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Introduction: 

As the population of aging communities increase globally, the incidence of atherosclerotic 

cardiovascular disease (ACVD) has emulated this increase, making ACVD the leading 

cause of deaths not just in western populations, but worldwide (1). Predominantly, these 

fatalities occur from plaque obstructions to the coronary artery leading to acute 

myocardial infarction (MI) (2, 3), with carotid and cerebral arterial blockages causing 

stroke related deaths (4), making them the second and third highest levels of vascular 

fatalities respectively (4). Other issues caused by atherosclerosis include peripheral artery 

disease, which often leads to limb and organ threatening damage (5). Low-density 

lipoprotein (LDL) and oxidised-LDL (ox-LDL) are key biomarkers in all forms of 

sclerotic vascular disease, making LDL a good prognostic tool and therapeutic target for 

ACVD genesis and development, currently being utilised by clinicians globally (6, 7).  It 

is important to note that LDL has a long history in aiding diagnostics, prognostics and 

drug development for patients with suspected arterial plaque formation (8), with known 

links dating back to as early as 1913 (9). Higher levels of circulating LDL leads to 

increased endothelial internalisation of LDL to the sub-endothelial space where LDL can 

undergo oxidation ox-LDL. ox-LDL is recognised by the immune system which in-turn 

causes monocyte recruitment to the endothelium, ultimately migrating the subendothelial 

space where they can differentiate to macrophages. These macrophages will then 

commence the process of ox-LDL engulfment, eventually further differentiating them to 

foam cells, increasing fatty deposits, and forming fatty streaks on arterial walls (10). This 

process marks the beginning plaque formation, a process that often silently develops over 

several decades, frequently leaving the victim unaware of the ever-constricting artery 

until a life-threatening incident occurs leaving a lifelong or terminal injury to the patient. 

Whether or not a patient survives the initial attack (MI or stroke), the susceptibility to 

subsequent disease and lower life expectancy are well established. Making this topic of 

vital importance for further investigation. From early detection of plaque formation, 

treatment to stabilise patients at risk, to reversibility of the damage already caused, are all 

key areas of research still to be discovered.  

Extracellular vesicles (EVs) are small, membrane-bound particles released by all known 

cell types into the extracellular environment. They play an essential role in cell-to-cell 

communication by carrying a variety of biomolecules, including proteins, lipids, and 
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nucleic acids, which can then be transported to other cells. This transfer of materials 

allows EVs to influence a wide range of biological processes, from immune responses to 

tissue repair and even cancer suppression (11-13). EVs are released from all known cell 

types carrying markers and macromolecules of their host, sending out vital information 

on the status of the cell whether healthy or in distress. EV uptake from the extracellular 

matrix may occur at random to nearby cells if the EV-associated tetraspanins (e.g. CD9, 

CD63, or CD81) are abundant on their surface, or via other methods such as, clathrin-

mediated, caveolin-mediated, and lipid raft endocytosis (14) as well as macropinocytosis, 

and phagocytosis. Some EVs could carry specific cargo and might have distinctive 

markers on their surface, which may be used as signalling molecules or to target more 

specialised cell types and tissue (15). 

There are several types of EVs, classified based on their size, location of origin, and their 

biogenic pathway. According to the latest Minimal information for studies of extracellular 

vesicles (MISEV) 2023 guidelines set out by the International Society for Extracellular 

Vesicles (ISEV) (16) there are 2 major categories of EVs, large-EVs (lEVs) and small-

EVs (sEVs). lEVs are now classed as vesicles with a diameter ≥ 200 nm, whilst sEV are 

those EVs with diameter ≤ 200 nm. According to older nomenclature and guidelines, the 

sizes were previously considered in three categories, with < 100 nm considered sEVs, 

100 – 1000 nm as medium EVs (mEVs), and 1-5 μm considered lEVs (17). In older 

versions of nomenclature and terminology used in the field, sEVs were synonymous with 

exosomes, mEVs synonymous with microvesicles or microparticles, and lEVs 

corresponded to apoptotic bodies (18), although even back then these terms were 

somewhat debated.  

Since 2014, more data has shown that not all multivesicular body originating EVs are of 

the same or even similar size (19, 20). Therefore, to consider an EV an “exosome” or a 

“microvesicle”, it is now necessary to prove the biogenesis and method of EV release. 

The third category often mentioned are “apoptotic bodies”, formally considered the 

largest of the EV sub-populations, however, dying cells have now been shown to produce 

EVs of a diverse size (21, 22) in the apoptotic process. It is therefore now required to 

show that such EVs were released as a part of the programmed cell death if suggesting 

them as apoptotic bodies. 
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Figure 1 below, adapted from Brezgin et. al. 2024 (23) shows the different EV release 

mechanisms that more clearly define the nomenclature of some of the EV subtypes. It is 

also noteworthy, that at this point in time we do not have a method to completely isolate 

a particular subtype of EVs, but enrichment particular EVs is becoming more common 

and induction of a particular EV release mechanism (e.g. inducing apoptosis in cells using 

FasL, or Fas ligand) is also possible in order to study a particular form of EVs. 

Figure 1. This schematic is a visual representation of the different mechanisms of 

extracellular vesicle release from cells. At the top centre, we show the endocytic 

invagination of extracellular macromolecules, this leads to the endosomal pathway, and 
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after endosomal escape, the multivesicular body formation can occur – which intern leads 

to the release of exosomes. Top right of the schematic, the budding and release of 

ectosomes can be seen. At the bottom left of the image the process apoptosis can be seen, 

starting with the blebbing of the cell membrane, protrusions, and finally the release of 

apoptotic bodies. This last method of EV release also often contains fragmented DNA and 

other clear signs of its mechanism of release. This image is an adaptation of Figure 1 

published by Sergey Brezgin et. al. in 2024 (23).  

An additional method of EV classing can be done through surface marker 

characterisation. By showing that an EV or EV population are rich in a particular marker 

will often be used to determine the pathway of its genesis as well as the tissue of origin 

or releasing cell type. One universal marker that many EV researchers still utilise today, 

in order to show that biological isolates are in fact EVs, is phosphatidylserine. 

Phosphatidylserine is typically found in the inner cell membrane, meaning cells will not 

likely show its presence unless lysed or undergoing apoptosis. During budding and release 

of EVs, membrane flipping occurs, allowing phosphatidylserine (among other inner 

membrane phospholipids) exposure on the EV surface. Annexin V in the presence of 

calcium will bind phosphatidylserine. When biological isolates bind to annexin V in the 

presence of calcium, this is enough to show (at least for pilot studies) that EVs are present 

in the mix.  

Figure 2 below shows some of the basic EV markers which are used to identify vesicle 

populations in either biofluids or EV isolates in buffer. 

Figure 2. A schematic diagram showing the markers and antibodies found on the surface 

of extracellular vesicles (EVs), which can be used to determine whether a particular 

population are vesicles or not, while also serving to give a rough estimate into the likely 

biogenic pathway of the population. On the left, phosphatidylserine can be seen and are 
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likely present on all EVs. Centre left, and centre right are CD9 and CD63 and associating 

antibodies, these EVs are likely of endosomal origin. To the right, CD81 plus its antibody 

can be seen, these are likely membrane budding EVs. 

As briefly mentioned above, many common proteins including tetraspanins on the cell 

surface will end on the surface of EVs. Tetraspanins are a family of membrane proteins, 

characterized by four transmembrane domains, typically two extra-membranous loops 

and shorter inter-membranous tail ends. Tetraspanins are involvement in various cellular 

processes such as trafficking, adhesion, and cellular signalling. As with all cellular 

processes, different tetraspanin subtypes may have distinct features in order to perform 

more specialised tasks. CD9, CD63, and CD81 are among the most common tetraspanins 

found on the surface of our EVs. CD63 for example, is abundantly found and detected on 

the surface of EVs. CD63 is particularly enriched in endosomal membranes making them 

largely specific to exosomes, one of several subtypes of EVs originating from the 

endosomal and late endosomal pathways. It is important to mention however, that as 

CD63 is also found on the cell surface, not all CD63+ EVs originate from the endosome, 

and thus does not directly classify them as exosomes. 

CD63 is often used as a biomarker for the detection and characterisation of EVs. For these 

reasons, both in research and in a clinical context, CD63 is employed in several methods 

for EV detection and isolation, including, flow cytometry, western blot, immune bead 

capture and immune-labelling microscopy (confocal imaging). 

As EVs are so abundantly released from cells, EVs are found in all body fluids that have 

been studied to date, including blood, saliva, urine, and cerebrospinal fluid among others. 

Based on the relative size of many EVs, unlike cells and other larger biomaterial, they 

can easily pass the blood-brain barrier. As such, they make exceptional tools and can be 

exploited for liquid biopsies, rather than more traditional invasive and complex tissue 

biopsies. This has made them very attractive to clinicians across many fields and a 

potential gold mine for biological and pharmacological researchers alike. 

Over the last decade or more EVs have slowly been gaining traction in a multitude of 

biological and medical investigations (24) due to emerging evidence of their involvement 

in vast numbers biological and physiological pathways (25-27) allowing for speculation 

of their association to disease. As predicted, EVs have been shown more recently to be 
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involved in pathogenic processes both in vivo and in vitro, particularly in the field of 

oncology (27, 28) and cardiovascular diseases (CVD) (25). Lately, EVs have also shown 

strong potential as therapeutic agents for many diseases (29) including a variety of 

cardiovascular related health detriments (30, 31). This phenomenon has made EVs a 

leading area of interest to many clinicians as well as pharmacists for drug development 

(32-34). 

Contemporary diets are often based on high fatty content including “fast foods” as well 

as heavily processed high cholesterol products which are still noted for their contribution 

to dysfunction of cholesterol and lipoprotein metabolism which can often lead to ACVD 

(35, 36). Such diets are also shown to have notable involvement of obesity, MI, stroke, 

and diabetes (36, 37) and are even believed to play a crucial role in many other co-

morbidities such as cancer (38). Being that an increase in cholesterol has been historically 

noted as associated with poor diet (39, 40), our investigation involved using a high fat 

diet (HFD) in mice models to assess the cholesterol changes and how such alterations 

would affect circulating EV levels.  

As seen in clinical settings, ACVD predominantly occurs in midlife and older patients 

(41).For this reason, this research also elected to include an old age condition, whereby 

mice were left to grow old under regular maintenance in the animal care facility. As seen 

below a big part of our in vivo study focused on mouse models, with a KO of different 

cardiovascular related genes. Due to the increasing awareness in recent years of the 

impact genetics plays as a primary cause in cholesterol dysregulation (42, 43), and with 

a growing number of publications alluding to genetics as primary cause of ACVD, we 

also used lipoprotein related genetically modified animal models to investigate 

cholesterol dysfunction, dyslipidaemia and atherosclerosis. After the establishment of 

disease states, we were then able to assess other suspected biomarker alterations 

associated with ACVD. Mainly, EVs and certain EV-sub populations. 

The motivation for the current research came when in 2016, our laboratory demonstrated 

the association and co-isolation of LDL and EVs from human blood plasma (44). 

Previously thought to be unrelated, with suspected divergent densities, biogenic pathways 

and metabolic properties, this paper was a shock not only to the young EV field, but also 

to the veterans of the well-established lipoprotein academics. Since then, other groups 
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have continued to show the association of EVs and other lipoproteins including, high-

density lipoprotein (HDL), LDL, and very lower-density lipoprotein (VLDL) amongst 

others (45, 46) and continue to show lipoprotein contamination in EV preps from all tissue 

and body fluids regardless of the isolation methods applied (45). Figure 3 below is an 

image taken from the Soda Barbara et. al 2016 publication (44) from our lab. This is a 

transmission electron microscopy image which shows association of both EVs and LDL 

particles in the same isolate. It can also be seen from the image that the two distinct 

populations associate fairly well. 

Figure 3. All three images are transmission electro micrographs taken from figure 3 of 

the 2016 publication from our lab. The left hand side image is an ultrathin section 

prepared from PFP-derived large extracellular vesicles (lEVs) (back then known as 

microvesicles or medium sized EVs) pellet. The asterisk represents what are now 

considered lEV. The two images to the right side of the figure are both similar 

micrographs after osmification, allowing the electron dense lipoproteins (black arrows) 

to be visualised. Here too, the asterisk represents lEVs (44). 

A recent review on the topic of EVs involved in therapeutic applications made a primary 

focus on the interaction that EVs have with lipoproteins (47). This paper highlights the 

prospective use of EVs as a therapeutic option for vascular and other cholesterolaemic 

related disorders. Figure 4 below used in the above-mentioned review (47) shows two 

diagrams - both showing the magnitude of overlapping proteins which are associated with 

both lipoproteins and EVs. This figure once again shows the overlap between the two 

fields and indeed the difficulties of separating and distinguishing EVs from lipoproteins. 
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Figure 4. The protein composition and proteomic overlap between lipoproteins and 

extracellular vesicles (EVs). a Based on a 2021 meta-analysis (48) which considered > 

6,000 proteins from both EVs and lipoproteins, they shared at least 203 proteins. b Here 

it can be seen using a Venn diagram the individual lipoprotein-proteins which are also 

associated with EVs. Here it can be seen that EVs share 79 proteins with very low-density 

lipoproteins, 61 with low-density lipoprotein, and 175 shared proteins with high-density 

lipoprotein. This figure was produced by the authors of the recent review on therapeutic 

and pharmacological applications in EV (47). 

Many of these earlier studies gave way to other hypothesis’ and later the discovery of the 

protein corona on the surface of EVs (49). Based on this, we hypothesized that EVs may 

also play a crucial role in atherosclerosis development, possible affecting cellular 

internalisation of cholesterol in monocytes as well as macrophages. This internalisation 

of cholesterol causes foam cell formation, and endothelial tissue fatty streaks in the initial 

stage of arterial plaque build-up.  

The LDL receptor (LDLR) is a crucial regulator of LDL-cholesterol (LDL-C) involved 

in LDL clearance from blood circulation through guided cellular internalisation for 

degradation (50) and transport to the liver. Due to our comprehension of the clinical 

implications of the LDLR, we postulated the potential roles the LDLR may play in 

regulating circulating EV levels. We utilised this in studying how EV levels may up- or 

down-regulate LDL metabolism. Other researchers have previously opted for 

downregulation of or even knock-out (KO) of the LDLR gene, to study the biological 

effects and clinical implications this may have of total cholesterol (TC) and LDL-C levels 
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(51, 52) in circulation in addition to the cellular impact this gene and associated proteins 

may influence. However, in this research we have also elected to explore these roles, as 

well as the potential role the LDLR gene plays in determining EV levels as well as, in 

cardiac function, and in atherosclerosis development in murine models. 

An additional gene of high relevance in ACVD, is proprotein convertase subtilisin/kexin 

type 9 (PCSK9), which serves as a negative regulator of LDLR, which has also become 

a key therapeutic target to help regulate LDL-C levels in patients with more severe forms 

of clinical hypercholesterolaemia (53, 54). Although much of the work in understanding 

the PCSK9 gene and its resulting protein is yet to be understood, various inhibitors have 

been readily available and authorized for clinical use to help reduce LDL-C levels in 

chronic hypercholesterolaemic and ACVD patients for several years now (55), with FDA 

approval being granted in 2015 (56). The preparation stages are currently in progress for 

deletion of the PCSK9 gene employing CRISPR/Cas9 technology, which could be used 

in the future in humans. The clinical use of this technology will specifically target hepatic 

cells (57) were LDLR function is paramount. Based on the significant clinical interest in 

PCSK9 and its direct corelation to circulating LDL levels, this study also opted to 

examine circulating EV levels in a PCSK9−/− murine model. 

For the aforementioned reasons, we elected to study C57BL/6J background mice, with 

either PCSK9-/- and LDLR-/- plus a wild-type (WT) control group. We studied an LDLR−/− 

mouse model where EV changes occurring in an increased LDL-C environment could be 

observed and a PCSK9−/− mouse model, where EV investigations could take place in a 

reduced cholesterol setting. Some studies show that hypocholesterolaemia can have a 

genetic contributing factor (58) while others show poor diet has a role in increased 

cholesterol levels (36). Although both may have their own role in increasing LDL levels, 

it is established that high circulating LDL-C is an indicator of poor cardiovascular 

prognosis in humans, with increased risk of atherosclerosis (59). Therefore, this study 

also evaluates the circulating EV levels in human platelet free plasma (PFP) from normal 

and hypercholesterolaemia patients to understand how EV levels may be relevant in 

clinical atherosclerosis and patient cardiovascular health. 

Being that previous research has shown that EVs and lipoproteins are inseparable in 

bodily fluids (44) using even the most cutting-edge technology for isolation (60) and that 
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such complexes form spontaneously and rapidly when co-incubated (44) it is evident that 

EVs play a crucial role in many or even perhaps all functions of lipoproteins including 

LDL-C. It has long been reported that cholesterol levels, mainly LDL-C, are an important 

prognostic marker heavily involved in atherogenesis. Based on the current literature 

regarding the EV-lipoprotein relationship, including previous work from our own lab as 

well as the work of other research groups, we theorized that EVs are involved in 

hypercholesterolaemia and atherogenesis. It appears that there is a lack of information 

currently available as to the direct mechanism of EV-lipoprotein binding. Although the 

leading conjecture is that binding occurs through the protein corona on the EV surface 

(49) (depending on size, charge, and surface chemistry of both particles). It is also not 

known which EVs are more likely to bind cholesterol, or which may more specifically 

bind LDL-C. Here, we aim to identify circulating levels of EV subpopulations in blood 

plasma with normal, high or low LDL levels in mice and humans. The current study sheds 

light on EV subpopulations likely to be involved in hypercholesterolaemia and 

atherogenesis based on size and surface markers. And may even offer an explanation as 

to the mechanisms by which EVs might protect against or exacerbate ACVD. Based on 

the established interplay between EVs and lipoproteins we hypothesize that concentration 

of large EVs with particular surface markers will be a good predictor of ACVD and may 

be used prognostically in clinics in the future.  
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2. Objectives: 

Our principal objectives in this work were as shown below. 

• To investigate the relationship between circulating EVs, particularly lEVs, and 

lipoproteins (primarily LDL). 

 

• To explore whether circulating lEV subpopulation levels are associated with the 

presence, and correlate to the extent of atherosclerosis. 

 

• To examine how circulating lEV subpopulation levels vary with age in-vivo. 

 

• To assess the potential of CD63+, CD81+, and annexin V+ lEVs as prognostic 

biomarkers for ACVD, as well as to consider how aging may impede this 

correlation. 
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3. Methods: 

3.1 Mice handling 

All experimental procedures on mice adhered to the guidelines set by the Council 

Directive of the European Union (86/609/EEC), with approval from the Institutional 

Animal Care and Use Committee of Semmelweis University (PE/EA/1363-8/2019) 

obtained prior to the experiments. Male mice with a C57BL/6J background, aged 10 

weeks, and of wild-type (WT), PCSK9−/−, and LDLR−/− genotypes were used, with six 

mice in each genetic background. The mice were supplied by the Jackson Laboratory 

(JAX catalogue numbers: 000664, 005993, and 002207, Bar Harbor, USA) and were 

housed at the animal facility of the Institute of Genetics, Cell- and Immunobiology.  

The animals were maintained on a standard 12-hour light/dark cycle with unrestricted 

access to food and water. At the beginning of the experiment (week 10), blood samples 

were collected from the retrobulbar venous plexus while the animals were on a normal 

diet. In the second week (11 weeks of age), following a 5-hour fast, blood was again 

collected from the retrobulbar venous plexus, after which the mice were placed on a high-

fat diet (HFD) containing 45% kcal from fat (catalogue # D12451, Research Diets, New 

Brunswick, USA) for a period of 12 weeks (until reaching 23 weeks of age). 

At the midpoint of the HFD regimen (week 6 of HFD, age 17 weeks), mice were fasted 

for 5 hours, and blood was again collected from the retrobulbar venous plexus. At the end 

of the 12-week HFD period (age 23 weeks), mice were anesthetized with isoflurane (1 

mL/100 g body weight) and euthanized via terminal blood collection from the inferior 

vena cava. Weekly weight measurements were recorded from 10 to 23 weeks of age. 

To evaluate the effects of aging, male WT, PCSK9−/−, and LDLR−/− mice (all C57BL/6J 

background) were kept on a regular chow diet for 22 months, with group sizes of six. At 

22 months, surviving mice were anesthetized with isoflurane (1 mL/100 g body weight) 

and euthanized via terminal blood collection from the inferior vena cava, with body 

weights measured at the time of sacrifice. Figure 5 below is a schematic, showing the 

outline of the experimental design for all the in vivo work carried out in this project. 
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Figure 5. This is a basic schematic representation of the in-vivo work performed in this 

project. As can be seen on the left, mouse models with the cardiovascular related genes 

PCSK9 and LDLR knocked out were either fed high-fat diet for 12 weeks or left to grow 

old. At experimental end (as seen in the centre), cardiac measurements were taken and 

animals were euthanised, after which tissue collection and plaque analysis was 

performed. Blood plasma was used later to assess cholesterol and extracellular vesicle 

levels. 

 

3.2 Mice genotyping 

Genotyping of mouse strains was routinely conducted every 12–18 months or whenever 

new breeding cages were established to confirm the homozygosity of breeding pairs and 

their offspring. Typically, two females and one male from each knockout (KO) strain were 

genotyped simultaneously, along with 1–2 wild-type (WT) animals included as negative 

controls. A DNA ladder (catalogue # SM0373, Thermo Scientific, Waltham, USA) with 

50 bp was utilized. PCR primers and protocols provided by the Jackson Laboratory were 

followed. For PCSK9−/− mice, genotyping was performed using protocol 27858: Standard 

PCR Assay - Pcsk9<tm1Jdh> Version 4.2, while for LDLR−/− mice, protocol 27075: 

Standard PCR Assay - Ldlr<tm1Her>-alternate 1 Version 1.2 was used.  

3.3 Human samples 

In this study, PFP samples were collected from clinical patients. Blood samples were 

obtained from venous blood drawn from patients admitted to the Városmajor Clinic at 

Semmelweis. Blood collection tubes were anticoagulant citrate dextrose solution A 
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(ACD-A) containing tube (15% ACD-A). These patients had been evaluated and cleared 

of acute cardiac ischemic events after presenting with chest pain in the emergency 

department. The study received ethical approval from the Regional and Institutional 

Committee of Science and Research Ethics at Semmelweis University (67/2022). 

Samples included male patients, with their data summarized in Table 1. Group A consisted 

of patients with normal cholesterol levels, while Group B included patients with 

hypercholesterolemia (n=6 per group). Total cholesterol (TC), LDL-C, high-density 

lipoprotein cholesterol (HDL-C), triglycerides, glucose, and haemoglobin A1c (HbA1C) 

were measured using the DxC 700 AU (Beckman Coulter, Brea, USA). Figure 6 below is 

a basic schematic, outlining the experimental design for all the clinical measurements we 

performed. 

 

Figure 6. A schematic representation of the clinical investigation performed in this 

research. Here, patient blood was taken from both patients with normal cholesterol and 

those with high cholesterol levels. Blood biomarkers relevant to cardiovascular diseases 

was assessed by the clinic. Upon receipt, we investigated the EV content of the plasma 

from both patient groups. 

Table 1. The above table shows the data collected from two groups of patients. The first 

group are of patients with normocholesterolaemia and the second group are patients with 

hypercholesterolaemia. A numbering system used to randomize the patients in each 

group, and anthropometric data providing sex and age of the patients recruited. The date 

of recruitment of each patient is provided. A lipid profile including total cholesterol, low-

density lipoprotein, high-density lipoprotein, and triglycerides is included in this table. 

Additional data provided here includes levels of, glucose, HbA1c, estimated Glomerular 

Filtration Rate (eGFR), glutamate oxaloacetate transaminase (GOT), and glutamate 
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pyruvate transaminase (GPT). For each row where measurements are shown, an unpaired 

t-test is displayed, with the last column showing the whether the groups are significantly 

altered. Table adapted from supplementary data (61) of authors own first author 

publication.

 

 

3.4 Mouse blood collection, handling, and storage 

Blood collection was performed via the retrobulbar venous plexus with the use of 

Corning® Pasteur pipettes L 5 3/4 in. (146 mm), standard tip (catalogue # CLS7095B5X-

1000EA, Merck Sigma, Darmstadt, Germany) whenever mice blood was extracted, 

except for when sacrificing the mice. During animal sacrifice, blood was drawn from the 

inferior vena cava using ACDA-laced syringe and needle for precise extraction. Each 

blood sample was lightly mixed with 15% ACD-A anticoagulant, kept at 4 °C, and 

processed within two hours of collection. Samples were centrifuged at 2,500 g for 15 

minutes at 4 °C to obtain platelet-poor plasma (PPP), which was carefully separated from 

the red blood cells. A 45 μL aliquot of PPP was reserved at 4 °C for later assessment of 

cholesterol. For downstream EV measurements, the remaining PPP was centrifuged again 

at 2,500 g for 15 minutes at 4 °C to separate PFP. This PFP was then aliquoted into 1.5 

mL Eppendorf tubes and diluted 1:1 with 0.1 µm-filtered saline (0.9M NaCl) solution. 

The saline diluted PFP was flash-frozen in liquid nitrogen and stored at -80 °C. 

Sex Age

7 M 39 01/02/2022 4.7 3.06 0.92 1.51 7.4 - 90 33 58

27 M 24 07/02/2022 4.8 2.92 1.77 0.2 5.6 5.2 90 25 25

28 M 35 07/02/2022 4.3 2.49 1.56 1 5.5 5.3 90 23 18

34 M 25 14/02/2022 4.1 2.17 1.86 0.7 5.3 - 90 21 12

41 M 58 17/02/2022 3.6 1.65 1.81 0.7 6.4 - 82.6 24 25

69 M 63 29/03/2022 4.6 3.01 0.88 3.1 5.5 5.7 90 22 18

13 M 39 01/02/2022 6.6 3.26 2.9 1.2 5 5.1 90 35 22

15 M 32 01/02/2022 5.5 3.04 1.8 1.45 4.6 5.2 87.7 27 27

24 M 48 04/02/2022 6.6 4.65 1.09 2.8 5.2 - 81.8 37 45

30 M 62 27/02/2022 7.2 4.76 1.59 1.6 N/A 5.5 5.1 50 100

48 M 38 01/03/2022 7.5 4.29 2.23 3.7 5.1 4.9 90 19 15

67 M 52 29/03/2022 6.8 4.75 1.41 1.6 10.2 6.6 88 44 74

unpaired t-test
p value

Significantly 

different? no yes yes no no no no no no no

Other lab data

0.169 0.94654 0.8902 0.304 0.0549 0.1942

Normo

Hyper

0.59 3.69E-05 0.0024 0.2768

Glucose HbA1C eGFR GOT GPT

Cholesterolaemic 

 groups
No.

Antropometric 

 data
Time of 

recruitment

Lipid profile

Total 

chol
LDL HDL TG
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3.5 Assessment of cardiovascular function 

All cardiovascular parameters performed on mice were assessed at the end date of 

experimental timeline, as previously described (61, 62). Briefly, a Vevo 3100 high-

resolution in vivo imaging system (Fujifilm VisualSonics, Toronto, Canada) was used 

with an ultrahigh frequency transducer (MX400, 30 MHz, 55 fps) and evaluation was 

performed using VevoLAB software (version 5.6.1, Fujifilm VisualSonics, Toronto, 

Canada). Animals were anesthetized with isoflurane (for induction: 5 V/V% in O2; for 

maintenance: 2 V/V% in O2), with spontaneous breathing. Throughout the 

echocardiographic measurements, body temperature was kept at 37±0.5°C, and 

electrocardiographic activity was obtained continuously.  

Chest hair was removed, and two-dimensional cines were obtained from the long-, short-

, and apical four-chamber views of the heart (LAX, SAX, and APIC4, respectively). Left 

ventricular end-systolic and end-diastolic volumes (LVESV and LVEDV, respectively, 

derived from the rotational volumes of the left ventricular trace at diastole and systole, 

around the long axis line of the spline), left ventricular stroke volume, left ventricular 

ejection fraction and cardiac output measurements were obtained from the LAX view.  

Left ventricular diameters in end-diastole and end-systole (LVEDD and LVESD, 

respectively), left ventricular fractional shortening, left ventricular mass, and left 

ventricular anterior or posterior wall thicknesses in systole and diastole (LVAWTs, 

LVAWTd, LVPWTs, and LVPWTd, respectively) were acquired from the SAX view. 

Relative wall thickness was calculated as 2*LVPWTd/LVEDD; left ventricular 

remodelling index was calculated as left ventricular mass/LVEDD. Iso-volumetric 

relaxation time, and E/e’ ratio (where E: peak transmitral blood flow velocity in early 

diastole measured by pulsed wave Doppler imaging; and where e’: mitral annular velocity 

in early diastole assessed by tissue Doppler imaging) were derived from the APIC4 view, 

indicative for diastolic function. 

3.6 Quantification of atherosclerotic plaques  

After termination of the mice, the aortic arches were carefully and precisely isolated, 

including removal of any visceral tissue using a stereomicroscope. An earlier protocol 

was followed (63) in order to stain and then image the isolated arches. Briefly, aortic 
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arches were stained with Oil-Red-O (Catalogue #31170, Serva, Heidelberg, Germany). A 

70% ethanol wash was applied before staining and an 80% ethanol wash afterward. 

Stained specimens were stored in 1x phosphate-buffered saline (PBS) until imaging, 

which was performed using the S9D microscope with objective lens 10450528 and a 

FLEXACAM C1 camera (Leica, Wetzlar, Germany). 

The stained area of each plaque, represented as the Oil-Red-O+ area/whole tissue ratio 

(%), was analysed with offline downloaded version (1.49) of ImageJ. Using the Wand 

tool, the total area of the isolated whole tissue was selected and measured. The following 

steps were employed to identify plaques in each isolated aortic arch: 

● Under the “Image” tab, “Colour” and then “Split Channels” were selected. 

● In the “Process” tab, the “Image Calculator” was used to subtract red from green. 

● In the “Image” tab, the “Adjust” function was selected to set a threshold for Oil-

Red-O+ particles (thresholds were visually confirmed by two independent 

researchers). 

● The “Process” tab was used again to apply a watershed to the image of Oil-Red-

O+ particles by selecting “Binary” and then “Watershed.” 

● Total particle area was then calculated using the “Analyse” tab and then selecting 

“Measure Particles,” using the prompt “0-infinity, 0.0-1.0” to measure all stained 

particles of any shape or size. 

All images and groups were initially randomized and blinded by one researcher before 

being independently analysed by two additional researchers. After which, the images 

were de-coded by the initial researcher to analyse the results for each group. 

3.7 Mice cholesterol level measurements 

Measurements were conducted using a Quantitation Kit for HDL and LDL/VLDL 

(catalogue # MAK045-1KT, Merck Sigma, Darmstadt, Germany) in accordance with the 

manufacturer’s instructions. Cholesterol parameters were assessed using PPP samples as 

specified by the protocol. All measurements were finalized within 7 days of sample 

collection, with fresh PPP stored at 4°C. 
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3.8 Analysis of circulating EVs using flow cytometry 

PFP samples stored at –80 °C were thawed and analysed on a CytoFLEX S N2-V3-B5-

R3 Flow Cytometer (product # B78557, Beckman Coulter, Brea, USA). The 

measurements were performed using a “slow” flow rate setting of 10 μL/min over a 2-

minute period, with events detected using a pre-optimized gate for EV detection, 

following protocols detailed in previous publications (64, 65). This setup incorporated the 

Flow Cytometry Sub-micron Particle Size Reference Kit (catalogue # F13839, Invitrogen, 

Carlsbad, USA) as shown in Figure 7. 

 

Figure 7. Three graphs above show the gating strategy used to set-up the EV gate in flow 

cytometry. a FITC-area/count graph showing all events displayed when reference size 

beads were measured by the instrument. The three sharp red peaks represent the beads of 

three different sizes (0.2, 0.5, and 1.0 µm) included in the kit. b A graph containing the 

Violet SSC-A/count. The three red peaks representing our three different sized beads 

mentioned above, as highlighted using the line segment. c FSC-hight /violetSSC-area 

used here shows the (forward/side) scatter of all events within the line segment seen in 

graph a within this figure. The proposed gate in blue, representing the EV gate. Figure 

adapted from supplementary data (61) of authors own first author publication. 

Antibodies were diluted 10-fold in 0.1 μm filtered Annexin Binding Buffer (ABB: 10 mM 

HEPES, 140 mM NaCl, 0.25 mM CaCl2; pH 7.4–7.5) and centrifuged at 12,600 g for 10 

minutes at 4°C. Carefully pipetted supernatants, ensuring no disturbance of antibody 

pellet aggregates, were transferred to new, labelled tubes. For mouse samples, 1 μL of 

PFP was used, and for human samples, 4 μL was used; these volumes were chosen after 

optimization testing with concentration curves used to avoid detector saturation while 

ensuring adequate particle counts, and without causing a swarm effect. Each sample was 
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prepared in a separate Eppendorf tube with antibody mixes ensuring no fluorescent 

overlap, these cocktails are specified in Table 2. Stained samples were protected from 

light and incubated at 4°C for 30 minutes. Following this, 30 μL of count check beads 

from Sysmex (Order # 05-4010, Lot KW190620, 37,920 particles/mL ±10%) was added 

to each sample, and ABB filtered at 0.1 μm was used to reach a final volume of 300 μL. 

Table 2. Table two is divided into two main categories, the first of which is the mice 

antibodies used and the second is the human antibodies used. The second column is the 

target antibody use, column three is the provider of the antibody, column four is the 

catalogue number, column five is the conjugate used, and the sixth and final column 

shows the volume of each antibody used per sample. Table adapted from supplementary 

data of authors own first author publication (61). 

 

All flow cytometry data was processed with the CytExpert 2.1 software (Beckman 

Coulter, Brea, USA) and exported to Office365 Excel (Microsoft, Redmond, USA) for 

further analysis using the following formula. 

EV positive Events 

= (
fluorescent events detected –  staining background 

bead count
) 𝑥 bead concentration x (

EV dilution 

bead dilution
) 

3.9 Bead-based analysis of clinical PFP lEVs 

MACSPlex EV Kit IO, for human sample detection was used (catalogue # 130-122209, 

Miltenyi Biotec, Bergisch Gladbach, Germany) to evaluate EV associated markers from 

the PFP of clinical patients. Three patients from group A and from 3 patients from group 

Species 
Antibody Provider Catalogue No. Conjugate Volume (µL) Cocktail No. 

Mice antibodies 

Annexin V Invitrogen R37175 AlexaFlora647 7.2 
1 

CD63 Sony Biotechnology RT1319520 PE 1.8 

CD81 Sony Biotechnology RT1124545 APC 1.2 
2 

ApoB Tresars TR78654-02 FITC 1.5 

ApoE Novus Biologicals NB110-60531PCP PerCP  N/A N/A 

CD29 Sony Biotechnology RT1111120 Pacific blue 1.5 3 

CD62P Sony Biotechnology RT1341520 APC 1.5 4 

  
            

Human 

antibodies 

Annexin V Invitrogen R37175 AlexaFlora647 7.2 1 

CD63 Sony Biotechnology RT2365095 PerCP-Cy5.5 3.04 2 

CD81 Sony Biotechnology RT2347575 Pacific blue 1 
3 

ApoB Tresars TR78654-02 FITC 1.5 

ApoE Novus Biologicals NB110-60531PCP PerCP  0.5 4 

CD29 Sony Biotechnology RT2115040 APC 1.5 
5 

CD62P Sony Biotechnology RT2124520 FITC 2 

 1 
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B (groups shown in Table 1) were measured. The MACSPlex EV Kit IO, mouse 

(catalogue # 130-122-211, Miltenyi Biotec, Bergisch Gladbach, Germany) was used for 

detection of above-mentioned markers in mice samples. Here, PFP samples were pooled 

from 6 animals from each group (WT, PCSK9, and LDLR) after HFD. Both the human 

and mouse samples were thawed from -80 oC, and 1 mL from each human sample and 0.5 

mL from pooled mouse samples were spun down at 20,000 g for 40 minutes using a 

refrigeration centrifuge, keeping samples at 4 oC throughout the process. The supernatant 

of each sample was discarded, and pellets were each re-constituted in 100 µL PBS. As a 

wash step, samples were re-centrifuged using 20,000 g for 40 minutes at 4 oC. 

Supernatants were carefully removed, and pellets were again re-constituted in 100 µL of 

PBS. 

The total protein concentration of each processed sample was measured with the Micro 

BCA assay kit (catalogue # A55864 ThermoFisher, Waltham, Massachusetts, USA). 

Based on the Micro-BCA assay, 10 µg total protein was used from each sample to perform 

the MACSPlex measurement. The manufacturers protocol was followed here using steps 

for the overnight incubation. A sample containing only the MACSPlex kit’s reaction 

buffer, their detection antibody cocktail mix, and capture beads was used as a negative 

control. The CytoFLEX S N2-V3-B5-R3 Flow Cytometer (product # B78557, Beckmann 

Coulter, Brea, California, USA) was used to measure all MACSPlex samples. All 

measurements were taken on medium speed setting at 30 µL/minute. The gating strategy 

used here, was based on the negative control sample and can be seen in Figure 8. 
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Figure 8. Three graphs display the flow cytometry set-up for the exosome (MACSPlex) 

capture beads. a FSC-hight/SSC-area was used to show the scatter of the overall bead 

population. b FITC-area/PE-area of the “P1” gate from graph a was used to display the 

37 different sized beads (representing the 37 markers), each of which are gated in 

accordance with the manufacturer's layout. c The graph displays an APC-area threshold, 

for APC fluorescence using beads alone as a blank for which bound and stained exosomes 

will surpass. Figure adapted from supplementary data (61) of authors own first author 

publication 

Each sample was processed by first subtracting the negative control signal from each 

marker, with any resulting negative values set to zero. The marker values were further 

adjusted by subtracting the highest isotype control signal for each sample. Averages were 

then calculated for each marker, followed by normalization to the mean of the standard 

EV markers (CD9, CD63, and CD81). The normalized data was subsequently plotted 

using GraphPad Prism 8.2.0. 

3.10 Tissue culture 

The isolation of human umbilical vein endothelial cells (HUVECs) was approved by the 

Ethical Committee Vote 200 (2005) from the State of Upper Austria. Thes HUVECs were 



27 
  

supplied to us from collaborators in at the Ludwig-Boltzmann-Institute for Traumatology 

in Vienna Austria. Frozen HUVECs were thawed from nitrogen storage and cultured in a 

tissue culture flask treated for cell adhesion, using endothelial cell growth media-2 

(EGM2) supplemented with 10% fetal bovine serum until they reached 80% confluency. 

The cells were then detached with TrypLE™ Select Enzyme (catalog #12563011, 

Invitrogen, Carlsbad, USA), centrifuged at 200 g for 4 minutes, and resuspended in 

serum-free EGM2 after discarding the supernatant. Subsequently, the cells were seeded 

into a 6-well plate with each well containing 1 mL of serum-free EGM2. The cells were 

allowed to grow to 70% confluency before initiating the gene expression assay. At this 

stage, EGM2 media was removed, and each well was rinsed with PBS. 

3.11 Isolation and quantification of lEVs 

PFP was used from both normocholesterolaemic and hypercholesteraemic patients at a 

volume of 1 mL. PFP was thawed from -80 oC and centrifuged for 40 minutes at 20,000 

g and 4 oC. Supernatants were discarded and resuspended in 100 µL EGM2 media and 

re-centrifuged for 40 minutes at 20,000 g and 4 oC. The supernatant was once again 

discarded, and the pellets were reconstituted in 105 µL EGM2 media. From the 

resuspended pellets, 5 µL of each sample was used to quantify the EVs using nanoparticle 

tracking analysis (NTA), relying on Brownian motion for particle size and size 

distribution. 

Particle size and concentration was measured using the ZetaView Z-NTA instrument from 

Particle Metrix (Munich, Germany). Samples were diluted either 1:250 (isolates from 

normocholesteraemic patients) or 1:2,000 (isolates from hypercholesteraemic patients) in 

PBS. Eleven positions were scanned across the flow cell, with duplicate measurements in 

each position as technical replicates. The instrument was maintained at a temperature of 

25 °C to preserve a consistent Brownian motion. Measurements were achieved ensuring 

150-300 particles in each position. The camera sensitivity was set to 75 using a shutter 

speed of 80 frame per second. The boundaries for analysis included: a maximum area: 

1000, a minimum area: 5, excluding particle brightness < 20. 

3.12 Gene expression assay 
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Based on particle concentration measured with NTA, 1.40E+09 lEVs were used per well 

in a 6-well plate for those conditions treated with lEVs. As a positive control, one well 

contained 10 µg/mL lipopolysaccharide (LPS), which was used to inducing inflammation. 

One well on the 6-well plate contained HUVECs and EGM2 media alone, for use as a 

negative control. Cells were incubated for 24-hours in an incubator at 37 oC with 5 % 

CO2 and 90 %–95 % humidity. After a 24-hour incubation, media was removed from 

wells, after which, all wells were washed with 1 mL PBS. PBS was removed and cells 

then suspended in 700 µgL of lysis reagent QIAzol (catalogue # 79306, Qiagen, Hilden, 

Germany). 140 µL of chloroform was mixed into each sample for phase separation and 

samples were centrifuged for 20 minutes at 20,000 g maintaining samples at 4 oC 

throughout. The upper “clear” phase was carefully pipetted (ensuring no contamination 

from lower phases) onto columns from the GeneAid total RNA isolation kit (catalogue # 

RSD300, Geneaid, Biotech Ltd, New Taipei City, Taiwan) and steps from the kit’s 

protocol for “clean-up”, “washing” and “elution” of samples were followed. Figure 9 

below shows a schematic outlining the key steps in the experiment design, showing the 

conditions of different wells allowing consequential mRNA changes in varying wells. 
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Figure 9. This diagram outlines the in-vitro work performed in this research. The diagram 

shows a 6-well plate with human umbilical vain endothelial cells (HUVECs), well-A1 is 

just HUVECs (negative control), well-A2 containing HUVECs with large extracellular 

vesicles (lEVs) isolated from plasma of hypercholesterolaemic patients, well-A3 

containing HUVECs with lEVs isolated from plasma of normocholesterolaemic patients 

and well-B1 containing HUVECs treated with lipopolysaccharide (positive control). The 

plate was incubated for 24-hours at 37 oC with 5 % humidity. After which, RNA was 

isolate from the HUVECs. 

cDNA was synthesised from the RNA isolated with reverse transcriptase, using the 

SensiFAST cDNA kit (catalog # BIO-65054, Bioline, London, UK) according to the 

manufacturer’s protocol. Quantitative PCR (qPCR) was then performed on the cDNA to 

assess gene expression in HUVECs incubated with lEVs isolated from 

normocholesterolemic and hypercholesterolemic patients, as well as HUVECs treated 

with LPS. All the CQ values were normalised to those obtained from cDNA of untreated 

HUVECs. TaqMan gene expression probes (catalog # 4331182, Applied Biosystems, 

Waltham, MA, USA) labelled with 6-carboxyfluorescein (blue)were used, and qPCR was 

conducted with 2× TaqMan™ Fast Advanced Master Mix (catalog # 4444557, Applied 

Biosystems, Waltham, MA, USA) per the manufacturer's instructions. Each well on the 

384-well qPCR plate included an HPRT1 probe (catalog # 4448484, Applied Biosystems, 

Waltham, MA, USA) as a housekeeping gene control, the HPRT1 was labelled with a -

2′-chloro-7′phenyl-1,4-dichloro-6-carboxy-fluorescein (green) . 

Gene expression analysis covered several relevant genes including, CD36, CXCL1, 

HMOX1, IL6, PPARγ, TRIB1, and VEGFA across all experimental conditions. The 

BioRad CFX Opus 384 Real-Time PCR System (BioRad C1000 Touch Thermal Cycler, 

Hercules, CA, USA) was used here. Figure 10 is a brief schematic of the analysis of gene 

expression measurements performed in this project. 
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Figure 10. A schematic representation of the assessment of gene expression levels 

changes in HUVECs. cDNA from each biological condition was placed into a well on a 

384-well plate alongside a genetic probe and a housekeeping gene probe. Using 2 probes 

per well, the qPCR amplifies both the gene of interest and the housekeeping. The 

difference in fluorescence between the housekeeping prob and gene of interest probe 

allows use of the housekeeping as a background control for each biological replicate. This 

allows more concise calculations of expression levels (with the use of ddCT value). 

3.13 Statistical Analysis 

GraphPad Prism version 8.2.0 (GraphPad Software, Inc.) was employed to perform all 

statistical analysis. All statistical data was performed using a 95 % confidence interval. 

Values are presented as means ± standard deviation with individually plotted points. The 

Shapiro-Wilk normality test was used to assess normality of all groups with a Gaussian 

distribution. In the Shapiro-Wilk normality test the null hypothesis is that the sample is 

normally distributed with p-value above 0.05 accepting this null hypothesis and 

considering the sample normally distributed while a p-value below 0.05 rejecting it and 



31 
  

indicating a non-normal distribution. For groups with normally distributed data, an 

unpaired student t test was performed and for groups that were not normally distributed, 

the non-parametric Mann-Whitney U test was used. For comparisons of data sets within 

a single group, a paired t test or a non-parametric Wilcoxon signed-rank test was selected 

depending on the normality of the samples. 
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4. Results: 

4.1 Cholesterol levels and body mass of mice 

Cholesterol levels and body mass of mice were measured from each mouse in all mice 

groups including WT, PCSK9-/-, and LDL-/- mice. Measurements in all groups were taken 

at baseline, after HFD, and at old age. Figure 11 shows all the cholesterol measurements 

taken from all the mice at all the different time points with Figure 11a showing total 

cholesterol levels, Figure 11b showing LDL levels, and Figure 11c showing HDL levels. 

We also measured the body mass of all mice groups at the three given time points, the 

results can be seen in Figure 11d. As seen in the figure below (Figure 11a), TC levels are 

continuously significantly reduced in PCSK9-/- mice and raised significantly in LDLR-/-. 

The same trend was observed in LDL levels (seen in Figure 11b). As seen in Figure 11c, 

HDL levels do not follow the same level of significance, but HDL levels do follow the 

similar trends of elevation and reduction that were observed in TC and LDL during HFD. 

The body mass of PCSK9-/- mice were significantly elevated compared to WT mice at all 

given time points. 
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Figure 11. Cholesterol quantities in all mice as measured using a colorimetric assay. 

Measurements were taken at baseline, after high fat diet and in old age animals. Body 

mass was also assessed at these time points. a Total cholesterol (TC) levels in PCSK9-/- 

and LDLR-/- mice, compared to wild-type (WT) and a control. TC in PCSK9-/- mice were 

significantly lower than WT at all time points where LDLR-/- mice were elevated at all 

time points. b Low-density lipoprotein (LDL) levels in PCSK9-/- and LDLR-/- mice, using 

WT and a control. LDL levels were also depleted at al time points in PCSK9-/- mice at all 

time points, and elevated in LDLR-/- mice during all measurements. c High-density 

lipoprotein (HDL) levels in PCSK9-/- and LDLR-/- mice versus WT mice. HDL levels were 

significantly reduced in PCSK9-/- mice at old age and significantly elevated in LDLR-/- 

mice at baseline when compared with WT group. d Body mass levels of all three mice 

groups at all three time points. PCSK9-/- levels were significantly elevated at all three 

time points compared to WT mice, with LDLR-/- showing no changes. One, two, three, or 

four (*), (#), or ($) represent repectively p < 0.05, p < 0.02, p < 0.002, or p < 0.0001. 

Figure adapted from authors own first author publication (61). 

4.2 Cardiovascular parameters and atherosclerosis quantification in mice 

A major motivation for this study was to investigate not only the circulating EV levels in 

comparison to the cholesterol, but more directly to link the EV levels to atherosclerosis 

and the development of ischemic cardiovascular disease. For this reason, we assessed 

cardiovascular function and additionally evaluated the plaque levels in all mice. Figure 

12 a-d shows cardiovascular function measured using ultrasound and aortic arch plaque 

levels using Oil-Red-O staining. Figure 12 shows data of mice at baseline as well as those 

after HFD, with graph a representing ejection fraction, b showing cardiac output, c 

displaying fractional shortening, and d representing E/é ratio.  

Figure 12e shows representative images of stained aortic arches after HFD, as well as a 

graph displaying percentage area of plaques as measure at baseline and after HFD. Figure 

13 shows data of mice at baseline as well as at old age. Here like Figure 13, graph a 

signifies ejection fraction, b showing cardiac output, c displaying fractional shortening, 

and d representing E/é ratio. Figure 13e shows a representative image from each mouse 

model of stained aortic arches after at old age, with a graph exhibiting percentage area of 

plaques as measure at baseline and at old age. In the study we also measured 
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cardiovascular wall thickness at several key junctions. Graphs in Figure 14 show the 

LVPW;d and the LVAW;d as measure at baseline (Figure 14a), after HFD (Figure 14b) 

and at old age (Figure 14c). 

 

Figure 12. Cardiovascular parameters and atherosclerosis measured in all three mice 

groups, as seen at baseline and after high-fat diet (HFD) for all mice. a Ejection fraction 

readings of all mice. After HFD both PCSK9-/- and LDLR-/- were significantly elevated. 

b mL of blood circulated per minute given as cardiovascular output. PCSK9-/- animals 

show significant improvement over wild type (WT) after HFD. c measurements of 

fractional shortening of the left ventricle during systole in all mice. After HFD, compared 

to WT mice, fractional shortening is significantly elevated in the PCSK9-/- mice. d 

Measurements of early diastolic mitral inflow velocity to early diastolic mitral annulus 

velocity (E/e') ratio, estimating the left ventricle filling pressure. PCSK9-/- mice show a 

significantly less negative E/e' ratio compared to WT. e Representative images of Oil-

Red-O stained aortic arches from each mouse model estimating plaque levels, and a graph 

showing percentage area of staining on each aortic arch of individual mice. No significant 

changes were observed after HFD between mice groups. One, two, three, or four (*), or 

(#), represent repectively p < 0.05, p < 0.02, p < 0.002, or p < 0.0001. Figure adapted 

from authors own first author publication (61). 
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Figure 13. Cardiovascular parameters and atherosclerosis measured in all three mice 

groups, as seen at baseline and at old age for all mice. a Ejection fraction readings of all 

mice. b mL of blood circulated per minute given as cardiovascular output. c 

measurements of fractional shortening of the left ventricle during systole in all mice. d 

Measurements of early diastolic mitral inflow velocity to early diastolic mitral annulus 

velocity (E/e') ratio, estimating the left ventricle filling pressure. No significant alterations 

were observed between groups in old age animals in regard to cardiovascular parameters 

(a-d) measured above. e A representative image of Oil-Red-O stained aortic arches from 

each mouse model estimating plaque levels, and a graph showing percentage area of 

staining on each aortic arch of individual mice. A significant level of plaque was observed 

in LDLR-/- mice in old age compared to their wild type equivalents. One, two, three, or  

four (*), or (#), represent repectively p < 0.05, p < 0.02, p < 0.002, or p < 0.0001. Figure 

adapted from authors own first author publication (61). 
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Figure 14. Measurement of cardiovascular wall thickness at three different time point. 

Measurements were taken at baseline, after high-fat diet (HFD) and at old age. 

Measurements are estimated using Doppler technology during the echo examination, with 

estimated left ventricle posterior wall thickness (LVPW;d) and left ventricle anterior wall 

thickness (LVAW;d) being assessed. a LVPW;d and LVAW;d measurements for mice at 

baseline. A significant increase in LVPW;d was observed in baseline PCSK9-/- compared 

to wild type mice . b measurements of LVPW;d and LVAW;d of all mice after HFD. c 

LVPW;d and LVAW;d as estimated in all mice at old age. One, two, three, or four (*), (#), 

or ($) represent repectively p < 0.05, p < 0.02, p < 0.002, or p < 0.0001. Figure adapted 

supplementary data from authors own first author publication (61). 

4.3 Circulating lEV levels and lEV sized ApoB levels in mice 

Flow cytometry was used to assess lEV levels in PFP of all mice at baseline, after HFD, 

and at old age. PFP was also labelled with ApoB to assess levels of similarly sized 

lipoproteins in the same preps of PFP. Figure 15 shows levels in each group (WT, PCSK9-

/-, and LDLR-/-) separately, where significance can be observed between groups at varying 

time points (baseline, after HFD, and at old age). Figure 15a shows annexin V labelled 

lEVs measured in all mice groups at the three above mentioned time points. Figure 15b 

shows measured levels of CD63, Figure 15c displays measured CD81 levels in all mice, 

and Figure 15d shows ApoB levels at all time points in all mice. Figure 16 displays graphs 

of the lEVs as well as comparable sized ApoB reading, with all groups merged (WT, 

PCSK9-/-, and LDLR-/-), highlighting the change observed after HFD or at old age 

(compared to baseline). 
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Figure 15. Single EV levels measured using flow cytometry, applying classic EV 

markers. Platelet free blood samples from each mouse within each group was measured 

at baseline, after high fat diet (HFD), and at old age. For EV measurements, annexin V 

and two classic EV Tetraspanin markers (CD63 and CD81) were measured. 

Apolipoprotein-B (ApoB) levels were also assessed. a Annexin V measured at all time 

points for all groups. PCSK9-/- and LDLR-/- mice both had an increase compared to wild 

type (WT) after HFD and at old age. b A graph showing CD63 measurements for all mice. 

PCSK9-/- and LDLR-/- mice both had an increase compared to WT after HFD and LDLR-

/- show an increase level at old age. c CD81 levels shown in all mice at all time points. 

No significant differences were observed between groups. d ApoB levels measured in all 

mice at the three above mentioned time points. As seen in the graph, PCSK9-/- had a 

significantly lower ApoB level at baseline compared to WT animals. One, two, three, or 

four (*), (#), or ($) represent repectively p < 0.05, p < 0.02, p < 0.002, or p < 0.0001. 

Figure adapted from authors own first author publication (61). 
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Figure 16. All mice models are displayed together, here the difference between EV and 

EV sized apolipoprotein particles can be observed in high fat diet (HFD) and old age, 

compared to wild type (WT) mice. a A graph showing annexin V measurements at three 

timepoints. As seen a significant reduction of lEV levels after HFD was observed. b Here 

CD63 levels can be observed, and as shown, levels of CD63 are significantly reduced 

after HFD and at old age compared to baseline levels. c The graph here shows CD81 

levels and as seen, no significant changes are observed. d ApoB levels are shown in the 

graph. Here too, no significant changes were observed. * p < 0.05, ** p < 0.02, *** p < 

0.002, and **** p < 0.0001. Figure adapted from authors own first author publication 

(61). 

4.4 Circulating cholesterol and lEV levels in prandial and fasting mice 

To further evaluate the association between cholesterol and EVs, it was decided to 

measure EV levels as well as cholesterol levels without fasting the animals (prandial 

measurement), where circulating cholesterol is often elevated. In Figure 17a cholesterol 

levels can be observed, as seen, TC and HDL levels are significantly reduced when 

animals are fasted for 5 hours. Figure 17b shows lEV levels from prandial and fasted 

mice, with no significant changes observed. 
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Figure 17. Prandial biomarker levels were also measured. Here prandial versus fasting 

were plotted against each other to observe changes in prandial blood. a Three graphs 

displaying prandial versus fasting cholesterol levels, with total cholesterol and high-

density lipoprotein levels shown to be significantly altered. Low-density lipoprotein 

levels show no significant differences. b Three graphs showing annexin V, CD63, and 

CD81 levels respectively, no significant differences between the two time points were 

observed using any of these EV markers. * p < 0.05, ** p < 0.02, *** p < 0.002, and 

**** p < 0.0001. Figure adapted from authors own first author publication (61). 

4.5 Circulating cholesterol, lipoprotein and lEV levels in normocholesterolaemic and 

hypercholesterolaemic patients 
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We needed to find out whether the findings in mice were translatable to clinics. We took 

PFP samples from clinic of patients suffering acute angina. The clinic measured the levels 

of cholesterol in all patients. We divided these patients into two groups. Those with 

normal TC levels and those with high levels of TC. Figure 18a shows the levels of TC, 

LDL, and HDL in each group. As with mice samples Apolipoprotein associated with lEVs 

are of interest here. Figure 18b shows the levels of lEV sized ApoB and ApoE measured 

in the clinical samples in either group. Finally, Figure 18c shows lEV levels as measured 

using flow cytometry. 
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Figure 18. Cholesterol levels, large extracellular vesicles (lEV) sized apolipoprotein 

(Apo) levels, and lEV sized EV marker levels in hypercholesterolaemia versus control 

patient. a Graphs showing the hypercholesterolaemia versus control patient levels of total 
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cholesterol (TC), low-density lipoproteins (LDL), and high-density lipoproteins (HDL). 

The hypercholesterolaemia group show significantly elevated TC and LDL levels, while 

HDL levels remained unchanged between groups. b Two graphs showing lEV sized 

particles stained for ApoB and ApoE. Here, both ApoB and ApoE levels are significantly 

elevated with hypocholesterolaemia. c Three graphs show lEV levels as stained with 

classical EV markers. CD63 levels are significantly reduced in hypercholesterolaemic 

patients, while annexin V and CD81 show no changes. * p < 0.05, ** p < 0.02, *** p < 

0.002, and **** p < 0.0001. Figure adapted from authors own first author publication 

(61). 

4.6 Qualification and quantification of other EV markers found in mouse and 

human PFP 

After our assessment of single EVs, we sought to identify other possible EV 

subpopulations and allow identification of likely cell of origin of our EVs. Here, we 

employed the MACSplex bead-based exosome kits to identify an array of EV markers 

and markers of cell involved in typically found in circulation. The kits used allow for 

measurement of 37 markers. In Figure 19a the top 10 most abundant biomarkers from the 

measurements in mice samples are displayed, alongside the three conventional EV 

Tetraspanin markers (CD9, CD63, and CD81). In Figure 19b the top 10 most abundant 

biomarkers from human samples measured are displayed, together with the three 

conventional EV Tetraspanin markers (CD9, CD63, and CD81). Markers CD29, CD31, 

CD49e, and CD62P are shown to elevated in both mice and human exosome capture, 

using the present array. Other markers found in relative abundance in mice samples 

include CD41, CD44, CD49b, CD61, and CD66a. Other markers amongst the top 10 most 

abundant markers in human samples include: CD24, CD40, CD41b, CD42a, HLA-ABC, 

and HLA-DRDPDQ. 
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Figure 19. Exosome bead based kit used to test an array of known exosome surface 

markers from blood. Platelet free plasma (PFP) samples were used to assess exosome 

levels found in PFP and the cell source of those exosomes. In the figure, the three common 

extracellular vesicle Tetraspanin markers (CD9, CD63 and CD81) as well as the top 10 

most abundant exosome markers found are presented. Levels are presented as a mean of 

three samples in each group. a Marker levels presented as they are found in the three 

mouse models used in this study. b Marker levels shown as they were found in the two 

cholesterolaemic human groups used in this study. Figure adapted from authors own first 

author publication (61). 

Based on the results seen with the use of the MACSplex bead-based exosome kit, we 

wanted to see if some other abundantly available markers which were highlighted using 

the kit also had significant alterations between cholesterolaemia groups in both mice and 

human. Markers CD29 and CD62P were selected due to the abundance in both mice and 
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human samples, as well as their seeming corelation to cholesterol levels. Figure 20a 

shows the levels of CD29 and CD62P as measured using single EV detection techniques. 

In Figure 20b we show the levels of CD29 as well as CD62P levels measured using 

cytometry of single EV. 

 

Figure 20. CD29 and CD62P levels were assessed here using flow cytometry and 

antibody staining. Gating’s were set based on large extracellular vesicles a Measurements 

were performed on mice platelet free plasma (PFP) from blood taken after high fat diet. 

No significant differences were observed between any mouse group using either marker. 

b Two graphs show CD29 and CD62P levels in human PFP from hypercholesterolaemia 
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patients versus normocholesterolaemic patients. As seen in both graphs, no significance 

was found between CD29 or CD62P levels both in-vivo or in clinical groups. Figure 

adapted from supplementary data from authors own first author publication (61). 

4.7 Gene expression of HUVECs after incubation with EVs isolated from 

cholesterolaemia patients 

The earlier results of changes to EVs in circulation in hypercholesterolaemia insinuated 

an involvement of EVs in atherosclerosis. This led us to question the potential of these 

EVs as a cause in inflammation. Figure 21 shows the gene expression as a fold change 

compared to normalised data obtained from untreated HUVECs normalised to 1. The 

graph shows a panel of 7 markers involved in inflammation and CVD. Here LPS was 

used as a positive control and each data point was normalised to an internal housekeeping 

(HPRT) gene. 
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Figure 21. The above figure shows a graph containing gene expression data from 

HUVECs incubated with either large extracellular vesicles (lEVs) from patients with 

normal cholesterol levels or lEVs isolated from patients with hypercholesterolaemia. 

Lipopolysaccharide (LPS) was used as a positive control for inflammation. Gene 

expression levels are indicated as relative expression levels to internal housekeeping gene 

HPRT1, and all data was normalised to expression levels of HUVECs alone (negative 

control). Data points above 2 fold (green dotted line) expression is considered notably 

elevated and expression levels below 0.5 fold (red dotted line) negative control, are 

considered prominently reduced. CD36, HMOX1, and PPARg were shown to be elevated 

in HUVECs incubated with lEVs from hypercholesterolaemic patients, while VEGFA 

expression was low in these HUVECs. HUVECs incubated with lEVs from 
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normocholesterolaemic patients were unchanged in all tested genes. Here n = 1. Figure 

adapted from supplementary data of authors own first author publication (61). 
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5. Discussion: 

Cholesterol levels, particularly LDL-C, are widely recognized as key biomarkers in 

assessing the risk and progression of ACVD (66). Our findings indicate that HFD 

contributes to an elevated LDL-C level at least in the mouse models examined here. In 

contrast, lower LDL levels were observed in younger mice at baseline as well as levels 

observed in older mice, both without HFD exposure. This finding suggests that 

concerning cholesterol dysregulation at least, diet can still be considered a strong 

contributor. With regards to atherosclerosis and more generally considering CVD, HFD 

as a contributing factor can still be debated. Genetically, we observed that compared to 

WT animals, at all-time points in the study, PCSK9−/− and LDLR−/− mice showed 

contrasting effects with regards to both LDL-C and total cholesterol (TC) levels. With 

PCSK9−/− mice showing lower cholesterol, and LDLR−/− mice a consistent increase 

relative to WT animals.  

Although following HFD increased TC and LDL-C levels were observed, the genetic 

background of the mice emerged as a more influential factor in determining cholesterol 

levels. This is shown by the particularly elevated cholesterol in LDLR−/− mice. 

Interestingly, HDL-C levels, often referred to as “good cholesterol,” (67) also increase in 

response to HFD. Likewise, HDL readings in LDLR−/− mice showed a highly significant 

increase over the WT mice at even in young animals before HFD commencement. As a 

rule, our data seems to indicate that HDL levels are typically altered following direct 

proportionality to other classes of “bad cholesterol” cholesterol. As is already known, 

HDL is key in cholesterol clearance from peripheral tissue including arteries, thus 

reducing LDL, VLDL, and Chylomicrons (including other intermediaries) from 

circulation. This happens due to the transfer of cholesterol from lipoproteins with lover 

densities to HDL via transport proteins ABCA1 and ABCG1. In this manner cholesterol 

can subsequently be reverse transported to the liver via hepatic – HDL complex for 

storage or later degradation in bile.  

Our results may therefore suggest that perhaps in the absence of the LDLR gene (which 

typically acts as a primary LDL regulator), HDL production is increased to take a more 

prominent role in this process of cholesterol regulation thereby aiding in maintaining 

circulating cholesterol homeostasis. Recent studies have also indicated that higher 
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circulating HDL levels may in reality not be as favourable as previously thought (68, 69), 

perhaps making the increased HDL levels seen here an additional contributing factor to 

the ever growing instability in dyslipidaemia. Nonetheless, it is important to mention that 

what is considered healthy levels of lipids, cholesterol, and lipoproteins in mice differs 

quite substantially when compared to humans (70) and indeed often differ from species 

to species. For this reason, although the data here can be used to better understand the 

biological processes involving cholesterol and lipoprotein dysfunction, a more 

comprehensive studies would be helpful for any clinical applications. 

Our data also highlighted an increase in body mass and visceral fat in PCSK9−/− mice, 

consistent with previous work (71) from other researchers. This phenomenon was initially 

difficult to comprehend, given the stereotype of high cholesterol observations in those 

with increased visceral fatty tissue. Although this has not been the narrative for some 

time, the initial observation of a complete inverse of this occurrence in a PCSK9−/− model 

was somewhat surprising to us. Aside from LDLR regulation and degradation, the PCSK9 

gene serves many other functions in body, and exploration of this gene and associated 

proteins are still a hot topic, with most interested in its therapeutic applications in ACVD 

(55, 72). This also means that disruption of normal PCSK9 function may also lead to other 

health detriments (73). One such example of this, is that PCSK9 is a regulator of the B-

scavenger receptor CD36. In the present research, the deficiency of PCSK9 in the 

PCSK9−/− model we investigated, aside from the expected elevated LDLR presence, 

CD36 expression may be highly elevated as well. CD36 in turn is highly involved in the 

transport of triglycerides as well as long-chain fatty acids (74). With lower levels, or 

indeed in the absence of PCSK9, excess CD36 accumulation is perhaps but one 

explanation for lipids accretion in various tissues (74, 75). 

This work also shows that following a 12 week HFD, PCSK9−/− mice largely retained 

cardiovascular function, showing increased ejection fraction, cardiac output, fractional 

shortening, and a more favourable E/e' ratio compared to their WT counterparts. This goes 

in line with theories of a cardioprotective role for PCSK9 suppression under high-

cholesterol conditions, supporting not only the narrative of cholesterol as key player in 

vascular diseases, but also supports the therapeutic use of PCSK9 inhibitors like 

alirocumab (Praluent) and evolocumab (Repatha) in hypercholesterolemia treatment. 

Nonetheless, the association of PCSK9 inhibition with increased body mass in mice, and 
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as it has also been observed in patients with PCSK9 mutations (71), raises important 

questions about the potential long-term effects of PCSK9 gene editing on patients. 

Concerns of such treatment therefore need further evaluation as to what this could 

possibly indicate with regards to both physical health and well-being, as well as the 

mental health (71, 76, 77) of treatment recipients. 

Since ACVD is the leading cause of CVD, evaluating atherosclerotic plaque burden may 

provide a more significant measure of cardiovascular health. In mice, arterial plaque 

formation most frequently occurs in the aortic root (63). We therefore chose to analyse 

atherosclerotic plaque accumulation on the aortic arch in mice groups, allowing us to 

compare the risk of arterial blockages in these cholesterol-altered models. Our findings 

showed no significant differences between PCSK9-/-, LDLR-/-, and WT mice at baseline 

or after an HFD. With an average lifespan of roughly 18 months to 2 years, C57BL/6 

background mice serve as an effective model for age-related research. (78). As with many 

pathologies, in an aging population, CVD risk surges (3, 79). Consequently, we included 

an old-age condition in our study. What we observed is that older mice the LDLR-/- group 

showed a significant increase in plaque formation compared to aged WT mice. This 

finding suggests that, within the short-term 12-week period mentioned earlier, HFD may 

have less impact on plaque formation than prolonged exposure to high cholesterol levels 

as observed in older LDLR-/- mice.  

These results may more accurately reflect patterns seen in clinical studies of 

hypercholesterolaemia and aging (3). Considering that at baseline and in old-age, 

cholesterol levels are similar within each genetic group, and that WT and PCSK9-/- mice 

have normal or low cholesterol, in contrast to the higher levels seen in LDLR-/- mice, this 

may explain why plaque levels are significantly lower in the former groups at old age. 

This also highlights the slow development of atherosclerosis, and as other research shows, 

that ACVD only occurs after long exposure to harmful substances causing vascular 

damage, and eventually allowing plaque formation (80, 81). 

A major motive for this study was to explore the relationship between EV levels and 

lipoproteins, particularly lEVs and LDL, using flow cytometry to analyse key EV and 

apolipoprotein markers. Our null hypothesis being that changes in the lipid and 

cholesterol profile in blood plasma has no effect on circulating EVs. At baseline, only 
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PCSK9−/− mice showed a significant decrease in ApoB compared to WT mice. 

Interestingly, when compared to WT animals, annexin V and CD63 levels increased 

significantly in both LDLR−/− and PCSK9−/− mice following HFD and at older age, 

despite the inverse relationship in cholesterol levels between the two KO models. We also 

observed that annexin V, CD63, and CD81 levels decreased across all mouse models after 

HFD. This trend was further confirmed when data from all groups were combined, 

revealing a significant decline in annexin V and CD63 levels post-HFD. These findings 

show clear evidence of an inverse relationship between EVs and lipoproteins, particularly 

LDL levels in mice. 

One possible explanation is that elevated lipoprotein levels increase interactions between 

lipoproteins and annexin V/CD63-positive EVs, these interactions may induce greater 

cellular uptake of the EV-lipoprotein complexes through LDLR. EVs might also 

"piggyback" on LDL for uptake, reducing their levels in a lipoprotein-rich environment. 

Being that lipoproteins are magnitudes of order higher than EVs in circulation (82), this 

would allow for excessive binding and uptake of EVs via the lipoprotein’s endocytic 

pathways. One interesting finding here, despite having higher cholesterol levels, LDLR−/− 

mice post-HFD and at old age maintained EV levels similar to PCSK9−/− mice at similar 

time points. This could be due to the involvement of alternative lipoprotein receptors, 

such as Lectin-like Oxidized Low-Density Lipoprotein Receptor-1 (LOX-1), Scavenger 

Receptor Class B Type 1 (SCARB-1), or Lipoprotein Receptor-related Protein-1 (LRP1), 

compensating in the absence of the LDLR and mediating the uptake of lipoproteins in 

LDLR-/- mice and these other receptors may not be as effective at uptake of EV-LDL 

complexes. 

It is important to also note that EV levels were reduced within each mouse group, both 

after HFD and at old age. The different genetic backgrounds of the KO mice, although 

inversely related in terms of LDL-C levels, may not necessarily be inversely related in 

other diseases. Considering this, it is possible that PCSK9 inhibition or full knock-out 

may not always be in the best interest of the patient. If other ailments are present in the 

background that may be negatively affected by the lack of PCSK9 (53, 83) such as 

diebetes, this can rapidly deteriate the patients condition. It is indeed possible that some 

patients with very obscure genetic mutations or particular dietary habits may have 

elevated cholesterol levels without particular health detriments. Perhaps EVs in such 
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patients may be unaffected. To fully elucidate this, more work is needed on this topic to 

better understand the variation in EV levels and their relationship to disease in animal 

models and in a clinical setting. It has already been shown in other research that diet may 

be the root cause of hypercholesterolaemia, where in a second patient diet the same or 

similar diet will not have the same effect (84). 

In line with in vivo testing, data from human samples reflected the findings observed in 

mouse models. We observed a similar decline in EV levels in humans with elevated 

cholesterol and lipoprotein levels. Specifically, our data revealed a statistically significant 

reduction in circulating CD63+ lEVs in hypercholesterolemic patients compared to 

normocholesterolemic individuals. However, unlike in the mouse models, the decrease in 

annexin V+ lEV levels in hypercholesterolemic patients were not significant. Overall, 

these findings align with our hypothesis of a connection between circulating EV levels 

and cholesterol and show that circulating CD63+ lEVs are inversely related to plasma 

LDL levels. 

Despite the similarities in the relationship between EVs and lipoproteins, the lipoprotein 

landscape of mice is somewhat different than that of humans, and the development of 

atherosclerotic development in turn is vastly different between our species (63). This 

makes it difficult to drew clinical conclusions from our mouse model experiments. We do 

show however, that in the LDLR-/- group, mice had a relatively abundant circulating 

CD63+ lEV level at baseline (11-weeks old) and after (12 weeks) HFD with relatively 

low (similar to young WT mice) plaque levels. Once reaching old age (22-months), mice 

had developed plaques and CD63+ lEV levels were significantly reduced. This does 

indicate an inverse relationship (at least in mice) between atherosclerosis development 

and CD63+ lEVs. In humans MI occurrences predominantly stem from a sclerotic build-

up in the coronary artery, while mice develop plaques principally in the root of the aortic 

arch (63) making mice cases of MI virtually non-existent. Subsequently to model MI in 

mice, it must be induced, with either the use of drugs, gene editing, or with surgical 

intervention (85, 86). Due to this distinction, as well as other differences in mice (87), it 

is challenging to hypothesise without additional studies as to the direct function EVs 

might play in the human progression of atherosclerosis and more specifically ACVD 

development. Based on the current knowledge of genesis and progression of 

atherosclerosis we have long known that inflammation plays an important role in 
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initiation and leads to exacerbation of the condition (88). We therefore made the decision 

to isolate IEVs from patients, this allowed us to examine whether EVs from 

hypercholesterolaemic patients may cause inflammation in healthy tissue.  

The test was carried out by incubating these EVs with HUVECs. As shown in Figure 21, 

gene expression of CD36 and PPARγ increased specifically in HUVECs incubated with 

lEVs derived from hypercholesterolemic patients and not in those incubated with lEVs 

from control patients. Furthermore, we observe a reduction in the expression of VEGFA, 

again only from HUVECs incubated with hypercholesterolemic patients’ EVs. we can 

also see an upregulation of CD36 which is in line with pro-inflammatory responses in 

both adipocytes and macrophages (89). In contrast, PPARγ has been associated with anti-

inflammatory effects, mainly through its inhibition of TNFα (90) while VEGFA plays a 

role in pro-inflammatory processes (91). Here we see an up-regulation of PPARγ and a 

down- regulation of VEGFA in HUVECs incubated with the same EVs which suggest 

that EVs may play a more complex role in inflammation than initially postulated. 

There are several known pathways by which EVs are endocytosed into cells. An early 

review (14) in the field of EV research already summarizes studies showing that 

phagocytosis and lipid raft endocytosis are used by cells to take up EVs. This 2014 (14) 

review even gives relatively a detailed account of clathrin and caveolin mediated EV 

endocytosis, with the suggestion that micropinocytosis also may be used by cells. Since 

then, later work shows the fusion of certain EVs with the cell membrane thereby 

depositing the EV cargo into recipient cells (92). It is also worth noting that EVs released 

during disease states carry markers of the processes involved in disease progression (93). 

Therefore, EVs released during disease states may contain markers to specifically target 

particular cells and certain tissue types. Much of the current data suggest that most EV 

uptake occurs as whole EVs endocytosed, with the EVs heading for the cell’s endosomal 

compartments (94). We propose that EVs isolated from patients’ PFP were endocytosed 

into HUVECs using a combination of the uptake methods discussed in earlier 

publications. 

To better understand this inverse relationship with EVs and LDL, we can look at earlier 

publications. It has already been established that LDL and EVs associate in blood (44) 

and more recently it has become more accepted that EVs contain a protein corona on their 
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surface (95) and that within protein rich bodily fluids (such as blood) they will bind 

cholesterol. Our findings suggest that EVs might be cleared from circulation more 

efficiently when associated with lipoprotein particles. In individuals with elevated 

circulating cholesterol, these LDL-EV associations are likely to become more prevalent. 

An alternative explanation for this observation could be reduced cellular activity of 

platelets or monocytes (as well as other cell types) in disease states, leading to lower EV 

production and secretion. In addition to our research, a recent study has reported 

significant structural changes in EVs and alterations in their protein interactions after 

being released from cardiomyocytes exposed to high cholesterol treatments in rats (96). 

This finding brings further evidence to EV involvement in ACVD, but more specifically 

to the effects that hypercholesterolaemia has on EVs. These structural alterations to EVs 

could be what induced inflammatory responses in HUVECs when incubated with 

hypercholesterolaemic patient serum isolates. 

Being that overall EV levels are shown to be reduced in patient with elevated cholesterol 

and mice with both elevated cholesterol and at old age, suggests a link to reduced cellular 

production of EVs. It is well established that cellular metabolism is reduced during aging 

(97, 98) as well as in certain disease states. EV production and secretion is part of the 

cell’s normal metabolism, therefore reduction in metabolism and cell division can lead to 

reduced cellular output of EVs. It is also known that in other disease states such as 

oncogenic pathways where cellular replication and metabolism is increased with tumour 

growth, circulating EV levels are increased (99). In hypercholesterolaemia patients, 

however, there is not necessarily a clear pathway to reduced metabolism or overall 

reduction in cell replication. Therefore, the inverse relationship between LDL-C and EVs 

may still be linked to the association and co-endocytosis of the two particles into cells. 

As is often the case with blood biomarkers, circulating cholesterol levels change post 

prandial (100, 101) in both healthy and diseased state patients. Our data (Figure 17) shows 

that contrary to cholesterol, CD63+ lEV levels do not shift significantly in fasting animals 

to those during normal prandial. This finding brings additional data to support our case in 

favour of the use of gated CD63+ events as an additional marker in the tracking of disease 

progression in relation to vascular diseases. Health professionals would be remiss not to 

mention that some patients may not be fasting as instructed before screenings.  With this 

in mind, CD63 levels as mentioned above will seemingly not discriminate between fasted 
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and non-fasting patients. Making lEV measurements perhaps a more dependable and 

reproducible method of ACVD screening in a clinical setting.  

Previous work has shown that platelet makers such as, CD41b, CD42a, and CD62P are 

abundantly found in sEVs isolated from human PFP (102). In the present work we show 

similar finding, only this time in lEVs and not only in human samples, but also from mice 

PFP. Although the classic EV Tetraspanin markers are universally known as CD9, CD63, 

and CD81, we observed other prominent markers more prevalent in both mice and human 

circulating EVs. Using the exosome bead based assay, we also spotted a positive 

correlation between CD29, CD42a, CD49e, and perhaps CD62P and LDL-C, while CD61 

is inversley related to LDL-C. 

Based on our results, one thing we can answer, is that specifically lEVs which stain 

positive for CD63+, can guide clinicians as to the cholesterol levels and regulation of 

their patients. Raised LDL-C and TC levels as stand-alone do not necessarily lead to 

cardiovascular diseases and are not used as standalone diagnostic markers for ACVD. 

Our data shown in Figure 17 also indicate that EV levels can be studied independently of 

certain lipoproteins. Further exploration of EV profiles could enhance our understanding 

and knowledge of cardiovascular health. This could lead to more precise prognostic tools 

and improved patient care and outcomes for individuals with elevated cholesterol levels. 

Our data points at three key findings. Firstly, lEVs and primarily CD63+ lEVs are 

inversely related to cholesterol levels. The second key finding, CD63+ lEVs maybe 

inversely related to atherosclerosis. The third and final key finding is that circulating 

CD63+ lEV levels may become somewhat depleted with age. These findings are 

summarized in the abstract figure, Figure 22 below. 
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Figure 22. An abstract figure which summarises the findings shared in this thesis along 

with its associated publication. The top half of the figure shows extracellular vesicles 

(EVs), representing CD63+ large-EVs. Going from left to right these EV levels gradually 

become depleted as varying health states begin to deteriorate. The bottom left of the image 

shows increasing levels of atherosclerosis, where EV levels begin depletion with 

pathological progress. in the bottom centre, LDL- cholesterol levels begin to increase in 

the stages of dys-cholesterolaemia. Here too, EV levels begin to decline. In the bottom 

right, increasing age is represented. In an aging population, EV levels are also shown to 

reduce. 

Based on the key findings of the current study, it seems evident that there would be the 

potential for CD63+ lEVs to be used as prognostically relevant markers in CVD. 

However, as seen with aging mice, these levels are inversely related to age as well as 

cardiovascular health. Perhaps with the use of an age index, it may be a good future tool 

alongside cholesterol levels as patient risk assessment for ACVD. One big advantage, is 

the lack of change in lEV levels during fasting, this this would enhance prognostics with 

less reliance on patient compliance. 

Flow cytometers such as the FACSLyric™ from BD biosystems, or others, which are 

certified for in vitro diagnostics (IVD) can be implemented clinically, with the use of EV 

antibody staining alongside appropriate gating strategies. With the implementation of 
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newly available testing, patients may be able to receive more appropriate care for CVD 

with a more accurate screening.  
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6. Conclusions: 

• EVs particularly CD63+ lEVs, show an inverse relationship with cholesterol 

levels, primarily LDL-C in mice and humans. 

 

• CD63+ lEVs are also shown to be inversely associated with atherosclerosis in 

mice. 

 

• Circulating levels of CD63+ lEVs tend to decline with age (particularly shown 

in the mouse model). 

 

• Although circulating CD63+ lEVs levels appear to reduce with both advancing 

age and deteriorating cardiovascular health, which could limit their 

interpretability, we believe CD63+ lEVs exhibit strong potential as a prognostic 

marker in CVD. 

This study serves a baseline which identified CD63+ lEVs as one (of perhaps several) EV 

population(s) in circulation linked to dyscholesterolaemia and elevated LDL levels in 

both mice and humans. In the future, expanding on the current study to a full scale clinical 

investigation could have a large beneficial impact on the evaluation of ACVD patients. 

With the use of a clinically approved flow cytometer, for instance the FACSLyric™ from 

BD biosystems, we can more robustly obtain patient EV levels. Here, we could use a 

sizable group of healthy young adults to serve as a baseline for plasma levels CD63+ 

lEVs as well as a larger number of patients with clinical hypercholesterolaemia, forming 

the basis of a clinical research project. Additionally, we could use patients of different age 

groups in an effort to identify an age-index of CD63+ lEV levels. The study can be 

broadened to include patience of both sexes establishing whether CD63+ lEV levels are 

translatable to female as well as male patients. The investigation may also be expanded 

upon with the inclusion of other markers, for instance the EV subpopulation CD9 can be 

supplemented, plus an additional investigation into sEV levels. 
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7. Summary: 

In 2016 the discovery was made that EVs, and lipoproteins associate in blood plasma. 

After that initial discovery was made, many papers began flooding the field showing a 

co-isolation and contamination of lipoproteins in all EV preps from body fluids. The same 

was true for lipoprotein preparations, leading to researchers in lipoproteins taking a keen 

interest in the rapidly developing EV field. This prompted our hypothesis that EVs may 

play a crucial role in dyscholesterolaemia and ultimately in the development of 

atherosclerosis in CVD. Our research set out using 2 genetic mouse models (PCSK9-/- 

and LDLR-/-) to simulate up and down regulated LDL levels respectively. Here we 

measured mice cholesterol and EV levels at baseline of 11-weeks old and again after 

either fed them HFD for 12 weeks or let them age to 22-months. In order to see how 

cholesterol levels might affect CVD in mice, we also measured cardiovascular function 

using Doppler ultrasound and measured plaques on the aortic arch using O-Red-O 

staining at all three time points. We also measured EVs levels in clinical samples of angina 

patients admitted to an emergency clinic, all of whom were eventually determined to be 

non-ischemic patients. We divided the clinical samples into 2 groups, group 1 with 

normocholesterolaemia and group 2 were those hypercholesterolaemia. Our results show 

PCSK9-/- have significantly lower TC and LDL levels where as LDLR-/- have significantly 

elevated TC and LDL levels at all time point. Our results show for the first time that 

annexin V and CD63 positive EVs inversely related to cholesterol in mice, and that CD63 

positive EVs are inversely related cholesterol in humans. We also highlight that in mice, 

during feeding, cholesterol levels are elevated compared to fasted animals, this is 

consistent with previous studies in mice and humans. Interesting though lEV levels were 

stagnant whether animals were feeding or fasting. We also observe a cardioprotective 

element PCSK9-/- has on younger mice with HFD and that LDLR-/- causes plaque build-

up in the long run. An additional finding here, PCSK9-/- mice have consistently greater 

body mass than WT mice. Together these results demonstrate an involvement of EVs in 

cholesterol dysfunction and propose CD63 positive lEV as an additional marker for 

ACVD. Showing consistently that CD63 positive lEV are inversely related to cholesterol 

levels in disease and pre-disease states in both mice and humans. We also highlight 

caution to patients on PCSK9 inhibitors, as weight gain and obesity become increasingly 

likely. 
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