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ABSTRACT 

Extracellular Vesicles in Vasculature:  Novel Means of Communication during Vascular 

Insult 

Michael Boyer 

Doctor of Philosophy 

Temple University, Lewis Katz School of Medicine, 2020 

Doctor Advisory Committee Chair:  Rosario Scalia, MD/PhD 

Endothelial dysfunction, present in most cardiovascular disease, results in up-regulation 

of inflammatory adhesion molecules/cytokines, increases in vascular permeability, and 

decreased vasoprotective factors leading to vascular dysfunction.  A novel means of 

communication between almost all cells are small vesicles containing biologically active 

proteins, nucleic acids, and lipids known as extracellular vesicles.  Despite the advances 

in cardiovascular biology, the role of extracellular vesicles between endothelial cells and 

cells of vascular wall are underexplored.  Therefore, we hypothesized that endothelial 

activation results in the release of pro-inflammatory vesicles that initiate inflammatory 

remodeling of vascular smooth muscle cells of the aorta.  Extracellular vesicles were 

released from both endothelial cells and vascular smooth muscle cells with characteristic 

size, shape, and content.  However, serum-free collection in endothelial cells resulted in 

endothelial activation of cell in culture and resulted in altered function in vascular smooth 

muscle cells, characterized by increased monocyte adhesion, altered protein 

synthesis/signal transduction, and signs of pro-senescent features.  These effects were not 

recapitulated in any combination of endothelial-vascular smooth muscle cell extracellular 

vesicle communication.  Unbiased mass spectroscopy of vascular smooth muscle cell 
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treated with serum-free endothelial vesicles identified several proteins significantly up-

regulated, including high mobility group box 1 and 2.  Pharmacologic and genetic 

inhibition of these molecules significantly attenuated NF-kB activation, VCAM-1 

expression, and monocyte adhesion. In summation, we suggest a new axis through which 

endothelial activation releases vesicles that skew the function of vascular smooth muscle 

cells to phenotype characterized by inflammatory properties through up-regulation of 

high mobility group box proteins 1 and 2.  This highlights the importance of extracellular 

vesicles as a novel communication method between cells of the vasculature and how 

alterations in the host cell function may change the function of these vesicles. 

  



	 iv	

DEDICATION 

This dissertation is dedicated to my grandparents.  My grandfather Spencer Boyer Sr. 

was a biology teacher and got me interested in science from an early age.  His good-

natured attitude and love of life is an inspiration and something I strive for.  My 

grandmother Shirley Boyer was a kindergarten teacher, the sweetest woman and spoiled 

me to no end, but could not have been more supportive or proud of everything I did.  She 

tolerated all of the tennis my grandfather and I watched, even though I know she didn’t 

like it, but never complained as she did her crossword puzzles.  Though they aren’t here 

today, their love and inspiration was integral to my life. 

  



	 v	

ACKNOWLEDGMENTS  

 With this journey reaching its conclusion, there are many people who I would like 

to thank.  First, I would thank my advisors Dr. Satoru Eguchi and Dr. Victor Rizzo.  The 

unique situation of being shared by two people stimulated greater thought in developing 

the project, asking the right questions when experiments were not working, and attaining 

more knowledge during my time learning from two separate experts.  They gave me 

leeway to pursue the directions I wanted to pursue (within reason) and gave me the 

opportunity to work on several projects separate to mine that I had the drive and interest 

to pursue.  Under their tutelage, I improved my ability to be a scientific writer and critical 

thinker, securing my own grant funding through the AHA and NIH agencies.  They were 

good listeners to when I constantly questioned everything and helped to focus my 

thoughts and directions.  Dr. Eguchi and I attended several conferences together and he 

always made sure to emphasize that while the conference is important, the culture of the 

area was important to explore as well.  He took me on grand tours of San Francisco and 

Ventura California, and allowed us to attend conferences in Chicago, Boston, and New 

Orleans, which have become some of my favorite places I have been.  While visiting all 

of these places, he pushed me to get out of my comfort zone and talk to many other 

scientists, stimulating my interest in other subjects outside of my focus.  In addition to 

attending excellent trips to Chicago and Boston, Dr. Rizzo was invaluable in grounding 

me when I would get worked up.  He was always there to talk science but also talk sports 

and life in general whenever the time was available.  His stories about his development as 

a scientist and the people he has met along the way were always interesting and helped 

shape how I look ahead to the future with excitement for what is to come.  In all, Dr. 



	 vi	

Eguchi and Dr. Rizzo were both excellent mentors and I thank them for imparting 

knowledge and providing me with the necessary opportunities moving forward in my 

career. 

 Joining the Eguchi and Rizzo laboratories also gave me the opportunity to meet 

and work with some truly amazing people.  When I first joined, the lab was very small, 

only encompassing a handful of people but rapidly expanded to be a large family.  While 

we only overlapped for a year, I thank Steven for igniting a passion in me that I did not 

know I would EVER have in biochemistry and cellular metabolism.  From the day I got 

my seat in Dr. Eguchi’s area, Kathy was always there to answer my questions, but more 

importantly chat me up about anything and everything (and now provide me with 

excellent cat pictures).  I would be remiss if I did not give my biggest thanks to Hannah.  

She was always up for scientific conversation and we pushed each other to become better 

scientists through a drive to know everything about our subjects.  In addition to that, we 

got each other through any anxiety or craziness we may have been feeling.  While 

Hannah and I were there the whole time, Steph joined us for the last year of my PhD and 

fit right in.  She served as the more level-headed individual between us three and was 

always there to make us laugh when we were anxiety-ridden and would talk science 

whenever.  Finally, I thank everyone else in my lab for facilitating my development as a 

scientist and being genuinely great people.   

 To make it to this point, I needed the guidance and support from my dissertation 

committee.  We always had great meetings going over the direction of the research and 

providing thought provoking questions.  They tolerated my constant arguments but in the 

end all of the conversations made my project, paper, presentations and grant submissions 



	 vii	

better.  A special thank you goes to Dr. Rhian Touyz for agreeing to serve as my external 

committee member and outside mentor.  To have your expertise and support as a resource 

has been amazing and very useful.  Your work provided the groundwork for what my 

project developed into and without it, the field would not be as respected as it is today. 

 Finally, I would like to thank all of my friends and family for supporting me 

throughout this time.  It was not always a smooth journey and I appreciate all of the 

support during this whole process when I was stressed out studying constantly or 

experiments were not working.  While she may not know exactly what we are talking 

about when I describe my project and studies, my mother is always excited to hear about 

it and there to talk.  She has been the only constant force with me throughout this journey 

and I cannot thank her enough for that.  While this experience has made me a better 

researcher and critical thinker, it has also provided me the opportunity to meet and 

interact with many people that I respect and consider friends.   

  



	 viii	

TABLE OF CONTENTS 

ABSTRACT……………………………………………………………………………....ii 

DEDICATION……………………………………………………………………………iv 

ACKNOWLEDGMENTS………………………………………………………………...v 

LIST OF FIGURES…...……………………………………………………………….…xi 

LIST OF TABLES……………………………………………………………………...xiii 

LIST OF ABBREVIATIONS…………………………………………………………...xiv 

CHAPTER 1:  INTRODUCTION………………………………………………….……..1 

 Cardiovascular System and Complexity of Vasculature……………………....….2 

 Endothelial Activation, Dysfunction and Disease………………………….….….3 

  Endothelial Nitric Oxide Synthase………………………………......……6 

  NF-kB in Endothelial Dysfunction………………………………….….…7 

 Vascular Smooth Muscle Cell and Disease……………………………….……....8 

 Endothelial-Vascular Smooth Muscle Cell Communication…………………….11 

  Physical Interaction………………………………………………………11 

  Paracrine Cytokine Activation………………………………………...…12 

  MicroRNAs………………………………………………………………13 

 Extracellular Vesicles – A Novel Means of Communication……………...…….14 

  EV Stratification………………………………………………………....16 

  Biogenesis/Regulation of Release……………………………………….18 

  Protein Composition of EVs……………………………………………..21 

  Lipid Content of EVs…………………………………………………….22 

  Nucleic Acid Content…………………………………………………….23 



	 ix	

Further Nomenclature of Extracellular Vesicles…………………………………24 

 Extracellular Vesicles in Cardiovascular Physiology…………………………....26 

  Extracellular Vesicles Released From Endothelial Cells…………….......26 

  Extracellular Vesicles Released from VSMC…………………………....31 

 High Mobility Group Box Proteins – Multifunctional Regulator 
 in Organism Physiology………………………………………………………....32 

  HMGB1………………………………………………………………….33 

  HMGB2………………………………………………………………….36 

 Hypothesis……………………………………………………………………….37 

CHAPTER 2:  MATERIALS AND METHODS…………………………………….….39 

CHAPTER 3: CHARACTERIZATION OF EXTRACELLULAR  
VESICLESDERIVED FROM VASCULAR SMOOTH MUSCLE AND 
ENDOTHELIAL CELLS…………………………………………………………….….55 

Results…………………………………………………………….……...56 

Discussion……………………………………………………….…….…69 

Limitations………………………………………………………….……74 

CHAPTER 4:  ACTIVATED ENDOTHELIUM RELEASES  
EVs THAT INITIATE PATHOLIGCAL GLOBAL REMODELING  
IN VSMC………………………………………………………………………….……..75 

Results……………………………………………………………….…...76 

EVs from RAEC are Internalized in VSMC……………….…….80 

RAEC Cultured in Serum-Free Conditions Induce   
EC Dysfunction…………………………………………….…….83 

RAEC SF EV Increase VSMC Inflammatory  
Monocyte Adhesion……………………………………….……..88 

Ex Vivo Conservation of Inflammatory Signal…………….…….90 

RAEC EVs Initiate Translocation of p65……………….……….92 



	 x	

RAEC EVs Induce Pro-hypertrophic and Senescent  
Phenotype in VSMC……………………………………….…….94 

Discussion……………………………………………………….……...104 

Limitations…………………………………………………………...…112 

CHAPTER 5:  ENDOTHELIAL EVS FROM ACTIVATED 
ENDOTHELIUM CONTROL VSMC INFLAMMATORY PROPERTIES 
THROUGH UP-REGULATION OF HIGH MOBILITY GROUP  
BOX 1 AND 2..………………………………………………………………….……..114 

Results…….…………………...……………………………….…........115 

Pharmacologic Inhibition of HMGB1/2 Attenuates  
Pro-inflammation…………………………………………....…117 

Genetic Inhibition of HMGB1 Attenuates VSMC  
Pro-Adhesive Phenotype………………………………………119 

Pharmacologic and Genetic Inhibition of HMGB1/2  
Attenuates NF-kB Signaling…………………………………..121 

Discussion…………………………………………………………..…123 

Limitations…………………………………………………………….129 

CHAPTER 6:  CONCLUSIONS AND FUTURE DIRECTIONS……………………131 

Conclusion…………………………………………………………….132 

Future Directions……………………………………………………...134 

LIST OF REFERENCES……………………………………………………………...136 

APPENDIX ...…………………………………………………………………………170 

	 	



	 xi	

LIST	OF	FIGURES	

Figures	 	 	 	 	 	 	 	 	 	 			Page	

Figure	1	–	Disease	States	Resulting	in	Endothelial	Activation	
and	Dysfunction…………………………………………………………………………………….…..….……..5	

Figure	2	–	Integrated	Role	of	VSMC	and	NF-kB	in	Vascular	Disease………………..……..10	

Figure	3	–	Canonical	Release	of	Extracellular	Vesicles	From	Cells……………….………..17	

Figure	4	–	Transmission	Electron	Micrograph	of	EVs	isolated	from	
RAEC	and	VSMC………………………………………………………………………………………..………..58	

Figure	5	–	NanoSight	Analysis	of	EC	and	VSMC	EV	preparations………………….……….60	

Figure	6	–	Western	Blot	Analysis	of	EV	Fractions	from	EC	and	VSMC		
Preparations…………………………………………………………………………………………….………..62	

Figure	7	–	Proteomic	Analysis	of	EVs	from	RAEC,	VSMC,	and	Rat	Sera………….…........65	

Figure	8	–	Verification	of	Mass	Spectroscopy	Through	Immunoblotting……….…........66	

Figure	9	–	GW4869	Inhibition	of	EV	Release………………………………………..……………...68	

Figure	10	–	Schematic	of	Experimental	Strategy	to	Identify	Signaling	
Mechanism/Function	to	Extracellular	Vesicles………………………………………..…………..77	

Figure	11	–	RAEC-derived	EVs	Induce	Pro-inflammatory	Protein	
VCAM-1	in	VSMC………………………………………………………………………………………..……...79	

Figure	12	–	EV	Uptake	Assays	Using	Membright	Dyes……………………………………..…..82	

Figure	13	–	RAEC	Cultured	in	Serum-Free	Media	Exhibit	Hallmarks	
of	EC	Activation	and	Stress………………………………………………………………………………...84	

Figure	14	–	Senescence-Associated	Beta	Galactosidase	Activity	in	RAEC	
Cultured	in	Different	Conditions…………………………………………………………..…………….85	

Figure	15	–	RAEC-derived	EVs	from	Serum-Free	Conditions	Induce	
Pro-inflammatory	Signaling	not	seen	in	other	Conditions………………………….…….…..87	

Figure	16	–	RAEC-derived	EVs	from	Serum-Free	Conditions	
Increase	Monocyte-VSMC	Interactions…………………………………………………..…………...89	

Figure	17	–	Ex	Vivo	Analysis	of	VCAM-1	Expression	in	EV-Treated	



	 xii	

Mouse	Aortas………………………………………………………………………………………………..…..91	

Figure	18	–	RAEC	SF	EV	Induce	p65	Translocation	in	VSMC	in	
Time-Dependent	Manner…………………………………………………………………….……….…....93	

Figure	19	–	RAEC	SF	EV	Induce	Time-Dependent	Increases	in	
Protein	Synthesis	and	Immediate	Early	Gene	Protein	Expression………………….........96	

Figure	20	–	RAEC	SF	EV	Treatment	of	VSMC	Increases	Hypertrophy……………..........98	

Figure	21	–	Migratory	Capabilities	of	VSMC	are	not	Induced	via	RAEC		
SF	EV	Stimulation……………………………………………………………………………………………..99	

Figure	22	–	RAEC	SF	EV	Induce	Signs	of	Stress-Induce	Senescence	
in	VSMC………………………………………………………………………………………………………….102	

Figure	23	–	Altered	Cytokine	Profile	of	VSMC	Treated	with	
RAEC	SF	EV…………………………………………………………………………………………………….103	

Figure	24	–	Proteomic	Profiling	of	VSMC	Incubated	with		
RAEC	SF	EV…………………………………………………………………………………………………....116	

Figure	25	–	Pharmacological	Inhibition	of	HMGB	Proteins	Attenuates	
VSMC	Inflammatory	Properties	Induced	via	RAEC	SF	EV………………………………….118	

Figure	26	–	Genetic	Inhibition	of	HMGB1	Protein	Attenuates	VSMC	
Inflammatory	Properties	Induced	via	RAEC	SF	EV……………………………………….......120	 	

Figure	27	–	Pharmacological	and	Genetic	Inhibition	of	HMGB	Proteins	
Directly	Attenuates	NF-kB	Signaling……………………………………………………………..…122	

Figure	28	–	Overview	of	Findings………………………………………………………………........133	

Figure	29	–	GW4869	Attenuates	Leukocyte	Adherence	to	Mesenteric	
Post-Capillary	Venules	After	TNF	Alpha	Infusion………………………………………..........135	
 

  



	 xiii	

Tables            Page 

Table 1 – Key Resources and Reagents………………………………………………..53 

Table 2 - Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC  
and Endothelial Cells…………………………………………………………………171 
  



	 xiv	

LIST OF ABBREVIATIONS 

EC  Endothelial Cell 

VSMC  Vascular Smooth Muscle Cell 

CVD  Cardiovascular Disease 

eNOS  Endothelial Nitric Oxide Synthase 

NO  Nitric Oxide 

NF-κB  Nuclear Factor kappa-light-chain-enhancer of activated B cells 

VCAM1 Vascular Cell Adhesion Molecule 1 

ICAM1 Intracellular Cell Adhesion Molecule 1 

IkBa Nuclear Factor of Kappa Light Polypeptide Gene Enhancer in B-cells 

inhibitor alpha 

IKKa/B IkB Kinase alpha/beta 

AngII  Angiotensin II 

GPCR  G-protein Coupled Receptor 

TNFa  Tumor Necrosis Factor alpha 

PDGF  Platelet-Derived Growth Factor 

TGF-B  Transforming Growth Factor Beta  

EDHF  Endothelium Dependent Hyperpolarizing Factor 

EV  Extracellular Vesicle 

miRISC MicroRNA-induced silencing complex 

Exo  Exosomes  

MV  Microvesicle 

MP  Microparticle 



	 xv	

EV  Extracellular Vesicle 

ApoBD Apoptotic Body 

ESCRT Endosomal Sorting Complex Required for Transport Complex 

VPS  Vacuolar Protein Sorting 

ILV  Intraluminal Vesicle 

MVB  Multivesicular body 

NSmase2 Neutral Sphingomyelinase 2 

EMP  Endothelial Microparticle 

HUVEC Human Umbilical Vein Endothelial Cells 

HMGB1/2 High Mobility Group Box Protein 1/2  

DAMP  Damage Associated Molecular Pattern 

RAGE  Receptor for Advanced Glycation End Products 

TLR2/4 Toll-Like Receptor 2/4 

SASP  Senescence Associated Secretory Phenotype 

LPS  Lipopolysaccharide 

MI  Myocardial Infarction 

I/R  Ischemia/Reperfusion 

ROS  Reactive Oxygen Species 

TEM  Transmission Electron Microscopy 

TSG-101 Tumor Susceptibility Gene 101 

LC-MS/MS Liquid Chromatography Mass Spectroscopy 

VE-Cadherin Vascular Endothelial Cadherin 

PDCD6IP Programmed Cell Death 6 Interacting Protein/ALIX 



	 xvi	

CDxx  Cluster of Differentiation XX 

ER Stress Endoplasmic Reticulum Stress 

DMEM Dulbecco’s Modified Eagle Media 

IRE1a  Inositol Requiring Enzyme 1 alpha 

eiF2a  Eukaryotic Initiation Factor 2A 

SA-Bgal Senescence-Associated Betagalactosidase  

SF  Serum Free 

EGR-1  Early Growth Response Protein 1  

Timp-1  Tissue Inhibitor of Metalloproteinases 1 

Lix/CXCL5 C-X-C Motif Chemokine Ligand 5 

VEGF-A Vascular Endothelial Growth Factor A 

MCP-1  Monocyte Chemoattractant Protein 1 

Rps6  Ribosomal Protein S6 

COX5a Cytochrome C Oxidase Subunit 5a 

Rhot2  Ras Homolog Family Member T2 

 

 



	 1	

CHAPTER 1 

INTRODUCTION  
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Cardiovascular System and Complexity of Vasculature 

Cardiovascular disease, such as atherosclerosis and hypertension, is one of the largest 

socioeconomic burdens and ever-increasing problems afflicting the world1.  Left 

unchecked and untreated, CVD significantly increases the chance of an acute event such 

as myocardial infraction or stroke, with lasting chronic effects such as heart failure and/or 

possible death.  While modifiable behaviors, such as physical activity, diet, and stress 

may help mitigate development of CVD, the increasing amount of individuals afflicted 

suggest greater understanding and treatments are needed to combat CVD. 

The cardiovascular system is an intricate, highly dynamic network requiring 

communication and feedback between multitudes of cell types throughout the body.  At 

the center of the cardiovascular system is the heart, responsible for generating unending 

contractile oscillations to perfuse the cells, tissues, and organs of the body with nutrient-

rich blood to ensure life.  Connecting the heart to the extremities is the vascular network, 

consisting of the resistance vessels: arteries and arterioles, the capacitance vessels: veins 

and venules, and the single-cell layer thick capillaries connecting the arterioles and 

venules, which serve as the main site for nutrient/oxygen exchange within the tissue2.  

Whilst the heart functions as the main pump to generate force throughout the organism, 

the vessels are of equal importance in preserving homeostatic function. 

Blood vessel composition and cellularity varies from the least complex capillaries to the 

highly vascularized arterioles/arteries.  Common to all vessels is the presence of the 

endothelium, a multifaceted cell layer responsible for lining all vessels within the body.  

The endothelium functions to regulate vascular tone, provide a non-thrombogenic surface 

for platelets, participate in gas exchange, and in the case of post-capillary venules, 
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function in leukocyte extravasation3.   Vascular complexity increases in the resistance 

vessels, where the vascular unit is defined as the tunica intima, tunica media and 

adventitia.  Whilst endothelial cells populate the intima, the media is defined by layers of 

vascular smooth muscle cells: contractile cells capable of controlling hemodynamics and 

blood pressure through relaxation/contraction4.  Finally, the outermost layer of the vessel 

is the adventitia, which provides the outer covering of the vessel with myofibroblasts and 

collagen4.  Proper communication between all of these cell types, in addition to immune 

cells, platelets, and cardiac input, is integral to preservation of homeostasis.  Dysfunction 

in any one compartment can create imbalances in homeostasis leading to disease. 

 

Endothelial Activation, Dysfunction and Disease 

The endothelium serves as the largest organ of the body and constitutes the intraluminal 

region of every blood vessel in the body5.  Under physiological homeostasis, the 

endothelium maintains quiescence and is capable of nutrient and gas exchange, 

measuring changes in fluid dynamics, releasing vasodilatory gases such as nitric oxide 

and anti-thrombotic factors to control platelet aggregation, and responding to various 

paracrine/endocrine factors5,6.  However, the endothelium may acquire a phenotype 

known as endothelial activation/dysfunction upon insult characterized by decreased 

vasodilatory properties, and a pro-inflammatory and thrombotic state6.  It should be 

noted, the terms, endothelial ‘activation’ and ‘dysfunction’ are often used together as 

activation encompasses pro-inflammatory gene activation, adhesion molecules, and pro-

coagulant properties which are essential for dysfunction7.  In this fashion, activation of 

endothelium, while physiological in some instances, is a hallmark of endothelial 
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dysfunction.  Endothelial dysfunction is a hallmark of multiple disease states such as 

hypertension, diabetes, atherosclerosis, and therefore is critical to understanding the 

etiology of disease8-11 (Figure 1).  The hallmarks of endothelial dysfunction are 

impairment of vasodilatory properties, specifically uncoupling/lower activity of eNOS 

leading to decreases NO production and increased superoxide production, increased NF-

kB activation leading to leukocyte adhesion molecule expression/increased cytokine 

production, and increases in platelet aggregation8,12-14.   
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Figure 1 – Disease States Resulting in Endothelial Activation and Dysfunction 

(Rahimi, N. Defenders and Challengers of Endothelial Barrier Function. Front 

Immunol 8, 1847, doi:10.3389/fimmu.2017.01847 (2017).	 
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Endothelial Nitric Oxide Synthase 

Clinically, endothelial dysfunction is primarily assessed through vaso-responsiveness and 

NO bioavailability15.  NO production directly reflects the ability of the three nitric oxide 

synthases to generate NO.  Endothelial and neuronal NOS are constitutively expressed 

and are regulated through calcium/calmodulin, as well as availability of co-factors and 

phosphorylation, while inducible NOS is usually only present during stimulation and is 

seemingly calcium-dependent12.  In vitro assessment of endothelial dysfunction generally 

involves measuring the NO production of eNOS and the effects of phosphorylation and 

oxidative stress in function.  eNOS catalyzes the formation of NO from L-arginine and 

molecular oxygen to NO and L-citrulline and is accelerate or inactivated through 

phosphorylation and substrate availability.  In general, phosphorylation at serine 1177 is 

an activating phosphorylation, leading to increased NO production and is responsive to 

laminar shear stress and agonist-induced activation16-18.  Conversely, phosphorylation on 

threonine residue 495 is associated with inactivation of eNOS and is the general state 

cultured endothelial cells persist in without stimulus12,19.  Interpretation of the 

phosphorylation status of eNOS is complicated and is still of high importance in study of 

disease as results are at times contradictory when studying uncoupling of eNOS as over-

activation at S1177 can be seen as detrimental when unchecked by inactivation at 495 but 

the ratios change or are inconclusive in varying disease states20,21. 
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NF-kB in Endothelial Dysfunction 

Improving upon the original definition of endothelial dysfunction as impaired 

responsiveness to agents producing NO response, activation of the endothelium to 

acquire a pro-inflammatory state was eventually included6,8.  This pro-inflammatory, 

‘activated’ state is characterized by increased expression of cell adhesion molecules 

involved in leukocyte rolling and adhesion, production of pro-inflammatory 

cytokines/chemokines, and inhibition of nitric oxide5,8.  A major driver of this pro-

inflammatory state is the NF-kB cascade and its family of transcription factors.  NF-kb 

describes a family of transcription factors capable of regulating many processes, 

including inflammation, proliferation, cell survival and angiogenesis22.   Canonically, 

inactive NF-kB signaling requires IkBa bound to RelA/p65 to prevent dimerization of 

p65 to its partner.  Upon activation through various stimuli, the IKK complex of alpha, 

beta, and gamma subunits phosphorylate IkBa, leading to its degradation by the 

proteasome.  Release from IkBa, RelA/p65 binds its heterodimer partner p50 and 

translocates to the nucleus to bind Nf-kB response elements and initiate gene 

transcription22.   While well-conserved amongst the cell types of the body, NF-kB 

activation is essential to endothelial activation23.  NF-kB is responsible for the induction 

of adhesion molecules such as VCAM-1/ICAM-1, pro-coagulation proteins, and pro-

inflammatory cytokine/chemokine induction to propagate inflammation within the 

endothelium13,24-27.  Various stressors such as TNF-alpha, thrombin, disturbed flow, and 

oxidative stress are known to induce activation of the NF-kB pathway, serving as 

multiple methods of targeting NF-kB28,29. Targeting/inhibiting of NF-kB in the 

endothelium has the potential to improve hematopoiesis30,  immune suppression in 
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arthritis31, atherogenesis/atherosclerosis28, hypertension26, and thrombosis29.  Thus, the 

importance of NF-kB in endothelial dysfunction is paramount and potential therapeutic 

intervention can lessen the burden of inflammatory diseases. 

 

Vascular Smooth Muscle and Disease 

Vascular smooth muscle cells serve as the primary contractile cell within the resistance 

arteries and arterioles, in turn serving as the responsible party for blood pressure 

regulation4,32.  Changes in flow or paracrine factors interacting with the endothelium alter 

the production of NO from endothelial cells, which diffuses out and enters the VSMCs to 

activate guanylyl cyclase creating cyclic guanylate monophosphate (cGMP).  cGMP can 

then bind to cGMP-dependent protein kinases that allow smooth muscle relaxation33,34.   

A pervasive antagonist of this pathway is the potent vasoconstrictive peptide Angiotensin 

II.  AngII can bind to the angiotensin II Type 1 receptor on VSMC and directly cause 

vasoconstriction through activation of myosin light chain kinase and inhibition of myosin 

light chain phosphatase, resulting in phosphorylation of myosin light chain and 

subsequent contraction35.  AngII also is a potent pro-inflammatory peptide and may cause 

endothelial dysfunction and VSMC hypertrophy/shifting of VSMC towards a synthetic 

phenotype35-37.  The synthetic phenotype of VSMC is a paradigm found in a multitude of 

cardiovascular diseases.  VSMC under homeostatic conditions are integral to preserving 

vascular tone through their ability to respond to NO and paracrine factors to either relax 

or constrict to regulate blood pressure32-34.  However, VSMC are highly plastic cells and 

can undergo phenotypic switching from a differentiated state of contractile response to a 

pro-inflammatory, proliferative de-differentiated state known as synthetic38.  De-
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differentiated VSMC secrete pro-inflammatory factors, display increased proliferative 

and migratory capabilities, and are responsive to pro-inflammatory stimuli to increase 

monocyte interaction through adhesion molecules39.  In addition, synthetic VSMC 

increase their rate of protein synthesis, becoming pro-hypertrophic and increasing their 

rate of extracellular matrix deposition leading to arterial stiffening and hypertension40,41.  

Failure to return to the differentiated phenotype is essential in the pathology of 

hypertension40, atherosclerosis41,42, age-related arterial stiffening4, and restenosis43.   

VSMC de-differentiation can be characterized phenotypically by a loss of contractile 

markers, such as alpha smooth muscle actin, transgelin, and myocardin and acquiring of 

pro-inflammatory phenotype44.  Principle to pro-inflammatory phenotype is the 

aforementioned master regulator of endothelial activation:  NF-kB.  TNFa potently 

activated VSMC NF-kB in cerebral vessels, contributing to increased inflammatory gene 

expression and decreased contractile proteins, suggesting a possible role in development 

of cerebral anuerysm45.  In aortic VSMC, TNF-induced activation of NF-kB induced pro-

coagulants proteins and ox-LDL treated VSMC increased NF-kB activation, which was 

associated in vivo with increased atherosclerosis in mice fed a high fat diet46,47.  In 

another model of increased VSMC calcification, NF-kB was essential to pro-

inflammatory cytokine expression and vascular differentiation to calcified phenotype48.  

Guanylyl Cyclase is also effected by NF-kB in VSMC through NF-kB-dependent 

microRNA-155 down-regulating guanylyl cyclase in both cultured VSMC and 

prevalence in human atherosclerosis and preeclampsia49.  NF-kB is therefore integral to 

the dysfunction and pro-inflammatory phenotype seen with VSMC in CVD.  The role of 

VSMC in vascular dysfunction is summarized in Figure 239. 
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Figure 2 – Integrated Role of VSMC and NF-kB in Vascular Disease (From Lim, S. & 

Park, S. Role of vascular smooth muscle cell in the inflammation of atherosclerosis. 

BMB Rep 47, 1-7, doi:10.5483/bmbrep.2014.47.1.285 (2014)).	    
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Endothelial-Vascular Smooth Muscle Communication 

The best-characterized interaction between cells within the vasculature in regulating 

homeostasis is the NO-GC-vessel relaxation axis seen in EC and VSMC12,50.  However, 

many other mechanisms exist for which EC and VSMC to interact.  Aside from the AngII 

discussed previously, endothelin-1 is an extremely potent vasoconstrictor that is released 

from ECs upon activation and binds to the endothelin A or B receptor in VSMC to 

increase vascular contraction and pathological remodeling through Rho kinase and MAP 

kinases51.  This represents an essential reaction that controls progression to disease 

through EC-VSMC interaction. However, this is not the only instance of additional EC-

VSMC communication. 

   

 Physical Interaction 

The simplest interaction between EC and VSMC is based on their direct interaction 

through physical contact.  When co-cultured together, VSMC and EC interact through 

connexins and can exchange solutes between each other through myoendothelial 

junctions52.  These gap junctions play an essential role in ion exchange such as sodium 

and chloride, as well as second messenger exchange such as calcium.  Calcium exchange 

through gap junctions from EC and VSMC serves as another means of regulation of 

vascular tone and blood pressure as VSMC membrane potential is hyperpolarized 

through calcium-activated potassium channels, resulting in electronic vasodilation53.  It is 

important to highlight an additional mechanism of vasodilation in EDHF as opposed to 

NO.  EDHF serves as a the impetus for the increase in hyperpolarization of VSMC 

membrane potential but the identity of said factor remains elusive53.  There is also 
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evidence of EC regulation of VSMC gene expression through an EC-dependent Jagged 

interaction with Notch3 on VSMC54.  During vessel biogenesis and organization, Ephrin-

B2 and Ephrin receptor tyrosine kinases are required for endothelial cells to recruit 

pericytes and VSMC to sites of vessel biogenesis55. 

  

 Paracrine Cytokine Activation 

Moving away from more simplistic physical interaction between ECs and VSMCs, is 

paracrine activation between the cell types through induction of cytokines/chemokines.  

Upon endothelial activation, EC up-regulate the expression of cytokines that are then 

released in the lumen to act in a paracrine fashion with immune cells/platelets, autocrine 

action to further propagate inflammatory adhesion molecule expression, or additional 

paracrine action in the VSMC56.  EC respond directly to TNFa produced by immune cells 

in the lumen and disturbed flow, which in turn up-regulates adhesion molecules on the 

surface through NF-kB activation and increases subsequent leukocyte-EC interactions57.  

This inflammatory activation may play a pivotal role in VSMC inflammation through the 

induction of IL-1Beta, which drives proliferation and migration of VSMC56,58.  In 

addition, IL-1B drives P2Y2 expression VSMC, which may further propagate a paracrine 

mechanism of ATP release from EC to VSMC to activate purinergic signaling58.  

Endothelial responses to low shear stress up-regulates the secretion of PDGF-BB and 

TGF-B, which in turn can induce synthetic properties in VSMC while blockage of these 

factors in VSMC in turn lowered proliferative properties in EC, showing bi-directional 

regulation59. 
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 MicroRNAs 

A relatively newer area of research with regards to gene regulation and control is 

microRNAs.  MicroRNAs (miRs) were originally classified as 20-25 nucleotide long 

small RNAs that bind the 3’ UTR of mRNA transcripts resulting in translational 

repression or mRNA cleavage60.  MiRs originate from a hairpin structure in the nucleus 

that is cleaved into a smaller stem loop pre-miRNA by the enzyme Drosha.  Exportin 

proteins bound to GTP then bind the pre-miR and export it to the cytoplasm where it is 

released from exportin through GTP hydrolysis.  The enzyme Dicer then cleaves the stem 

loop revealing a mature double-stranded miRNA which then binds argonaute proteins 

that degrade the ‘passenger’ strand of miR, leaving the mature single-stranded miR and 

forming the miRISC complex60.  Classically, miRs bind to the 3’ UTR and initiate 

translational repression, resulting in deadenylation and cap removal61.  However, it is 

now appreciated that miRs can bind to both the 5’ UTR and coding region where they 

have been implicated in silencing expression or actually inducing transcription62.  Whilst 

in the cytoplasm, miR have a few methods of release from the cell and into the 

circulation where they communicate with target cell.  One method is through argonaute 

proteins, which serve as the major component defining the miRISC complex63 and the 

other method is through extracellular vesicles such as apoptotic bodies, microvesicles, 

and exosomes (which will be discussed in greater detail in the following sections)64.  The 

study of miRs in biology is relatively new in the grand scheme but important methods of 

regulation between EC and VSMC have been elucidated.  An EV-dependent transfer of 

miR cluster 143/145 from EC-VSMC was shown to be atheroprotective when induced 

through shear stress or overexpression of Kruppel Like Factor 2 in EC65.  Further work 
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on 143/145 found that TGF-B induced transfer of 143/145 from VSMC to EC to 

modulate angiogenesis66.  MiRs have multiple variants of each other, and as such, it was 

found that VSMC miR-143-3p was able to induce pro-migratory and angiogenic effects 

in EC through its abundance in pulmonary SMC exosomes67.  Another highly important 

miR in EC-VSMC communication is miR-126, a master regulator of angiogenesis68.  

Secreted miR-126 released from endothelial cells in static culture caused repression of 

genes in VSMC that shifted them towards an atherogenic phenotype, a finding confirmed 

in vivo69.  Neointimal formation may also be suppressed through endothelial transfer of 

miR-126-3p to VSMC through microparticles, thereby inhibiting LRP70.  The rapid 

expansion of work on miRs and communication between cell types is a rapidly expanding 

field and central to circulation of miRs is the advent of extracellular vesicles. 

 

Extracellular Vesicles – A Novel Means of Communication 

Certain cytokines, growth factors, and chemokines represent the most highly studied area 

of extracellular peptides derived from intracellular originals being released and 

communicating with distant cells.  However, the appreciation of an additional means of 

communication between cells has exploded in the past 20 years in extracellular vesicles.   

Extracellular vesicles were originally observed as platelet-derived vesicles in the 1940’s, 

interestingly identified as having pro-coagulant properties71.  Several years later in 1969, 

membrane-bound vesicles, termed matrix vesicles, were implicated in the calcification of 

the epiphysis, with a suggestion that these vesicles may be secreted from cells in 

mediating this process72.  The term ‘exosome’ was given to vesicles secreted by several 

cell types that ranged in size from 40-1000nm via electron microscopy and seemed to be 
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directly shed from the plasma membrane73. Trailblazing work by Stahl and Johnstone 

was the first to denote an intracellular origin for vesicles isolated via ultracentrifugation 

at 100,000xg using the observed properties of the transferrin receptor74-76.  Stahl showed 

that the transferrin receptor was internalized in rat reticulocytes and then cycled back to 

the plasma membrane through internalization into multivesicular bodies and trafficking to 

membrane76.  Johnstone’s group was able to isolate labeled transferrin vesicles via 

ultracentrifugation and image via electron microscopy, displaying a membrane-bound 

structure that contained the transferrin receptor74.  They refined the original meaning of 

the term ‘exosomes’ and noted that they seem to have unique properties but that it 

required further exploration73,75.  After this period in time, much of the research in this 

field laid dormant, with relatively few contributions to the field until the 1990’s, when it 

was demonstrated that exosomes isolated from B lymphocytes were able to present 

functional antigen and induce T cell responses after infection with Epstein-Barr virus77.  

All of these studies built the foundation of extracellular research and paved the way to the 

exponential expansion we see today.  Extracellular vesicles have now been characterized 

in many tissues/fluids, such as blood plasma, semen, urine, and breast milk, as well as 

myriads of cell types78-81.  The prevalence of EVs in almost every context in organismal 

physiology denotes the importance to understanding their origin, mechanism of action, 

and ultimately, validity in identify and treating disease. 
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EV Stratification 

The term ‘extracellular vesicle’ has come to identify the umbrella term for several 

different categories of released vesicles.  EVs are stratified based on several criteria, the 

simplest of which is their size.  The largest category of EVs described are apoptotic 

bodies82.  Apoptotic bodies are membrane-bound vesicles ranging from 1-5µm and are 

released during apoptosis through membrane blebbing and cell fragmentation seen in 

apoptosis82.  The next delineation between vesicles is complicated in that microparticles 

and exosomes may indeed have some overlap in size, however, the classical definition of 

microparticles states the size ranges from 150nm-1000nm in size, while the refined 

definition of exosomes was given as ranging from 30-100nm73,75,83.  Whilst size would 

constitute convenient method of classifying vesicles, it is not this simple and there is still 

debate on how to delineate this vesicles, with the umbrella term ‘extracellular vesicles’ 

given in most instances to not overstate the conclusions of study. A generalized overview 

of EVs is present in Figure 384. 
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Figure 3 – Canonical Release of Extracellular Vesicles From Cells (From Gustafon, 

D., Veitch, S., and Fish, E. “Extracellular Vesicles as Protagonists of Diabetic 

Cardiovascular Pathology.” Frontiers in Cardiovascular Medicine 4. doi: 

10.3389/fcvm.2017.00071 (2017)).     
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Biogenesis/Regulation of Release  

Intracellular original is a critical determinant of what determines the classification of 

extracellular vesicle.  The description of ApoBDs is relatively self-descriptive, in that 

they come directly from the programmed cell death machinery. However, the biogenesis 

of the vesicle, whether it be through intracellular machinery or not, is the critical 

determinant of whether a vesicle is deemed a MP or Exo.  Microparticles are outward 

blebbings of the plasma membrane, which are then pinched off and allowed to enter the 

extracellular space83.  The biogenesis of exosomes is much more complicated.  Exosomes 

originate as intraluminal vesicles contained in endosomal compartments known as 

multivesicular bodies (MVB)85.  Critical for the biogenesis of multivesicular bodies is 

ubiquitination of cargo that is then recognized by the ESCRT complexes that sort tagged 

proteins into multivesicular bodies86,87.  ESCRT complexes are composed of VPS family 

members that contain ubiquitin binding sites to recognize tagged cargo87.  Prior to 

delivery to the ILV, cargo is deubiquinated by several enzymes such as UBPY and 

AMSH, which target ubiquitin side chains in concert with ESCRT recruitment88,89.  

ESCRT proteins also mediate the creation of the MVB through membrane invagination 

and scission that may occur through a hypothetical membrane deformation and an 

unknown scission mechanism87. Despite the importance of the ESCRT proteins, there is 

some evidence for independent biogenesis of MVB through tetraspanin-dependent 

mechanisms or lipids90,91.  Ceramide was seen to be sufficient for MVB biogenesis when 

inhibition of nSmase2, key enzyme in ceramide synthesis, drastically decreased 

Exo/MVB biogenesis91.  Additionally, ADP Ribosylating Factor 6 and downstream 
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phospholipase D2, which synthesize phosphatidic acid, was shown to be sufficient for 

MVB/Exo biogenesis92. 

After the biogenesis of MVB, the exosomes must be trafficked to the plasma membrane 

for release into the extracellular space.  This stage in the exosome pathway is still up for 

debate but the proteins most highly implicated in exosomes release are the Rab family 

proteins93.  Rab proteins belong to the Ras superfamily of proteins that are small GTP-

dependent proteins, requiring GTP to be bound to perform their function and interact with 

effector proteins94.  Rab proteins are integral to the sorting of the endosomal system and 

membrane trafficking95.  Several Rab proteins have been established as possible 

candidates for exosome release.  In K562 cells, cells with similar properties with regards 

to the initial identification of transferrin receptor cycling, Rab11 was identified as a 

regulator of MVB docking and fusion to the plasma membrane in a calcium-dependent 

manner96,97.  In a neurobiology model of primary neurons and PC12 cells, the p75 

receptor was identified in two populations of endosomal compartments, with one being 

Rab11 positive and one CD63 positive that are both not degraded by the lysosomes and 

are recycled for exosome release98.  Whilst Rab11 is considered a slow-recycling 

mechanism, Rab35 is a fast mechanism of receptor recycling94.  In oligodendrocytes, 

Rab35 was seen to be essential for exosome release as its inhibition blocked exo release 

and during normal secretion was found at plasma membrane surface with increased 

density of vesicles, proposing a role for MVB fusion/release99.  The final major group of 

Rab proteins implicated in exo release are the two Rab27 variants, Rab27A and 

Rab27B94.  Rab27A/B knockdown both decreased the release of exosomes in Hela cells 

and were essential for MVB docking at the plasma membrane100. Interestingly, they 
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seemed to have additional, differing effects on MVB phenotype as Rab27B knockdown 

decreased the size of vesicles and trafficking along microtubules and Rab27A 

knockdown resulted in larger MVB100.  In a double knockouts of Rab27A/B mouse 

model, mice deficient in exosome release, actually had a low grade chronic inflammation, 

signifying an essential role for exosome release in inflammatory modulation101.   The 

final step in MVB fusion and/or release of MPs may involve SNARE proteins102.  

SNARE proteins act as tethers on membranes and facilitate fusion.  Several SNARE 

proteins such as VAMP7 and YKT-6 have been implicated in controlling vesicular fusion 

and release of EVs, while a specific interaction of the Rab-like GTPase Ral-1 and 

SNARE SYX-5 also have been shown to control EV fusion and release into extracellular 

space102,103. 

Endosomal sorting may also have the outcome of delivering the contents of MVB to the 

lysosome for degradation.  The regulation of this activity is still relatively unknown but 

there are several mechanisms that may regulate this function.  Sirtuin-1, an NAD-

dependent deacetylase, was found to control the acidification of lysosomes through 

regulation of the V-ATPase104.  Through inhibition of Sirt-1, the lysosome was unable to 

acidify, which resulted in decreased MVB fusion and increased EV release, proposing 

Sirt-1 as a possible mechanism for MVB trafficking104.  An interesting case study of 

MVB trafficking, EV release, and lysosomal degradation is the case of EGFR cycling.  

EGF stimulation of cells induces the rapid internalization of the EGFR receptor into 

MVB and subsequent degradation of the receptor via the lysosome through annexin/TSG-

101 mediated targeting105.  This mechanism prevents over-activity of the receptor and 

allows cyclical signaling to occur, therefore preserving homeostasis.  Interestingly, the 
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stimulation of cells with EGF also increases the incorporation of EGFR into exosomes 

and therefore its release106.  This highlights the conundrum of determining where/when 

proteins are degraded via lysosome or released via exosomes:  is excess receptor 

degraded and some released due to overload of lysosome ability or is it simply a matter of 

two fields of science differing over how the look at removal of cellular material? 

Additional regulation of EV trafficking can be found in peripherally related mechanisms.  

Actin reorganization is critical for movement of cells and trafficking of material.  Indeed, 

with regards to EV release, RhoA, a GTPase that manipulates the actin cytoskeleton has 

been implicated in controlling EV release107.  Indeed, actin-myosin interactions and Rho-

associated protein kinase are essential for the plasma membrane blebbing occurring 

within ApoBD and MP release, so the involvement of RhoA in Exo release is not 

unexpected108. 

 

 Protein Composition of EVs 

The release of extracellular vesicles has been well documented for decades, but the 

classification, and more importantly function, of said vesicles is still being described.  

One of the first major components identified in EVs, is the presence of proteins, some 

reflecting general EV ‘markers’ and some reflecting the cellular milieu.  Several proteins 

have been identified as extracellular vesicle markers, the most common of which is the 

tetraspanin molecules109.  Tetraspanins are transmembrane proteins, capable of forming 

clusters with other receptors/tetraspanins to facilitate intracellular signal transduction109.  

Within extracellular vesicles, the tetraspanins CD9, CD63, CD81, CD82, and are 

generally associated with extracellular vesicles109.  However, it is important to note that 
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presence of these markers may also signify different populations of vesicles that have 

different function within the EV prep, lending caution to using their presence and/or 

absence as emphatic ‘markers’110,111.  Inside of the extracellular vesicles are a myriad of 

proteins/classes of proteins that are common to most EV’s.  Extracellular vesicles are 

enriched in metabolic enzymes, cytosolic, small signaling proteins, and proteins involved 

in the biogenesis/excretion pathway of EVs112,113.  The proteins involved in EV 

biogenesis are commonly used as markers of EV’s and include Syntenin-1, Alix, and 

TSG-10192,114.  Unique proteins may also be found in EVs depending on the cell type and 

the stimulus provided to the cell, which is where interest lies in the study of disease115-117. 

 

 Lipid Content of EVs 

EVs are identified by their bilayer membrane structure, implicating lipids as key 

components of EV identification.  In addition to the previous described roles of ceramide 

and phosphatidic acid incorporation into EV biogenesis, several other lipid species have 

been identified in EVs91,92.  Cholesterol is an important component of lipid membranes 

and is found enriched in multivesicular bodies and the extracellular vesicles contained 

within118.  Additional studies confirmed this finding and found enrichment of other lipid 

species such as sphingomyelin, phosphatidylserine, glycosphingolipids, and ganglioside 

GM3119-121.  Interestingly, EVs have the unique characteristic of exposing 

phosphatidylserine on the outer leaflet of double-membrane structure, which is usually 

confined to the inner leaflet122.  This unique property is helpful in identifying EVs as 

phosphatidylserine’s binding to annexin V has been used to characterize vesicles123.  
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Further study is warranted in determining how these lipids may present as potential 

biomarkers or signaling components depending on the cell type/origin. 

 

 Nucleic Acid Content 

Now the largest area of study in EV research, the importance of nucleic acid content was 

original discovered in 2007, when mRNA and miRNA was found in exosomes and could 

be functionally used by the recipient cell124.  Research regarding RNAs, specifically 

miRNA, has increased drastically since that time and other forms of nucleic acids are 

now appreciated in EVs.  Long noncoding RNAs represent a relatively new area of 

research in science, as originally they were thought of as untranscribed ‘junk’.  They have 

now been appreciated to have certain functions in cells and their presence in extracellular 

vesicles has been identified as the largest source of RNA material in EVs125.  In the field 

of oncology, several studies have identified functional long noncoding RNAs as being 

integral to the voracity of cancers, such as hepatocellular and brain126,127.  Other species 

of RNA may also be found in extracellular vesicles of human plasma and urine, with 

large amounts of tRNA, rRNA, mRNA, and miRNA, and smaller amount of ‘newer’ 

forms of RNA, such as scaRNA, snoRNA, snRNA, and piRNA128.  While the function in 

the grand scheme of biology of the largest amounts of RNA found are known, the smaller 

abundance species are themselves just being described in full, which provides immense 

opportunity in the study of extracellular vesicles.  RNA is not the sole species of nucleic 

acids found in EVs, as DNA can also be found encased within.  DNA has been identified 

in circulating EVs, highlighting the potential for possible early cancer diagnoses and 

treatments in cancers129,130.  Interestingly, the DNA found in pancreatic cancer was in 
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native double-stranded form and harbored identifiable mutations of Kras and p53130.  In 

addition to use as potential biomarkers for cancer diagnosis, one study implicated the 

functional transfer of tumorigenic BCR/ABL DNA in a mouse model resulting in chronic 

myeloid leukemia131.  Further study will need to be performed to determine how transfer 

of DNA would then result in transcriptional/translational activation and whether this 

process may mimic that of viral transfer of DNA.  While the previous studies focused on 

genomic DNA, the mitochondrial genome has its own DNA and this has also been found 

in extracellular vesicles.  Mitochondrial DNA in its entirety was able to fully reconstitute 

in recipient cells in a xenograft model of breast cancer in mice, promoting cancer through 

restoration of oxidative phosphorylation in metabolic silent cells132.  The presence of 

mitochondrial DNA within extracellular vesicles poses as a very interesting evolution of 

the definition of certain extracellular vesicle populations.  Recently, it has been seen that 

during mitochondrial quality control (mitophagy), mitochondria can release vesicles 

containing proteins/DNA that is either targeted to the peroxisomes or 

MVB/lysosomes133,134.  This presents an interesting hypothesis that mitochondrial 

components can be transported via a vesicular component into the extracellular space.  

Indeed, one paper has identified mitochondria in extracellular vesicles from immune cells 

capable of inducing inflammatory responses in endothelial cells135.    

 

 Further Nomenclature of Extracellular Vesicles 

The ‘classical’ delineation between extracellular vesicle types lies in ApoDB, MP, and 

Exo.  Since the inception of the nomenclature, additional stratification has been added 

with newer terms given to different populations.  Exosome populations have been 
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expanded into different categories, with large exosomes and small exosomes that harbor 

distinct functions and composition110,111.  To further complicate the nomenclature, the 

term small EVs has also been given to exosomes and large EVs to everything bigger at 

this time due to the confusion over the ‘true’ definition of exosomes stemming from 

complications in which is the best isolation methods136,137.  In addition to the umbrella 

terms given to EVs, several specialized terms exist for a few classes of EVs.  Oncosomes 

are extracellular vesicles originating from cancer cells, but their size and makeup further 

delineate them as either large or small variants as seen with exosome populations, that 

contain distinct functions/content138.  The newest member of the EV ‘family’ is the 

exomere.  Exomeres were recently identified as a separate classification of EV, in 

addition to large and small, that are <50nm in size through electron microscopy and 

harbor a unique content of lipids, protein, and nucleic acids when compared to large and 

small EVs139.  Further study identified functional significance of exomeres through 

amphiregulin transfer to recipient cells140.  The delineation of exomeres highlights the 

importance of methodology to isolate and characterize these vesicles so that potential 

specific targeting may eventually occur for distinct vesicle populations.  A final 

population of vesicles that may fit into the category of extracellular vesicles is the 

migrasome.  Migrasomes are 50-100nm vesicles that are released upon cell migration, 

releasing cytosolic contents into the extracellular space141.  It is now appreciated that 

these vesicles share traits with other EV populations, with enrichment of Tetraspanin 4 

and cholesterol driving their formation142.  These vesicles are also functional, given that 

they can serve as chemoattractants for functional organ development in the zebrafish143.  

Along with exomeres, much more will need to be done to classify and dissect the 
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functions of these migrasomes to truly mold what categories extracellular vesicle 

populations fall in to. 

 

Extracellular Vesicles in Cardiovascular Physiology 

The presence of extracellular vesicles in biology has been known for several decades, but 

knowledge on the functional significance of said vesicles has expanded exponentially 

within the past 15-20 years.  Extensively explored in the fields of cancer and 

immunology, expansion to other fields has been slower but EVs are now recognized in 

the cardiovascular field as essential means of cell-cell communication144,145.  Whilst 

most, if not all, cell types release EVs, the attention will be focused on the cells of the 

vasculature and key interacting players. 

 

 Extracellular Vesicles Released From Endothelial Cells 

The endothelium lines all of our blood vessels, serving as the luminal facing cell type and 

protective barrier for the entire cardiovascular system.  Endothelial cells secrete a myriad 

of factors to either preserve vascular homeostasis or promote pathology, depending on 

the cellular environment6.  An increasingly important player in EC function in CVD is 

the role of endothelial EVs in the promotion of homeostasis/disease146.  Whilst expanded 

to include all common EV subtypes, endothelial cell EV research was originally confined 

to the study of MPs147.  Endothelial MPs (EMP) are released from endothelial cells in 

both in vitro in cell culture settings and in vivo into the plasma148,149.  While released 

under basal conditions, pro-inflammatory stimuli such as TNFa and AngII, have been 

shown to increase the release of EMP, suggesting a potential role in cardiovascular 
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disease150,151.  Hyperglycemia has also been seen to increase inflammatory properties of 

EMPS, through the activation of NAPDH oxidase in the EMP itself152.  Confirming this 

idea, EMPs from basal and stimulated cells are capable of inducing intracellular ROS, 

cellular senescence, adhesion molecule expression, and inflammatory responses in other, 

healthy endothelial cells150,153-155.  The activated endothelium in a model of cecal ligation 

and puncture or cytokine stimulation elicited endothelial MP that disrupted barrier 

function dependent on the presence of c-Src as a functional cargo156. In addition to ECs, 

EMPs have been shown to interact with monocytes and produce a procoagulant response 

in THP-1 cells157.  In an in vivo setting, EMPs are known to be elevated in several 

cardiovascular diseases such as atherosclerosis, hypertension, and diabetes158.  Within 

this context, EMPs have been shown to colonize atherosclerotic plaques, as well as 

platelet and smooth muscle MPs159.  Indeed, in patients with acute coronary systems, 

EMPs are elevated and proposed to contribute to procoagulant activities and potential 

thrombus formation160.  The idea that EMPs contribute to procoagulation was reinforced 

by a study showing activated ECs released EMPs with procoagulation properties, derived 

from either TNFa stimulation or plasma from individuals with thrombocytopenia161.  In 

vascular calcification, EMPs have been implicated in VSMC calcification through 

carrying BMP-2 protein after inflammatory stimuli162. Often not conferring a direct 

function to the EMPs, elevated levels have been looked at and correlated with diseases 

such as diabetes and hypertension, to potentially serve as biomarkers in disease163,164.  

Despite the potential role in disease, EMP may serve protective functions for the 

endothelium, as release of EMP is essential for cell survival, seen through inhibition of 

EMP causing cell death165.  Interestingly, contradictory to the originally defined 
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procoagulant properties of EMP, one such study found that EMP from EC stimulated 

with protein C harbored anti-inflammatory and anti-coagulant properties166.  EMP also 

have been seen to have an anti-inflammatory effect both in vitro and in vivo through a 

miR-222-depedendent mechanism167.  Finally, EMP may have a reparative effect through 

induction of angiogenesis, as suggested by populations promoting invasion via shedding 

of MMP-2 and MMP-9168.  Despite the years of research on EMP, the controversial 

function of these vesicles highlights the importance in determining their function in a 

multitude of different environments.   

As the delineation between EV populations became clearer, different functions have been 

attributed to populations other than MPs, whilst also complicating the original research.  

When studies on EMPs were in their infancy, the researchers did not tend to delineate 

between size stratifications, as at the time they were poorly defined.  This complicates 

interpretation in the era now, as more stringent qualifications would most likely move 

some studies on EMPs to studies of large exo, small exo, etc…  However, our 

understanding of endothelial EVs is increasing greatly and some studies have chosen to 

fully classify the EVs in question.   

Studies on specifically on endothelial ApoBDs are few but their function is nevertheless 

very important in vascular biology.  Endothelial ApoBDs derived from stress conditions 

are capable of inducing chemoattractant proteins and promoting the polarization of 

neutrophils when injected in vivo169.  Conversely, ApoBDs from EC were seen to prevent 

atherosclerosis through transfer of miR-126, resulting in upregulation of CXCL12 and 

protection of cap stability in vivo170. 
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The role of exosomes released from endothelial cells is no less controversial or context-

dependent then the previous research regarding EMP.  Exosomes isolated from Human 

Umbilical Vein Endothelial Cells (HUVECs) are a popular model for studying 

endothelial cell biology in EV research.  However, the cellular context is integral to 

understanding their function in any given experimental design.  Exo released from 

HUVEC were found to be cardioprotective during ischemia/reperfusion injury through an 

ERK-dependent mechanism171.  HUVEC exo had similar properties on 

neovascularization in vivo as endothelial cell progenitor cell exo in a model of carotid 

artery balloon injury, suggesting a proliferative increase172.  On the other hand, HUVEC 

exo were capable of inducing monocyte activiation when cultured in high glucose 

conditions, suggesting a role for inflammatory signaling in diabetes173.  High glucose on 

HUVECs also was found to secrete exo enriched in Notch3 that promoted VSMC 

senescence and calcification174.  VSMC calcification through hyperglycemic EC EVs has 

also been attributed to versican expression in EVs transferred to VSMC175.  While 

HUVECs present as an effective model system for studying endothelial cell biology, ECs 

represent a highly heterogeneous population of cells that are very different depending on 

the vascular bed and level of cell maturity (i.e. developing versus adult).  One study 

found cardiac endothelial cells overexpressing Hif-1a capable of delivering exosomes to 

cardiac progenitor cells that altered phenotype of cardiac progenitor cells through miR-

126/210 resulting in better tolerance to hypoxic conditions176.  Another study in 

microvascular endothelial cells found that miR-214 was essential to angiogenic 

promotion in crosstalk between endothelial cells through exosomes177.  Thus study of 
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other EC populations is imperative to understand the differences that may exist between 

EC populations.   

Despite the delineation of the previous studies in claiming ‘exosomes’, most studies have 

taken a more conservative approach once seen in the field of MP research and have called 

the vesicles either microvesicles or EVs.  This point needs to be reinforced as more 

vesicles are found, the nomenclature cannot keep up and more broad generalizations must 

be used as to not overstate/oversell conclusions.  EC EVs have been seen to transfer 

functional miR-143/145 in vitro and in vivo with protective effects on VSMC phenotype 

and atherosclerosis development65.  EC EVs could also transfer miR-195 that 

downregulated the expression of the serotonin transporter, negatively affecting the 

proliferation of VSMC178.  Similar effects of EC EVs was seen on VSMC phenotype but 

through a miR-126-3p axis affecting LRP670.  Conversely, in a model of acute 

myocardial infarction, EVs from EC had increased miR-126-3p and -5p, which led to 

splenic activation of monocytes, leading to inflammatory response179.  Aside from RNA 

transfer, EVs from senescent EC cultures have been shown to promote further senescence 

and vascular calcification, highlighting that the health of the cell is critical in determining 

what types of EVs it will release180,181.  Membrane-bound cytokines, such as PDGF-BB, 

have also been identified in EC EVs from individuals with diabetes that prevents VSMC 

apoptosis through a miR-296-5p-Bak axis182. 

 

 

 

 



	 31	

 Extracellular Vesicles Released from VSMC 

The major cell-type constituting the medial layer of the vasculature, VSMC are integral 

to preserving vascular homeostasis.  Like endothelial cells, VSMC are known to secrete 

EVs with implications in many different functions.  Unlike the plethora of research 

available on EC EVs, the research on VSMC is more scarce, but no less important.  An 

early study in VSMC MP release found that aggregated low density lipoprotein 

stimulated the release of MP that were enriched in tissue factor, suggesting a role for pro-

coagulation reactions183. Other studies in laying the groundwork for VSMC found that 

VSMC EVs are capable of responding to calcium environment and, when dysfunctional, 

result in pro-calcification conditions184.  While the previous study attributed this to 

‘matrix vesicles’, a specific type of EV attributed to bone development, a follow-up study 

attributed the same response to exosomes in VSMC, that responded to various pro-

inflammatory stimuli and more importantly, calcium, to propagate calcification of 

VSMC185.  Later work by the same group showed that VSMC exosomes can bind or 

incorporate prothrombin that is capable of initiating the coagulation cascade, whilst also 

inhibiting calcification at the same time186.  These somewhat antagonistic findings 

highlight the importance of exosomes, and extracellular vesicles, incorporating different 

factors depending on the environment.  Analogous to the previous findings, others have 

found that vesicles derived from VSMC in calcifying conditions can propagate the 

phenotype to healthy VSMC through several possible signaling pathways dependent on 

NADPH Oxidase, ERK, Annexins, and sortilin187-189.  Deviating from the focus on 

calcification, exosomes derived from VSMC are capable of transferring miR, just like 

EC, to alter EC phenotype.  Transfer of miR-221-222 from VSMC exo to ECs inhibited 
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autophagy through activation of AKT, suggesting endothelial dysfunction190.  Similar to 

the previous study, miR-155 can be released from VSMC to EC through exosomes 

resulting in atherosclerotic progression and endothelial dysfunction191.  Interestingly, one 

study linked the conversion of endoplasmic reticulum stress mediator X-box binding 

protein 1 to its spliced form as a master regulator of miR-150 up-regulation, resulting in 

secretion in VSMC EVs that regulate EC migration through a VEGF-AKT axis192.  

VSMC MPs also carry miRs and miR-27a can be transferred to ECs and increase 

proliferation through downregulation of GRK6 upon cyclic stretch in VSMC original 

cultures193.   

 

High Mobility Group Box Proteins – Multifunctional Regulator in Organism 

Physiology 

Extracellular vesicles are important extracellular regulators of cellular function, released 

into the extracellular space upon passive and active secretion to regulate cell-cell 

communication.  During pathology, these vesicles can be seen as DAMPs, stimulating 

cellular responses through activation of signaling cascades throughout the organism.  

While EV secretion into the extracellular space is a ‘newer’ version of a DAMP or 

signaling response, some of the most highly studied proteins in the DAMP family are the 

High Mobility Group Box Proteins. 

Essential signal transduction requires a cascade of events stemming from a stimulus – the 

‘signal’, propagation, generally through intracellular kinase activation, and eventual 

termination, which usually signifies the end result/activation of a cellular process.  A 

prime example of this is the activation of NF-kB signaling, as previously described in 
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both EC and VSMC, with activation of intracellular kinases and eventual movement of 

the NF-kB dimer into the nucleus to initiate transcription of target genes23.  Nuclear 

transcription is a complicated process that relies on ‘opening’ of chromatin to allow 

transcription factors to bind to target DNA sequences and facilitate assembly of RNA 

Polymerase II194.  Essential to organizing DNA content in the cell is the histones, which 

constitute proteins that wrap chromatin into organized structures known as 

nucleosomes194.  However, there does exist non-histone nuclear proteins that can bind 

and bend DNA without sequence specificity but rather structural motifs.  These proteins 

belong to a family known as the High Mobility Group proteins and include proteins in 

three families known as HMGA, HMGB, and HMGN, so called for the motif with which 

they bind DNA (A – AT-hook, B – Box, N – Nucleosome binding domain)195,196.  Their 

ability to bind and bend DNA and additional protein partners can result in transcriptional 

regulation, chaperones for DNA binding and cooperating in DNA repair195,196.  

Interestingly, several of the HMG proteins have the unique property of being released 

from the nucleus and functioning both in the cytosol and being released into the 

extracellular space where they also have multiple functions195,196.  Of the HMG proteins, 

the two most well studied and characterized are HMGB1 and HMGB2, both members of 

the Box family and the ones that will be discussed here. 

 

 HMGB1 

HMGB1 constitutes the most abundant protein in the nucleus outside of histones and 

binds DNA through its two HMG boxes197.  Of note, the ability to bind DNA is increased 

the greatest in unwound and bent DNA with the exact identity of DNA binding sites 
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remaining elusive197.  In addition to HMGB1’s effect on DNA binding, it has many 

known interacting transcription factors and can enhance their activity that includes but is 

not limited to NF-kB198, p53199, and SREBP-1200.  HMGB1 may also function in creating 

groups of interacting proteins or leading them to the nucleus through interactions with its 

HMG Box domains, recognizing actual amino acid sequences or through its acidic C-

terminal tail197,201.  In addition to HMGB1’s ability to bind DNA and additional protein, it 

has the unique property to shuttle into the cytosol and possibly the extracellular space to 

function in extracellular signaling196.  Within the cytosol, HMGB1 has been implicated in 

apoptotic regulation where it can bind to autophagy-mediators ATG5 and Beclin-1 to 

protect cell from apoptotic process during inflammation202.  HMGB1 also can promote 

autophagy through interaction with Bcl-2 and Beclin-1203.  The most interesting thing 

about HMGB1 is its ability to be activated secreted or passively released from the cell, 

functioning as a damage associated molecular pattern (DAMP) and activating receptors 

outside the cell204,205.  In the 1990’s, HMGB1 (also known as amphoterin) was identified 

to bind to the receptor for advanced glycation end products (RAGE) when it was released 

into the extracellular space206.  This finding would prove critical as HMGB1-RAGE 

signaling is now considered integral to propagation of cardiovascular diseases205,207.  In 

addition to the interaction with the RAGE, two other important HMGB1 receptors have 

been identified as Toll-like Receptor 2 and 4 (TLR2/TLR4)208.  The interaction with 

TLR4 intimates a tight relationship with sepsis/endotoxemia as the direct receptor for 

lipopolysaccharide (LPS) is TLR4 and HMGB1 is known to be released from cells upon 

LPS administration208.  
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Within the cardiovascular system, HMGB1 is an essential player.  Whilst mice 

homozygous null for HMGB1 are lethal, several studies have identified HMGB1 as an 

effective target for cardiovascular disease209.  Intimal hyperplasia through surgical 

angioplasty is mediated through a HMGB1-TLR4 axis, suggesting a role in VSMC 

inflammatory processes such as migration and proliferation210.  Indeed, HMGB1 can 

drive VSMC proliferation through up-regulation of AGE-RAGE signaling, migratory 

properties and inhibition of HMGB1 proved sufficient to block intimal hyperplasia 

through carotid balloon injury211-213.  HMGB1 can also drive pro-inflammatory processes 

in VSMC through production of IL-1 Beta via the inflammasome214.  Within 

atherosclerosis, the presence of HMGB1 in plaques has been noted215, with HMGB1 up-

regulation seen in VSMC in these lesions216,217.  Analogous to inhibition of intimal 

hyperplasia, inhibition of HMGB1 in a diet-induced model of atherosclerosis was seen to 

be protective218.  HMGB1 is also critical in acute myocardial events such as infarction 

and then reperfusion of the vessels.  Within the context of myocardial infarction (MI), 

HMGB1 is actually protective, as inhibition of HMGB1 with neutralizing antibody 

exacerbated the formation of scaring in the heart following injury219.  One study found 

similar protection with transgenic HMGB1 mice having better recovery and phenotype 

than wild-type after MI and another attributing an anti-apoptotic function to HMGB1 

upon administration after MI220,221.  Contrary to the findings in MI, the research in 

ischemia/reperfusion (I/R) is more controversial.  HMGB1 derived from splenic 

leukocytes was found to exacerbate reperfusion injury through RAGE activation in the 

heart222.  However, another study found that HMGB1 administration through either direct 

administration after reperfusion actually resulted in improved parameters regarding 



	 36	

reperfusion injury223.  Given the complex nature of HMGB1 and the controversy of the 

findings, further studies are needed to examine the role of HMGB1 in cardiovascular 

function, especially as it pertains to extracellular vesicles. 

 

 HMGB2 

While not as highly characterized or studied as HMGB1, HMGB2 is no less important.  

HMGB2 shares high sequence homology to HMGB1 and the same DNA binding 

properties, but may offer different functions when applied in a biological context196.  

Unlike HMGB1, literature regarding HMGB2 is limited and even more so when assessed 

in cardiovascular research.  Loss of HMGB2 in mice with heart failure exacerbated the 

damage, associated with AKT inhibition224.  The protective effect of HMGB2 was also 

seen in an constriction and AngII model of pressure overload as up-regulation of 

HMGB2 seemed to protect from cardiac hypertrophy225.  Conversely, one study 

demonstrated that circulating HMGB2 after MI correlated with increased inflammation 

and apoptosis of the affected tissue through generation of reactive oxygen species (ROS) 

via RAGE226.  A final study assessing restenosis found that HMGB2 could promote 

migration and proliferation of VSMCs, denoting pathological significance227.  

Interestingly, a novel small molecule inhibitor of HMGB1/2 called inflachromene (ICM), 

inhibits inflammatory processes’ in macrophages through binding to HMGB1/2 (higher 

specificity to 2 versus 1), denoting a potential novel inhibitor of HMGB2228. 

The newest developing field of HMGB2 research has focused on senescence, or 

irreversible cell cycle arrest.  HMGB2 is lost in the nucleus during the early progression 

of senescence and functional is essential for organizing the chromatin to combat 
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progression of senescence229.  While HMGB1 is found to be secreted by senescent 

cells230, HMGB2 seems to be essential for not just regulating senescence but also 

regulating the secretory phenotype associated with senescent cells:  the senescence 

associated secretory phenotype (SASP)231.  Further analysis into the role of HMGB2 in 

cardiovascular disease and function is imperative given the dearth of information, 

especially as it pertains to extracellular vesicles. 

 

 

Hypothesis 

Extracellular vesicles present as a novel means of communication between cells in a 

whole organism context.  Depending on the cellular environment/health of the organism, 

EVs can incorporate different proteins/lipids/RNAs that are released into the extracellular 

space to transduce signaling.  Endothelial cells comprise the largest organ within the 

body and therefore endothelial health is integral to survival of organism.  While much 

study has been given to EMP, further knowledge is needed on smaller EVs and there role 

in vascular wall health.  Additionally, the importance of HMGB proteins in 

cardiovascular health is apparent but there is inconsistency in the findings on HMGB1 

and little is known on HMGB2.  Given the gaps in knowledge and importance of 

endothelial dysfunction in all cardiovascular diseases and the tight relationship between 

EC and VSMC, we hypothesize that the activated endothelium releases extracellular 

vesicles that initiate a pro-inflammatory VSMC phenotype through up-regulation of 

high mobility group box proteins 1 and 2.   
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We plan to test this hypothesis through the following specific aims: 

 

SPECIFIC AIM 1:  Characterize the Vesicles Released from Endothelial and Vascular 

Smooth Muscle Cells.   

• Sub Aim 1 – Utilizing ultracentrifugation, characterize EVs using electron 

microscopy and NanoSight Analysis 

• Sub Aim 2 – Analyze the protein content of EVs through immunoblotting and 

unbiased mass spectroscopy 

SPECIFIC AIM 2:  Explore The Functional Significance of EVs Isolated from Activated 

Endothelium on VSMC Phenotype 

• Sub Aim 1 – Isolate EVs from both EC and VSMC to explore potential signaling 

mechanisms between cell type 

• Sub Aim 2 – Assess pro-inflammatory role of EVs derived from activated 

endothelium on VSMC 

SPECIFIC AIM 3:  Elucidate The Role of HMGB1/2 in VSMC Inflammation 

• Sub Aim 1 – Utilizing mass spectroscopy, determine specific targets of 

dysfunctional EC EV’s to VSMC 

• Sub Aim 2 – Utilizing pharmacological inhibition, explore role of 

HMGB1/HMGB2 in VSMC inflammation 

• Sub Aim 3 – Through genetic inhibition of HMGB1, explore mechanism of EV-

induced inflammatory signaling 



	 39	

CHAPTER 2  

MATERIALS AND METHODS   
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Animals 

All animal procedures were performed with prior approval of the Temple University 

Institutional Animal Care and Use Committee and in accordance with National Institutes 

of Health Guide for the Care and Use of Laboratory Animals.  To obtain rat aortic 

VSMC, 8-week old male Sprague-Dawley rats obtained from Charles River were 

anesthetized under sodium pentobarbital anesthesia (65 mg/kg) and thoracic aortas were 

harvested.  For aortic organ culture, 8-10 weeks old male C57BL/6J mice (Jackson 

Laboratory) were utilized.  The C57BL/6 mice were sacrificed by CO2 asphyxiation 

followed by removal of thoracic aortas.    

 

Cell culture 

Primary aortic ECs derived from 6-8 week Sprague-Dawley rats (Passage 4-8, purchased 

from Cell Biologics RA-6052) were cultured in DMEM with 1 g/L D-glucose, 1 mmol/L 

sodium pyruvate and 10% FBS supplementation.  Primary aortic VSMCs derived from 8-

week Sprague-Dawley rats were isolated and cultured in DMEM with 4.5 g/L D-glucose, 

1 mmol/L sodium pyruvate and 10% FBS supplementation as previously described.  The 

VSMCs from 3 rat aortas were combined and utilized for experiments from passage 4 to 

10.  Stocked VSMCs were not used in any experiment due to an observed enhancement 

in proliferation and phenotype switch upon reconstitution of these cells in culture.  Both 

cell types were cultured on 10 cm dishes until approximately 80-90% confluent and 

washed once with Hank’s balanced salt solution prior to replacing with EV production 

media which consisted of serum free DMEM (10 mL/dish).  Serum-free conditions were 
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used in order to avoid serum EVs and other large proteins that may pellet with the EV 

isolates during centrifugation.  

 

Isolation of vascular cell-derived EVs 

Ultracentrifugation was employed to concentrate EVs released from rat aortic EC and 

VSMC232.  Media were collected after 48 (ECs) or 72 (VSMCs) hour incubations and 

centrifuged at 300×g for 10 min, followed by 2000×g for 20 min to remove cellular 

debris.  EV-containing media were then subjected to ultracentrifugation using an MLS 50 

swinging bucket rotor loaded into a Beckman Coulter Optima MAX-XP Ultracentrifuge 

at 12,000×g for 40 min to remove larger vesicles and apoptotic bodies.  Supernatant was 

subsequently ultracentrifuged at 100,000×g for 70 min to pellet EVs.  Pellets were 

washed with phosphate buffer saline (PBS), passed through a 0.2 µm filter (VWR 

International) and spun at 110,000×g for 70 min to concentrate EVs.  The EV pellets 

were re-suspended in 50-100 µL PBS for subsequent applications.  For mass 

spectroscopy analysis, EV pellets were re-suspended in 100µL urea lysis buffer (8 mol/L 

urea, 50 mmo//L NH4HCO3, 1:100 dilution of protease inhibitor mix from GE 

Healthcare).  In some experiments, cells were treated with vehicle alone (0.1% DMSO) 

or the neutral sphingomyelinase inhibitor GW4869, which blocks exosome release233.   

 

Isolation of serum EVs 

Sprague-Dawley rats, 6-8 week of age, were anesthetized and euthanized via cervical 

dislocation.  Upon euthanasia, blood was collected via cardiac puncture of left ventricle 

and transferred 15 mL Falcon tube.  To generate sera, tubes were left undisturbed for 60 
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min to allow for clot formation.  Tubes were then centrifuged at 10,000 rpm for 10 min to 

pellet the clot.  Supernatants were collected and centrifuged again at 10,000 rpm for 10 

min.  Rat serum was diluted with equal volumes of PBS and centrifuged in an analogous 

fashion to cell culture media.  In brief, after removal of cell debris by centrifugation at 

12,000×g, collected supernatants were subjected to a centrifugation at 100,000×g for 120 

min.  EV pellets were washed, re-suspended in PBS and subjected to 4 washes of PBS to 

remove contaminants before a final re-suspension in urea lysis buffer for mass 

spectroscopy analysis234.  

 

Electron microscopy 

EV preparations were fixed in 2% paraformaldehyde solution and allowed to adhere on 

Formvar-coated carbon grids.  Grids were washed with PBS followed by fixation in 1% 

glutaraldehyde and subsequently washed with deionized water.  Grids were negative 

stained with a solution of 1% uranyl-oxalate and 4%/2% uranyl acetate/methyl cellulose.  

Following air-drying, grids were placed in a JEM-1400 transmission electron microscope 

(JEOL USA) operating at 80kV and EV images were digitally captured at magnifications 

of either 80,000X or 200,000X.  Vesicle diameters were directly measured from digital 

images using the image analysis tracing tool and line function.   

 

Nanoparticle tracking analysis  

EV preparations were diluted in deionized water prior to nanoparticle tracking analysis 

(NTA) using NanoSight NS300 (Malvern Instruments, Malvern, UK).  Five replicates of 

60 sec videos were captured to analyze concentration and size distribution of EV 
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preparation at threshold detection of 4-5, with camera level at 13-14 depending on 

dilution (1:500, 1:1,000).  After video capture, data analysis was performed using 

NanoSight analysis software.  Particle number determined by the NanoSight analysis was 

used for normalization between the assays.  According to pilot studies, final EV 

concentrations were set at 0.5-2x109 particles/mL, which provides reproducible 

biological responses in vitro and allowed for multiple assays in the present study.  

 

Western blot analysis  

The concentration of total cellular proteins, prepared in standard RIPA buffer, and EV 

proteins were determined using a bicinchoninic acid assay (Pierce™ BCA Protein Assay 

Kit, Thermo Scientific).  Each preparation was sonicated, diluted with 5× standard SDS 

loading buffer containing b-mercaptoethanol and heated at 95°C for 5 min.  Whole cell 

and EV proteins were separated via SDS-PAGE on 10% acrylamide/bis-acrylamide 

(37.5:1) resolving gel and subsequently transferred onto 0.45 µm nitrocellulose 

membrane overnight at 30V.  Membranes were blocked for 2 hours in 5% non-fat dry 

milk and Tris-buffered saline pH 7.5 with 0.1% Tween20 (TBS-T).  To detect proteins, 

membranes were incubated with primary antibody overnight at 4˚C, washed with TBS-T 

and incubated with horseradish peroxidase-conjugated secondary antibody for 2 hours at 

room temperature followed by enhanced chemiluminescence for protein detection and 

quantification as described.  
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Shotgun proteomics and bioinformatics 

For determination of EV proteins, EVs pellets were resuspended in the urea lysis buffer 

and incubated with 10 mmol/L dithiothreitol for 1 hour at 37˚C to prevent disulfide bond 

formation.  The samples were then treated with 25 mmol/L 2-iodoacetamide for 45 min at 

room temperature to alkylate cysteines.  For total cell protein analysis, VSMC and EC 

lysates were collected with 100 µL urea lysis buffer (8 mol/L urea, 50 mmol/L 

NH4HCO3, 1:100 dilution of protease inhibitor mix from GE Healthcare).  Samples were 

diluted 4-fold with 50 mmol/L ammonium bicarbonate and digested overnight at room 

temperature with 0.05 µg/mL Trypsin Gold (Promega).  Digestion was enzymatically 

quenched with addition of 20% trifluoroacetic acid and the samples were lyophilized.  

Protein digests (1 µg) were analyzed using a mass spectrometry for protein identification.  

For protein and peptide identifications, the obtained MS/MS data were subjected to 

database searches using the MASCOT program (Matrix Science Ltd., London, UK) with 

the following parameters: two missed cleavage sites and a peptide and MS/MS mass 

tolerance setting of ± 5 ppm and ± 0.05 Da, respectively, for MS/MS Ions Search.  The 

database used for this search consisted of amino acid sequences of rat proteins, which 

were retrieved from a subset of the UniProtKB/SWISS-PROT database (2014_07).  

Variable modifications such as oxidation of methionine, carbamylation and acetylation of 

N-termini, and carbamidomethylation of cysteine were taken into consideration for the 

database searches.  We used a 1% overall false discovery rate as a cutoff value to export 

our results from the database search using the MASCOT.  Peptides that yielded a peptide 

ion score of greater than or equal to 30, were used for relative quantitation.  In addition, 

peptides that were either more or less abundant in the comparison were extracted using 
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the following parameters in Progenesis QI for proteomics (v.4.1, Nonlinear Dynamics, 

Durham, NC, USA): maximum fold change ≥2 or ≥1.5 and analysis of variance 

(ANOVA) p < 0.01.  

 

EV release, uptake and trafficking assay  

EV dynamics were monitored in either co-culture systems or direct labeling of isolated 

EVs.  Lipilight dyes by Membright were used to label cells and EVs.  Lipilights contain 

two amphiphilic groups of zwitterions and alkyl chains which directly and stably insert 

into bilayer lipid membranes235.  For direct labeling experiments, either serum-free media 

controls or EC EV preparations were labeled with 200 nM Lipilight 560nm for 1 hour at 

room temperature in the dark.   Labeled EVs or media were then centrifuged 2 times at 

10,000xg for 15 min each at 4˚C in fixed angle centrifuge to pellet traces of excess dye.  

The supernatant was retained as labeled EVs or dye-only control.  EC EVs (5x108) were 

added to VSMC cultures on coverslips and allowed to incubate for 30 min.  Coverslips 

were then fixed with 4% paraformaldehyde solution, washed 3x with PBS and mounted 

on glass slides with Prolong Gold/Dapi.  Images were obtained using either 20X or 60X 

oil objective lens.   

For the co-culture system, EC and VSMC were washed with serum free media followed 

incubation with 100nM Lipilight (640 nm for EC and 488nm for VSMC) for 1 hr at 37 ̊C.  

Cells were washed 3x with serum free media to remove excess dye, trypsinized and re-

seeded at a density of 5x104 cells in DMEM onto coverslips.  Cells were allowed to 

attach and co-cultured for 4 hours.  Cells were washed 2x with PBS, fixed in 4% 
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paraformaldehyde solution, washed 3x with PBS, and mounted onto glass slides with 

Prolong Gold/Dapi.  Images were obtained using 20X or 60X-oil objectives. 

 

THP-1 cell adhesion assay 

To observe leukocyte attachment to VSMCs, THP-1 adhesion assay was performed as 

described236.  In brief, VSMC cultures were challenged either with EC-derived EV 

(5x108), TNF-α (10ng/mL) or PBS for 16 hours.  THP-1 monocytes (American Type 

Culture Collection) cultured in Roswell Park Memorial Institute/RPMI 1640 medium 

with 10% FBS, penicillin and streptomycin were suspended in serum-free DMEM with 

0.2% BSA and 5 µg/mL Hoechst 33342 (ThermoFisher) for 30 min at 37ºC.  These cells 

(104 cells per cm2) were then applied to VSMC cultures for 30 min at 37ºC.  For 

experiments involving blocking antibody, VSMC cultures were pre-incubated with either 

rabbit anti-VCAM1 or control rabbit IgG at 1.0µg/mL for 1 hour prior to addition of 

THP-1 cells.  VSMC cultures were then washed in PBS to remove unattached cells and 

fixed in 3.7% paraformaldehyde for 10 min at room temperature.  Fixed cells were 

washed in PBS and subsequently imaged using a fluorescent inverted microscope.  

Stained THP-1 nuclei were counted to quantify adhesion to VSMCs as follows.  Five 

separate fields were captured per condition using a 10x objective lens.  Images were 

imported into ImageJ where the image was processed for background subtraction and 

conversion to a binary image followed by analysis of particle count per visual field.  Data 

was reported as mean value of five fields per condition and compared across groups. 
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Surface sensing of translation assay for new protein synthesis 

Analysis of new protein synthesis in EV-treated VSMCs was performed using an adapted 

Surface Sensing of Translation (SUnSET) assay protocol, as previously described.  

Briefly, VSMCs were serum-starved to synchronize cell cycle and subsequently 

incubated with EC EVs for indicated time points.  At conclusion of the experiment, cells 

were pulsed with 5 µmol/L puromycin for 30 min.  Cells were washed twice with PBS, 

harvested and cell lysates prepared for Western blotting.  Proteins from each sample were 

separated on SDS-PAGE gels followed by transfer to nitrocellulose membranes and 

immunoblotted with monoclonal antibody specific to puromycin.  As a negative control, 

cycloheximide (10 µg/mL, 30 min treatment) was included in some experiments to 

inhibit protein synthesis.      

 

Cell volume assessment  

VSMC volume was measured as we reported with a slight modification.  In brief, after 3-

day incubation with EC EVs, PBS, or angiotensin II (100nM), VSMCs were washed 

twice with Hank’s balanced salt solution, detached with trypsin, and re-suspended in 

PBS.  Cell volume was then evaluated with the Scepter Cell Coulter Counter 

(MilliporeSigma).  

 

In Vitro Immunofluorescence 

VSMC were cultured on coverslips in 12-well plates and serum-starved for 48 hours prior 

to stimulation.  Cells were stimulated as indicated in experiments with RAEC SF EV at 

5x108 for indicated time points followed by fixation with 3.7% paraformaldehyde 
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solution for 10 min at RT.  Cells were washed 3 times with PBS, followed by making cell 

membranes permeable with 0.1% Triton-X/PBS for 20 min at 4˚C.  Cells were blocked 

for 1 hr at RT with 1% BSA-TBS-T (0.1% Tween).  Antibodies were diluted 1:1,000 and 

incubated overnight at 4˚C.  After washing 3x with PBS, cells were incubated with either 

Goat anti-rabbit Alexa Fluor 488nm or 568nm for 2 hr at RT.  Cells were washed a final 

3x with PBS and mounted on coveslips with Prolong Gold w/Dapi followed by imaging 

at either 40x or 60x magnification. 

 

γH2Ax Immunofluorescent staining 

VSMC were cultured on glass coverslips until 70-75% confluent, followed by serum 

deprivation for a period of 48 hours.  VSMC were stimulated with EVs for a period of 24 

hours followed by fixation with 3.7% paraformaldehyde solution and washing 3x with 

PBS.  Cells were made permeable through incubation with 0.1% Triton-PBS to assess 

intracellular antigen and blocked for 2 hr at RT with 1% BSA-PBS-T (0.1% Tween).  

Cells were incubated with a rabbit antibody against Ser139 phosphorylated histone 

H2AX (γH2Ax, Novus NB100-384) at 1 µg/mL overnight at 4˚C.  Cells were then 

washed with PBS 3x and incubated with goat anti-rabbit IgG Alexa Fluor 488 (Invitrogen 

A11034) at 1:1000 for 2 hours in the dark.  Cells were washed 3x then mounted on glass 

slides with Prolong Gold w/Dapi reagent (ThermoFisher P36931).  Cells were imaged at 

40x magnification on EVOS M5000 (Invitrogen).  Cells were counted as positive due to 

accumulation of distinct foci within nucleus (>5)237. 
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Migration Assay 

VSMC were seeded into culture inserts (Ibidi, 81176) and grown until confluence and 

deprived of serum to stop cellular growth.  Culture inserts were removed carefully to 

maintain delineation between cells and stimulated with RAEC EV for 24 hours to see 

whether migration occurred.  PDGF-BB (50ng/mL) was used as a positive control. 

 

Senescence-associated β galactosidase assay 

Senescence-associated β galactosidase activity was measured using X-Gal staining 

system (Goldbio)238.  In brief, VSMCs were serum-starved for 48 hours then incubated 

with EC EV or PBS for an additional 72 hours.  Cells were then rinsed twice with Hanks 

balanced salt solution containing calcium, fixed with a 4% paraformaldehyde solution in 

PBS for 10 min, washed again with the Hanks solution four times and incubated with 40 

mmol/L phosphate buffer containing 1 mg/mL X-Gal in 150 mmol/L NaCl, 2 mmol/L 

MgCl2, 5 mmol/L K3Fe(CN)6 and 5 mmol/L K4Fe(CN)6 at 37 °C for 12 hours.  Cells 

were washed twice with the Hanks solution with calcium and magnesium, and counter 

stained with Hoescht33342 for 5 min to stain nuclei.  VSMC cultures were examined at 

10x magnification to identify β galactosidase positive cells.  Cells were counted in 3 to 6 

individual wells per condition and values were expressed as percentage of positive cells 

versus total cell number.  Compiled data were expressed as fold-change between control 

and EV conditions. 
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Cytokine Profiling 

VSMC were synchronized in serum-free media followed by stimulation with RAEC (109) 

EVs for 24 hours.  Media was harvested and spun at 2000xg to remove debris followed 

by incubation on cytokine profiling strips (Ray Biotech AAR-CYT-1-8).   

 

Pharmacological inhibition of high-mobility group box (HMGB) 

In some experiments, VSMCs were pretreated with the HMGB1 inhibitor, glycyrrhizin 

(500µM) or the HMGB1/HMGB2 inhibitor, inflachromene (10µM or 25µM) for 1 hour 

prior to incubation with EC-derived EVs. Concentrations were determined through dose 

responses to ascertain minimal dose for effective inhibition while maintaining appropriate 

cell viability. 

 

siRNA depletion of HMGB1  

In order to deplete HMGB1 in VSMC, cells were cultured until 85-90% confluent and 

then infected with either adenovirus encoding HMGB1 siRNA (TTGCCTCTCGGCTTC) 

or control non-silencing siRNA (100 MOI) for a period of 48-72 hours.  Cells were then 

exposed to EC EVs for indicated times. 

 

Mouse aorta organ cultures 

The thoracic aorta was isolated and cleaned of the surrounding adipose and connective 

tissue using HEPES buffer solution (400 mmol/L NaCl, 200 mmol/L KCl, 100 mmol/L 

MgCl2, 100 mmol/L HEPES, 11.5 mmol/L glucose) in 5% penicillin-streptomycin.  

Aortas were opened en face and cut into equal size strips, transferred to DMEM culture 
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media containing 4.5 g/L D-glucose, 1 mmol/L sodium pyruvate and 10% FBS and 

incubated at 37◦C with 5% CO2 overnight.  The medium was replaced with serum-free 

DMEM for 24 hours.  Aortic organ cultures were incubated with either PBS, 10 ng/mL 

TNF-α or 109 EVs for 16 hours.  Following the conclusion of the experiment, aortic strips 

were SNAP-frozen in liquid nitrogen and stored at -80◦C for subsequent Western blot 

analysis. 

 

Intravital Microscopy 

Intravital microscopy (IVM) of post-capillary venules was performed to quantify 

leukocyte-endothelium interactions (LEIs) in all experimental groups of mice. Mice were 

pre-treated either 2.5µg/g GW4869 for 3 days every 24 hours or 0.9% saline/DMSO 

followed by 20ng/g i.p. injection of TNFa for 6 hours. Following anesthesia by 

intraperitoneal administration of 80 mg/kg pentobarbital, mice were prepared for IVM 

studies as previously described239. Mean arterial blood pressure, venular diameter and 

wall shear rates were also measured to monitor main hemodynamic parameters in all 

groups of mice. In all adipose tissue preparations, a relatively straight, unbranched 

segment of postcapillary venule with a length >100µms and a diameter between 25 and 

40 µm was randomly studied in each mouse. Circulating leukocytes were stained with 1 

mg/kg Rhodamine 6G and preparations were epi-illuminated with an intensified 75-W 

xenon arc lamp, and fluorescence assessed with an intensified charge-coupled device 

camera, using an appropriate dichroic filter. Leukocyte rolling is defined as the number 

of leukocytes rolling past a fixed point per minute; leukocyte adherence is defined as the 
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number of leukocytes firmly adhered to 100 µm length of endothelium for at least 30 

seconds. 

 

Statistical analysis 

Data are presented as mean±SEM.  Comparisons were performed via t test for 2 groups, 

or via 1-way ANOVA with the post hoc Tukey method for multiple groups using Prism 

software (GraphPad, San Diego, CA).  Differences were considered statistically 

significant at p <0.05. 
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Table 1 

Key Resources and Reagents 

Antibodies Manufacturer Catalogue# Dilution(s) 

VCAM1 Abcam 134047 1:100,000 

HMGB1 Proteintech 10829-1-AP 1:10,000 

GAPDH Chemicon MAB374 1:10,000 

Syntenin-1 Santa Cruz sc-48742 1:10,000 

TSG-101 Santa Cruz sc-7964 1:10,000 

Flotillin-1 BD Biosciences BD610820 1:10,000 

VDAC Cell Signaling CS4866 1:10,000 

EGR-1 Cell Signaling CS4153 1:5,000 

Beta Actin Cell Signaling CS4970 1:10,000 

Puromycin Millipore MABE343 1:10,000 

VE-Cadherin Santa Cruz sc-6458 1:10,000 

Alpha-actin Santa Cruz sc-32251 1:10,000 

Clathrin Heavy 
Chain (CLTC) 

Cell Signaling CS4796 1:10,000 

Enolase-1 Proteintech 11204-1-AP 1:10,000 

Calmodulin Upstate 05-173 1:10,000 

HSC-70 Santa Cruz sc-7298 1:10,000 

CD81 Novus NBP1-77039 1:10,000 

CD63 Santa Cruz sc-15363 1:10,000 

CD9 BD Biosciences BD555370 1:10,000 
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Table 1 (continued) 

Key Resources and Reagents 

Antibodies Manufacturer Catalogue# Dilution(s) 

p-gammaH2Ax Novus NB100-384 1µg/mL 

p65 Cell Signaling CS8242 1:1,000, 1:10,000 

p-p65 Cell Signaling CS3033s 1:10,000 

Rabbit IgG (control) Cell Signaling CS3900 1µg/mL 

    

Reagents Manufacturer Catalogue# Concentration 

GW4869 Santa Cruz sc-218578 20µM 

Angiotensin II Sigma A9525 100nM 

TNFa R&D Systems 510-RT 10ng/mL 

Glycyrrhizin TCI G0150 500µM 

Inflachromene Cayman Chemical 17006 10µM, 25µM 

Cyclohexamide Sigma C7698 10µg/mL 

Puromycin   5µm 
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CHAPTER 3 

CHARACTERIZATION OF EXTRACELLULAR VESICLES DERIVED FROM 

VASCULAR SMOOTH MUSCLE AND ENDOTHELIAL CELLS 

  



	 56	

Results 

Extracellular vesicles are released from almost all cells in the body, with varying 

composition depending on the cellular milieu and tissue of origin.  While there is a 

plethora of published data on the evidence of extracellular vesicles released from EC and 

VSMC in the literature (reviewed in the background), it is imperative to characterize the 

presence of vesicles whenever beginning a study into the nature of EVs.  The 

methodology in isolating EVs from biological liquid is variable, with each method having 

strengths and weaknesses.  The oldest method, which was used in this study, is the 

method of serial ultracentrifugation232.  Serial ultracentrifugation works off the principle 

of buoyant density of the particles and removes ‘contaminants’ in sequential order.  The 

first spins at lower speeds of 300xg and 2000xg remove cellular debris from the acquired 

fluid, the next spin at 10,000xg sediments larger vesicles and aggregates (this step may be 

saved and washed if studying apoptotic bodies or certain populations of microparticles), 

and the final spin at 100,000xg sediments EVs that are then washed and re-suspended to 

remove contaminating proteins.  This final pellet is a heterogeneous population of EVs, 

with mixtures of exosomes and microvesicles.   The preparation can be further purified 

through density gradient separation, using sucrose cushions or stepwise gradients, which 

removes additional contaminants and allows the EVs natural buoyant density to separate 

from contaminants232.  While this method allows for pure populations of EVs, 

ultracentrifugation already is an inefficient process, with losses in material each 

successive wash and spin.  Also, the definition of EVs is always changing, raising the 

question of what is a ‘contaminant’ and what is the bioactive EV population to look at?  

Other methods that exist to isolate EVs, include use of precipitation reagents, commercial 
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kits, ultrafiltration, and size exclusion chromatography232.  All of these methods have 

advantages but also drawbacks that do not clearly put one over the other.  The only 

exception to this is the use of microfluidics, one of the newest methods, it appears to 

isolate the purest fractions and can be automated but it can be too costly at this time240.   

For the purposes of this study, serial ultracentrifugation was performed to isolate and re-

suspend pellets, with certain modifications depending on downstream application.  RAEC 

and VSMC were cultured in basal growth medium (1g/L DMEM for EC, 4.5g/L DMEM) 

until ~75-80% confluent, washed, and switched to serum-free counterpart of respective 

media.  The use of serum-free was to remove any possible contamination of EVs present 

in complete growth media with FBS.  The cells viability was maintained at 48 hours for 

EC and 72 hours for VSMC, so these two time points were used for collections as 

hypothetically this allowed for greatest time to release EV into culture supernatant.  

Extension beyond 48 hours for EC resulted in massive cell death.  In addition, the rate of 

secretion for VSMC was empirically determined to be lower than that of EC, so in order 

to get appropriate amounts for downstream protein analysis, 72 hours was used for 

VSMC.  To first characterize the vesicles, ultracentrifugation was performed to isolate 

EV, followed by filtration at 0.22µm to remove debris, and final wash at 100,000xg.  In 

general, 6 10cm plates were used for both EC and VSMC with 10 mL of media on each 

plate for a total of 60mL supernatant to isolate EVs from.  EVs were mounted on 

Formvar coated carbon grids and imaged using transmission electron microscopy (Figure 

4).  In order to obtain high-resolution pictures of EC EV, a higher magnification was used 

given the large presence of small EVs.  The EVs isolated displayed the correct diameter 
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(between 30-150nm) and harbored the ‘cup-shape’ attributed to the fixation and 

mounting method of transmission electron microscopy241.  

 

  

A. EC EVs  B. VSMC EVs  

Figure 4 – Transmission Electron Micrograph of EVs isolated from RAEC and 

VSMC.  Representative image of EVs mounted on Formvar Carbon-coated grids and 

imaged at either 200,000 magnification (for EV) or 80,000 magnification for VSMC.   
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In addition to qualification of EVs using transmission electron microscopy, technology 

exists to directly size and determine concentration of particles using a NanoSight from 

Malvern (UK).  The NanoSight utilizes dynamic light scattering followed by a video 

recording that allows the Nanoparticle Tracking Analysis (NTA) to measure the instrinsic 

Brownian motion of the particles in solution and determine the concentration and size of 

the particles there-in242.  Use of the NanoSight reinforces data obtained from electron 

microscopy by giving a secondary method of sizing the particles released from the cells.  

Figure 5 displays a characteristic curve given when utilizing the NanoSight software, 

showing a broad distribution of particles found in suspension.  Between the two 

populations of cells, the mean and modal distribution of the particles were relatively the 

same, with a slightly higher concentration seen in the VSMC population, although this 

could be attributed to the extra day of media collection (48hr versus 72hr).  Through both 

electron microscopy and NTA analysis, VSMC and EC release particles with the 

characteristic shape and size distribution associated with EVs.  
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Details

NTA Version: NTA 3.2 Dev Build 3.2.16
Script Used: SOP Standard Measurement 12-31-27PM 10May2017.txt
Time Captured: 12:31:27  10/05/2017
Operator:
Pre-treatment:
Sample Name:
Diluent:
Remarks:

Capture Settings

Camera Type: sCMOS
Laser Type: Blue488
Camera Level: 14
Slider Shutter: 1259
Slider Gain: 366
FPS 25.0
Number of Frames: 749
Temperature: 24.9 - 25.0 oC
Viscosity: (Water) 0.890 - 0.892 cP
Dilution factor: 5 x 10e2

Analysis Settings

Detect Threshold: 4
Blur Size: Auto
Max Jump Distance: Auto: 12.6 - 14.4 pix

Results

Stats: Merged Data
Mean: 131.3 nm
Mode: 118.0 nm
SD: 50.0 nm
D10: 84.7 nm
D50: 114.1 nm
D90: 205.6 nm

Stats: Mean +/- Standard Error
Mean: 131.5 +/- 3.9 nm
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SD: 48.5 +/- 3.7 nm
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D50: 112.2 +/- 4.9 nm
D90: 201.1 +/- 8.0 nm
Concentration (Upgrade): 1.46e+011 +/- 1.66e+010 particles/ml

27.8 +/- 3.0 particles/frame
28.5 +/- 3.0 centres/frame
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Details

NTA Version: NTA 3.2 Dev Build 3.2.16
Script Used: SOP Standard Measurement 09-48-28AM 15Dec2016.txt
Time Captured: 09:48:28  15/12/2016
Operator: Cindy
Pre-treatment:
Sample Name: nrcmpool
Diluent:
Remarks:

Capture Settings

Camera Type: sCMOS
Laser Type: Blue488
Camera Level: 13
Slider Shutter: 1232
Slider Gain: 219
FPS 25.0
Number of Frames: 749
Temperature: 25.2 - 25.2 oC
Viscosity: (Water) 0.884 - 0.885 cP
Dilution factor: 1 x 10e3

Analysis Settings

Detect Threshold: 5
Blur Size: Auto
Max Jump Distance: Auto: 11.7 - 13.5 pix

Results

Stats: Merged Data
Mean: 173.1 nm
Mode: 130.7 nm
SD: 51.6 nm
D10: 120.0 nm
D50: 158.3 nm
D90: 246.5 nm

Stats: Mean +/- Standard Error
Mean: 172.7 +/- 4.1 nm
Mode: 144.2 +/- 7.3 nm
SD: 50.9 +/- 2.4 nm
D10: 118.9 +/- 3.2 nm
D50: 155.4 +/- 6.4 nm
D90: 250.3 +/- 6.9 nm
Concentration (Upgrade): 1.63e+011 +/- 1.59e+010 particles/ml

14.5 +/- 1.5 particles/frame
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Figure	5	–	NanoSight	Analysis	of	EC	and	VSMC	EV	preparations.		EVs	isolated	from	

either	A.	EC	or	B.	VSMC	were	diluted	in	deionized	water	at	either	1:500-1:1000	

dilution	and	analyzed	on	Nanosight	at	camera	level	14,	threshold	3-5	depending	on	

quality.		A.,	B.	Representative	image	of	4	independent	experiments	for	both	EC	and	

VSMC.	C.		Analysis	of	Mean,	Mode,	and	particle	#	normalized	to	daily	accumulation	

based	on	difference	in	time	point	acquisition.	

C.                          
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A simple method of identification of EVs other than imaging is the use of certain protein 

markers that can be identified via immunoblotting.  The ‘canonical’ EV marker is the 

presence of tetraspanins, specifically CD9, CD63, CD81, and CD82109.  Despite this, the 

EVs isolated from EC and VSMC did not display CD9, CD63, or CD81 to a reproducible 

degree when ran on both denaturing and non-denaturing gel conditions.  The EV preps 

from both VSMC and EC harbored pan-EV marker, flotillin-1, a marker of endocytic 

trafficking and lipid rafts243, while EC EVs contained TSG-101 and VSMC contained 

syntenin-1, both markers of MVB biogenesis and ILV trafficking associated with 

exosomes92,114. (Figure 6)  The preparations were also devoid of Voltage-dependent 

Anion Channel 1 (VDAC1), a mitochondrial protein that should not precipitate with 

standard EV isolation.  To assess cell-type specificity to the EVs isolated from either EC 

or VSMC, each population was probed for markers that are classically used as markers 

for both EC and VSMC.  Interestingly, aortic smooth muscle alpha actin (a marker of 

VSMC) and vascular endothelial cadherin (Ve-cadherin, a marker of EC) were found to 

only be enriched in their respective population, denoting possible cell-specific markers 

for these two populations244,245. (Figure 6)  
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Figure	6	–	Western	Blot	Analysis	of	EV	Fractions	from	EC	and	VSMC	

preparations.	A.	EC	EVs	were	enriched	in	flotillin-1	and	TSG-101,	while	B.	VSMC	

populations	had	flotillin-1	but	were	enriched	in	syntenin-1.	C.	Identification	of	

candidate	cell-specific	markers	of	both	VSMC	(alpha	actin)	and	EC	(VE-

cadherin).		Representative	blots	of	at	least	3	independent	experimental	

preparations.	
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While western blotting provides an excellent first step in identifying proteins that may be 

present in EVs, it is generally a targeted method as some prior knowledge on EV markers 

must be used in order to efficiently probe for specific proteins.  In order to garner a better 

understanding of the protein make-up of EVs, unbiased mass spectroscopy can be 

performed that can be prove to more sensitive and specific than western blotting due to 

lack of a requirement for antibodies.  EVs were isolated from RAEC and VSMC in vitro  

cultures and subjected to ‘shotgun’ proteomics – a indirect method determing the 

abundance of proteins using peptide abundance after digestion of proteins in a mixture246.  

This methodology utilizes tandem liquid chromatography-mass spectroscopy technology 

in identifying the peptides against known databases.  Data obtained from proteomic 

analysis was compared to both EV populations from VSMC and EC, as well as EV 

populations from either VSMC/EC and their respective host cell protein composition 

(Figure 7).  When comparing EC and VSMC EV populations, 194 uniques peptides 

(appearing in at least one of four independent experiments) were identified in EC EV 

while VSMC EV contained 118. Of these peptides, only 74 were held in common, with 

120 found only in EC EV prep and 44 only in VSMC.  Within these populations, 

assessment of peptides appearing in all 4 independent preparations of EVs were much 

smaller but identified 4 that were only found in EC and 12 that were only found in 

VSMC, with 6 common to both (identified by bracketing in Figure 7).  Interestingly when 

comparing EC EV preps to previously obtained data of RAEC whole cell lysates, 30 of 

the 194 peptides were unique to EC EVs when compared to host cell lysate and when 

comparing VSMC, 35 of 118 were found to be unique when compared to VSMC host cell 

lysate.  This data suggests EVs from RAEC and VSMC harbor unique proteins that may 
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serve to propagate different cellular functions.  In addition, the peptide signature in EVS 

released from both VSMC and EC may be different in composition than the host cell, 

signifying possible selective sorting into EVs.  

To possibly further identify specific markers for EC and VSMC in an in vivo setting, an 

additional set of proteomics was performed on sera from Sprague-Dawley rats.  By 

isolating EVs from Sprague Dawley rats and performing proteomics, the peptide 

signature of these EVs could be compared to that of EC and VSMC to possibly identify 

common markers and markers that are unique to EC/sera or VSMC/sera to identify 

unique markers for in vivo identification of EVs from those respective EC/VSMC 

populations for future in vivo studies/biomarkers.  When rat sera was analyzed, 435 

unique peptides were identified with 106 being common to all four independent 

conditions analyzed (Figure 7).  Of those 435 peptides, 56 were in common with both 

VSMC and EC, while 58 were in common with just EC and 23 with VSMC.  

Interestingly, VSMC and EC held 18 in common not found in sera, with 62 only being 

found in EC compared to 21 only found in VSMC.  This data may suggest that the 58 

peptides found in common to EC/sera and 23 with VSMC/sera may serve as identifying 

peptides for these EVs in vivo. (Full protein lists are included in Appendix Table 2) 
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Figure 7 – Proteomic Analysis of EVs from RAEC, VSMC, and Rat Sera. A. EVs from EC 

and VSMC were subjected to mass spectroscopy and analyzed for peptide composition then 

compared.  B. EC EV peptides compared to host cell lysate.  C. VSMC EV peptides 

compared to host cell lysate. D. EC and VSMC EV compared to rat serum EVs.  Data is 

from 4 independent experiments per condition. Number outside brackets denotes unique 

peptides found in at least one condition and bracketed numbers represent peptides found 

across all 4 experiments. 
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With regards to certain proteins that were found enriched in the EC versus VSMC 

proteomic isolations, several proteins were probed for using western blot to elucidate 

whether mass spectroscopy data could be validated.  Below are a few of the proteins that 

were identified as enriched in RAEC and VSMC respectively (it should be noted, due to 

antibody availability, RAEC were probed for proteins found in VSMC as well Figure 8). 
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Figure 8 – Verification of Mass Spectroscopy Through Immunoblotting.  A. EC and B. 

VSMC EVs and lysates were subjected to immunoblotting via western blot for proteins 

identified as enriched in all 4 samples for EC and VSMC EVs.   
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An additional method of classification that can be used to characterize EVs released from 

cells is through inhibiting the processes that allow EVs to be released.  The most well-

recognized and common method is through the inhibition of NSmase2 with GW4869, 

preventing ceramide production and lowering exosome production due to importance of 

ceramide in the lipid composition of MVB-derived vesicles91.  However, GW4869 may 

have the ability to directly inhibit plasma membrane blebbing and MV release247.  

Regardless, RAEC and VSMC were pre-treated with either DMSO (vehicle) or GW4869 

at a concentration of 20µM followed by EV-production media.  EVS were isolated in 

parallel fashion with either DMSO or 20µM GW4869 conditions and subjected to 

NanoSight NTA analysis.  GW4869 was able to reduce the amount of vesicles released 

by half, signifying that the vesicles were in part regulated through NSmase inhibition 

(Figure 9). 
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Figure 9 – GW4869 Inhibition of EV Release. A. RAEC or B. VSMC were pre-treated with 

either 0.1% DMSO or 20µM GW4689 followed by addition of serum-free media.  After 48 

hours, media was harvested and subjected to ultracentrifugation followed by analysis via 

NanoSight NTA.  Data is represented as +/- SEM of 3 independent experiments. 
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Discussion 

Principle to every study involving extracellular vesicles is first the identification and 

characterization of said vesicles.  Within vascular biology, multiple studies have studied 

either endothelial or vascular smooth muscle cell EVs146,158,175,190,248, but in order to 

assess biological significance in this study, first it had to be determined whether 

EC/VSMC release EVs in the rat cells isolated in this study.  An additional question, is 

what type of EVs are the predominant species in this study?  Firstly, through electron 

microscopy, we demonstrated that EVs were isolated from both RAEC and VSMC 

through the characteristic ‘cup-shape’ morphology seen in TEM preparations on 

Formvar-coated carbon grids241 (Figure 4).  The diameters of the vesicles imaged 

displayed diameters ranging from ~30nm to ~150nm, usually attributed to vesicles of 

either endosomal origin (exosomes) or smaller microvesicles seen released from the 

plasma membrane.   

To accentuate the TEM data, NanoSight NTA analysis was performed to determine the 

size and distribution.  Based on data obtained, the average size of RAEC (182.55nm) and 

VSMC (187.425nm) and modal size (RAEC – 130.65nm, VSMC – 136.925nm) were not 

very different between species (Figure 5).  Interestingly, the mean/modal size fell in a 

gray area of whether the particles would be classified as exosomes or microvesicles, with 

the full distribution containing a range that would include both.  In addition, the 

difference in size seen between TEM and NanoSight is evident but due to the hydrated 

nature of NTA analysis versus dehydrated nature seen in TEM preparations, size 

discrepancies can be explained by these simple variables249.  Finally, the concentrations 
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of EVs released when normalized to collection time, were grossly similar with only a 

trend towards higher numbers released in VSMC (Figure 5). 

Size is the not the only determinant of EV populations, as they are known to contain 

bioactive molecules, such as nucleic acids, lipids, and proteins, and can therefore be 

classified utilizing this knowledge.  Using commercially available antibodies, we were 

unable to detect the ‘canonical’ markers of EVs the tetraspanins CD9, CD63, or CD81 

with any regularity (CD81 identification was variable depending on prep and depended 

on assumed molecular weight, data not shown)113.  However, ECs were enriched in both 

flotillin-1 and TSG-101, while VSMC had flotillin-1 and syntenin-1 (Figure 6).  While 

flotillin-1 is a general marker of lipid rafts243, the presence of TSG-101 and syntenin-1 

may suggest that these vesicles are indeed derived from endosomal origin, as these two 

proteins are integral to MVB/ILV biogenesis and trafficking92,114.  These proteins suggest 

that the EVs isolated may be small or large exo in conjunction with the TEM and 

NanoSight NTA analysis.  The absence of mitochondrial protein VDAC-1, signifies that 

the EVs were successfully separated from contaminating organelles, displaying some 

semblance of purity.  While common markers of EVs are important in identification, 

specific markers associated with certain cell types may allow for identification as 

biomarkers or functional screenings in vivo.  To assess this, two specific markers that 

were assessed for both endothelial cells and smooth muscle cells.  As evident in Figure 6, 

VSMC EVs were highly enriched in smooth muscle alpha actin, while EC EVs seemed to 

have the presence of VE-cadherin while VSMC did not.  These two markers can be used 

to denote cell of origin due to their tissue-specific expression and may serve as great 
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markers when performing additional experiments and labeling/identification both in vitro 

and in vivo. 

Immunoblotting analysis is limited in its reliance on quality of antibodies used and the 

epitope tags that the antibody recognizes.  To ascertain a broader scale of proteins that 

may be harbored with EVs, unbiased LC-MS/MS was utilized to determine all of the 

proteins that are present within EVS from EC and VSMC, as well as rat sera.  To obtain 

this data, EVs were subjected to 0.22µm filtering and washing of EV pellet 2x (one 

before and one after filtering).  This provided a highly pure preparation for mass 

spectroscopy analysis.  Mass spectroscopy and comparison of EVs from RAEC and 

VSMC obtained 194 proteins in EC and 118 in VSMC (Figure 7).  Interestingly, certain 

proteins that were difficult to see via western blot were identified in the MS preparations.  

Two of the ‘canonical’ tetraspanins, CD9 and CD82, were evident in both RAEC and 

VSMC (Appendix Table 2).  Additionally, programmed cell death protein 6 interacting 

protein (Pdcd6ip), syntenin-1, ICAM-1, several Annexins, and Rab proteins were found 

in EVs from both RAEC and VSMC were found.  All of these markers are generally 

associated with EVs and in combination denote EVs originating from endosomal 

compartments as Pdcd6ip (or ALIX), syntenin-1 and rab proteins are integral to exosome 

trafficking, suggesting the vesicles isolated are from MVB origin and may be classified 

as large/small exo83,92,112.  Reinforcing our specific marker data, alpha smooth muscle 

actin was only seen the VSMC population, however VE-cadherin was not obtained 

during the screen.  As there are limitations of immunblotting, the data from mass 

spectroscopy is highly specific but using the ‘shotgun’ approach, protein inferences are 

made through peptide fragments found246, which can make it difficult to then assess 
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expression via immunoblotting.  Despite this, several antibodies were chosen to assess 

and we were able to detect certain proteins found in the LC-MS/MS data with 

commercial antibodies, reinforcing the data (Figure 8).   To further explore the 

significance of the proteins found in the LC-MS/MS, EVs from rat sera was isolated to 

see if their was any overlap to potentially find specific markers to each cell type that may 

be found circulating in vivo.  We found several proteins that only overlapped with RAEC 

(58) and VSMC (23), with 56 being in common to all three conditions (Figure 7). Certain 

cluster of differentiations such as CD151 and CD44 were found on only EC and not 

VSMC but found in serum while VSMC had CD166, neuronal cell adhesion molecule 1, 

and VCAM-1 in common with serum (Appendix Table 2).  These proteins on the cell 

surface are generally used as markers of certain cell types and it is possibly that further 

study into these markers in concert, alone, or in conjunction with the other proteins found 

only in EC/sera or VSMC/sera, may serve as potential markers of EVs released from both 

EC and VSMC into the circulation.  

From the data presented above, the EVs isolated from both cell types harbor 

characteristic size, distribution, and protein content of EVs that may originate from 

intracellular compartments denoting ‘exosomes’, large or small.  Interestingly, exosomes 

harbor a unique lipid profile when assessed versus the cell250, and therefore targeting lipid 

synthesis within the cell may serve as a means to inhibit their biogenesis.  Indeed, this 

was found to be the case with the discovery and use of GW4869, a NSmase 2 inhibitor, 

that inhibits the generation of ceramide, a common component enriched in exosomes91.  

Pre-treating VSMC or EC with GW4869 was able to reduce the secretion of EVs by 

about half as opposed to vehicle only (Figure 9).  This suggests that a portion of the EVs 
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may be inhibited through inhibition of NSmase2 and therefore ceramide incorporation.  It 

should be noted that it did not completely eliminate EV release.  At this point and time, 

there is no effective way to completely eliminate EV release and this makes sense as EVs 

may constitute a way for the cell to remove toxic components and by inhibiting this 

process, may cause the death of the cell.  Additionally, as GW4869 inhibits ceramide 

production, this constitutes a process that is not wholly unique to EV release as ceramide 

production is induced via pro-inflammatory cytokines and lead to the development of 

atherosclerosis251.  Nonetheless, GW4869 pre-treatment significantly reduced the amount 

of EVs released from both EC and VSMC. 

Through multiple methodologies, we have established that EC and VSMC both release 

vesicles into the culture supernatant in vitro.  These vesicles harbor characteristic size and 

shape seen via electron microscopy and distribution via NTA analysis.  Protein analysis 

via western blotting and LC-MS/MS identified proteins that were both in common and 

unique to each condition, along with LC-MS/MS data of rat sera providing future 

avenues for study regarding cell-type specific markers and study in vivo.  Additionally, 

inhibition of EVs was evident when using NSmase2 inhibitor GW4869.  These data all 

taken together characterize EVs from RAEC and VSMC as most likely originating from 

an ILV/MVB origin, which would classify them as large or small exosomes. 
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Limitations 

Although these cultures are primary in nature, the conditions with which the EVs were 

isolated were under a condition of serum-free media.  This was to remove any chance of 

contamination from serum EVs that are found in FBS.  Serum free media may pose as a 

stress to the cell as removal of mitogens and growth factors in serum may adversely 

affect the cell.  In addition, autophagy and other stress responses may be initiated upon 

serum withdraw, even the technique is commonly used to induce cell quiescence252.  Use 

of EV-depleted FBS may be used in future studies (as will be discussed in Chapter 4), but 

the rationale for using serum-free was decided on two major factors: 1) the cells 

maintained healthy status and continued to survive in the face of starvation as glucose, 

glutamine and pyruvate were still present in media to allow metabolism to proceed and 2) 

general FBS depletion protocols have been shown to be relatively ineffective at removing 

large amounts of FBS endogenous EVs253.  For these reasons, serum-free conditions were 

used but will be addressed in future chapters.  

While size, distribution, inhibition, and protein content were used to characterize the 

vesicles, EVs also harbor unique nucleic acid and lipid profiles that may further 

distinguish them from each other.  While ‘true’ characterization of EVs would encompass 

these factors as well, this study presented the essential information to determine the 

identity of the EVs released and focused on the protein composition.  Further studies are 

indeed warranted into the nucleic acid content and lipid content in the future to determine 

mechanistic consequences of manipulating these factors. 
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CHAPTER 4 

ACTIVATED ENDOTHELIUM RELEASES EVs THAT INTIATE 

PATHOLOGICAL GLOBAL REMODELING IN VSMC  
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Results 

The discovery of extracellular vesicles dates back over 75 years but it was not until the 

last 30 that they have really been studied as a means of intercellular communication71.  

Within the last 30 years, research has exploded into how these vesicles propagate and 

initiate signals amongst almost every cell type imaginable, especially within the fields of 

cancer and immunology144,145.  Much has been studied in the field of cardiovascular 

biology (reviewed in background) but the signals and interactions between the 

endothelial cell and VSMC are relatively underexplored when compared to cardiac and 

generally endothelial cells.  In this study, we first characterized whether the EC and 

VSMC in our rat cells were capable of releasing extracellular vesicles.  Indeed, we 

demonstrated that both EC and VSMC in our rat cells secreted EVs and that these EVs 

had characteristics of vesicles derived from intraluminal compartments suggesting they 

are small/large exosomes.  The logical next question is do these vesicles from each cell 

type propagate functional signals amongst each other?  The amount of different signaling 

mechanisms that may be introduced via these small EVs is a daunting task to ascertain, so 

we first asked the question:  do these EVs follow the same trend as the much more well-

studied microparticles in endothelial cells in propagating inflammatory 

phenotypes153,157,162?  By limiting the scope to inflammation to begin, we used a simple 

strategy to determine whether their was signaling initiated between these two cells types:  

isolate EVs from both cell types and add them to either themselves (autocrine) or to one 

another (paracrine) in an in vitro system followed by lysate harvesting and 

immunoblotting for inflammatory markers (Figure 10). 
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Figure 10 – Schematic of Experimental Strategy to Identify Signaling 

Mechanism/Function to Extracellular Vesicles.  EVs were isolated from EC and VSMC 

and either added to ‘autocrine’ cultures (e.g. EC->EC) or ‘paracrine’ cultures (e.g. EC-

>VSMC) and assessed for downstream signaling significance 
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Using prior studies in our laboratory, we assessed the expression of VCAM-1 in 

VSMC/EC under the conditions applied above (Figure 10) at time points including at 

least 6 hours (previously determined TNFa cascade-induced VCAM-1 time point).  This 

was first assessed using a time course of EC small EVs transferred onto either RAEC or 

VSMC given the pro-inflammatory role seen in EMPs.  When performing EV studies, the 

importance of standardizing the amount of EVs added is imperative to allow 

standardization to the assay and reproducibility.  Generally, most studies use a protein 

concentration when determining the amount of EVs to add but in the case of this study, 

we used the NanoSight to determine concentration and then subsequently the amount to 

add per time point.  Based on the amount of EVs isolated during each individual 

collection, we determined 5x108 particles (determined via our threshold/camera level 

parameters of NanoSight) would represent a standardized amount per treatment that 

would allow for 2-3 experiments per isolation for immediate use, as EV bio-activity 

begins to dissipate to some extent almost immediately and should not be kept at 4˚C 

beyond one week254.  With these parameters, we assessed the expression of pro-

inflammatory marker VCAM-1, an essential adhesion marker for monocyte adhesion255.  

Interestingly, we were unable to obtain any signal in RAECs treated with EVs from 

RAEC, but were able to induce a time-dependent increase in VCAM-1 in VSMC (Figure 

11).  This suggests that EVs derived from RAEC initiate a unique paracrine inflammatory 

signal in VSMC that is not preserved in autocrine fashion.  When the reverse experiment 

was performed (VSMC EV->VSMC, VSMC EV->RAEC), no signal was seen.  Given 

the scope of future experiments, we decided to pursue the pro-inflammatory signaling of 

RAEC EV->VSMC, as little is known on this subject. 
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Figure 11 – RAEC-derived EVs Induce Pro-inflammatory Protein VCAM-1 in 

VSMC.  RAEC EVs were incubated at a dose of 5x108 particles per time point in 

either A. VSMC or B. RAEC for indicated time points and cell lysates harvested.  

Lysates were then subjected to immunoblotting via western blot.  *PBS denotes a 

vehicle control was used.   
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EVs from RAEC are Internalized in VSMC 

Now that it is established that RAEC EVs can induce the pro-inflammatory VCAM-1 

signal in VSMC, we first must take a step back and assess if these vesicles can indeed 

interact with each other.  To do this, common strategies are to use lipophilic dyes in the 

EVs that are then incubated with target cell to see if internalization occurs.  Several 

strategies are available such as protein overexpression, or the most common, lipophilic 

dyes such as PKH23/67256.  For this study, we decided to use a brand new dye known 

originally as MemBright (now Lipilight through Idylle Inc.).  MemBright is unique in 

that it has two long carbon chains with zwitterion anchors that allow de-aggregation 

when introduced between a plasma membrane that allows fluorescence to occur235.  In 

this way, MemBright stains the plasma membrane, and by extension, bilayers, efficiently 

and specifically.  This allows EVs to be specifically stained due to their bilayer structure, 

while PKH dyes are none-specific to all lipids and can lead to false-positive data through 

their inclination to produce fluorescent aggregates independently of labeling257.  First, we 

assessed whether the dyes could label and distinguish the cells.  To assess this, we 

separately labeled EC and VSMC with different colored dyes, washed to remove excess 

dye and re-seeded them together on coverslips and imaged.  As seen in Figure 12, ECs 

(red) and VSMC (green) are easily distinguishable from each other showing and do not 

show cross labeling due to excess dye.  After a period of 4 hours to allow EV release and 

internalization between cells, the cells were fixed and mounted onto coverslips for 

imaging.  Amazingly, under 60x magnification we were able to see cells with 

predominantly green staining (VSMC) now containing internalized red staining as well as 

yellow (indicating possible fusion of vesicular compartments. This implies that both the 
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VSMC and EC can efficiently take up EVs from each other and possibly intermix with 

recipient endosomal compartments or create new ones.  To further pursue our direction of 

EC EVs, we first pre-labeled EC EVs with MemBright (red) and washed extensively 

through centrifugation to remove excess dye.  Concomitantly, we labeled media vehicle 

with Membright to ensure the dye was specifically labeling EVs.  These solutions were 

then added to VSMC and incubated for a period of 30 minutes to allow uptake to occur.  

As seen in Figure 12, the EVs were efficiently taken up by the VSMC and no staining 

was visible when media stained with dye was incubated.  This two-pronged method 

displays that EVs can be internalized by EC/VSMC and that EC EVs can efficiently by 

taken up and internalized by VSMC suggesting a potential method of signaling between 

the two. 
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Figure 12 – EV Uptake Assays Using Membright Dyes. A. ECs were labeled with 

Membright 640nm and VSMC with Membright 488nm and co-seeded together. Arrows 

denote different cell types. B. Representative images of EV uptake after 4 hours of co-

incubation. Arrows denote EV uptake into either VSMC (left panel) or RAEC (right) panel.  

(representative of n=2) C., D. VSMC were imaged after incubation with either RAEC EV + 

Membright 640nm or Media control + Membright  640nm for a period of 30 minutes. Arrows 

denote instances of EV uptake. Panel C. 20x magnification and D. 60x magnification 

(representative of n=3) 
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RAEC Cultured in Serum-Free Conditions Induce EC Activation 

It was an interesting finding that pro-inflammatory protein VCAM-1 could be induced 

via RAEC EVs derived from simply serum-free conditions.  This led to the question of 

why might this occur?  To test this, we analyzed signs of endothelial activation in 

cultures from both serum-free conditions and from EV-depleted FBS conditions.  In this 

way, we can attribute whether deprivation of growth factors leads to a state of endothelial 

activation and not just a quiescent state, as ECs can still proliferate as long as they are 

supplied with glycolytic substrates/glutamine258, common to media formulations.  RAEC 

were grown in complete media (10% FBS-DMEM) until 70% confluent, washed with 

HBSS to remove EVs from FBS, and replaced with either serum-free media or 10% EV-

depleted FBS media for a period of 48 hours.  Unexpectedly, immunoblotting analysis of 

plates revealed that ECs exposed to serum-free conditions up-regulated both VCAM-1 

and phosphorylated p65, denoting activation of pro-inflammatory NF-kB, both markers 

of endothelial activation/dysfunction5 (Figure 13).  Additionally, inactivating eNOS 

phosphorylation was induced at threonine 495 and markers of endoplasmic reticulum 

(ER) stress were evident with increased phosphorylation of Inositol Requiring Enzyme 1 

alpha (IRE1a) and Eukaryotic Translation Initiate Factor 2A (eiF2a)259.  Reinforcing this 

data, EC were stained for senescence-associated beta galactosidase (SA-Bgal), a 

measurement of lysosomal accumulation commonly seen in aging/senescence cells238.  

When assessed for SA-Bgal activity, the serum-free ECs displayed profuse staining while 

the stain was completely absent from EC cultured in EV-depleted serum media (Figure 

14).  Taken together, these data suggest that ECs cultured in serum-free conditions 
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exhibit markers of endothelial activation, lysosomal accumulation associated with 

senescence, and ER stress. 

  

Figure 13 – RAEC Cultured in Serum-Free Media Exhibit Hallmarks of EC Activation and 

Stress.  RAEC were cultured in either Serum-Free (SF) or EV-Depleted FBS (DepS) containing 

media for 48 hours followed by lysates harvested for immunoblotting.  Markers of EC 

dysfunction and ER Stress are evident in Serum-Free Condition. (n=2) 
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Figure 14 – Senescence-Associated Beta Galactosidase Activity in RAEC Cultured in Different 

Conditions.  RAEC Cultured in Serum-free media for 48 hours display high levels of 

expression/staining for SA-Bgal Activity, a hallmark of cellular senescence/aging/dysfunction. 

(n=2 independent experiments) 
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RAEC cultured in serum-free release EVs that are potential pro-inflammatory and this 

seems to be due to induction of machinery within the cell that resembles endothelial 

activation.  To compare whether EVs derived from EV-depleted media initiate the same 

signal, EVs were isolated from both conditions and incubated with VSMC to determine 

levels of VCAM-1 induction as a marker for pro-inflammatory gene expression.  We 

hypothesized that due to the conditions induced via serum-free incubation, EV-depleted 

FBS media would not initiate the pro-inflammatory signal.  As expected from previous 

data, EVs from serum-free conditions were able to reproducibly induce VCAM-1 in 

VSMC (Figure 15).  Supporting our hypothesis, EVs from the EV-depleted FBS 

conditions did not induce VCAM-1.  This confirmed that EVs isolated from serum-free 

conditions harbor pro-inflammatory properties not seen in ‘normal’ serum-containing 

conditions and may pose as a novel means of propagation of endothelial activation and  

dysfunction to the VSMC layer. 
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Figure 15 – RAEC-derived EVs from Serum-Free Conditions Induce Pro-inflammatory 

signaling not seen in other Conditions. A. VSMC were incubated with RAEC EV from 

serum-free conditions or EV-depleted FBS conditions for 6 hours. Analysis representative 

of 5-8 independent experiments, *p<0.05. B. EV-depleted serum RAEC EVs were 

incubated with VSMC for indicated time points. Data represented as mean +/- SEM.  
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RAEC SF EV Increase VSMC Inflammatory Monocyte Adhesion 

Whilst most often studied in the endothelium, the expression of adhesion molecules in 

VSMC poses an essential process in the pathogenesis of disease and is a hallmark of 

general inflammation4,236,260.  Pursuant to this expression is the functional output of 

leukocyte adhesion, which is a generalized response in many inflammatory diseases.  To 

test whether the expression of VCAM-1 leads to a functional increase in the amount of 

adherent leukocytes to the VSMC layer, VSMC were treated with EVs from serum-free 

media or PBS vehicle overnight followed by incubation with THP-1 cells.  THP-1 cells 

are a monocytic cell line that is commonly used to study monocyte/macrophage 

interactions and specifically in our case, inflammatory cell adhesion261.  Upon incubation 

with EVs, leukocyte adhesion was significantly increased to the activated VSMCs, 

implicating a phenotypic change in VSMC toward a pro-inflammatory phenotype (Figure 

16).  To assess whether the change in leukocyte adhesion was attributed to VCAM-1, 

prior to addition of THP-1, anti-VCAM-1 was added to the cells to act as a neutralizing 

antibody.  As can be seen in Figure 16, pre-incubation with VCAM-1 antibody abrogated 

the signal induced via SF EV, suggesting that VCAM-1 expression is essential for the 

observed THP-1 adherence.  
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Figure 16 – RAEC-derived EVs from Serum-Free Conditions Increase Monocyte-

VSMC Interactions. A. VSMC were incubated with either RAEC EV or TNF for 16 

hours followed by incubation with THP-1 monocyte cells. (n=4)  B. VSMC were 

incubated with RAEC EV for 16 hours followed by a one hour blocking of VCAM-1 

with Rb-a-VCAM-1 antibody prior to addition of THP-1 Cells. (n=3) *p<0.05, 

**p<0.01, ***p<0.005.  Data represented as mean +/-SEM. 
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Ex Vivo Conservation of Inflammatory Signal 

While it is clear that EVs from SF conditions are pro-inflammatory for in vitro 

conditions, we decided to analyze whether EVs are inflammatory for ex vivo condition.  

In vivo analysis with EVs is complicated given the myriad of cell types and ambiguity as 

to the how, by whom, where, and when EV uptake and interaction may occur, so an ex 

vivo system poses as a controlled system to measure certain parameters involved with EV 

signaling.  Mouse aortas were isolated from C57BL6 mice and opened en face and 

treated with EVs or TNFa as a control for VCAM-1 expression to denote whether 

inflammatory signaling was preserved.  The aortas were also either left intact 

(endothelium + VSMC layer) or denuded via scraping of the endothelial layer which 

should leave just VSMC.  Interestingly, when SF EVs were incubated with Mouse aortas 

overnight, TNF and EVs both induced a significant induction of VCAM-1 expression, 

suggesting a preservation of signal in an ex vivo system (Figure 17).  When the aortas 

were denuded via razor scraping, VCAM-1 trended to be increased but was not 

significant when analyzed (Figure 17), which may be due to excessive scraping or 

damage to cells causing basal activation.  This data displays that there is preservation of 

inflammatory signal when applied in an ex vivo system. 
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Figure 17 – Ex Vivo Analysis of VCAM-1 Expression in EV-Treated Mouse Aortas.  A. 

Mouse aortas were isolated from mice, washed, and serum-starved prior to incubation with 

one of PBS, TNF, or RAEC SF EV overnight.  Aortas were minced and lysed followed by 

immunoblot analysis for VCAM-1.  VCAM-1 was significantly up-regulated in endothelial-

intact aortas (n=5). p<0.05  B. Mouse aortas were isolated in analogous fashion to A. but 

scraped with razor blade to remove/injure endothelium.  VCAM-1 trended to be higher but 

was not significant with EV stimulation. n=5 * p<0.05.  Data represented as mean +/-SEM. 

* 



	 92	

RAEC EVs Initiate Translocation of p65  

The presence of VCAM-1 has been established to be both a functional (increased THP-1 

adhesion) and conserved (ex vivo expression) mechanism.  To explore the mechanism of 

why increased VCAM-1 may be expressed, we looked to the promoter to determine 

consensus binding sites.  Within the VCAM-1 promoter, the strongest agonist is NF-

kB262.  To assess whether NF-kB was being activated, we utilized a nuclear translocation 

assay of the most common member of the NF-kB transcriptional dimer:  p65.  Upon 

dissociation from IkBa, p65 (and its most common partner p50) are permitted to dimerize 

and translocate to the nucleus where they can bind NF-kB consensus sites and initiate 

transcription263.  Incubation of VSMC with RAEC SF EV for several time points, showed 

a drastic increase in the number of p65-positive nuclei that was evident at 30 min but 

stayed consistent for 2 hours (Figure 18).  This translocation rivaled that of TNFa, a 

potent activator of NF-kB signaling, VCAM-1 expression, and p65 translocation.  This 

data intimates that NF-kB signaling may be integrally involved in the pathology seen 

with RAEC SF EV incubation. 
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Figure 18 – RAEC SF EV induce p65 Translocation in VSMC in Time-Dependent Manner.  

VSMC were incubated with either RAEC EV (5x108) or TNFa as control (10ng/mL) for 

indicated tie points.  Cells were fixed, permeabilized, and blocked followed by incubation with 

anti-p65 antibody.  Images were taken at 60x magnification.  Arrows denote instances of 

translocation with green fluorescent mostly colonizing nucleus. 
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RAEC EVs Induce Pro-hypertrophic and Senescent Phenotype in VSMC 

VSMC are highly plastic cells capable of de-differentiation from a contractile, quiescent 

state to a synthetic state, readily secreting pro-inflammatory cytokines, increasing 

migration, and increasing proliferation4.  In addition to these properties, VSMC may also 

increase protein synthesis and undergo cellular hypertrophy, such as in hypertension, and 

lead to adverse vascular remodeling41.  We have established that RAEC EVs from SF 

conditions initiate pro-inflammatory gene expression and properties, so we decided to 

assess whether RAEC EVs were capable of initiating other hallmark properties of VSMC 

dysfunction.  To first assess whether EVs were capable of initiating changes in protein 

synthesis, we used an assessment known as the Surface Sensing of Translation (SUnSET) 

assay264.  Briefly, the SUnSET assay pulses cells with small amounts of puromycin, 

which mimics aminoacyl tRNAs and is incorporated into polypeptide chains, terminating 

elongation.  However, at small doses, it is incorporated into new peptide chains and 

serves as a reflection of rate of protein synthesis at that point in time264.  Using this, 

puromycin can be incorporated into peptides in vitro at different time points, followed by 

cell lysis and immunoblotting with anti-puromycin antibody.  This immunoblot can then 

be used to determine rate of protein synthesis at that specific time.  As can be seen in 

Figure 19, EVs were added to VSMC at indicated time points and immunoblotted for 

anti-puromycin.  Cyclohexamide was used as a control, as it terminates translation and 

serves as baseline data.  Protein synthesis was significantly increased in a time-dependent 

manner, with significant increases seen at 3 hours (Figure 19).  Interestingly, although not 

significant, there was a trend toward elevated protein synthesis during the entirety of the 
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experiment, up to 24 hours.  This indicates that EVs can indeed induce protein synthesis 

in VSMC in a time dependent manner.  Induction of protein synthesis starting at 1.5hrs 

intimates that immediate early gene expression may be affected.  To assess immediate 

gene expression that may be associated with inflammatory remodeling, we assessed the 

expression of Early Growth Response Protein 1 (EGR-1).  EGR-1 is an immediate early 

gene with many upstream regulators from acute signaling and has been implicated in 

VSMC dysfunction265,266.  Interestingly, EGR-1 was induced in analogous fashion to the 

induction of protein synthesis, with most significant up-regulation at 3 hours post-

stimulation (Figure 19).  This data reinforces that immediate early gene expression is 

modulated via RAEC EV that coincides with increases in rate of protein synthesis, 

suggesting changes in responses by VSMC.  
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Figure 19 – RAEC SF EV Induce Time-Dependent Increases in Protein Synthesis and 

Immediate Early Gene Protein Expression. A. VSMC were stimulated with RAEC EV 

for indicated time points followed by puromycin pulse for 30 minutes.  Data was 

normalized via subtraction of cyclohexamide (cyc) control. *P<0.05. Representative 

of 3-4 independent experiments  B.  EGR-1 protein expression via immunoblot after 

treatment of VSMC with RAEC EV for indicated time points. *p<0.05. n=3 

independent experiments. Data represented as mean +/-SEM. 

A.  B.  
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VSMC harbor the ability to remodel and de-differentiate in response to several stimuli 

that can lead to adverse function and disease.  One such hallmark of pathological VSMC 

phenotype is the ability to increase protein synthesis and increase overall biomass leading 

to hypertrophy, which is commonly associated with hypertensive vascular remodeling 

and AngII signaling40,267.  RAEC EV derived from dysfunctional endothelial conditions 

have been shown here to initiate increased inflammatory responses and increased protein 

synthesis.  To compare whether EVs may also increase global cellular mass, and thus 

hypetrophy, we used a Coulter Counter (Millipore) to assess cellular volume increases 

after 72 hours of incubation with a larger, single bolus of RAEC EV (2x109 instead of 

5x108)268.  As seen in Figure 20, the cellular volume trended upwards and almost 

approached the significance of AngII.  This suggests that RAEC EVs trend toward 

increasing the cellular mass of VSMC through increased protein synthesis when 

combined with the findings of Figure 19.   Opposed to the pro-hypertrophic phenotype 

often seen in pressure-overload vascular remodeling, VSMC also have the capability to 

migrate and proliferate in the context of neointimal formation and atherosclerosis41,42.  

VSMC migration and proliferation was assessed via wound healing assay that involves 

seeding VSMC into chambers that allow growth on either side of chamber wall which are 

then removed after serum-starvation.  This creates defined growth starting points which 

are then imaged at different time points after stimulation to assess whether cells 

proliferated and migrated out into the blank space.  As seen in Figure 21, VSMC treated 

with PDGF-B had marked cell migration but the VSMC treated with RAEC EV did not 

have any marked migration out into empty area.  This shows that while RAEC EV induce 

pro-hypertrophic response, they do not induce migratory capabilities.    
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Figure 20 – RAEC SF EV Treatment of VSMC increases Hypertrophy.  VSMC were treated 

for a period of 72 hours with either 100nM AngII or 2x109 EV followed by cell collection and 

analysis via Coulter Counter (Millipore).  *p<0.05.  Representative of 3 independent 

experiments.  Data represented as mean +/-SEM. 
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Figure 21 – Migratory Capabilities of VSMC are not Induced via RAEC SF EV Stimulation.  

VSMC were seeded into Ibidi Migration Chamber inserts, serum starved, and chambers 

removed.  Cells were treated with 2x109 EVs or 50ng/mL PDGF-B for 24 hours.  Arrows 

indicate instances of migration out into non-cellular area. Representative of n=3 
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The absence of increases in migratory/proliferative properties and increases in cellular 

protein synthesis/mass and inflammatory characteristics indicate that while the cell is not 

receiving signals from the EVS to become migratory, they are altering their function to 

support a pro-inflammatory phenotypic signature.  Within the field of atherosclerosis, 

VSMC are shown to harbor a unique phenotype slowly being elucidated that promotes a 

pro-inflammatory environment and resistance to apoptosis known as ‘stress-induced 

senescence’42,269.  Cellular senescence is characterized by permanent growth arrest but an 

ability to maintain, or even up-regulate, metabolic activity, protein synthesis, and 

secretion of inflammatory cytokines known as the SASP270.  We have previously shown 

(Figure 13-14) that RAEC from serum-free conditions exhibit marks of cellular 

senescence in up-regulation of SA-Bgal and markers of ER stress.  We therefore 

questioned whether RAEC EVs are propagating signals to VSMC to induce stress-

induced cellular senescence.  To assess this, we incubated RAEC EVs with VSMCs and 

measured the levels of SA-Bgal in VSMC cultures.  Interestingly, we found that the 

amount of senescence cells significantly increased (Figure 22) when stained for SA-Bgal 

activity.  Additionally, immunostaining for γH2Ax, a marker for DNA double stranded 

breaks and a common marker of senescence, displayed significant increases upon 

treatment with EVs271. While the increase in senescence-associated markers (positive 

cells) is indicative of a phenotypic change, we next assessed whether the cytokine profile 

of VSMC were changed upon incubation with RAEC EV that may be indicative of the 

SASP.  We utilized proteomic-profiling membranes pre-coated with cytokines and 

incubated media of cells either un-stimulated or incubated with RAEC SF EV (Figure 

23).  As can be seen in colored highlighted portions, there are several cytokines that are 
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up-regulated upon incubation with RAEC SF EV, including Lix (CXCL5), MCP-1, 

VEGF-A, and Timp-1.  These were the proteins with the largest increases in profiling 

with others having miniscule detectable changes that could be attributed to background 

seen in long exposure.  Increases in these cytokines suggest a further functional output of 

VSMC in response to dysfunctional endothelium EVs, intimating a possible change of 

VSMC phenotype as a result.   
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.

 

  

Figure 22 – RAEC SF EV Induce Signs of Stress-Induced Cellular Senescence in VSMC.  

A. VSMC were incubated with RAEC EV for 72 hours followed by staining with 

Senescence-Associated Beta Galactosidase.  (n=4) B.  VSMC were incubated with RAEC 

EV for 24 hours followed by staining with γH2Ax antibody to analyze accumulation of foci 

associated with DNA damage response. (n=3) Data representative of mean +/-SEM *p<0.05  
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Figure 23 – Altered Cytokine Profile of VSMC Treated with RAEC SF EV.  VSMC were 

serum-starved to synchronize cells and stimulated with RAEC EV (109) in SF media for a 

period of 24 hours followed by medium collection.  Medium was spun to remove debris and 

incubated with Cytokine Antibody Arrays (RayBio AAR-CYT-1-8).  Colored boxes denote 

changes seen in blots incubated in control media versus EV-stimulated.  
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Discussion 

Characterization of EVs from our cells types was paramount in identifying whether 

RAEC and VSMC indeed released vesicles and puts a ‘face to a name’ when utilizing 

them in subsequent studies.  To analyze functional significance of EVS, we used a 

simplistic, yet necessary strategy to assess ‘paracrine’ versus ‘autocrine’ signaling 

between the two adjacent cell types (Figure 10).  To narrow down the list of thousands of 

effects we may see upon stimulation with EVs, we chose to focus on induction of 

inflammation as we had previously found VCAM-1 to be a time-dependently induced 

protein with TNFa.  Surprisingly, we found that VCAM-1 was indeed induced via 

transfer of EVs derived from RAEC to VSMC cultures, but not in any other permutation 

of the assay (Figure 11).  VCAM-1 and adhesion molecule expression is a canonical 

output of endothelial activation and diapedesis of leukocytes but is less studied in the 

field of VSMC5,28.  Despite this, VCAM-1 has been found to be induced via TNFa 

stimulation236,272, high expression in atherosclerotic VSMCs260,273, and high expression in 

neointimal VSMC274.  From this point on we treated the EVs released from RAEC as pro-

inflammatory and used this information to guide future endeavors. 

There are several theories on how EVs communicate signals between cells.  EVs can 

interact at the cell surface and initiate signals via receptor-mediated ligation, be 

internalized and sorted to be re-released/degraded, or they may be seen to be transmitted 

to target cell and taken up through an as-of-yet unclear mechanism275.  The myriad of 

receptors found at both the cell surface and on the surface of EVs make it exceedingly 

difficult in determining the exact cause for functional outputs in recipient cell.  In 

addition to this, EVs ability to be taken up by recipient cell, through a possible receptor-
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mediate macro- or micropinocytosis, is highly represented in the literature275.  To address 

this point, we utilized a novel dye known originally as MemBright by the creators 

(known as Lipilight by Idylle at time of use)235.  MemBright is unique in that it utilizes 

two zwitterions on the end of long carbon chains that allow it to insert in lipid bilayers, 

facilitating fluorescence upon doing so235.  This allows for greater specificity that 

displays fluorescence only upon insertion into lipid bilayers, common to EVs.  Pre-

labeling and co-culturing of RAEC and VSMC showed intermixing of cells present with 

red puncta in predominantly green cells, and vice versa with some instances of 

intermixing of red/green (yellow, Figure 12).  This experiment implicates that EVs have 

the capability to be released and taken up by both RAEC and VSMC from cell of 

opposite type.  This experiment has a few limitations in that it cannot address whether 

EVs from similar cell types internalize EVs from each other and re-release or whether 

EVs taken up by different cell types are degraded or re-released.  The true identity of the 

recipient cell is also in question due to identification of cell through 

size/morphology/predominant dye background but VSMC are much larger in size than 

EC and the inference can be made.  The most interesting piece of data in this experiment 

was the presence of large yellow puncta, insuating that green and red EVs have possibly 

fused within recipient cell.  This could serve as a useful tool in visualizing endosomal 

trafficking of EVs and content delivery in the future with the use of more specific protein 

labeling.  Reinforcing this finding, EVs from RAEC were pre-labeled with MemBright, 

washed to remove excess dye, and added to VSMC.  EVs labeled in this fashion were 

rapidly taken up by the VSMC and showed steady fluorescent puncta at just 30 minutes 

(Figure 12).  Confirming this was not an artifact, a dye only control was used that showed 
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no such labeling.  This confirms that EVs can be internalized by VSMC, with the rapid 

internalization suggesting one possibly mechanism for such an immediate change in 

protein expression (VCAM-1), although surface receptors cannot be ruled out. 

The induction of VCAM-1 in VSMC upon RAEC EV highlighted an interesting question:  

why are EVs isolated from simply serum-free conditions inducing a pro-inflammatory 

response?  Upon analysis of RAEC cultured in both serum-free and EV-depleted FBS 

conditions, we found that hallmarks of endothelial activation were significantly elevated 

in serum-free EVs (Figure 13).  The expression of activated p65, VCAM-1, and the 

elevated markers of ER stress all point to serum-free conditions inducing a state of 

endothelial activation.  Further reinforcing this is the early signs of senescence (Figure 

14) via SA-Bgal staining, which despite its possible non-specificity to true senescence, 

highlights a state of cellular dysfunction238.  This led to the hypothesis that EVs from 

serum-free conditions of ECs represent a signature of endothelial activation/dysfunction 

and therefore serve as a novel propagator of disease within the vascular wall.  Nutrient 

deprivation is known initiator of cellular stress and EV release may serve as a 

representation of this as a stress signal, initiating inflammation.  Indeed, when we 

analyzed whether VCAM1 was induced via EV-depleted FBS cultured RAEC EVs, we 

found that there was no discernable increase (Figure 15).  This leads to credence to our 

hypothesis that EVs from SF conditions are propagating endothelial pathology to VSMC 

resulting in increased expression of inflammatory markers.  In addition to the assessment 

done on primary cultured VSMC, we isolated mouse aorta segments and either left the 

endothelial layer intact or denuded them via mechanical scraping with a razor blade, then 

stimulated them with RAEC EV from SF.  Interestingly we found that the VCAM-1 
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signal was significantly up-regulated in endothelial intact segments and only trending in 

the segments that were denuded (Figure 17).  There are several interpretations from this.  

One is that the RAEC EV were incubated in medium with the aortic segments and the 

point of interaction may be through the endothelial layer, VSMC layer, or outer intimal 

layer (the aortas were cleaned as thoroughly as possible of adventitial cells and 

connective tissue). Another explanation is the damage done via scraping initiated 

signaling cascades that elevated basal signaling or damaged the VSMC layer so they 

were not as responsive (seen via TNF alpha response).  The second point is an important 

one, as EC comprise a single cell layer and the intima is much thicker, comprising a 

larger percentage of aortic area with VSMC.  In this, leaving the endothelial layer intact 

may allow more VSMC intact and hence a larger signal.  A caveat of this experiment is 

the EVs used are rat origin and the aortas were mouse.  This cross-species stimulation 

may therefore constitute a limitation.  However, it is nonetheless interesting that the pro-

inflammatory signal is preserved in this ex vivo model, and with the amount of studies 

utilizing human stem cells or cross species cells and then injecting them, the information 

is highly relevant for studies moving forward.   

The expression of VCAM-1, while a novel signature for EV-mediated signaling, does not 

confer functional significance for this finding.  To assess functionality, we performed a 

monocyte adhesion assay with THP-1 cells.  Monocyte adhesion with VSMC is 

dependent upon several adhesion molecules including VCAM-1276.  Indeed, when VSMC 

were incubated with RAEC EV from SF conditions, the increase in monocyte adhesion 

was significantly increased to similar levels seen with TNFa stimulation (Figure 16).  In 

addition, pre-incubating VSMC with an anti-VCAM-1 antibody blocked monocyte 
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adhesion, confirming VCAM-1 as a major molecule involved in the adhesion.  As the 

main driver of VCAM-1 expression is NF-kB signaling, we assessed p65 nuclear 

translocation to assess activation of NF-kB.  Indeed, p65 translocation to the nucleus was 

rapidly seen, intimating activation of NF-kB (Figure 18).  From this, we can state that 

RAEC EVs propagate an inflammatory signal to VSMC resultant of endothelial 

activation, ultimately altering phenotype of VSMC to a pro-adhesive state through NF-

kB/VCAM-1.   

VSMC have the unique property to alter phenotype from a differentiated, contractile state  

to a synthetic, pro-migratory, pro-proliferative state42.  VSMC also harbor the capability 

to shift to an adipocyte, macrophage-foam cells, osteogenic, and hypertrophic states, 

signifying the high plasticity of this cell type267,277.  Prior research in our lab focused on 

the pro-hypertrophic effects of AngII on VSMC, so to establish whether RAEC EV 

induce hypertrophy, we utilized a cellular volume assessment previously utilized in our 

lab268.  Upon EV stimulation, VSMC trended toward a hypertrophic state seen with AngII 

(Figure 20).  Hypertrophy in AngII-stimulated cells is seen with an increase in mass 

through protein synthesis278.  If EVs increase cellular hypertrophy, it could be reasoned 

that EVs may induce increases in protein synthesis.  As evidence of induction of signal 

transduction (e.g. VCAM-1) has already been established, we utilized the SUnSET assay 

to assess whether RAEC EV induce changes in protein synthesis264.  EVs were found to 

time-dependently significantly increase the rate of protein synthesis at early time points 

but also sustain an elevated level of protein synthesis throughout the time course (Figure 

19).  This elevation in protein synthesis implicates several processes.  The elevated 

protein synthesis throughout the time course could help explain the hypertrophic trend 
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seen prior.  Also, the significant elevation seen in immediate time points may establish 

unique early signal transduction events that alter the genetic/proteomic landscape of 

VSMC associated with the pro-inflammatory phenotype seen.  Significance was evident 

at 1.5-3hrs with protein translation, implicating both immediate signal transduction 

events and immediate early gene expression.  Within VSMC, a highly studied member of 

immediate early gene expression is EGR-1, a transcription factor highly implicated in 

VSMC proliferation, atherosclerotic plaque formation, and inflammation in 

VSMC265,279,280.  Interestingly, assessment of EGR-1 found that it followed a similar 

pattern to that of increase protein synthesis, with significance found at 1.5-3hrs, peaking 

at 3 hours.  EGR-1 expression has been associated with several downstream genes, 

including VCAM-1, which may serve as a mechanistic explanation for the induction of 

VCAM-1 seen in the present study265,280,281.  Other targets of EGR-1, such as p53, IGF, 

TGFB, and interestingly, vesicular exocytosis proteins, will be analyzed in the future to 

assess full significance266,282.  Of particular interest are the vesicular exocytosis proteins 

as they could be implicated in EV-induced EV production through EGR-1. 

De-differentiated VSMC during progression of neointimal hyperplasia and 

atherosclerosis, harbor the ability to proliferate and migrate from their normal location 

and expand into the vascular wall41.  While RAEC EV can promote pro-hypertrophy and 

inflammation in VSMC in this study, assessment of migratory capabilities found that they 

were unable to induce this effect (Figure 21).  The inability to lead to migratory 

properties but still increases in hypertrophy and inflammatory phenotype imply that the 

cell is highly metabolically active, yet does not harbor the migratory/proliferative 

capabilities of a canonical de-differentiated VSMC.  This led to the question of whether 
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VSMC were entering a state of stress-induced senescence, whereas the cell will continue 

to maintain high anabolic properties and increase in cell size, with absence of cell 

division283.  Senescence is characterized by a terminal cell cycle arrest even in the face of 

growth factors and has become associated with pro-inflammatory expression of 

cytokines/chemokines/growth factors that can propagate inflammation/senescence in 

affected tissue known as the SASP270.  When assessed for common markers of 

senescence, SA-Bgal staining and γH2Ax activity, VSMC showed significant increases in 

the cells that were treated with RAEC EV (Figure 22).  Presence of these markers are 

indicative of lysosomal dysfunction (Bgal) and DNA-damage (H2Ax, possibly 

originating from increased oxidative stress) that are indicative of a dysfunctional, pro-

senescent environment238,271. Interestingly, this finding allows a new interpretation of the 

data regarding hypertrophy, as the increases in hypertrophy could be interpreted as 

increases in cell size due to progression to cellular senescence, as this is also a hallmark 

of said dysfunction283.  While these hallmarks of senescence are found positive, we 

assessed whether there was an alteration in the cytokine profile of VSMC treated with 

RAEC EV that may be characteristic of the SASP.  Using proteome profilers, we found 

that several cytokines were induced via RAEC EV incubation:  Lix (CXCL5), Timp-1, 

VEGF-A, and MCP-1 (Figure 23).  All four of these markers have been implicated in 

senescent cells and therefore may be indicative of a SASP program in VSMC upon 

RAEC EV incubation270,284,285.  Additionally, these chemokines/cytokines are also all 

involved in chemotaxis of monocytes/leukocytes into the vascular wall and therefore 

reinforce the pro-inflammatory phenotype seen in VSMC treated with RAEC EV from 
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dysfunctional endothelium.  Further study is warranted on the outcome of these senescent 

cells is in disease and what the in vivo significance of this may be. 

In summation, we have demonstrated that serum-free conditions induce protein 

expression associated with endothelial dysfunction that is then mirrored in the activity of 

the EVs isolated from them.  This ‘dysfunction signal’ in ECs is then transmitted to 

VSMC where it induces pro-inflammatory protein expression, alters VSMC to a pro-

adhesive phenotype with concomitant changes in cellular protein synthesis, hypertrophy, 

and cellular senescence.  We therefore conclude that RAEC EV serve as an additional 

signal that may be seen in endothelial dysfunction that can deliver its ‘danger’ signal to 

VSMC to alter their phenotype and propagate dysfunction within the vasculature. 
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Limitations 

A major limitation of this study is the use of isolation of EVs in separate culture dishes, 

isolation, and then transferring to additional cultures.  This represents a non-natural 

condition and therefore may be interpreted as such. However, this method allows specific 

analysis of the EVs properties themselves as co-culturing conditions cannot discern larger 

EVs that may be transmitted, cytokines/chemkines released, or direct cell-to-cell contact 

that may enforce signaling.  Transwell communication could also be used, but the small 

amount of cells and the inability for any pore size to prevent cytokines/chemokines from 

being released precludes this from being a better option.   

The focus of our pro-inflammatory phenotypic study was based on the expression of 

VCAM-1 and the subsequent increase in monocyte adhesion.  This finding does not 

preclude other adhesion molecules from regulating adhesion to VSMC, however of the 

commercially available antibodies used, we could not find any that detected other 

adhesion molecules, such as ICAM-1, to any reproducible degree.  Additionally, the 

monocytes used were human in nature and future studies would entail isolation of rat 

monocytes and repeating experiments.  With regards to inflammation, future studies may 

utilize ELISA technology and mRNA expression of cytokines/inflammatory genes to 

gather a more specific profile of additional molecules that may be involved. 

Assessment of endothelial dysfunction via western blotting and SA-Bgal activity is 

incomplete, as other hallmarks of EC dysfunction like NO production and barrier 

permeability, were not assessed directly in this study.  However, the induction of signal 

transduction pathways strongly associated with EC dysfunction/activation were clearly 

seen, signifying a change in phenotype through serum-starvation.   
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Finally, the amount of studies performed on RAEC EV-depleted FBS-isolated EVs were 

minimalistic to demonstrate that the inflammatory phenotype (e.g. VCAM-1 in VSMC, 

EC dysfunction initiation in depleted serum EC) was not seen.  Further analysis of these 

vesicles should be done in the future as it is possible that they may harbor different 

properties to SF that may serve completely different functions.  Additionally, VSMC EVs 

should be cultured and isolated in the same way and analyzed for function in EC, but this 

was too large a scope for the current study. 
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CHAPTER 5 

ENDOTHELIAL EVS FROM ACTIVATED ENDOTHELIUM CONTROL VSMC 

INFLAMMATORY PROPERTIES THROUGH UP-REGULATION OF HIGH 

MOBILITY GROUP BOX 1 AND 2 
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Results 

Extracellular vesicles are highly heterogeneous in nature, with a plethora of different 

proteins, RNAs, and lipids contained within.  With this large amount of diversity, the 

amount of signals that may be transduced in autocrine/paracrine/endocrine fashion is 

enormous.  We have shown that EC EVs can induce a pro-inflammatory profile in 

recipient VSMC as a result of a dysfunctional endothelium.  While we have a good idea 

of the amount of different proteins in our vesicles as a result of stringent mass 

spectroscopy, we do not know the different lipid and nucleic acid content of the vesicles.  

This, in addition to several other limitations to be discussed later, makes it difficult in 

determining what is the one cause for the change in the phenotype of the VSMC.  To 

approach the matter from a different direction, we isolated RAEC EV and stimulated 

VSMC with them followed by harvesting of lysates according to mass spectroscopy 

protocol.  By subjecting the cells to mass spectroscopy, we can ascertain the global 

changes in proteome of VSMC to possibly identify what was being up-regulated in target 

cell that could be responsible for pro-inflammation.  As seen in Figure 24, there are 

several candidate peptides that were found significantly enriched in the VSMC upon 

stimulation with RAEC EV at a time of 24 hours.  Of the peptides enriched, the most 

interesting that stood of were HMGB1/2.  The HMGB proteins are non-histone DNA 

binding proteins capable of bending DNA to allow transcription but also may be released 

into the cytosol and extracellular space to initiate inflammation196,197.  Due to their role in 

inflammation, we decided to pursue the role of HMGB1/2 in the inflammatory phenotype 

seen through stimulation of VSMC with RAEC EV. 
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Figure 24 – Proteomic Profiling of VSMC Incubated with RAEC SF EV.  VSMC were 

incubated with RAEC EV for 24 hours followed by whole cell lysate acquisition according to 

mass spectroscopy protocol.  A. Proteins found significantly up-regulated and B. Cellular 

processes affected via stimulation.  Data set represents 4 independent replicates with threshold 

of significance at 1.5 fold increase over PBS control.  
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Pharmacologic Inhibition of HMGB1/2 Attenuates Pro-inflammation 

To assess the role that HMGB1/2 may be playing in VSMC inflammatory phenotype, we 

first used a natural occurring inhibitor of HMGB1 known as glycyrrhizin. Glycyrrhizin is 

a naturally occurring triterpene that is produced in the licorice plant286.  While high doses 

of glycyrrhizin are known to cause hypertension, the use of glycyrrhizin in other diseases 

has proven to be effective in smaller doses286,287.  Through binding to both HMG boxes 

on HMGB1286, glycyrrhizin can inhibit HMGB1 activity.  Pre-treatment of VSMC with 

glycyrrhizin (Gly) followed by stimulation with RAEC EV was able to attenuate the 

expression of VCAM-1 (Figure 25).  To further explore pharmacological inhibition of 

HMGB proteins, we utilized a novel benzopyran-embedded tetracyclic, anti-

inflammatory compound known as Inflachromene228. Inflachromene was found to be a 

dual inhibitor for both HMGB1 and 2 with higher overall specificity to 2 and has been 

implicated in inhibiting inflammatory signaling in microglia228.  When used as pre-

treatment for VSMC, utilization of inflachromene (ICM) was extremely effective at 

eliminating the signal for VCAM1 upon stimulation with RAEC EV (Figure 25).  Taken 

together, pharmacological inhibition of HMGB proteins was effective in attenuating 

VCAM-1 protein expression, suggesting that HMGB proteins may be directly involved in 

the signaling pathway inducing VCAM-1 as a result of EV stimulation.  Attenuation of 

VCAM-1 implies that inflammatory properties of VSMC was lowered at the protein/gene 

expression level but does not analyze the functional output of the VSMC.  Utilizing a 

similar strategy from Chapter 4, we assessed whether these inhibitors could 

prevent/attenuate the adherence of THP-1 cells to the activated VSMC.  As hypothesized, 

we saw complete abrogation of THP-1 adherence to VSMC upon use of both inhibitors 
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(Figure 25).  This reaffirms the data implicating Gly/ICM as inhibitors of VSMC pro-

inflammatory phenotype seen after RAEC EV stimulation and gives functional 

consequences as a result.   

  

Figure 25 – Pharmacological Inhibition of HMGB Proteins Attenuates VSMC 

Inflammatory Properties Induced via RAEC SF EV.  VSMC were pre-treated with either 

A. Gly (500µM) or B. ICM (10µM) for 1 hour followed by stimulation with RAEC EV 

for A. 6 hours or B. indicated time points followed by immunoblotting for VCAM-1.  C. 

VSMC were pre-treated with either Gly (500µM) or ICM (25µM) for 1 hr followed by 

stimulation overnight with RAEC EV.  THP-1 cells were added and adherent cells 

counted. *p<0.05, **p<0.01. Representative of 3-4 independent experiments (A., B. 

n=4, C. n=3).  Data represented as mean +/-SEM. 
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Genetic Inhibition of HMGB1 Attenuates VSMC Pro-Adhesive Phenotype 

Pharmacological inhibition of HMGB1/2 demonstrated attenuation of VCAM-1 and 

monocyte adhesion, reversing the pro-adhesive phenotype of VSMC induced via RAEC 

EV from SF conditions.  To further explore the role of HMGB1, we created an adenoviral 

siRNA construct towards HMGB1 in order to genetically reduce the amount of HMGB1 

in VSMC.  Genetic silencing of HMGB1 through adenoviral transduction significantly 

decreased the amount of HMGB1 within the cell, which took greater than 48 hours due to 

the abundance of the protein within the cell (Figure 26).  Additionally, we confirmed that 

HMGB1 levels were up-regulated through RAEC EV stimulation, confirming the 

findings of proteomics.  To demonstrate functional significance of HMGB1 silencing/EV 

stimulation other than HMGB1 up-regulation, we assessed the levels of VCAM-1 seen 

with RAEC EV stimulation.  As seen in Figure 26, VCAM-1 was induced via RAEC EV 

stimulation and attenuated upon HMGB1 silencing.  This demonstrates a necessity for 

HMGB1 in controlling the expression of VCAM-1 induced via RAEC EV.  Like with 

pharmacological inhibition of HMGB1/2, genetic silencing of HMGB1 significantly 

attenuated the amount of adherent THP-1 cells to the VSMC, signifying an abrogation of 

the pro-adhesive phenotype transmitted via the dysfunctional RAEC EV.  Taken together, 

this data illustrates the importance of HMGB1 in controlling the phenotype seen when 

RAEC EV from activated endothelium initiate signaling in VSMC.  Interestingly, the 

effect on TNF-induced adhesion was not significantly attenuated to the same degree 

(although it was trending), implying a possible different overall mechanism for 

activation. 
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Figure 26 – Genetic Inhibition of HMGB1 Protein Attenuates VSMC Inflammatory Properties 

Induced via RAEC SF EV.  VSMC were infected (100 moi) with either control siRNA or 

HMGB1 siRNA for 48-72 hours followed by stimulation with RAEC EV (5x108).  A.  

Immunoblotting analysis for the expression of both VCAM-1 and HMGB1 at 6 hours.  n=5 

independent experiments B.  VSMC were stimulated with either RAEC EV or TNF overnight 

after infection and assessed for adherent THP-1 cells.  Data is representative of n=3 

independent experiments.  *p<0.05, **p<0.01, ****p<0.001.  Data is represented as mean +/-

SEM.  
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Pharmacologic and Genetic Inhibition of HMGB1/2 Attenuates NF-kB Signaling 

HMGB1/2 seem essential for the induction of pro-inflammatory signaling within the 

VSMC, evidenced through the up-regulation of adhesion molecule VCAM-1 and 

concomitant increases in monocyte adhesion (Figures 25, 26).  To ascertain the 

mechanistic reason for this signaling, we assessed whether the main driver of VCAM-1, 

NF-kB, was affected by both pharmacological/genetic inhibition of HMGB1.  To assess 

whether pharmacological inhibition had a significant effect on NF-kB, we utilized 

inflachromene as it is much more specific than glycyrrhizin and is able to inhibit both 

HMGB1 and HMGB2.  Inhibition of HMGB1/2 using inflachromene was able to block 

both the translocation of p65 and induction of p-p65 (Figure 27).  Utilizing genetic 

inhibition of HMGB1 siRNA, the translocation of p65 was confirmed to be inhibited 

identically to what was seen with pharmacologic inhibition (Figure 27). This data 

suggests that both the acute activation through kinase phosphorylation and physical 

translocation of p65 to the nucleus to activate transcription was blocked via HMGB1/2 

inhibition.  
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Figure 27 – Pharmacological and Genetic Inhibition of HMGB Proteins Directly Attenuates 

NF-kB Signaling.  A.  VSMC pre-treated with either DMSO or ICM (10µM) were treated for 

indicated times with RAEC EV and assessed for activating phosphorylation of p65. Data is 

summarized in B.  C., D.  p65 translocation, an indicator of initiation of p65 transcriptional 

activity was prevented via either pharmacological (C.) or genetic (D.) inhibition.  *p<0.05, 

**p<0.01 n=3 independent experiments for A., B.  Data represented as mean +/-SEM. 
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Discussion 

We have established that EVs from the activated endothelium alter the function of VSMC 

to a phenotype characterized by inflammatory protein expression and a pro-hypertrophic 

and oxidative/senescent environment.  Assessment of protein signaling within these cells 

treated with RAEC EV, found that acute transcription factors, such as EGR-1 and NF-kb, 

were found to be activated, suggestive of the pro-inflammatory phenotype seen.  To look 

deeper into the possible mechanism, we utilized unbiased mass spectroscopy on VSMC 

treated with or without RAEC EV to determine whether there were global protein 

changes that may help explain the phenotype seen.  Using stringent significance criteria 

(greater than 1.5 fold induction in all four samples analyzed), we found 30 such proteins 

that fit the criteria (Figure 24).  The molecules contained within ran the covered a myriad 

of cellular components, including the nucleus, cytoskeleton, ER, and mitochondria, and 

covered biological processes such as response to stress and metabolic control.  Two 

proteins, HMGB1 and HMGB2, jumped out as candidate molecules of controlling the 

phenotype we see and shall be discussed below but other proteins were also interesting to 

find.  Ribosomal Protein S6 (Rps6) is a master regulator of protein synthesis and has been 

found to directly control cell size, as phosphorylation-deficient mutant knock-in mice had 

much smaller cellular size, attributable to decreases in cell growth288. In addition, the 

phosphorylation status of this protein is increased in the transition to premature 

senescence, which may help reinforce the findings we observed on induction of 

premature senescence289 (Figure 22).  Another interesting axis found that supports a 

phenotypic change, is the finding of multiple cellular metabolism proteins up-regulated 

along with mitochondrial proteins that control energy homeostasis.  Several 
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mitochondrial proteins were found to be up-regulated upon EV incubation, including 

components of the electron transport chain, cytochrome C oxidase Subunit 5a (Cox5a) 

and ATP5a1/ATP5b, members of Complex IV and ATP-synthase (Complex V) of 

electron transport chain.  In combination in the up-regulation of these subunits, we find 

an increase in the expression of Ras Homolog Family Member T2 (Rhot2 or Miro2), a 

protein that can control mitochondrial balance and movement290.  Additionally, Miro2 

tends to have its highest expression in tissues with large ATP demands, insinuating that 

the increased expression may mirror a need for more cellular ATP290.  Interestingly, to 

parallel our pro-hypertrophic/senescent phenotype seen in VSMC, increased 

mitochondrial mass and imbalances in ATP production (higher AMP/ATP ratio) leading 

to compensatory increases in ATP-synthesizing proteins is seen in senescent cells283.  

With our increases seen in mitochondrial proteins and metabolic enzymes controlling 

ATP-production, when combined with our senescent/hypertrophic/protein synthesis data, 

we can deduce that we may be seeing a phenotypic change indicative of premature 

senescence.  However, this subject and data (along with Rps6) requires further analysis in 

future experiments. 

The proteins we chose to pursue given the proteomic analysis, were HMGB1 and 

HMGB2 (Figure 24).  The HMGB family of proteins are non-histone DNA binding 

proteins that preferentially bind and distort DNA at instances of bending/curvature to 

facilitate transcription through direct binding or tethering to other transcription factors196.  

An additional unique property of these proteins, is their ability to translocate to the 

cytosol and be released from the cell through passive or active means and serve as a 

signaling molecule outside of the cell through binding to TLRs and RAGE204,291.  Of note 
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HMGB proteins have been found to interact with a large of amount of transcription 

factors and facilitate transcription, including p53, p73 and NF-kB196.  As we had 

previously seen NF-kB signaling to be induced via RAEC EV stimulation (Figure 18) 

and HMGB1 has been seen to interact with p65 to facilitate activation of VCAM-1198, we 

assessed whether pharmacological inhibition of HMGB1 and/or HMGB2 could inhibit 

the activation of VCAM-1 seen upon RAEC EV incubation.  Several pharmacological 

inhibitors exist for HMGB proteins so we chose two such inhibitors that have been shown 

to inhibit HMGB1 and or 2.  Glycyrrhizin, an active ingredient in licorice, inhibits 

HMGB1 through binding to its HMG Box domains286.  However, it should be noted, 

glycyrrhizin is contraindicated in hypertension292, as glycyrrhizin also seems to inhibit 

11β-HSD2, an enzyme converting cortisol to cortisone, which when inhibited causes 

overactivity of mineralocorticoid receptor.  Despite this, the specificity for HMGB1 

inhibition in our in vitro system allows for assessment.  For assessment we utilized a 

higher dose than the Kd (500µm to the 150µM) as glycyrrhizin was reported to weakly 

inhibit the DNA binding capabilities of HMGB1 and we wanted to assess the complete 

inhibition of HMGB1 in an intracellular context286.  Pre-treatment with glycyrrhizin 

significantly lowered the amount of VCAM-1 induction, suggesting that inhibition of 

HMGB1 may account for our inflammatory mechanism (Figure 25).  Recently, a 

synthetic inhibitor of HMGB1 and HMGB2 was found known as inflachromene, which 

binds to the DNA binding box of HMGB1 and 2 (with higher specificity to 2)228.  Use of 

this more specific inhibitor also attenuated the VCAM-1 signal at a significantly lower 

dose (10µM). To date, this marks one of the very few studies to assess the use of this 

inhibitor other than the original article228.  Functional significance of HMGB1/2 
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inhibition was again assessed through monocyte adhesion to the VSMC treated with 

RAEC EV.  A slightly higher dose of inflachromene was used (25µM) but the treatment 

with both glycyrrhizin and inflachromene abrogated the increase in monocyte adherence 

(Figure 25).  Identification of these inhibitors, specifically inflachromene, as effective 

means to control inflammatory molecule expression and function poses as a novel future 

direction for use in cardiovascular diseases. 

While pharmacological inhibition maintains the more direct benefits of future use as a 

therapeutic, genetic inhibition must be employed to determine more specificity.  To 

assess this, we developed an adenoviral delivery system for an HMGB1 siRNA.  

Utilizing the siRNA, we confirmed the results seen in Figure 25, as both VCAM-1 

expression and leukocyte adhesion were significantly attenuated through silencing of 

HMGB1 (Figure 26).  This data, in conjunction with the pharmacological data, paints a 

picture whereas depletion of HMGB1 and/or inhibition may inhibit the ability of 

HMGB1/2 to bind the DNA and initiate transcription of VCAM-1 or alter the genetic 

program of the cell.  However, as is the case with pharmacological inhibition, this does 

not remove the possibility that inhibition may prevent cytosolic activity of HMGB1202, or 

the possibility of extracellular autocrine activation of receptors206,208.  Despite this, 

depletion of HMGB1 prevented the up-regulation of HMGB1 and VCAM-1, displaying a 

need for HMGB1 to activate these responses (Figure 26). 

It has been previously shown that HMGB1 interacts directly with p65 and is essential for 

the transcription of VCAM-1198.  As we have shown that p65 translocation is increased 

upon EV stimulation (Figure 18), we utilized the specific inhibition inflachromene to 

inhibit both HMGB1 and 2 and the genetic siRNA to determine whether p65 activation is 
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affected.  Indeed, when VSMC were pre-treated with either inflachromene or infected 

with HMGB1 siRNA, p65 translocation was completely abrogated (Figure 27).  

Additionally, activating phosphorylation of p65 at serine 536 was completely abolished 

upon inflachromene pre-treatment, demonstrating a need for HMGB proteins in 

activating p65 (Figure 27).  The translocation of p65 to the nucleus is needed in order for 

it to activate transcriptional activity and the abolishment of this activity intimates that 

HMGB1/2 are needed for this activation293.  This could be through a mechanism where 

HMGB1/2 remodel the chromatin to allow p65 to bind to consensus sites on DNA. It 

could also occur through binding of HMGB1/2 to p65 in the cytosol that then traffics into 

nucleus to activate transcription, which was evident in the original paper for 

inflachromene228.  The latter may be reinforced through the finding that phosphorylation 

is inactivated when pre-treated with inflachromene (Figure 27).  This goes to reason that 

pre-treatment with inflachromene may inhibit the trafficking of p65/HMGB1/HMGB2 to 

the nucleus, thereby sequestering it away from activation/phosphorylation.  The 

relationship between phosphorylation of serine 536 and NF-kB activity is highly 

controversial, where in some instances it has been seen as necessary for activation of NF-

kB translocation/activity and in others as seen as a negative regulator of activity as to 

prevent over-activity294-296.  However, the fact that RAEC EVs induce p65 translocation 

to a similar degree to TNF, albeit not as strong, followed by VCAM-1 induction, coupled 

with inhibition of phosphorylation, translocation, and VCAM-1 when inflachromene is 

used, led us to believe that this phosphorylation coincides with activation but other 

possibilities cannot be entirely ruled out.  It is interesting to note that S536 

phosphorylation has been seen to be IKKβ-dependent but IkBα independent, lending to 
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credence to our possible assertion that inflachromene activity may act as a sequestration 

of p65 from activation294,295.  Future studies will determine the upstream mechanism of 

how inflachromene is inhibiting p65 activation and whether it is reliant upon IKKβ, as 

the antibodies available currently were poor in quality.  It is clear from the data that 

inhibition of HMGB1/2, either pharmacologically or genetically (HMGB1), prevents NF-

kB activity and VCAM-1 expression/monocyte adhesion seen with our inflammatory 

VSMC. 

In this chapter we identified several candidate proteins found significantly up-regulated 

in VSMC upon incubation with EC EVs from activated endothelium.  Within these 

proteins are several that may help explain the pro-hypertrophic/pro-senescent phenotypes 

seen in VSMC.  However, of these proteins, HMGB1/2 are essential for driving the pro-

inflammatory portion of the phenotype, as inhibiting them abrogates VCAM-1 and 

monocyte adhesion (which was seen to be reliant upon VCAM-1, Figure 16).  This 

inhibition seems to be through an NF-kB-dependent mechanism through either direct 

binding to p65 in cytosol and shuttling to nucleus or bending of DNA prior to p65 entry 

into nucleus to allow access to consensus sites, with evidence pointing towards the 

former.   
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Limitations 

We have established that HMGB1/HMGB2 expression controls the inflammatory 

phenotype that we see upon RAEC SF EV incubation with VSMC.  However, this does 

not fully answer all of the phenotype that we see upon incubation.  There could be other 

proteins that are found up-regulated in VSMC upon EV incubation that could control the 

pro-senescent and pro-hypertrophic phenotypes seen and some of these are discussed in 

the discussion.  Additionally, while we found significantly up-regulated proteins, we did 

not attribute a causative agent in the EVs that may alter the phenotype.  This is a futile 

endeavor however, as the content of EVs can contain lipids, RNAs and proteins that may 

all contribute to the phenotype or cause their own effects in the VSMC.  To single out 

one protein is short-sighted when it is indeed more physiologically relevant to attribute a 

function to the different phenotype of the vesicles themselves.  Despite this, future 

studies could analyze one of the hundreds of candidate proteins in the EVs to find out if 

there is an effect on HMGB1/HMGB2 expression and accompanying phenotypes. 

While inhibition of HMGB1/2 through pharmacological inhibition attenuate 

inflammatory properties, it is also possible that this inhibition could effect the other 

phenotypes as well.  Indeed, attempts were made to analyze senescence through beta 

galactosidase staining, with inconclusive results due to dosage for glycyrrhizin (data not 

shown).  The use of inflachromene also seems to induce cellular toxicity if incubated for 

extended periods of time seen in the senescent and hypertrophy assays and therefore was 

unsuited for these studies.  Use of genetic tools, specifically adenoviral, are limited in this 

respect as well as our infections are performed in serum-free media for a period of 48-72 

hours, which precludes certain assays from being performed due to cellular toxicity and 
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phenotypic changes in cells due to the adenovirus itself.  This issue could be alleviate 

with use of shRNA in the future. 

Finally, while HMGB1 was specifically studied with inhibitors and genetic tools, 

HMGB2 was studied through the use of inflachromene, which inhibits both.  We chose to 

focus on HMGB1 first given the ample amount of information available on it.  However, 

future studies will focus on HMGB2 for the exact opposite reason, as much less is known 

in cardiovascular disease.  To initiate this study, we require a silencing construct for 

HMGB2, as HMGB1/2 share >80% amino acid identity and it has been seen that 

antibodies for HMGB1 are promiscuous to HMGB2196,297.  Through use of silencing 

constructs (in concert with siHMGB1 construct), we could validate the commercial 

antibodies and determine if there is a way to tell a difference other than use of mass spec 

and inhibitors. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTIONS  
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Conclusion  

We have demonstrated that EVs are unequivocally released from both RAEC and VSMC 

with characteristic size, shape, and composition of small EVs, inferring exosomes.  

Interestingly, RAECs EVs isolated from serum-free media are ‘pathological’, stemming 

from the fact that serum-free conditions in RAEC induces endothelial dysfunction.  These 

EVs then propagate the dysfunction to VSMC, resulting in global change in their 

function, leading to increases in inflammatory signaling, senescent characteristics, and 

increases in cellular hypertrophy/alterations in protein synthesis.  Of the global changes 

in protein synthesis, HMGB1 and HMGB2 were found to be up-regulated, which we 

targeted using pharmacological and genetic means.  These proteins were found to control 

the inflammatory characteristics/signaling seen upon RAEC SF EV incubation, with 

inhibition abolishing the increased NF-kB signaling, increased adhesion molecule 

expression, and concomitant monocyte adhesion.  This is summarized in Figure 28.  

Overall we posit an axis, where as endothelial dysfunction results in the release of 

extracellular vesicles characteristic of the inflammatory state seen in dysfunctional 

endothelium.  These vesicles disperse to VSMC and initiate a pro-inflammatory 

remodeling of the phenotype leading to increased inflammatory signaling, monocyte 

adhesion, and initiation of senescent/hypertrophic programming, ultimately leading 

to vascular dysfunction.  This dysfunction can be partially explained through up-

regulation of HMGB1 and HMGB2, which are responsible for the inflammatory 

characteristics. 

  



	 133	

  

Figure 28 – Overview of Findings. Endothelial Activation results in release of extracellular 

vesicles that initiate global reorganization of VSMC function.  Alterations include increases in 

inflammatory signaling, increased monocyte adhesion, pro-senescent/pro-hypertrophic 

programming, and global protein synthesis alterations.  Of these proteins altered, HMGB1 and 

HMGB2 up-regulation controls the inflammatory alterations seen, with inhibition lowering NF-

kB signaling, adhesion molecule expression, and monocyte adhesion seen in inflammatory 

vascular disease. 
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Future Directions 

The study performed herein was a predominantly in vitro assessment to determine critical 

interactions and cellular signaling between the two cell layers that are paramount to 

vascular function.  This presents future in vivo study as the next logical progression in 

determining mechanism.  We have preliminary data displaying that GW4869, the EV 

release inhibitor, significantly reduces the amount of adherent leukocytes to the 

endothelium using intravital microscopy of the mesenteric post capillary venules (Figure 

29).  This data serves as the first study in our laboratory to assess the in vivo significance 

of EVs, albeit not directly related to the hypothesis presented here.  Future studies to 

more specifically tackle the hypothesis of EC-VSMC communication and HMGB1/2 

proteins could involve a strategy recently published that allows EV tracking in vivo using 

miniSOG tagged proteins intrinsic to EVs that can then be visualized in vivo298.  

Additionally, the Membright/Lipilight technology could be explored analogously to the 

way in which it was used in zebrafish but applied to intravital microscopy of carotid or 

mesentery257.  Additional methodology that could be implored is in vivo assessment of 

transcytosis of EVs utilizing total internal reflection fluorescence (TIRF) microscopy, 

shown to allow high resolution visualization of exocytosis/internalization events299. 

Finally, more in-depth analysis of HMGB1, and more specifically HMGB2, can be 

analyzed using mouse models of these two proteins.  Generation of transgenic mice 

utilizing either fluorescence tracking or not and conversely, cell-specific knockouts could 

be used to determine how important these proteins are in an in vivo setting in EC and 

VSMC.  Additionally, fluorescent fusion proteins could be overexpressed in cells ex vivo, 

EVs isolated and then infused into animals to determine role in disease. 
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The field of EVs is rapidly expanding and is beginning to be better understood in CVD.  

However, with the advent of increasing technology and increasing understanding of the 

interactions of EVs between cell types, true in vivo assessments on their function and 

dispersion can be determined.  Future studies will determine the critical interactions 

between cells in the vasculature, which will allow for analysis of why EVs disperse 

where they do in the body which is critical. 

 

	

Figure 29 – GW4869 Attenuates Leukocyte Adherence to Mesenteric Post-Capillary Venules 

after TNF Alpha Infusion.  Mice were injected IP with GW4869 2.5µg/g for 3 days followed by 

infusion of TNF for 6 hours.  Mesenteric post-capillary venules were visualized and counted for 

rolling and adherent leukocytes.  Data represented as mean +/-SEM. 
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Table 2 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|A2RUW1|TOLIP_RAT sp|D3ZYR1|FCHO2_RAT sp|A7VJC2|ROA2_RAT 

sp|A8WCF8|TPRGL_RAT sp|G3V7P1|STX12_RAT sp|B5DF27|LOXL2_RAT 

sp|B0BNA5|COTL1_RAT sp|O08557|DDAH1_RAT sp|B5DFC9|NID2_RAT 

sp|B0BNF1|SEPT8_RAT sp|O35112|CD166_RAT sp|D4A3K5|H11_RAT 

sp|B0BNN3|CAH1_RAT sp|O35353|GBB4_RAT sp|E9PU28|IMDH2_RAT 

sp|B2GUZ5|CAZA1_RAT sp|O35763|MOES_RAT sp|G3V7P1|STX12_RAT 

sp|B2RZ37|REEP5_RAT sp|O70352|CD82_RAT sp|O08628|PCOC1_RAT 

sp|D3Z8L7|RRAS_RAT sp|O70513|LG3BP_RAT sp|O35276|NRP2_RAT 

sp|D3ZHA0|FLNC_RAT sp|P00762|TRY1_RAT sp|O35509|RB11B_RAT 

sp|D3ZTE0|FA12_RAT sp|P01830|THY1_RAT sp|O35987|NSF1C_RAT 

sp|D3ZTX0|TMED7_RAT sp|P02091|HBB1_RAT sp|O55004|RNAS4_RAT 

sp|D4ABY2|COPG2_RAT sp|P02454|CO1A1_RAT sp|O70257|STX7_RAT 

sp|E9PTG8|STK10_RAT sp|P02466|CO1A2_RAT sp|O70352|CD82_RAT 

sp|E9PU28|IMDH2_RAT sp|P02773|FETA_RAT sp|O70513|LG3BP_RAT 

sp|F1LQ70|LOX12_RAT sp|P02803|MT1_RAT sp|O88775|EMB_RAT 

sp|G3V7P1|STX12_RAT sp|P04642|LDHA_RAT sp|P00762|TRY1_RAT 

sp|O08618|KPRB_RAT sp|P04692|TPM1_RAT sp|P01346|IGF2_RAT 

sp|O08619|F13A_RAT sp|P04764|ENOA_RAT sp|P02401|RLA2_RAT 

sp|O08837|CDC5L_RAT sp|P04797|G3P_RAT sp|P02454|CO1A1_RAT 

sp|O35142|COPB2_RAT sp|P04897|GNAI2_RAT sp|P02466|CO1A2_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|O35353|GBB4_RAT sp|P05065|ALDOA_RAT sp|P02770|ALBU_RAT 

sp|O35460|ANGP1_RAT sp|P05197|EF2_RAT sp|P02773|FETA_RAT 

sp|O35509|RB11B_RAT sp|P05942|S10A4_RAT sp|P04256|ROA1_RAT 

sp|O35763|MOES_RAT sp|P05964|S10A6_RAT sp|P04355|MT2_RAT 

sp|O35824|DNJA2_RAT sp|P06302|PTMA_RAT sp|P04642|LDHA_RAT 

sp|O54861|SORT_RAT sp|P06685|AT1A1_RAT sp|P04692|TPM1_RAT 

sp|O55006|ROB1_RAT sp|P07150|ANXA1_RAT sp|P04764|ENOA_RAT 

sp|O70257|STX7_RAT sp|P07151|B2MG_RAT sp|P04785|PDIA1_RAT 

sp|O70352|CD82_RAT sp|P07943|ALDR_RAT sp|P04797|G3P_RAT 

sp|O70377|SNP23_RAT sp|P08494|MGP_RAT sp|P04897|GNAI2_RAT 

sp|O70513|LG3BP_RAT sp|P09527|RAB7A_RAT sp|P04906|GSTP1_RAT 

sp|O70595|ABCB6_RAT sp|P10111|PPIA_RAT sp|P04937|FINC_RAT 

sp|O70600|RSAD2_RAT sp|P10960|SAP_RAT sp|P05065|ALDOA_RAT 

sp|O88775|EMB_RAT sp|P11232|THIO_RAT sp|P05197|EF2_RAT 

sp|P00697|LYSC1_RAT sp|P11762|LEG1_RAT sp|P05371|CLUS_RAT 

sp|P00762|TRY1_RAT sp|P11980|KPYM_RAT sp|P05712|RAB2A_RAT 

sp|P01026|CO3_RAT sp|P12749|RL26_RAT sp|P05943|S10AA_RAT 

sp|P01048|KNT1_RAT sp|P13596|NCAM1_RAT sp|P05964|S10A6_RAT 

sp|P01681|KVX01_RAT sp|P13635|CERU_RAT sp|P06302|PTMA_RAT 

sp|P01805|HVR01_RAT sp|P13668|STMN1_RAT sp|P06685|AT1A1_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P01835|KACB_RAT sp|P14562|LAMP1_RAT sp|P06687|AT1A3_RAT 

sp|P01946|HBA_RAT sp|P14668|ANXA5_RAT sp|P06761|GRP78_RAT 

sp|P02091|HBB1_RAT sp|P14669|ANXA3_RAT sp|P07150|ANXA1_RAT 

sp|P02401|RLA2_RAT sp|P16617|PGK1_RAT sp|P07151|B2MG_RAT 

sp|P02650|APOE_RAT sp|P17046|LAMP2_RAT sp|P07340|AT1B1_RAT 

sp|P02651|APOA4_RAT sp|P18614|ITA1_RAT sp|P07632|SODC_RAT 

sp|P02680|FIBG_RAT sp|P26376|IFM3_RAT sp|P07943|ALDR_RAT 

sp|P02767|TTHY_RAT sp|P26453|BASI_RAT sp|P09527|RAB7A_RAT 

sp|P02770|ALBU_RAT sp|P27274|CD59_RAT sp|P0C169|H2A1C_RAT 

sp|P02773|FETA_RAT sp|P27615|SCRB2_RAT sp|P10111|PPIA_RAT 

sp|P04157|PTPRC_RAT sp|P29534|VCAM1_RAT sp|P11167|GTR1_RAT 

sp|P04276|VTDB_RAT sp|P30009|MARCS_RAT sp|P11232|THIO_RAT 

sp|P04638|APOA2_RAT sp|P31000|VIME_RAT sp|P11250|RL34_RAT 

sp|P04639|APOA1_RAT sp|P31232|TAGL_RAT sp|P11442|CLH1_RAT 

sp|P04642|LDHA_RAT sp|P31977|EZRI_RAT sp|P11762|LEG1_RAT 

sp|P04644|RS17_RAT sp|P40241|CD9_RAT sp|P11980|KPYM_RAT 

sp|P04646|RL35A_RAT sp|P45592|COF1_RAT sp|P12001|RL18_RAT 

sp|P04762|CATA_RAT sp|P47875|CSRP1_RAT sp|P12843|IBP2_RAT 

sp|P04764|ENOA_RAT sp|P48037|ANXA6_RAT sp|P13084|NPM_RAT 

sp|P04797|G3P_RAT sp|P48500|TPIS_RAT sp|P13383|NUCL_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P04897|GNAI2_RAT sp|P49134|ITB1_RAT sp|P13852|PRIO_RAT 

sp|P04906|GSTP1_RAT sp|P50123|AMPE_RAT sp|P13941|CO3A1_RAT 

sp|P04916|RET4_RAT sp|P50399|GDIB_RAT sp|P14423|PA2GA_RAT 

sp|P04937|FINC_RAT sp|P54311|GBB1_RAT sp|P14562|LAMP1_RAT 

sp|P05065|ALDOA_RAT sp|P54313|GBB2_RAT sp|P14668|ANXA5_RAT 

sp|P05371|CLUS_RAT sp|P55260|ANXA4_RAT sp|P14669|ANXA3_RAT 

sp|P05426|RL7_RAT sp|P60711|ACTB_RAT sp|P14841|CYTC_RAT 

sp|P05544|SPA3L_RAT sp|P61589|RHOA_RAT sp|P15800|LAMB2_RAT 

sp|P05545|SPA3K_RAT sp|P61983|1433G_RAT sp|P19945|RLA0_RAT 

sp|P05696|KPCA_RAT sp|P62161|CALM_RAT sp|P20280|RL21_RAT 

sp|P05942|S10A4_RAT sp|P62630|EF1A1_RAT sp|P21531|RL3_RAT 

sp|P06302|PTMA_RAT sp|P62738|ACTA_RAT sp|P21744|IBP4_RAT 

sp|P06399|FIBA_RAT sp|P62804|H4_RAT sp|P23785|GRN_RAT 

sp|P06685|AT1A1_RAT sp|P63018|HSP7C_RAT sp|P24049|RL17_RAT 

sp|P06759|APOC3_RAT sp|P63102|1433Z_RAT sp|P24090|FETUA_RAT 

sp|P06761|GRP78_RAT sp|P63159|HMGB1_RAT sp|P25304|AGRIN_RAT 

sp|P06765|PLF4_RAT sp|P68255|1433T_RAT sp|P26051|CD44_RAT 

sp|P06866|HPT_RAT sp|P70490|MFGM_RAT sp|P26453|BASI_RAT 

sp|P07150|ANXA1_RAT sp|P82471|GNAQ_RAT sp|P27605|HPRT_RAT 

sp|P07151|B2MG_RAT sp|P85125|PTRF_RAT sp|P27952|RS2_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P07335|KCRB_RAT sp|P85972|VINC_RAT sp|P29457|SERPH_RAT 

sp|P07632|SODC_RAT sp|Q00238|ICAM1_RAT sp|P30121|TIMP2_RAT 

sp|P07808|NPY_RAT sp|Q05175|BASP1_RAT sp|P31000|VIME_RAT 

sp|P07872|ACOX1_RAT sp|Q05982|NDKA_RAT sp|P31977|EZRI_RAT 

sp|P08081|CLCA_RAT sp|Q07936|ANXA2_RAT sp|P34058|HS90B_RAT 

sp|P08082|CLCB_RAT sp|Q10739|MMP14_RAT sp|P35281|RAB10_RAT 

sp|P08494|MGP_RAT sp|Q10758|K2C8_RAT sp|P35427|RL13A_RAT 

sp|P08649|CO4_RAT sp|Q4FZU2|K2C6A_RAT sp|P36860|RALB_RAT 

sp|P08661|MBL2_RAT sp|Q5XFX0|TAGL2_RAT sp|P40241|CD9_RAT 

sp|P08753|GNAI3_RAT sp|Q62636|RAP1B_RAT sp|P41123|RL13_RAT 

sp|P08932|KNT2_RAT sp|Q62658|FKB1A_RAT sp|P42930|HSPB1_RAT 

sp|P08934|KNG1_RAT sp|Q62667|MVP_RAT sp|P45592|COF1_RAT 

sp|P09330|PRPS2_RAT sp|Q62780|DDX46_RAT sp|P46462|TERA_RAT 

sp|P09495|TPM4_RAT sp|Q62786|FPRP_RAT sp|P47853|PGS1_RAT 

sp|P09527|RAB7A_RAT sp|Q63016|LAT1_RAT sp|P47875|CSRP1_RAT 

sp|P09605|KCRS_RAT sp|Q63083|NUCB1_RAT sp|P48037|ANXA6_RAT 

sp|P09606|GLNA_RAT sp|Q63377|AT1B3_RAT sp|P48500|TPIS_RAT 

sp|P0C169|H2A1C_RAT sp|Q64119|MYL6_RAT sp|P48679|LMNA_RAT 

sp|P0C6B8|SVEP1_RAT sp|Q68FQ0|TCPE_RAT sp|P49134|ITB1_RAT 

sp|P10111|PPIA_RAT sp|Q68FR8|TBA3_RAT sp|P50878|RL4_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P10252|CD48_RAT sp|Q6B345|S10AB_RAT sp|P53565|CUX1_RAT 

sp|P10536|RAB1B_RAT sp|Q6IFU7|K1C42_RAT sp|P53987|MOT1_RAT 

sp|P10960|SAP_RAT sp|Q6IFW6|K1C10_RAT sp|P54001|P4HA1_RAT 

sp|P11232|THIO_RAT sp|Q6IG01|K2C1B_RAT sp|P54311|GBB1_RAT 

sp|P11250|RL34_RAT sp|Q6IG02|K22E_RAT sp|P60711|ACTB_RAT 

sp|P11442|CLH1_RAT sp|Q6IG03|K2C73_RAT sp|P61314|RL15_RAT 

sp|P11507|AT2A2_RAT sp|Q6IG04|K2C72_RAT sp|P61751|ARF4_RAT 

sp|P11517|HBB2_RAT sp|Q6IMF3|K2C1_RAT sp|P61980|HNRPK_RAT 

sp|P11598|PDIA3_RAT sp|Q6P0K8|PLAK_RAT sp|P61983|1433G_RAT 

sp|P11980|KPYM_RAT sp|Q6P6Q2|K2C5_RAT sp|P62161|CALM_RAT 

sp|P12001|RL18_RAT sp|Q6RUV5|RAC1_RAT sp|P62243|RS8_RAT 

sp|P12346|TRFE_RAT sp|Q6VBQ5|MYADM_RA

T 

sp|P62260|1433E_RAT 

sp|P12749|RL26_RAT sp|Q794F9|4F2_RAT sp|P62268|RS23_RAT 

sp|P12928|KPYR_RAT sp|Q8CFN2|CDC42_RAT sp|P62271|RS18_RAT 

sp|P13471|RS14_RAT sp|Q9EPH2|MRP_RAT sp|P62425|RL7A_RAT 

sp|P13635|CERU_RAT sp|Q9JI92|SDCB1_RAT sp|P62703|RS4X_RAT 

sp|P13832|MRLCA_RAT sp|Q9QZA2|PDC6I_RAT sp|P62755|RS6_RAT 

sp|P13838|LEUK_RAT sp|Q9Z0W7|CLIC4_RAT sp|P62804|H4_RAT 

sp|P14046|A1I3_RAT   sp|P62890|RL30_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P14423|PA2GA_RAT   sp|P62909|RS3_RAT 

sp|P14480|FIBB_RAT   sp|P62912|RL32_RAT 

sp|P14562|LAMP1_RAT   sp|P62919|RL8_RAT 

sp|P15083|PIGR_RAT   sp|P62982|RS27A_RAT 

sp|P16391|HA12_RAT   sp|P63018|HSP7C_RAT 

sp|P16573|CEAM1_RAT   sp|P63095|GNAS2_RAT 

sp|P16617|PGK1_RAT   sp|P63159|HMGB1_RAT 

sp|P17046|LAMP2_RAT   sp|P63259|ACTG_RAT 

sp|P17074|RS19_RAT   sp|P68255|1433T_RAT 

sp|P17077|RL9_RAT   sp|P70490|MFGM_RAT 

sp|P17246|TGFB1_RAT   sp|P84100|RL19_RAT 

sp|P17475|A1AT_RAT   sp|Q00238|ICAM1_RAT 

sp|P17702|RL28_RAT   sp|Q00715|H2B1_RAT 

sp|P18292|THRB_RAT   sp|Q05175|BASP1_RAT 

sp|P18418|CALR_RAT   sp|Q07936|ANXA2_RAT 

sp|P18422|PSA3_RAT   sp|Q10743|ADA10_RAT 

sp|P18445|RL27A_RAT   sp|Q10758|K2C8_RAT 

sp|P18484|AP2A2_RAT   sp|Q3KRE8|TBB2B_RAT 

sp|P18596|AT2A3_RAT   sp|Q4FZU2|K2C6A_RAT 

sp|P19627|GNAZ_RAT   sp|Q4G061|EIF3B_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P19939|APOC1_RAT   sp|Q566D0|UPK1B_RAT 

sp|P19944|RLA1_RAT   sp|Q569C1|CHM4C_RAT 

sp|P19945|RLA0_RAT   sp|Q5M9G3|CAPR1_RAT 

sp|P20059|HEMO_RAT   sp|Q5XFX0|TAGL2_RAT 

sp|P20280|RL21_RAT   sp|Q62632|FSTL1_RAT 

sp|P20411|FCERG_RAT   sp|Q62638|GSLG1_RAT 

sp|P20759|IGHG1_RAT   sp|Q62658|FKB1A_RAT 

sp|P20760|IGG2A_RAT   sp|Q62667|MVP_RAT 

sp|P20761|IGG2B_RAT   sp|Q62786|FPRP_RAT 

sp|P20762|IGG2C_RAT   sp|Q62940|NEDD4_RAT 

sp|P20767|LAC2_RAT   sp|Q63016|LAT1_RAT 

sp|P21531|RL3_RAT   sp|Q63083|NUCB1_RAT 

sp|P21533|RL6_RAT   sp|Q63135|CR1L_RAT 

sp|P22734|COMT_RAT   sp|Q63321|PLOD1_RAT 

sp|P23358|RL12_RAT   sp|Q63355|MYO1C_RAT 

sp|P23562|B3AT_RAT   sp|Q63377|AT1B3_RAT 

sp|P23764|GPX3_RAT   sp|Q63507|RL14_RAT 

sp|P24049|RL17_RAT   sp|Q66HD0|ENPL_RAT 

sp|P24090|FETUA_RAT   sp|Q68FQ0|TCPE_RAT 

sp|P25236|SEPP1_RAT   sp|Q68FR6|EF1G_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P25286|VPP1_RAT   sp|Q68FR9|EF1D_RAT 

sp|P26051|CD44_RAT   sp|Q6AXS5|PAIRB_RAT 

sp|P26453|BASI_RAT   sp|Q6AY84|SCRN1_RAT 

sp|P26644|APOH_RAT   sp|Q6AYZ1|TBA1C_RAT 

sp|P27139|CAH2_RAT   sp|Q6B345|S10AB_RAT 

sp|P27274|CD59_RAT   sp|Q6IFU8|K1C17_RAT 

sp|P27791|KAPCA_RAT   sp|Q6IFV1|K1C14_RAT 

sp|P27952|RS2_RAT   sp|Q6IFW6|K1C10_RAT 

sp|P28023|DCTN1_RAT   sp|Q6IG01|K2C1B_RAT 

sp|P28073|PSB6_RAT   sp|Q6IG02|K22E_RAT 

sp|P29314|RS9_RAT   sp|Q6IG04|K2C72_RAT 

sp|P29975|AQP1_RAT   sp|Q6IG05|K2C75_RAT 

sp|P30823|CTR1_RAT   sp|Q6IMF3|K2C1_RAT 

sp|P30835|PFKAL_RAT   sp|Q6LED0|H31_RAT 

sp|P31652|SC6A4_RAT   sp|Q6NYB7|RAB1A_RAT 

sp|P31720|C1QA_RAT   sp|Q6P0K8|PLAK_RAT 

sp|P31721|C1QB_RAT   sp|Q6P6Q2|K2C5_RAT 

sp|P31722|C1QC_RAT   sp|Q6QD51|CCD80_RAT 

sp|P31977|EZRI_RAT   sp|Q6RUV5|RAC1_RAT 

sp|P34058|HS90B_RAT   sp|Q6URK4|ROA3_RAT 
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P34064|PSA5_RAT   sp|Q6VBQ5|MYADM_RA

T 

sp|P35213|1433B_RAT   sp|Q794F9|4F2_RAT 

sp|P35280|RAB8A_RAT   sp|Q7M0E3|DEST_RAT 

sp|P35281|RAB10_RAT   sp|Q811A2|BST2_RAT 

sp|P35427|RL13A_RAT   sp|Q925G0|RBM3_RAT 

sp|P35565|CALX_RAT   sp|Q99372|ELN_RAT 

sp|P36860|RALB_RAT   sp|Q9EPH2|MRP_RAT 

sp|P38650|DYHC1_RAT   sp|Q9EQD2|NPFF2_RAT 

sp|P39052|DYN2_RAT   sp|Q9EQT5|TINAL_RAT 

sp|P40241|CD9_RAT   sp|Q9JI92|SDCB1_RAT 

sp|P41123|RL13_RAT   sp|Q9QZA2|PDC6I_RAT 

sp|P45592|COF1_RAT   sp|Q9QZA6|CD151_RAT 

sp|P46462|TERA_RAT   sp|Q9R066|CXAR_RAT 

sp|P47824|P2RX1_RAT   sp|Q9WU74|LSR_RAT 

sp|P47875|CSRP1_RAT   sp|Q9Z0W7|CLIC4_RAT 

sp|P47967|LEG5_RAT     

sp|P48032|TIMP3_RAT     

sp|P48037|ANXA6_RAT     

sp|P48199|CRP_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P48500|TPIS_RAT     

sp|P49134|ITB1_RAT     

sp|P49242|RS3A_RAT     

sp|P49651|P2RY1_RAT     

sp|P49806|RGS10_RAT     

sp|P50123|AMPE_RAT     

sp|P50137|TKT_RAT     

sp|P50279|STX2_RAT     

sp|P50399|GDIB_RAT     

sp|P50503|F10A1_RAT     

sp|P50878|RL4_RAT     

sp|P53813|PROS_RAT     

sp|P53987|MOT1_RAT     

sp|P54311|GBB1_RAT     

sp|P54313|GBB2_RAT     

sp|P54921|SNAA_RAT     

sp|P55063|HS71L_RAT     

sp|P55159|PON1_RAT     

sp|P55314|CO8B_RAT     

sp|P56603|SCAM1_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P57756|FCN2_RAT     

sp|P58751|RELN_RAT     

sp|P60203|MYPR_RAT     

sp|P60711|ACTB_RAT     

sp|P60868|RS20_RAT     

sp|P60892|PRPS1_RAT     

sp|P61107|RAB14_RAT     

sp|P61206|ARF3_RAT     

sp|P61227|RAP2B_RAT     

sp|P61314|RL15_RAT     

sp|P61354|RL27_RAT     

sp|P61589|RHOA_RAT     

sp|P61765|STXB1_RAT     

sp|P61954|GBG11_RAT     

sp|P61983|1433G_RAT     

sp|P62161|CALM_RAT     

sp|P62243|RS8_RAT     

sp|P62250|RS16_RAT     

sp|P62260|1433E_RAT     

sp|P62268|RS23_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P62271|RS18_RAT     

sp|P62275|RS29_RAT     

sp|P62278|RS13_RAT     

sp|P62282|RS11_RAT     

sp|P62329|TYB4_RAT     

sp|P62425|RL7A_RAT     

sp|P62630|EF1A1_RAT     

sp|P62703|RS4X_RAT     

sp|P62718|RL18A_RAT     

sp|P62755|RS6_RAT     

sp|P62804|H4_RAT     

sp|P62815|VATB2_RAT     

sp|P62828|RAN_RAT     

sp|P62832|RL23_RAT     

sp|P62850|RS24_RAT     

sp|P62853|RS25_RAT     

sp|P62856|RS26_RAT     

sp|P62890|RL30_RAT     

sp|P62902|RL31_RAT     

sp|P62907|RL10A_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P62909|RS3_RAT     

sp|P62912|RL32_RAT     

sp|P62914|RL11_RAT     

sp|P62919|RL8_RAT     

sp|P62944|AP2B1_RAT     

sp|P62963|PROF1_RAT     

sp|P62982|RS27A_RAT     

sp|P63018|HSP7C_RAT     

sp|P63025|VAMP3_RAT     

sp|P63088|PP1G_RAT     

sp|P63102|1433Z_RAT     

sp|P63159|HMGB1_RAT     

sp|P63219|GBG5_RAT     

sp|P63326|RS10_RAT     

sp|P68255|1433T_RAT     

sp|P68370|TBA1A_RAT     

sp|P68511|1433F_RAT     

sp|P70490|MFGM_RAT     

sp|P70550|RAB8B_RAT     

sp|P70587|LRRC7_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|P82471|GNAQ_RAT     

sp|P83732|RL24_RAT     

sp|P83883|RL36A_RAT     

sp|P84083|ARF5_RAT     

sp|P84100|RL19_RAT     

sp|P85411|KTDAP_RAT     

sp|P85515|ACTZ_RAT     

sp|P85972|VINC_RAT     

sp|P97689|UT1_RAT     

sp|P97829|CD47_RAT     

sp|P97852|DHB4_RAT     

sp|P97874|GAK_RAT     

sp|P97924|KALRN_RAT     

sp|P98106|LYAM3_RAT     

sp|Q00715|H2B1_RAT     

sp|Q01177|PLMN_RAT     

sp|Q02759|LOX15_RAT     

sp|Q03343|ADCY6_RAT     

sp|Q03626|MUG1_RAT     

sp|Q04970|RASN_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q07014|LYN_RAT     

sp|Q07647|GTR3_RAT     

sp|Q07936|ANXA2_RAT     

sp|Q07969|CD36_RAT     

sp|Q08163|CAP1_RAT     

sp|Q10743|ADA10_RAT     

sp|Q10758|K2C8_RAT     

sp|Q3KRE8|TBB2B_RAT     

sp|Q3MIE0|ECHD3_RAT     

sp|Q3SWT0|PECA1_RAT     

sp|Q3T1K5|CAZA2_RAT     

sp|Q3T1L0|A16A1_RAT     

sp|Q4FZU2|K2C6A_RAT     

sp|Q4KM33|PLEK_RAT     

sp|Q4V7C7|ARP3_RAT     

sp|Q5FVL6|TSN13_RAT     

sp|Q5RKI0|WDR1_RAT     

sp|Q5RKL5|STEA3_RAT     

sp|Q5U211|SNX3_RAT     

sp|Q5XFX0|TAGL2_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q5XI32|CAPZB_RAT     

sp|Q5XIF6|TBA4A_RAT     

sp|Q5XIM9|TCPB_RAT     

sp|Q62636|RAP1B_RAT     

sp|Q62638|GSLG1_RAT     

sp|Q62658|FKB1A_RAT     

sp|Q62667|MVP_RAT     

sp|Q62740|SPP24_RAT     

sp|Q62753|STXB2_RAT     

sp|Q62812|MYH9_RAT     

sp|Q62871|DC1I2_RAT     

sp|Q62930|CO9_RAT     

sp|Q62935|VWF_RAT     

sp|Q62975|ZPI_RAT     

sp|Q63016|LAT1_RAT     

sp|Q63041|A1M_RAT     

sp|Q63081|PDIA6_RAT     

sp|Q63083|NUCB1_RAT     

sp|Q63135|CR1L_RAT     

sp|Q63207|FA10_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q63377|AT1B3_RAT     

sp|Q63416|ITIH3_RAT     

sp|Q63468|KPRA_RAT     

sp|Q63507|RL14_RAT     

sp|Q63514|C4BPA_RAT     

sp|Q63515|C4BPB_RAT     

sp|Q63610|TPM3_RAT     

sp|Q63942|RAB3D_RAT     

sp|Q64119|MYL6_RAT     

sp|Q64122|MYL9_RAT     

sp|Q641Y0|OST48_RAT     

sp|Q64240|AMBP_RAT     

sp|Q64542|AT2B4_RAT     

sp|Q64560|TPP2_RAT     

sp|Q66HD0|ENPL_RAT     

sp|Q68FP1|GELS_RAT     

sp|Q68FR2|BIN2_RAT     

sp|Q68FR8|TBA3_RAT     

sp|Q68FR9|EF1D_RAT     

sp|Q6AXT5|RAB21_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q6AY20|MPRD_RAT     

sp|Q6AYD4|ESAM_RAT     

sp|Q6AYH5|DCTN2_RAT     

sp|Q6IFV3|K1C15_RAT     

sp|Q6IFW6|K1C10_RAT     

sp|Q6IG02|K22E_RAT     

sp|Q6IG04|K2C72_RAT     

sp|Q6IG05|K2C75_RAT     

sp|Q6IMF3|K2C1_RAT     

sp|Q6L711|HABP2_RAT     

sp|Q6LED0|H31_RAT     

sp|Q6MG56|LY66F_RAT     

sp|Q6MG59|G6B_RAT     

sp|Q6MG61|CLIC1_RAT     

sp|Q6NYB7|RAB1A_RAT     

sp|Q6P6Q2|K2C5_RAT     

sp|Q6P6S0|SNP47_RAT     

sp|Q6P6T1|C1S_RAT     

sp|Q6P742|PLP2_RAT     

sp|Q6P767|PTTG_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q6P791|LTOR1_RAT     

sp|Q6P7R8|DHB12_RAT     

sp|Q6P9V9|TBA1B_RAT     

sp|Q6PDV7|RL10_RAT     

sp|Q6RUV5|RAC1_RAT     

sp|Q6VBQ5|MYADM_RA

T 

    

sp|Q78P75|DYL2_RAT     

sp|Q794F9|4F2_RAT     

sp|Q7M0E3|DEST_RAT     

sp|Q811M5|CO6_RAT     

sp|Q8CFN2|CDC42_RAT     

sp|Q8CHN8|MASP1_RAT     

sp|Q8CIZ5|DMBT1_RAT     

sp|Q8R491|EHD3_RAT     

sp|Q8R4C0|CAN5_RAT     

sp|Q8VHQ7|SYTL4_RAT     

sp|Q8VII6|CTL1_RAT     

sp|Q91Y81|SEPT2_RAT     

sp|Q91ZN1|COR1A_RAT     



	 191	

Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q99376|TFR1_RAT     

sp|Q99J82|ILK_RAT     

sp|Q99P74|RB27B_RAT     

sp|Q99PS8|HRG_RAT     

sp|Q9ES21|SAC1_RAT     

sp|Q9ES72|CYR61_RAT     

sp|Q9ESS6|BCAM_RAT     

sp|Q9ET61|C1QR1_RAT     

sp|Q9JHY1|JAM1_RAT     

sp|Q9JI92|SDCB1_RAT     

sp|Q9JJ19|NHRF1_RAT     

sp|Q9JJM7|GP1BB_RAT     

sp|Q9JJS8|MASP2_RAT     

sp|Q9JKU3|IF172_RAT     

sp|Q9JLT0|MYH10_RAT     

sp|Q9JMH2|LRIT1_RAT     

sp|Q9QUH3|APOA5_RAT     

sp|Q9QWE9|GGT5_RAT     

sp|Q9QWJ9|NRP1_RAT     

sp|Q9QX79|FETUB_RAT     
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Table 2 (continued) 

Mass Spectroscopy Analysis of Rat Serum, Rat Aortic VSMC and Endothelial Cells 

435 in Serum 118 in VSMC 194 in EC 

sp|Q9QYJ2|RASA3_RAT     

sp|Q9QYJ4|ABCB9_RAT     

sp|Q9QZ86|NOP58_RAT     

sp|Q9QZA2|PDC6I_RAT     

sp|Q9QZA6|CD151_RAT     

sp|Q9QZK5|HTRA1_RAT     

sp|Q9R010|CIB1_RAT     

sp|Q9R189|UN13D_RAT     

sp|Q9R1J4|MYOC_RAT     

sp|Q9WTQ2|PODXL_RAT     

sp|Q9WTS8|FCN1_RAT     

sp|Q9WUD9|SRC_RAT     

sp|Q9WUF4|VAMP8_RAT     

sp|Q9WV63|KIF2A_RAT     

sp|Q9WVB1|RAB6A_RAT     

sp|Q9Z0W7|CLIC4_RAT     

sp|Q9Z1X1|ESYT1_RAT     

sp|Q9Z244|GMPR1_RAT     

 


