 

contributing to such a condition (Soldner and Jaenisch, 2012).  Additionally, recreating 

the human pathophysiological conditions in a culture dish eliminates the cross-species 

discrepancies in animal models. HiPSCs have been extensively used to model the role of 
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vSMCs in the development of vascular diseases, for example, the neointimal hyperplasia 

and atherosclerosis associated with Hutchison-Gilford Progeria Syndrome resulting in the 

identification of premature senescence markers related to the vascular aging of the disease 

(G. H. Liu et al., 2011). Similarly, HiPSC-derived vSMC models have also been used to 

investigate the pathogenesis of aortic aneurysms in Marfan syndrome patients and 

provide insight into novel therapeutic targets (Granata et al., 2017). HiPSCs are also a 

useful tool for modelling the cardiovascular of atherosclerosis (Liang and Du, 2014; 

Bargehr et al., 2016). This study presents a novel method of vascular disease modelling 

using HiPSC-derived stem cells and embryologically defined vSMC progeny to 

investigate the influence of EC-derived HG-EV on stem cell to vSMC differentiation in 

vitro.  

The embryological origin of vSMC has previously been associated with influencing 

atherosclerosis progression (Cheung et al., 2012). Previous studies have shown HiPSC to 

vSMC differentiation through an intermediate progenitor stem cell or direct SMC 

differentiation (Cheung and Sinha, 2011). NE-derived stem cells have been associated 

with atheroprone areas of the vasculature; for this reason, we demonstrate in detail the 

derivation of origin-specific NE, PM, and LM progenitor stem cells and furthermore 

demonstrate their myogenic differentiation capabilities providing a platform to generate 

an ideal source of isogenic stem cells and vSMCs to study intercellular communication 

mediated by EC-derived EVs. Developing vSMCs from HiPSC has been extensively 

demonstrated through directed differentiation using a cocktail of molecules, including 

fibroblast growth factor 2 (FGF2), platelet-derived growth factor (PDGF-BB), and 

transforming growth factor-β (TGF-β) (Dash et al., 2015; Yang et al., 2016; Ji et al., 

2017).  However, one of the major concerns for subsequent disease modelling or the 

therapeutic potential is confirming the absolute specificity of the resulting differentiated 

vSMCs. As discussed, the heterogeneity of SMC origin and the association with disease 

susceptibility requires careful consideration for the derivation of HiPSC vSMC for 

disease modelling or clinical approaches. For example, whether it is desired to model 

vSMCs from the aortic arch or descending aorta, neuroectoderm, or paraxial mesoderm 

specific lineages, respectively, must be guaranteed to confirm correct and accurate 

modelling (Majesky and W., 2007; Wasteson et al., 2008). To determine the certainty of 

HiPSC-derived NE progenitor cells, previously published protocols using chemically 

defined media supplemented with FGF2 and SC431542 were followed (Cheung et al., 
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2014) and characterised for distinct NE markers PAX6, NESTIN, and S100β. Following 

confirmation of the generation of a distinct NE progenitor, the first demonstration of 

activation of Hh signalling of HiPSC-derived NE progenitor stem cells in vitro is 

presented.   

Research carried out by our group along with others have shown the role of Hh signalling 

during vascular pathogenesis (Di Luca et al., 2021). Local inhibition of the Hh receptor, 

pathched-1, attenuates subclinical atherosclerotic disease in murine models (Redmond et 

al., 2013). Furthermore HHIP-LIGWAS studies have shown an association of Hh SNPs 

with coronary artery disease  (Schunkert et al., 2011). Taking these findings on board our 

study identifies one of the possible pathways by which Hh signalling in S100β+ NE 

progenitor stem cells is activated. Furthermore, EV-encapsulated SHh may prove 

advantageous over current diagnostic circulating markers, which peak for limited periods 

during or after disease due to the natural protection of the vesicular membrane (Boukouris 

and Mathivanan, 2015).  

The investigation of EVs as diagnostic biomarkers offers exciting promise not only for 

biomarker discovery but also for therapeutic and drug delivery for CVD treatment 

(Vlassov et al., 2012). As such, EV research has expanded rapidly; however, several 

limitations associated with EV isolation and interrogation, both in vitro and in vivo, are 

continuously questioned. Although efforts have been made to standardise EV 

experimental requirements, including minimal information for studies for studies of EVs 

guidelines published by the International Society for Extracellular Vesicle (Théry et al., 

2018), studies compliant with these guidelines are often incomparable (Kennedy, Russell 

and Riley, 2020). One of the main limitations faced from the onset of our EV studies was 

the choice of precipitation method. Numerous methodologies exist to isolate EVs, 

including ultracentrifugation, size exclusion chromatography, ultrafiltration, 

immunoaffinity, and microfluidics. Isolation of pure EV pellets is of utmost importance 

when choosing an isolation method with significant potential for precipitation of non-EV 

material, including cellular proteins and lipids, to contaminate EV isolates. Although 

strict guidelines must be adhered to for the generation and characterisation of EVs for 

therapeutic interventions including the necessity for oversight of relevant national 

regulatory entities the process for the application of EVs as a diagnostic tool is less 

rigorous (Théry et al., 2018; Börger et al., 2020). The choice of EV isolation method used 
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for this study was influenced by the availability of equipment, amount of starting material, 

and downstream applications (Furi, Momen-Heravi and Szabo, 2017). To confirm the 

isolation of pure EV fractions, numerous EV detection methods were deployed in this 

study, including FeSEM, DLS, NTA, NanoFACs, and fluorescent labelling and tracking 

of isolated EVs. The isolation of membrane-bound vesicles ranging from 30nm-180nm 

in size was confirmed. Furthermore, expression of CD31, indicating EC origin, and 

associated EV proteins, including tetraspanin proteins CD63, CD8, TSG101, and HSP 

confirmed their phenotype. Although a variety of EV characterisation techniques were 

deployed to establish the isolation of EC-derived EVs it is important to address the 

possibility of the precipitation of soluble Hh ligands as a contaminant during EV 

preparation. In order to truly determine the presence of Hh on the membrane of EC-

derived EVs further analysis using the Amnis ImageStream would be favourable. This 

imaging flow cytometry  platform allows multi-parametric analyses of EVs at the single 

vesicle level therefore co-staining of EC-derived EVs using associated known EV makers 

(e.g. CD81, CD63) and  anti-Hh antibody would not only enable the detection of SHh+ 

EVs but also provide insights into the localisation of SHh on the vesicular membrane 

(Tertel and Giebel, 2020). 

Another general limitation encountered when investigating EV content is the nature of 

EV heterogeneity. Although cells release large numbers of EVs into their extracellular 

environment, which exert diverse biological effects on recipient cells, heterogeneity of 

biophysical characteristics and composition remains challenging for the reproducibility 

of experimental outcomes. One important consideration that EV studies have to consider 

is making direct functional comparisons between populations correctly. In this study, 

direct comparisons of EC-derived NG, HG, and MT-EVs were evaluated to ensure a 

significant increase in Hh target genes was only detected  following the release of EVs 

from dysfunctional  (hyperglycaemic) ECs. Although EV isolations in vitro present proof 

of principle, the translation of EVs from cell culture systems to bodily fluids proves 

difficult due to a low yield of EV fractions resulting in the necessity of bulk EV 

productions. Although the data provide compelling evidence for the role of  elevated EV-

SHh as a diagnostic marker for subclinical atherosclerosis in vitro further research is 

needed to determine the detection of elevated levels of SHh-EVs in CVD patients. 
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Due to the abundance of large proteins found in blood plasma the detection of vesicular 

proteins is challenging. Therefore, for routine monitoring of bodily fluids as part of 

subclinical detection of atherosclerosis, further research is needed to develop a point of 

care EV diagnostic tool. Performing liquid biopsies is a potentially minimally-invasive 

route to elucidating underlying functional disturbances; however, the prospect of 

exploiting EVs as diagnostic biomarkers of CVD is intrinsically dependent on the 

efficiency at which they can be acquired for analysis. Tailored microfluidic-based devices 

favour the adaption of vesicular analysis for diagnostic platforms and provide 

significantly reduced processing times. These devices—some of which incorporate 

automated pre-treatment—can efficiently enrich EVs from whole blood, perform lysis 

and supply a nucleic acid, protein, and lipid-rich extract for subsequent analysis (Figure 

6.1). The significance of EVs and the cargo they harbour remain in their infancy. Yet, it 

is anticipated that greater detail will be revealed regarding their role in CVD and how 

best to interpret their fluctuating presence during disease progression. Ultimately, their 

clinical value for predicting CVD will be defined by a combination of diagnostic 

developments, therapeutic strategies, and the ease at which they can be reliably and 

consistently isolated from samples .  

 

 
Figure 6.1 Circulating EVs as diagnostic biomarkers for subclinical detection of 
atherosclerosis.  Resident vascular cells secrete EVs containing distinct differences in 
their cargo when exposed to pathologic stimuli making EVs an ideal candidate detection 
of disease. Detection of EVs for clinical diagnostic proves challenging therefore further 
studies into the application of a microfluidic disc for isolation and interrogation is 
essential. 
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6.2 Disease-relevant label-free single-cell photonic signatures identify S100β NE 

progenitor stem cell-derived vSMCs in vascular lesions.   

Having investigated the role of circulating biomarkers derived from EC-EVs, the second 

aim of this study was to assess the application of single-cell vibrational spectroscopy and 

autofluorescence as a diagnostic tool to study vascular physiology and pathology via non-

invasive detection of discrete changes in arterial cell composition. Using defined 

differentiation protocols, we present data that demonstrates the ability of single photonics 

using AF, Raman and FTIR spectra to discriminate vascular phenotypes within vascular 

lesions using supervised machine learning tools based on training algorithms generated 

from HiPSC- derived stem cells and their myogenic progeny. 

Vibrational spectroscopy has shown great promise as a diagnostic tool for detecting 

discrete changes in cellular compositional makeup due to detecting marginal changes in 

protein, lipid, and cytoskeletal content of a cell. Although many studies to date have 

focused on the detection and discrimination of various cancers via the detection of 

changes in vibrational spectral profiles of tumours (Koljenović et al., 2002; Gniadecka et 

al., 2004; Haka et al., 2005), the application of FTIR and Raman has emerged as a 

valuable tool for detection of various neurodegenerative diseases (Devitt et al., 2018) and 

more recently infectious diseases such as Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) (Carlomagno et al., 2021). Although some work has been 

carried out investigating the application of Raman as a diagnostic tool for detection of 

atherosclerosis using mouse in vivo and human ex vivo models (Krafft et al., 2009; 

Lattermann et al., 2013; Kiselev et al., 2016), there are still several limitations associated 

with clinical translation including the time-consuming processing of raw spectral data 

(Smith, Wright and Ashton, 2016) and differences in the thickness of aortic vessels 

resulting in longer acquisition times and the accessibility of tissues (Byrne et al., 2016; 

Smith, Wright and Ashton, 2016).  

To overcome this limitation machine learning tools have rapidly grown aiding the 

prediction, detection and classification of many diseases such as cancers, 

neurodegenerative diseases, diabetes and CVD (Dwivedi, 2018; Muhammad, Algehyne 

and Usman, 2020; Murali et al., 2020; Myszczynska et al., 2020). Although the use of 

label-free detection platforms have proven successful for detection of disease,  large bio 

photonic datasets are often difficult to interpret. For this reason, machine learning tools 
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have been developed to reduce large numbers of measurements into lower-dimensional 

outputs. Statistical pattern recognition methods based primarily on artificial neural 

network geometries, referred to as deep learning, are employed to obtain real-time 

decision-making systems for that analysis of biphotonic data, in particular, spectroscopic 

data including spectral data pre-processing and spectral classification (Pradhan et al., 

2020). Not only has machine learning enabled the application of label-fee diagnostics for 

disease detection it has also been applied for analysis of liquid biopsies through the use 

the use of  analysis tools such as support vectors, decision trees and random forests 

enabling the identification of changes in the profile of circulating biomarkers in diseases 

such as pre-eclampsia, tuberculosis, Alzheimer disease and many cancers through  

(Kenny et al., 2005; Cazzoli et al., 2013; Best et al., 2015; Lugli et al., 2015). 

Herein, using HiPSC-derived cell model in vitro, the feasibility of multivariant analysis 

of both vibrational spectroscopic analysis and single-cell photonics was addressed as a 

powerful discriminator of changes in cell phenotypes, NE-derived stem cells, and their 

myogenic progeny, as an early diagnostic biomarker of stem cell-vSMC differentiation 

migration during the initial development of PIT. Furthermore, using both Raman 

vibrational spectra and single-cell photonics, the presence of S100β-NE stem cell-derived 

vSMCs in vascular lesions was confirmed by the use of multivariant analysis and 

supervised machine learning tools. This finding supports previously published studies 

which have identified a population of NE-derived S100β/ Sca1+ cells, derived from a non-

SMC S100β parent populations through the use single-cell photonics and cell fate 

mapping using S100ß CreERT2 mice, following injury and IHC analysis of vascular 

lesions (Di Luca et al., 2021; Molony et al., 2021). 

In this study, we determine the greatest variation and further discrimination of HiPSC and 

derived stem cell and SMC progeny through PC and LDA analysis respectively. 

Embryologically defined HiPSC-derived NE and PM stem cells were separated from both 

the parent HiPSC and from each other. Further discrimination was achieved after the 

generation of NE-VMSC and PM-VMSCs. This is not surprising as fate-mapping studies 

have previously reported the existence of a mosaic of VMSCs arising from distinct 

developmental origins populated in defined areas of the vessel wall (Debakey and 

Glaeser, 2000; Majesky and W., 2007; Ruddy et al., 2008). These findings highlight the 

use of vibrational spectra to determine atheroprone areas by detecting NE-vSMC rich 
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regions of the vasculature that can be routinely measured for IMT using existing 

diagnostic techniques such as ultrasonography. Although the use of HiPSC-derived stem 

cell progenitors and the generation of vSMC as a disease model allows for the unlimited 

generation of embryologically defined vSMCs, several limitations exist. Vascular SMCs 

generated from parent medial SMCs are typically maintained in serum-containing 

conditions, which, over time, have been reported to undergo phenotypic switching from 

a quiescent non-dividing contractile phenotype to a proliferative dedifferentiated 

phenotype losing the expression of vSMC associated markers CNN1 and MYH11 while 

gaining the expressing stem cell associated markers Sox10, Sox17 and S100β suggesting 

the presence of a contaminant stem cell population in vitro (Owens, Kumar and Wamhoff, 

2004; Kennedy, Mooney, et al., 2014). To eliminate this, NE and PMs were freshly 

differentiated from HiPSCs for Raman, FTIR, and photonic analysis. Following a day 10 

vSMC differentiation protocol, vSMCs were characterised and fixed for spectral 

acquisition. The population of VMSCs acquired showed 100% expression of vSMC 

associated markers CNN1 and MYH11 with no expression of stem cell-associated 

markers representing a terminally differentiated vSMC with embryological specificity. 

Although discrimination of embryologically defined vSMCs using FTIR, Raman, and 

single-cell photonic in vitro offers an insight into the identification of atheroprone areas 

in the vasculature, the true diagnostic value lies in the detection of vibrational spectra and 

single-cell photonics of stem cell-derived vSMC progeny within vascular lesions ex vivo. 

Our analysis facilitated the classification of arterial cells from normal and healthy cohorts 

using MLP artificial network analysis of (i) previously published Raman datasets from 

atherosclerotic, arteriosclerosis, aged, and healthy aortic tissue and (ii) single-cell 

photonics of isolated atherosclerotic and arteriosclerotic cells ex vivo. Using this MLP 

neural network of Raman diseased tissue spectra, we successfully detected HiPSC-

derived NE stem cell-cells in normal and aged cohorts with minimal NE or PM-SMCs. 

However, a significant increase in NE-derived vSMCs was detected in arteriosclerotic 

tissue datasets. This finding was further supported using the MLP pre-trained neural 

network of a similar panel of embryologically defined HiPSC-derived stem cells and their 

myogenic progeny. Upon interrogating single cells  isolated from atherosclerotic and 

arteriosclerotic vessels across five wavelengths for their auto fluorescent spectral profiles, 

a predominance of S100β NE-derived vSMCS in both arteriosclerosis and atherosclerotic 

disease tissues was revealed.  
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Collectively, these findings support previous lineage-tracing and scRNA-seq data that 

provide compelling evidence for a role of myogenic differentiation of resident 

adventitial/medial S100β-NE-derived stem cells during the initiation of neointimal 

formation (Torsney, Hu and Xu, 2005; Tang, Wang, Yuan, et al., 2012; Roostalu et al., 

2018; Di Luca et al., 2021; Molony et al., 2021). Although several studies have evaluated 

changes in autofluorescence signals in response to the differentiation of stem cells  to 

various lineages in vitro in general (Rice, Kaplan and Georgakoudi, 2007; Squirrell et al., 

2012; Thimm et al., 2015), there is significant oversight and a lack of information about 

the use of autofluorescence signatures to discriminate stem cells from their myogenic 

progeny in vitro and in vivo during PIT development. Although somewhat more 

advanced, numerous studies have identified and collated Raman signatures of vascular 

smooth muscle cells and associated extracellular matrix proteins, collagen, and elastin 

which could serve as early spectral biomarkers for non-atherosclerotic stenotic 

progression (Lopes et al., 2011; Peres et al., 2011; Marzec et al., 2015). Findings reported 

in this study can add an extra dimension to current diagnostic methods currently used to 

detect atherosclerosis due to the feasibility of in situ early lesional interrogation to 

discriminate the presence of stem-cell-derived vSMC in the neointima indicative of 

vascular pathogenesis. A limitation of the current reported findings is the analysis of cells 

and tissues ex vivo. For diagnostic purposes, the development of a small device capable 

of in vivo analysis is essential. The application of Raman spectroscopy probes has already 

proved successful in many clinical settings and has previously been deployed intra-

operative guidance of brain surgery and endoscopic gastrointestinal procedures (Jermyn 

et al., 2015; J. Wang et al., 2015). Furthermore, recent advances have been made toward 

the development of a smart Raman needle with the capability to measure molecular tissue 

samples both in vivo and ex vivo (Day and Stone, 2013). These recent advancements are 

promising for developing a suitable device for routine in vivo monitoring of discrete 

changes in arterial cellular phenotypes that indicate early lesional pathogenesis, enabling 

primary prevention treatment (Figure 6.2).  
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Figure 6.2 FTIR, Raman and single-cell autofluorescence emissions signatures as 
diagnostic biomarkers for subclinical detection of atherosclerosis.  Vibrational 
spectroscopy has shown great promise as a diagnostic tool for detecting discrete changes 
in cellular compositional makeup due to the ability to detect marginal changes in protein, 
lipid, and cytoskeletal content of a cell. Using a Raman/autofluorescence emissions probe 
routine analysis of the arterial wall  in vivo can detect discrete changes in cellular 
composition indicative of sub clinical atherosclerosis.  
 
 
6.3 Future Work  

 

Using three novel diagnostic platforms, FTIR, Raman and single-cell autofluorescence 

emissions platforms to interrogate HiPSC-derived undifferentiated NE and PM stem cells 

and their myogenic progeny, in addition to discrimination of normal and diseased cells 

and detection of stem cell and VSMC-like cells in diseased lesions, the data in this thesis 

presents a clinically translatable strategy to specifically detect discrete molecular changes 

in  resident vascular lesions by combination of imaging and photonics signatures. Recent 

studies have reported the application of Raman spectroscopy in additions to machine 

learning tools to diagnosis and classify healthy versus tumour tissue. The use of a 

molecular Raman probe to characterise all major cellular components in combination 

with PCA and LDA has successfully distinguished cancerous from healthy breast tissue 

using 16 bands gathered from the fingerprint region (Zúñiga et al., 2019; Kothari et al., 

2021).  
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In order to translate the findings in this research to a clinical setting further ex vivo and in 

vivo studies would be required. The data presented in this study represents preliminary ex 

vivo findings of the ability to distinguish healthy versus diseased tissues using Raman 

spectroscopy from a total of 15 patients per disease state including aged, atherosclerotic 

and arteriosclerotic lesions. Furthermore in vivo analysis has demonstrated the ability to 

detect distinct changes in resident vascular cells. In order to validate the data presented 

in this study these findings would need to be tested in patients identified with 

arteriosclerotic or atherosclerotic lesions in vivo. Adaptation of current Raman probes 

used in clinical environments could be trialled for use in the detection of vascular lesions 

however there are some limitations regarding the depth at which light can travel through 

tissue sections which may prove a limiting factor in pursuit of non-invasive detection of 

early vascular lesions. An alternative approach to facilitate clinical detection of early 

changes in cellular phenotypes within the vasculature indicative of sub-clinical 

atherosclerosis would be the use of a Raman probe in conjunction with current catheter 

technologies which can be threaded up through the artery to the site of vascular damage 

for real-time measurement of resident cell phenotype changes at atheroprone areas of the 

vasculature indicative of disease. 

 

While evidence from this study identifies the role of EC-derived HG-EV mediated 

transport of Hh to resident S100β + NE stem cells resulting in myogenic differentiation 

and proliferation in vitro, further investigation is needed to identify the mechanism by 

which this occurs to establish a possible means of inhibition. Although we show 

upregulation of Hh target genes and subsequent myogenic differentiation is Hh dependent 

on cyclopamine and 5E1 inhibition in vitro, further research to determine the full 

proteomic profile of HG-EVs would be beneficial to identify the presence of co-factors 

necessary for Hh packaging and secretion. Due to the multifactorial  nature of CVDs the 

best suited strategy to detect discrete changes in the composition of the vasculature is the 

identification of a panel of biomarkers. Mass spectroscopy is a fundamental technique for 

the identification and characterisation of protein content of EVs. Several standard 

proteomic approaches have been used in the proteomic analysis of EVs including, two-

dimensional gel electrophoresis, LC-MS/MS and MALDA-TOF/TOF MS. Recent 

studies have applied these techniques to profile proteomic content secreted from resident 

vascular cells including cardiomyocytes (Malik et al., 2013), cardiac fibroblasts (Cosme 

et al., 2017), endothelial cells (Sheldon et al., 2010; de Jong et al., 2012) and smooth 
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muscle cells (Kapustin et al., 2015; Qiu et al., 2018). In many cases these studies report 

upregulation of >200 proteins in diseased versus healthy cells. Therefore, further 

characterisation of the full proteomic profile of EC-derived HG-EVs in comparison to 

NG and MT EVs would provide greater evidence to the extent of proteomic changes in 

EV content in response to EC injury.  

 

The use of serological biomarkers have gained momentum in the search for subclinical 

detection of disease. The discovery of serological biomarkers proves favourable as they 

require minimum invasion, are cost effective and therefore can be incorporated into 

routine screening for subclinical detection of disease. Crucially, incorporating EV 

measurements within diagnostic assessments in clinical settings will depend upon the 

development of fitting devices to enable rapid and/or high-throughput analysis, 

potentially demanding adapted processing procedures. Although the detection of Hh in 

serum samples from CVD patients was not addressed in this study, previous studies have 

reported successful detection of SHh in serum samples from cancer patients (Noman et 

al., 2017). In addition to this, elevated levels of SHh proteins have also been associated 

with fibrotic and vascular manifestation in systemic sclerosis, however the possibility of 

this being EV-bound was not investigated. In order to translate the findings presented in 

this study to a clinical setting isolation of EVs from serum samples of healthy patients 

and patients at risk of or who have had a cardiovascular event would be necessary to 

determine the presence the levels of circulating SHh+ EVs.  

 

Detection of EV-SHh requires EV isolation prior to interrogation. A major challenge 

facing EV profiling in clinical settings is the identification of a standard technique to 

isolate intact EVs from bodily fluids with high reproducibility and purity. Although this 

study demonstrates the use of EV enriched preparations on human stem cells the choice 

of isolation method used has been reported to yield a high recovery of extracellular 

material with low specificity therefore a further purification step would prove beneficial 

in determining if the functional effect of high glucose derived EVs on stem cells is in fact 

EV-dependent. One such purification technique that could be applied in future studies is 

the use   of differential ultracentrifugation using intermediate time/speed with or without 

wash, tangential flow filtration, and membrane affinity columns. However, conventional 

EV isolation processes can take over 12 hours to perform and are often reported to 

produce low recovery rates and result in an impure extract (Patel et al., 2019). Several 
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factors such as the rotor type, g-force and the centrifugation times also affect the purity 

and yield of EVs, thus compromising centrifugation as a recognised standard for clinical 

exosome isolation (Cvjetkovic, Lötvall and Lässer, 2014).  Future studies using 

centrifugal microfluidic lab-on-a-disc (LoaD) platforms would be best suited for plasma 

extraction as previous studies have reported on-disc filtration to extract EVs from 

separated plasma (Sunkara et al., 2019) as well as isolation of EV subgroups of distinct 

size (Meng et al., 2021).  

 

Although the findings in this study highlight the role of endothelial-derived EVs in stem 

cell to smooth muscle cell differentiation, a hallmark of subclinical atherosclerosis the 

development of a Point of Care (POC) would be best suited for clinical application of EV 

detection. Hospitals and clinics rely heavily on central laboratories to analyse patient 

samples and deliver accurate and timely results. This common operational model places 

the vast majority of blood/sample analysis responsibility on the central laboratory, 

irrespective of the relative exigency of the test. However, the layout of this model, in 

which sample transport and handling contribute to delays, is unfavourable for 

streamlining the triage process and ensuring critical needs are fulfilled. By contrast, point-

of-care-testing (POCT) involves conducting a diagnostic test in a patient’s proximity and 

incorporates the use of a compact device to facilitate rapid biomarker measurement. 

Unlike central laboratories in which a variety of sophisticated instruments and 

measurement equipment are routinely utilised, a point-of-care (POC) platform is 

generally robust, with the capacity to perform measurements in a range of test 

environments and without the need for highly specialised training. The development of 

compact and user-friendly platforms that can accommodate POC EV analysis. 

Importantly, some processes are naturally more suited to POCT and are somewhat 

unrestricted by technological limitations. These are key factors to contemplate when 

assessing the feasibility of exosome measurement for POCT as current isolation processes 

and measurement techniques may be inherently unsuited for POCT. In order to translate 

the findings from this study to a clinical setting the development of centrifugal 

microfluidic lab-on-a-disc (LoaD) platforms would be necessary for plasma extraction 

from whole blood incorporating on-disc filtration to extract EVs from separated plasma 

prior to measurement of SHh levels as an early diagnostic indicator of the potential of 

stem cell to VSMC differentiation indicative of sub-clinical atherosclerosis.  
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Although this study demonstrates two potential diagnostic tools to identify surrogate 

markers of subclinical atherosclerosis by targeting EVs from dysfunctional endothelial 

cells in addition to interrogation of lesional cells for discrete photonic and vibrational 

spectroscopic fingerprints, future studies investigating the combination of the 

photonic/vibrational spectroscopic signatures of healthy versus diseased associated EVs 

could be explored.  Current routine techniques used to characterise EVs such as NTA and 

DLS have shown successful discrimination of EV concentrations based on the 

exploitation of light therefore the use of Raman as a discriminator of healthy versus 

diseased EVs is promising (Tucher et al., 2018; Tian et al., 2021). Recent studies have 

investigated the detection of distinct changes in EV cargo in response to pathologic 

stimuli  using surface-enhance Raman spectroscopy which allows an increase in the 

sensitivity of measurements by a plasmonic interaction between analytes and 

nanostructured surfaces (Chalapathi et al., 2020; Shin, Seo and Choi, 2020; Zhang et al., 

2020). The ability to assess the accumulation of stem cell-derived progeny using label 

free platforms in situ or the detection of EVs secreted from these progeny during disease 

progression may further facilitate interrogation of these phenotypes by their discrete 

spectroscopic signatures using liquid biopsies and microfluidic platforms.  

 
 
6.4 Conclusion  
 

The overall aim of this study was to develop novel strategies that interrogate and 

discriminate disease relevant cell populations and detect the key signalling molecules 

within endothelial-derived EVs that dictate their fate. Specifically, single-cell photonic 

analysis of broadband light, Raman and FTIR spectral datasets from normal vSMCs and 

lesional cells from human vessels ex vivo in addition to HiPSC progenitors and their 

myogenic progeny in vitro were analysed using supervised machine learning as novel 

diagnostic platforms for early detection of vascular phenotypes within lesions. Moreover, 

the characteristics and effects of endothelial-derived EVs on these resident vascular stem 

cell fate following hyperglycaemic-induced endothelial dysfunction were assessed using 

rat and HiPSC models in vitro as a potential surrogate marker for early lesion formation. 

 

The cumulative data in this study provides novel insights into the role of EC-EV mediated 

transport of key signalling molecules responsible for differentiation and proliferation of 

resident NE S100β+ stem cell to vSMC migrating to the intimal layer resulting in 
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neointimal formation. Highlighting the importance of the exploitation of EC-derived EV 

cargo as a diagnostic marker for sub-clinical detection of atherosclerosis. Furthermore, 

significant data has been presented to demonstrate the feasibility of photonic techniques 

FTIR, Raman and autofluorescence emissions signatures of single-cells to discriminate 

undifferentiated stem cells from their myogenic progeny in vitro, healthy versus lesional 

cells ex vivo and finally interrogation of lesional cells to identify discrete changes in cell 

phenotypes indicative of early signs of atherosclerosis.   
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Appendix A  
 
 

 
 
Supplementary Figure 1. Hyperglycaemic conditions (HG) induce rat aortic 
endothelial dysfunction by fluorescent microscopy analysis of Annexin V-FITC. (A) 
Fluorescence staining of Annexin V-FITC in rat aortic endothelial cells treated with 
various glucose concentrations (0mM – 1M). (B) The fraction of Annexin V-FITC+ cells 
per glucose treatment. All images are representative of n > 6 images per experimental 
group from two independent cultures. Scale bar representative of 50μm. Data 
representative of n>6 images per experimental group from two independent cultures. 
Error bars based on SEM.  
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