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Abstract 

Cardiovascular disease (CVD) is the leading cause of death globally, impacted by 
both extrinsic and intrinsic factors. The disease at the molecular level, however, is 
governed by inflammation and characterized by endothelial dysfunction. Over the 
last decade extracellular vesicles (EV) have emerged as crucial mediators of 
intercellular communication especially under varied pathophysiological conditions 
including CVD. 

EVs are known to carry several molecules of biological significance such as 
proteins, ligands, micro-RNAs, receptors, etc. The studies in this thesis focused on 
the micro-RNA content of circulating EVs in relation to endothelial dysfunction and 
atherosclerosis measured by novel and reliable clinical parameters. We identified 
three significant miRNAs from the circulating EVs from three different cohorts. 
These single stranded non-coding RNAs function by silencing protein coding 
mRNAs. 

miR-224-5p was associated with coronary flow reserve and was identified as a 
biomarker for a sub-type of hepatic EVs that lead to inflammation by upregulating 
ICAM-1. While the miRNAs, miR-451a and miR-16-5p were had lower expression 
in patients with vulnerable plaques with a negative association to platelet EVs. 
Further investigations revealed that the significant downregulation of these miRNAs 
in the circulating EVs of the patients was associated with an increase in 
inflammation and several anti-inflammatory proteins including adhesion molecules. 
Similarly, the miR-451a demonstrated its significance in an exploratory study 
involving EVs from ruptured coronary plaques and was observed to be associated 
to apoptosis related proteins along with adhesion molecules. 

The studies shed a light on the uptake of EVs and EV miRNA by recipient cells in 
the circulation especially the first barrier of endothelial cells and its effect on 
downstream translation. The studies also highlight the importance of micro-RNAs 
in the circulation as prognostic and diagnostic biomarkers of CVD. 
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Popular Science Summary 

One in every five deaths is caused by heart disease. Many unhealthy habits such as 
lifestyle and smoking increase the risk of heart diseases. These diseases are caused 
by the thickening and hardening of blood vessels as well as accumulation of bad 
cholesterol in these blood vessels. The phenomenon is known as atherosclerosis. 
This eventually obstructs the blood flow leading to a myocardial infarction or heart 
attack and the obstruction is most often caused by a plaque. Through our research 
we wanted to reveal new mechanisms of how these diseases are developed and how 
we can detect them earlier through simple blood tests, so that we can prevent heart 
attacks and sudden death. 

We hence studied blood samples of patients with cardiac diseases measuring small 
carriers released from various cells in the body known as extracellular vesicles. 
These vesicles mediate communication between different cell types of the body, 
especially under inflammation and can reach even to the smallest of blood vessels 
and contribute to microvascular disease. Platelets are a type of blood cell, that react 
to injury or bleeding by accumulating in the site of vascular injury. In our studies, 
we saw that the number of these vesicles, especially the ones originating from 
platelets, increase in the circulation of patients with heart diseases. 

Vesicles carry various relevant messenger molecules released under disease 
conditions and may contribute to the development of the disease. One of these 
messenger molecules that we pursued further was micro-RNA, a small RNA 
molecule that can regulate production of the proteins it targets. Proteins are large, 
complex molecules that are required for structural as well as mechanical functions 
of cells. Lack of certain proteins can hinder proper functioning and maintenance of 
cells, and at the same time, excess of harmful proteins can worsen the disease 
condition. 

In one of our studies, we observed that some of these micro-RNAs, represent their 
cell of origin and communicate between two different organ systems through the 
circulation affecting the rate of blood flow in small vessels. While, in another study 
we saw the micro-RNAs such as miR-16-5p and miR-451a, are reduced in the 
circulating vesicles of patients with plaques which upon rupture can cause 
myocardial infarction. Their reduction leads to the excess production of proteins 
that cause inflammation and formation of plaque, resulting in the progression of 
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cardiac diseases. The lack of miR-16-5p was even observed to increase cholesterol 
levels in patients with poor cardiac health. 

Furthermore, an interesting finding was when we observed the same micro-RNA, 
miR-451a, to be released from ruptured plaque in patients undergoing a routine 
balloon dilatation of the plaque. Hence, strengthening our collective findings of its 
role in the progression of atherosclerosis in patients by manipulating its circulating 
proteins.  

These studies, show us the intricate mechanisms of the cardiovascular system at the 
molecular level. With further studies and effective ways to apply these promising 
findings, the results could help diagnose and be used as therapeutics for cardiac 
diseases.  
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Abbreviations 

CVD              Cardiovascular diseases 
MI                  Myocardial infarction 
CAD              Coronary Artery Disease 
MACE           Major adverse cardiac events 
EVs                Extracellular vesicles 
MVE              Multivesicular endosomes 
ILV                 Intraluminal vesicles 
miRNAs         Micro-RNAs 
pri-miR           Primary miRNA 
AGO2             argonaute RISC catalytic component 2 
Abs                 Antibodies 
FCM               Flow cytometry 
CFR                Coronary flow reserve 
DPBS             Distilled phosphate buffer solution 
RT                  Room temperature 
NIRS.             Near infrared spectroscopy 
IVUS             Intravenous ultrasound 
LCBI             Lipid core bundle index 
PB                  Plaque burden 
PCI                Percutaneous coronary intervention 
SMC              Smooth muscle cells 
PBMC            Peripheral blood mononuclear cells 
HCAEC         Human coronary artery endothelial cells 
HMEC           Human microvascular endothelial cells 
oxLDL          Oxidized Low Density Lipid 
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Introduction 

Cardiovascular diseases have prevailed as a major cause of morbidity and 
mortality in developed countries and increasingly in developing countries (1, 2). 
Various factors contribute to the manifestation of CVD including lifestyle, diet, and 
genetics (3). Clinically, CVD is defined by impaired vascular flow due to 
vasoconstriction, plaque formation and rupture leading to myocardial infarction 
(fig.1), major adverse cardiac events and even death (4).  

The studies in our thesis have focused on two molecular components involved in 
CVD i.e., extracellular vesicles and their transport of micro-RNA in the context of 
endothelial dysfunction and atherosclerosis.  

 

Fig. 1: The illustration graphically demonstrates the clinical as well as molecular progression of atherosclerosis 
manifesting into a Myocardial Infarction. The illustration is created on BioRender. 
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Endothelial dysfunction  
Endothelial dysfunction disrupts homeostasis, the primary function of the 
endothelium which overtime leads to atherosclerosis and myocardial infarction 
(fig.1), two major characteristics of the cohorts we studied (5).  

At the molecular level, most clinical risk-factors of CVD such as hyperlipidemia, 
diabetes, obesity, acute coronary syndrome are defined by an underlying 
proinflammatory cascade leading to an increase in the levels of cytokines, 
activation of adhesion molecules leading to increased vascular permeability, lipid 
accumulation, apoptosis and endothelial dysfunction (6, 7).  

Extracellular vesicles 
Extracellular vesicles are lipid bilayer bound membrane particles known for their 
role in inter-cellular communication. EVs are classified into three sub-types of 
namely exosomes, microvesicles and apoptotic bodies depending on their size and 
biogenesis. For our studies we will focus on exosomes and microvesicles and use 
the abbreviation EVs to address them.  

Fig. 2: The illustration demonstrates the generation of microvesicles (50-500 nm) by blebbing and exosomes (50-150 
nm) through MVE fusion to plasma membrane, released into the circulating plasma. The illustration is created on 
BioRender. 
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Exosomes are 50-150 nm in size, formed as intraluminal vesicles (ILVs) within the 
lumen of multivesicular endosomes (MVEs) and released by the fusion of the MVE 
to the plasma membrane releasing the ILVs then known as exosomes. While 
microvesicles (MVs) are 50-500 nm particles formed by the blebbing of the plasma 
membrane releasing the MVs (8) (fig.2).  

Since the vesicles released outside the cell are an extension of the donor cell, they 
represent their cell of origin and its microenvironment. These vesicles can further 
enter a recipient cell by mechanisms such as clathrin-dependent and independent 
endocytosis, phagocytosis as well as enzyme dependent permeabilization (9). EVs 
have been studied extensively in the last decade as crucial modulators of 
cardiovascular diseases (10).  

Micro-RNA 
EVs are packaged with mechanistic specificity and can affect their recipient cells. 
Our papers will focus on the micro-RNAs transferred by EVs under an inflammatory 
micro-environment (11). Micro-RNAs are about 22 nucleotide long, single-
stranded non-coding RNAs and are formed either canonically or non-canonically, 
with the canonical pathway being the most dominant.  

The canonical pathway (fig.3) involves the transcription of a pri-miRNA from the 
respective genes followed by the formation of a pre-miR by a microprocessor 
complex made of DGCR8 and ribonuclease III enzyme, Drosha. The pre-miRNA is 
then transported by exportin 5/ RanGTP  complex to the cytoplasm wherein it is 
processed into the mature miRNA by the RNase III endonuclease, Dicer.  

The non-canonical pathways (fig.3) on the other hand use different combinations 
of  the canonical pathways and can be Drosha or Dicer independent. However, the 
pre-miRNAs require AGO2 to form a mature miRNA in the non-canonical 
pathways (12). 

The mature miRNA induces mRNA silencing through the miRNA-induced 
silencing (miRISC) complex that consists of AGO and a guide strand. This complex 
is highly specific due to its complementarity to the miRNA response elements 
(MRE) on the target mRNA. This complementarity leads to translational inhibition 
or decay of the mRNA (12) (fig.3). 
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Fig. 3: The illustration shows the canonical and non-canonical biogenesis of an miRNA and its possible regulation of 
translation in its recipient cell. The illustration is created on BioRender 

The release of miRNA into the extracellular milieu is a highly regulated process and 
affects the recipient cells. Several studies have shown the effect of extracellular 
miRNAs, as chemical messengers in cell-cell interaction (12). Studies have shown 
that exosomes and vesicles predominantly carry miRNAs in serum and saliva. The 
encapsulation of miRNAs by vesicles or other proteins, increases their stability 
outside the cell and can be excellent biomarkers for diseases (13). The release of 
miRNA in exosomes is shown to be a ceramide dependent process and affects the 
target cells (14). The effect of EV-miRNA has been studied  in the pathophysiology 
of CVD (11).  

However, a relative gap in understanding exists in the role and function of EV-
mediated miRNA in endothelial dysfunction and atherosclerosis leading to CVD 
and the papers in this thesis aim to bridge this gap.  
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Aims of the thesis 

The following are the general aims of the thesis addressed and investigated in the 
broader sense in all the four manuscripts included in this thesis. 

 

 Understanding novel molecular mechanisms involved in the 
manifestation of cardiovascular diseases 

 The role of extracellular vesicles and its cargo in the pathophysiology 
of cardiovascular diseases assessed by different parameters 

 The role of EV mediated micro-RNA in the cardiovascular micro-
environment in patients with endothelial dysfunction 

 The clinical relevance of extracellular vesicles and its micro-RNA 
content as prognostic as well as diagnostic biomarkers of the 
atherosclerotic disease 
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General Methods 

Extracellular vesicle isolation 
The projects in this thesis revolved around the isolation of extracellular vesicles 
from human blood plasma, to explore its content and its effect on the 
pathophysiology of cardiovascular diseases. Various methods exist to separate EVs 
from biological fluids, for our experiments and cohorts we employed the following 
methods. 

Ultracentrifugation  
The gold standard of EV separation was used to isolate and enrich EVs from culture 
medium for our in-vitro studies. The method involves the application of centrifugal 
force at 100,000xG at 4°C for one and a half hour to obtain EVs from about 20ml 
of sample. The method led to a pool of EVs resuspended in DPBS, used for further 
detection and recipient cell interaction. Ultracentrifugation though an effective 
method is time-consuming and insufficient for smaller volumes such as bio-banked 
samples, making it difficult to use for larger cohorts. 

Acoustic Trapping 
We hence used a novel method to isolate EVs for all our cohorts studied in this 
thesis, known as acoustic trapping. The method was developed at Lund University 
by Thomas Laurell and then branched out into AcouSort Ab at Medicon Village, 
Lund, Sweden. Their automated platform known as Acoutrap (fig.4) was used to 
isolate EVs from bio-banked plasma samples with volumes as low as 50µl.  
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Fig. 4: AcouTrap by AcouSort Ab, Sweden, an automated platform used as the primary method of EV isolation for all 
our studies 

The script-based device utilizes acoustic waves (ultrasound standing waves) 
generated by a transducer in a microfluidic capillary, creating an acoustic trap to 
detain 12µm polystyrene beads (Sigma Aldrich) (fig.5.A). The microparticles or 
EVs are then captured by these larger seed particles and are subsequently washed 
and released in DPBS for further processing (fig.5.B).  

Utilization of AcouTrap permitted the use of small samples volumes from larger 
cohorts with minimum processing time, and with an efficacy similar to 
ultracentrifugation.  
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Fig. 5: The fig demonstrates the detailed process of EV isolation using AcouTrap. A) shows the microfluidic capillary 
and generation of acoustic standing waves while B) shows the capture and collection of EVs from the sample 
aspirated by Evander.et.al (https://doi.org/10.1039/C5LC00290G) 

The isolated EVs were further subjected to characterization for both their cellular 
origin and for their biological cargo using the following techniques.  

Extracellular vesicle Characterization 
For all the papers in this book the EV population and its cargo was characterized by 
the following methods detailed. 

Flow Cytometry 
Flow cytometry was used for the characterization of EVs and for their association 
to various cellular origins as well as for the characterization and validation of their 
interaction with recipient cells. The used procedure was standard and was performed 
with the ApoGee A60 cytometer (Apogee Flow Systems, Hemel Hempstead, UK).  

The samples were incubated with the required antibodies (Abs) for 30 minutes at 
room temperature with constant shaking and then directly analysed. Samples were 
diluted 1:200 for plasma samples and cultured cells while EV pellets obtained by 
ultracentrifugation were resuspended in 200 µl. Abs were centrifuged prior to 
incubation at 20,000 G for 30 mins at 4°C to remove aggregates. The instrument 
was calibrated with size calibration silica beads (Apogee Mix, Apogee Flow 
Systems) and antibody isotype controls. 
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Micro-RNA profiling 
Total RNA was extracted from EVs according to the manufacturer’s protocol 
(Plasm/ Serum RNA purification mini kit, Norgen Biotek) and were then 
processed further for micro-RNA profiling .The following three methods were used 
to characterize micro-RNAs in EVs according to the experimental design.

Multiplex PCR 
The total RNA samples from paper II and paper IV were profiled for 190 miRNAs 
using the TaqMan Advanced miRNA Human Serum/Plasma Card, a 384-well 
microfluidic system and analysed with the QuantStudio 12k Flex (fig.6). The assay 
has endogenous and exogeneous controls (ath-miR-159a & cel-miR-39-3p). Prior 
to the multiplex q-PCR the RNA was converted into c-DNA and uniformly 
amplified according to manufacturer’s protocol (TaqMan Advanced cDNA 
Synthesis Kit). The miRNAs expression was determined by calculating the Relative 
fold change (2^-ddCT) and the data was normalized using global mean for each 
sample. 

Fig. 6: A schematic process of the q-PCR based assay from TaqMan advanced miRNA assay.  

Multiplex FCM 
We turned to a more direct approach with a novel method developed by Abcam that 
involved a multiplex assay analysed by FCM as the endpoint, known as the FirePlex 
miRNA assay. The Cardiology V2 panel was chosen for our samples with 65 micro-
RNAs per well. The miRNAs were captured directly from the crude samples 
(acoustically trapped vesicles) by labelling them and subjected to universal 
amplification (fig.7.a). The amplified samples were recaptured and analysed by 
FCM (fig.7.b). The data was normalized by global normalization using internal 
controls (miR-17-5p, miR-20b-5p, miR-93-5p and miR-16-5p).  
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Fig. 7.a: The molecular workflow for the fireplex assay for miRNA by AbCam 

 

Fig.7.b: A diagramatic workflow of the fireplex miRNA assay by AbCam 

Real-time PCR 
The expression of the identified miRNAs was validated using real-time PCR both 
in EVs and in cells. The qPCR was performed for the selected micro-RNAs, 
according to manufacturer’s instructions (miRCURY LNA miRNA PCR Assay) 
with sn-U6 as the reference gene.  

Proximity Extension Assay  
Protein content in EVs and circulating plasma demonstrates the translational 
downstream effect of the micro-RNAs. We used the CVD panel II and III for 
multiplex proximity extension assay by Olink Proteomics for paper I, III and IV.  
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Fig. 8: A representative diagram of the proximity extension assay by Olink Proteomics 

The samples both vesicles and plasma were lysed with RIPA buffer (Thermo Fisher 
Scientific) and the protein concentration was measured with BCA assay (Thermo 
Fisher Scientific) and further adjusted to 0.7 μg/μl for all samples. The proximity 
extension assay binds unique DNA tags to the protein using antibodies targeting two 
different epitopes. The hybridization of the dual tags upon coming into close 
proximity of each other (fig.8) leads to a signal, read-out by q-PCR. The samples 
are then analyzed to give the normalized protein expression (NPX). 

Statistical Analysis 
The statistical analysis in all the papers was performed on  GraphPad Prism and in 
paper-III some tests were performed on Stata. The data in these papers were 
subjected to a normality test before determining the applied test i.e., parametric, or 
non-parametric. For regression models’ appropriate model was chosen i.e., logistic 
for binary and linear for continuous variables.  

For the micro-RNA data collected the relative fold change was determined by 2^-
ddCT and then compared between the sample groups by either t-test (simple, one 
per row or Wilcoxon’s signed rank test) or ANOVA(one or two-way) depending on 
the experimental design. For micro-RNA data false discovery rate was applied 
(Benjamini, Krieger and Yekutieli) for the multiple variables assessed. Proteomic 
and flow cytometric data were analyzed similarly. The micro-RNA data was also 
associated to the data from the flow cytometric analysis of EVs as well as the 
proteomic data with regression models and correlation matrix. Paper IV  used 
dependent and paired testing. 

The clinical data from our cohorts was used to characterize the patients using 
descriptive statistics as well to distinguish between patient groups. The patient data 
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was associated to the micro-RNA data using correlation matrix and regression 
models (logistic or linear).  

Plasma preparation and ethical statement 
The blood samples for all the cohorts in our study were collected in EDTA tubes 
except for paper-III where the samples were collected in citrate tubes as well. The 
samples were processed within 30 min of collection and plasma was isolated by 
centrifuging twice at 1570G for 10 min and then stored at -80°C. The frozen and 
bio-banked plasma samples were thawed for further experimentation at RT and 
never re-frozen.  

Informed written and verbal consent was undertaken in agreement with the 
International Conference on Harmonization Good Clinical Practice guidelines for 
all the studies. The studies were reviewed and accepted by the respective 
institutional ethical committee while patient data and samples were handled in 
accordance with the Declaration of Helsinki. 
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Cohort Characteristics 

Prospective Evaluation of Coronary Flow Reserve (PROFLOW) 
The PROFLOW cohort comprised of 619 patients identified in the Swedish 
Coronary Angiography and Angioplasty Registry (SCAAR) by the Department of 
Cardiology at Skåne University Hospital in Lund and Sahlgrenska University 
Hospital in Göteborg, Sweden. All the patients had prior type-1 MI (>3 months and 
<5 years) and distinguished based on Coronary Flow Reserve (CFR). CFR was 
measured in the identified and defined Left Anterior Descending artery (LAD) as 
the ratio between the hyperaemic and baseline flow velocity values at rest and after 
induction with adenosine (140ug/kg/min) with 3.5‐MHz colour Doppler in the 
interventricular sulcus in a modified 2‐chamber view.  

Table.1: Patient characteristics  

For the study of circulating EVs we chose 220 patients for proteomics (paper I) and 
from those, 120 patients for micro-RNA profiling (paper II), from Lund segregated 
into two groups based on a median CFR threshold of 2.9. The patients with CFR 
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≥2.9 were assigned to the High CFR group, whereas the patients with CFR ≤2.9 
were assigned to the Low CFR group. The patient characteristics are in the table 
above. 

PROSPECT-II 
The PROSPECT-II cohort consisted of 902 patients with MI enrolled irrespective 
of age and gender from Sweden, Denmark, and Norway. A 3-vessel NIRS-IVUS 
was conducted on non-culprit lesions to determine their maximum LCBI (4mm)  
and PB. For paper III, 100 patients were identified based on their measured 
maxLCBI and maxPB for further processing wherein the patients were divided in to 
high and low with median LCBI of 390 and median PB of 75%. The clinical 
parameters of the cohort as addressed in paper III are as follows: 

Table.2: Patient Characteristics 
Characteristics high LCBI & PB low LCBI & PB  

 Median Median p-value 

Lipid Core Burden Index (LCBI) 715.5 24.5 <0.000001 
Plaque Burden (%) 78 58 <0.000001 
Total cholesterol (mg/dL) 205 190 0.03 

Triglycerides (mg/dL) 136 124 ns 
Female (n) 7 9  
Male (n) 41 39  
Age (years) 61.5 63  
Body Mass Index (kg/m2) 27 28 ns 
Smoker or Ex-smoker (n) 26 24 ns 
Serum creatinine (mg/dL) 1 1 ns 
Creatinine clearance (mL/min 103 102 ns 
Haemoglobin (g/dL)  15 15 ns 
Platelet count (109/L) 236 238 ns 
WBC (109/L) 9 9 ns 
High-sensitivity C-reactive protein (µg/mL)  4 4 ns 
Haemoglobin A1c  (%) 6 6 ns 
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Plaque EVs 
This exploratory study addressed in paper IV, is derived from the standard invasive 
procedure of PCI where 20 patients with NSTEMI from Dept. of Cardiology, Lund 
were enrolled, irrespective of age and gender. During the procedure 20 ml of blood 
was drawn from the aorta proximal to the plaque, followed by dilation of the stenosis 
by balloon angioplasty. Another 20 ml of blood was drawn distal to the dilated 
plaque and centrifuged to obtain plasma. The patient characteristics are as follows: 

Table.3: Patient characteristics 

Parameters Patients (n=20) 
Age, mean (years) 66 
Men  14 
Women  6 
STEMI  19 
NSTEMI 1 
Stable angina 0 
Coronary artery angioplasty (n) LAD (9) 
Occlusion  12 
Diabetes Mellitus 4 Dx (7) Cx (4) 
Hypertension  8 
Dyslipidaemia  1 
Kidney disease  2 
Current smokers  3 
Previous smokers  8 
Statins  1 
Insulin  0 
Oral anti-diabetic medication  4 
P2Y12 antagonists during the procedure 20 (Ticagrelor) 
Glycoprotein IIb/IIIa inhibitors during the procedure 0 
Ejection fraction, mean (%) 50 
Max Troponin, mean (ng/L) 3695 
HbA1c, mean (mmol/mol) 39.7 
C-reactive protein, mean (mg/dL) 9.3 
High density lipoprotein, mean (mmol/L) 5.1 
Low density lipoprotein, mean (mmol/L) 3.1 
Triglycerides, mean (mmol/L) 1.7 
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 Results 

The results in this thesis summary will focus on some of the main observations, 
emphasizing the role of EVs and their micro-RNA in the development of endothelial 
dysfunction. 

B-cell activating factor 
The proteomic profiling of the EVs from the PROFLOW study showed several 
proteins that differed significantly between the Low and High CFR groups. BAFF 
(p=0.005) ( fig.9) of the TNF-family was explored further, due to its evident role in 
CAD and as a pharmacological target for anti-inflammatory therapeutics (15, 16). 

 

Fig. 9: The panel shows the boxplots of proteins that were significantly expressed in the circulating plasma of Low 
CFR patients. The highlighted plot, indicates the selection of the protein BAFF for further investigation 
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Origin of BAFF-EVs 

Plasma BAFF-EVs 
The circulating plasma of the PROFLOW cohort was  subjected to a flow cytometric 
analysis (fig.10). The results showed that EVs with BAFF as their cargo originated 
in platelets (CD31+, CD42b+). It was further observed that CD31+ and CD42b+ 
EVs demonstrated positive co-staining for BAFF while showing no co-staining for 
endothelial (CD62E), erythrocyte (CD235a) and leukocyte origin (CD45 and 
CD16). 

Fig. 10: The panel shows the presence of BAFF co-stained with EV of platelet, leukocyte, endothelial and erythroid 
origins respectively 
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BAFF-EV generation 
We, hence, performed an in-vitro assay to validate the origin of BAFF+ EVs from 
platelets under inflammatory conditions. Meg-01 cells were used to generate EVs 
with TNF-alpha (10ng/μl) stimulation and unstimulated cells were assessed as 
control. It was observed that the megakaryocyte cell-line Meg-01 generated higher 
levels of BAFF+ EVs under inflammatory conditions than control (fig.11). 

Fig. 11: The scatter plot (A) shows the presence of platelet EVs with BAFF without inflammatory stimulus, while (B) 
shows the effect of inflammatory stimulus leading to higher release of platelet EVs with BAFF in Meg-01 cells 

Recipient cell interaction  
We further wanted to observe the role of EVs in our cohort especially in the Low 
CFR group. EVs from patients of the two CFR-based groups were incubated with 
human microvascular endothelial cells (HMVEC)  overnight, since endothelial cells 
constitute the first barrier that circulating EVs interact with. It was observed that the 
EVs from the Low CFR group i.e., the group with impaired coronary flow, 
generated a significant increase in the levels of the adhesion molecule ICAM-1 
(p<0.05) (fig.12).  
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Fig. 12: The bar graph shows the percentage of ICAM-1 expression on endothelial cells after incubation with EVs 
from the low and high CFR groups compared to control cells. The EVs in paper-I were addressed as MVs by the 
first author. 

miR-224-5p 
The multiplex micro-RNA profiling of the circulating EVs from the PROFLOW 
cohort showed a significant elevation of the miR-224-5p (p<0.000001) in the low 
CFR group (fig.13). The miRNA was further assessed for its origin and relevance 
both at the clinical and molecular level. 
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Fig. 13: The volcano plot shows the relevance of miR-224-5p in the low CFR group with respect to significance and 
relative fold-change 

Association to clinical parameters 
The miR-224-5p was first associated to the clinical parameters of the cohort i.e., 

CFR, BMI, age, hypertension, diabetes, hyperlipidaemia. It was observed that only 
the miR-224-5p showed an independent association to the primary criteria of the 
cohort; CFR (p<0.001) (fig. 14). The significant relationship was of an inverse 
nature indicating that the lower the CFR, the higher the expression of miR-224-5p.  

 

Fig. 14: The box-plot demonstrated significantly higher levels of miR-224-5p in the Low CFR group. 

-15 -10 -5 0 5
100

105

1010

1015

Difference

-lo
g1

0(
q 

va
lu

e)
miR-224-5p



42 

Cell-based assays 
Hence, we further assessed the miR-224-5p at the molecular level using cell-based 
assays. 

Origin 
miR-224-5p was known to be of the hepatic origin as addressed in various studies 
especially in hepatocellular cancer (17). We hence decided to confirm whether the 
circulating EVs containing miR-224-5p in our cohort were of hepatic or 
cardiovascular origin. We assessed the same by comparing EVs generated from 
SMC, ECs, PBMCs, platelets and the liver cell-line HepG2 using q-PCR. It was 
observed that the miR-224-5p (p<0.00001) was of the hepatic origin (fig.15) as the 
miRNA was significantly released in EVs stimulated with TNF-alpha from the 
HepG2 cells compared to the other cell types. 

Fig. 15: The bar graph shows the significant release of EVs with the miR-224-5p upon inflammatory stimulus from 
HepG2 cells compared to other cell types. P< 0.00005=**** 
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Liver EVs in the Cohort 
We, then, wanted to confirm that liver EVs (ASGPR+) were present in the 
circulating plasma of our cohort and that it could permeate the endothelial barrier 
(vanin-1+). However, some CD14+EVs of the monocytic lineage can also be 
ASGPR1+, hence we gated for CD14-/ASGPR1+ EVs. We observed that 
ASGPR1+/CD14- EVs were present in the circulating plasma of our cohort and that 
ASGPR1+ EVs also showed positive staining for Vanin-1 (fig.16). 

 

Fig. 16: The FCM scatter plot shows the significant presence of ASGPR-1+/CD14- hepatic EVs in the circulating 
plasma of the cohort in the uppermost panel while the lower panel shows the significant presence of ASGPR-1+/Vnn-
1+ EVs. The middle panel shows the presence of only ASGPR-1+EVs in the cohort 
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Recipient cell interaction 
The role of the micro-RNA was further studied using mimic and inhibitor for the 
miR-224-5p, in HepG2 cells. The detailed method is addressed in paper II. The EVs 
from the transfected cells were then transferred to endothelial cells to understand its 
biological relevance. We observed that the miR-224-5p was a marker of a sub-
population of hepatic EVs and that the hepatic EVs, led to a significant increase in 
the levels of endothelial ICAM-1(fig.17). 

Fig. 17: The bar graph demonstrates the percentage increase in ICAM-1 in endothelial cells incubated with hepatic 
EVs, EVs with mimic for miR-224-5p and EVs with inhibitor for miR-224-5p compared to control cells 

miR-16-5p 
The miR-16-p was one of the significantly expressed miRNAs from the PROSPECT 
II cohort (p=0.0003) (fig.18.A), derived from the multiplex profiling of the 
circulating EVs. The miRNA was observed to be relatively downregulated in the 
patient group i.e., the high LCBI & PB group. It was further observed that the 
miRNA showed an inverse and significant relationship to megakaryocyte and 
platelet (CD42a+, CD62P+ & CD14+) EVs (p<0.05) as well as endothelial 
(CD62E+) EVs (fig. 18.B). 
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Fig. 18.A: The bar graph shows the significant expression of the miR-16-5p in the EVs of patients with Low LCBI 
and Low PB 

Fig.18.B: The scatterplots demonstrate the significant relationship between the miR-16-5p on the X-axis to CD42a 
(a), CD14 (b), CD62P (c) and CD62E (d) EVs on the Y-axis. The relationship is denoted by the respective line of 
regression and p-values. 
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Association to Clinical parameters 
The miR-16-5p was further associated to the significant clinical parameters of the 
cohort i.e., LCBI, plaque burden and cholesterol. It was observed that the miR-16-
5p showed a significantly inverse to all the three parameters of PB (fig. 19.a), LCBI 
(fig. 19.b) and cholesterol (fig. 19.c).  

Fig. 19: The panel shows (a) the scatter plot demonstrating the relationship between miR-16-5p on the X-axis and 
plaque burden on Y-axis, (b) the probablity plot of the significant relationship of the  miR-16-5p to LCBI and (c) 
demonstrates the bar graph of the significant difference in the total cholesterol between the two groups 



47 

In-silico Assessment 
The miR-16-5p was then assessed in-silico to understand its role at the molecular 
level. It was observed that the miRNA targeted genes identified and validated for 
their role in inflammatory cascades such as Akt, IL, FGF families among others.  

The targets from this unidirectional network (fig.20) were further analysed using the 
String database and it was confirmed that these genes resulted in proteins that play 
a role in several inflammatory diseases including CVDs indicated by their gene 
count in corresponding KEGG pathways. 

 

Fig. 20: The image shows the unidirectional relationship of the miR-16-5p to validated targets. The grey line signifies 
a negative relationship of the miR to the targets, while the gene targets in red are the ones associated with 
cardiovascular disease 
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Association to circulating proteins 
The miRNA was then associated with the circulating plasma proteins of our cohort 
to understand the translational role of the miRNA in our patient groups. It was 
observed that the miR-16-5p showed a significant relationship to TIE-2 (p=0.01) 
(fig.21.a) and FGF-19 (p=0.004) (fig.21.b). The association suggested that the 
decrease in the miR-16-5p in the high LCBI and PB patients led to the decrease in 
angiopoietin receptor-I and fibroblast growth factor-19 in their circulating plasma. 

Fig. 21: The scatter plots show the significant association of the miR-16-5p on the X-axis to the circulating proteins 
TIE2 (a) and FGF-19 (b) on the Y-axis respectively. Their relationship is denoted by the line of regression and p-value 
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miR-451a 
The miR-451a was one of the significant miRNAs in the circulating EVs of the 
PROSPECT II cohort (p<0.0001) and was the only significant miRNA in the 
Thrombus patients EVs (p=0.00003) (fig.22.A). The miR showed a significantly 
inverse relationship to platelet (CD42a+ & CD62P+) EVs (fig.22.B). These findings 
suggested a prominent role of miR-451a in the development of atherosclerosis.  

Fig. 22.A: The bar graphs demonstrate the expression of the miR-451a (a) in the Low LCBI and PB group in the 
Prospect-II cohort and (b) in the circulating EVs released from plaques after balloon angioplasty 
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Fig. 22.B: The panel shows  the relationship of the miR-451a to platelet EVs (a) & (b) in the Prospect-II cohort and (c) 
in the Plaque EV study. 
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Association to Clinical Parameters 
We, hence, further associated the miR-451a to the significant clinical parameters of 
the cohorts i.e., LCBI, plaque burden and cholesterol of the PROSPECT-II cohort 
and BMI, diabetes, hypertension, age, gender, hyperlipidaemia in the Thrombus 
patients. It was observed that the miR-451a showed a significantly inverse 
relationship to LCBI and PB (fig.23), indicating that a decrease in the miR-451a 
would lead to the increase in plaque burden. The miR did not show association to 
any other parameters in both the cohorts. 

 

Fig. 23: The panel shows (a) the scatterplot of miR-451a on the X-axis with plaque burden on the Y-axis with the 
relationship denoted by the line of regression and p-value while (b) shows the probablity plot of between the miR-451a 
and LCBI 
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In-silico Assessment 
The miR-451a was further assessed in-silico to understand its role at the molecular 
level. It was observed that the miR targeted genes identified and validated for their 
role in inflammatory cascades such as Akt, IL, MMP families among others.  

The targets from this unidirectional network (fig.24) were further analysed using the 
String database and it was confirmed that these genes resulted in proteins that play 
a role in several inflammatory diseases including CVDs indicated by their gene 
count in the corresponding KEGG pathways. 

 

Fig. 24: The image shows the unidirectional relationship of the miR-451a to validated targets. The grey line signifies 
negative relationships of the miR to the targets, while the gene targets in red are the ones associated with 
cardiovascular disease. 
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Association to circulating proteins 

PROSPECT II 
The circulating proteins of the cohort were associated to the miRNA to assess the 
translational effect of the miRNA under an atherosclerotic environment. It was 
observed that the miR-451a significantly (p<0.05) correlated to the proteins 
(fig.25.A) caspase-3 (a), caspase-8 (b), insulin growth factor binding protein-1 (c) 
and intercellular adhesion molecule-3 (d). The proteins showed a negative 
association to the miR-451a, suggesting an increase of the respective protein in the 
circulation of patients with higher plaque burden with a decrease in the miRNA.  

 

Fig. 25.A: The scatterplots show the association of miR-451a on the X-axis, in the Prospect-II cohort and it correlation 
to the circulating proteins Caspase-3 (a), Caspase-8 (b), IGFBP1 (c) and ICAM3 (d) on the Y-axis respectively. The 
relationship is shown by the line of regression and significant p-values.  

Release from ruptured coronary plaques 
Similarly, the circulating proteins (fig.25.B) activated leukocyte adhesion molecule 
(a) , platelet endothelial cell adhesion molecule (b), inteleukin-17 (c) & 2 (d) 
receptor alpha chain, intercellular adhesion molecule-2  and interleukin-1 receptor 
type-1(f) were observed to be significantly correlated to the miR-451a in the 
samples distal to ruptured coronary plaques from patients. It suggested that the 
decrease in the miR-451a proximal to the plaque led to an increase in the respective 
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proteins leading to possible plaque formation and further release into the distal 
circulation upon dilation of the stenosis by balloon angioplasty. 

Fig. 25.B: The scatterplots show the association of miR-451a on the X-axis, in the plaque EV study and it correlation 
to the circulating proteins ALCAM (a), PECAM (b), IL17RA (c), IL2RA (d), ICAM2 (e) and IL-1RT1 (f) on the Y-axis 
respectively. The relationship is shown by the line of regression and significant p-values.  
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Discussion 

The atherosclerotic cascade begins with hyperlipidemia, followed by the oxidization 
or modification of the accumulated lipids, leading to an activated endothelium. 
Adhesion molecules and interleukins function by initiating chemoattraction on the 
surface of the activated endothelium leading to the accumulation and adhesion of 
leukocytes on the primary lesion (18). The interleukin receptors are cell surface 
receptors required for the activation of the interleukins modulating inflammation 
(19). Once adhered, it leads to the transmigration of leukocytes into the intimal wall, 
increasing the endothelial permeability (20). This leads to a series of reactions 
ranging from decrease in the local NO levels to atheroma formation, defining the 
various stages of endothelial dysfunction and CVD (7). This leads to impaired 
vascular flow and eventual rupture of the necrotic plaque causing an MI. 

Over the years micro-RNAs transported by vesicles have been studied for their role 
in cardiovascular diseases (21). Circulating micro-RNAs including the ones 
transported by EVs have been known to enter the endothelial barrier and affect the 
recipient cells leading to alteration or silencing of targeted mRNA and consequently 
the downstream protein (22). The discussion below will focus on understanding the 
detected EVs and EV-miRNAs in our cohorts and their relationship to the 
pathophysiology of impaired vascular health. 

Circulating EVs and endothelial dysfunction 
One of the recurrent observations in our cohorts was the presence of platelet EVs 
and their significant relationship to the risk factors i.e., CFR, high plaque burden 
and LCBI as well as the release of  plaque after balloon angioplasty. It is known that 
microvesicles were first discovered as platelet dust and since then platelet and 
macrophage EVs have been known to play a crucial role in the pathophysiology of 
CVD (23).  

Circulating EVs have also been known to impact the expression of adhesion 
molecules including ICAM-1 (24, 25). We observed the same in the paper-I were 
megakaryocyte EVs containing BAFF induced an increased expression of ICAM-1. 
Adverse effects after MI have been correlated to the increase in circulating levels of 
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BAFF(26), as BAFF functions by activating B-cell differentiation and survival, 
aggravating lesion formation (27). 

However, EVs of platelet origin were not the only EVs to impact endothelial 
dysfunction. We recognized an increase in a sub-population of hepatic EVs in the 
paper II, identified by miR-224-5p. Similar to platelet EVs, these hepatic EVs also 
led to the increase in ICAM-1. Hepatic EVs have been studied as carriers of 
Arginase-I to the endothelium leading to increase in ICAM-1 and diapedesis (28).  

An increase in platelet EVs was also observed in the paper III and IV, with a 
significantly inverse association to the miR-16-5p and miR-451a, suggesting their 
decrease in the patient groups is associated to increase in platelet EVs. We speculate 
that their decrease led to megakaryocyte releasing higher levels of platelet EVs 
contributing to an atherosclerotic environment, wherein platelet EVs initiate 
endothelial dysfunction. 

EV-microRNA and endothelial dysfunction 
Micro-RNAs have been studied for their role in the pathophysiology of endothelial 
dysfunction and CVD (29). EVs carrying micro-RNAs have been identified as key 
regulators of molecular mechanisms affecting downstream translation and reflect 
their donor and host environments (8).  

miR-224-5p was an excellent example of the type of miRNAs reflecting their donor 
cell. This makes it an ideal candidate as a biomarker for detection of hepatic EVs 
that aid progression of CVDs by impairing vascular flow. The liver as an organ and 
its hepatokines have been known to mediate inflammation while having an 
association to cardiovascular diseases (30-32). miR-224-5p brings to the spotlight 
the crosstalk between the hepatic and cardiovascular systems, through a sub-
population of hepatic EVs under inflammatory stimuli.  

miR-16-5p showed a significant relationship to cholesterol, a canonical component 
in the progression of atherosclerosis. The accumulation of cholesterol and its 
eventual oxidization, leads to an atherogenic environment. The circulating proteins 
showing significant associations to miR-16-5p were FGF-19, a therapeutic protein 
studied in the prevention of atherosclerosis by promoting HDL biogenesis and 
cholesterol efflux (33, 34) as well as TIE2, that protects the coronary artery from 
oxLDL to maintain vascular health (35, 36). Hence, suggesting that the decrease in 
miR-16-5p leads to accumulation of cholesterol and decrease in FGF-19 and TIE-2 
leading to endothelial dysfunction. miR-16-5p has also been studied as an inhibitor 
of Sorting Nexins 16 (SNX16), an indicator of atherosclerosis, that leads to the 
inhibition of oxLDL pyroptosis (37). It has also been shown that the miR-16-5p 
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inhibits the expression of thioredoxin-interacting protein (TXNIP), an activator of 
the NLRP3 inflammasome in patients with atherosclerosis (38).  

miR-451a is an interesting miRNA identified, as it was detected by two different 
methods, in two different cohorts representing early and late stages of 
atherosclerosis. A highly conserved miRNA, miR-451a is known to be of the 
erythroid origin (39). It inversely correlated to plaque burden and was present in the 
released plaque. The in-silico assessment of the miR-451a showed that it targeted 
mRNAs of an inflammatory proteins and consequently affected the respective 
pathway. miR-451a has been studied in mice models, to exacerbate lipotoxicity 
caused by a high-fat diet (40). miR-451a has also been known to downregulate 
neutrophil chemotaxis while its downregulation leads to cytokine storming in 
Covid-19 (41, 42). 

The effect of the miR-451a was evident from its correlation to two important 
molecule groups that navigate endothelial dysfunction, i.e., the adhesion molecules 
and interleukin receptors. ICAM-2 & 3, ALCAM and PECAM are known for their 
role in increased vascular permeability caused aggregation of adhesion molecules, 
leading to leukocyte transmigration; one of the first steps towards endothelial 
dysfunction(43-46). This permeability further exposes the atheroma to interleukins 
and an increase in their receptors is observed (47). IL-17, IL-2 as well as IL-1 have 
been known to be elevated in atherosclerosis and require their respective receptors 
to function by recruiting leukocytes and impairing endothelial function (48-50). 

Caspase-3 & 8 as well as IGFBP1 also showed an inverse relationship to the 
miRNA. Caspase-3 & 8 lead to apoptosis, the defining characteristic of the necrotic 
plaque (51). While IGFBP1, plays a crucial role in the development of 
cardiovascular diseases and is predictor of cardiovascular morbidity (52, 53).  

The combined results suggest an increase in inflammatory proteins in the circulating 
profile of patients with high plaque burden as well as in the aorta proximal to the 
plaque with the downregulation of the miR-451a while an increase in cholesterol 
with the downregulation of miR-16-5p. It sheds a light on their significance as 
minimally invasive and biomarkers for the development and progression of 
endothelial dysfunction and cardiovascular diseases. Clinically, the miR-451a has 
already been shown as a diagnostic and prognostic biomarker for atherosclerosis, 
while miR-16-5p has been studied as a biomarker for secondary cardiovascular 
events(54, 55). Our results, add to the current knowledge on these miRNAs and their 
importance as biomarkers. 
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Fig. 26: The graphical representation summarizes the possible impact of the identified miRNAs and their correlated 
circulating proteins  in the progression of atherosclerosis 

The overall findings addressed in this thesis, provides an insight into the varied role 
and functions of EV-micro-RNAs with respect to progression of endothelial 
dysfunction and development of cardiovascular diseases.   
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Future aspects 

The studies in paper III and IV open up for future possible studies.  

 The studies have identified two crucial miRNAs i.e., miR-451a and miR-
16-5p as a prognostic as well as diagnostic marker for atherosclerosis 

 Further in-vitro investigation into the miRNAs origins and functions could 
provide a more precise insight into its biological function  

 A validation of their targets identified by the statistical and  in-silico 
analysis would strengthen the findings at the molecular level 

 Future studies indicate the application of miR-16-5p and miR-451a as 
potential therapeutics in the treatment of atherosclerosis and as biomarkers. 

 If it can be confirmed that miR-16-5p and miR-451a inhibit development of 
atherosclerosis, it would be possible to develop stabilized variants that 
could be tested as therapeutic agents 
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Highlights of the thesis 

 miR-224-5p enabled us to identify sub-population of hepatic-EVs that
are associated with endothelial dysfunction

 The downregulation of the miR-16-5p and especially miR-451a presents
possible biomarkers for plaque formation and atherosclerosis

 The essential role of EV micro-RNAs as molecular switches regulating
disease related pathways

 EV micro-RNA in the circulation can be potentially applied as
minimally invasive and early biomarkers for the impairment of vascular
health and development of CVDs
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