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 Atherosclerosis is a type of arteriosclerosis, or hardening of the blood vessels 

that is due to the deposition of plaques in the vessel wall.  Recently, it has become clear 

that not all plaques are the same and that those with large lipid, necrotic cores and thin 

fibrous caps can rupture and lead to acute events such as myocardial infarction, stroke, 

and death.  Atherosclerosis is a complex disease that takes years to develop in humans 

and has been difficult to duplicate in an animal model.  Two animal models of 

atherosclerosis were studied to determine if they could be used to identify novel 

targeting peptides for lesions that were vulnerable to rupture and a new animal model 

was developed to study the stabilization of vulnerable plaques. 

 Phage display using T7 bacteriophage is a powerful technique both in vitro and 

in vivo to find peptides that specifically bind to various proteins and surfaces.  The T7 
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phage vector was optimized to increase the circulation time of the phage by introducing 

two mutations into the tail proteins of the phage that decreased their uptake by the liver.  

Phage display was then used to test various peptides which bind to tumor vasculature in 

vivo to determine if they also bind to atherosclerotic plaques.   

One such peptide, CREKA, binds to clotted plasma proteins and was used to 

target atherosclerotic plaques in ApoE null mice fed a high fat diet.  Subtle clotting that 

occurs on the luminal surface of atherosclerotic plaques, presents a novel target for 

nanoparticle-based diagnostics and therapeutics.  We have developed multifunctional, 

modular micelles that contain a targeting element, a fluorophore and, when desired, a 

drug component in the same particle.  The fluorescent micelles bind to the entire surface 

of the plaque and notably, concentrate at the shoulders of the plaque, a location that is 

prone to rupture.  We also show that the targeted micelles deliver an increased 

concentration of the anticoagulant drug, hirulog, to the plaque when compared to 

untargeted micelles. 

 

 

 

 

 

 



 

Chapter 1 

Introduction 

 

History and Morbidity 

Atherosclerosis is a type of arteriosclerosis, or hardening of the blood vessels, 

that is due to an atheromatous plaque formation in the vessel wall.  Félix J. Marchand is 

credited with coining the term in the 1860s.  The term is derived from the Greek word 

“athero” which means porridge or gruel, and describes the soft, lipid rich inflammatory 

material seen in most atherosclerotic lesions and “sclerosis” which means scarring or 

hardening.  It is a condition that results in a narrowing or obstruction of the blood 

vessels leading to strokes, heart attacks, and death (Fig 1.1).  Cardiovascular disease, 

which atherosclerosis is a major cause of, affects 1 in 3 American adults and costs over 

$400 billion in direct and indirect expenses using 8% of overall healthcare spending 

each year (Rosamond, Flegal et al. 2007).  Environmental as well as genetic risk factors 

for the disease have been determined, including; a family history of the disease, high 

levels of low density lipoprotein (LDL) in the blood, high blood pressure, smoking, 

gender, race, diabetes, excess weight, a high fat diet, high alcohol intake, and a 

sedentary lifestyle.  All of these risk factors contribute to the likelihood of developing 

the disease.  Atherosclerosis is an insidious disease though, and takes years to develop 

before any symptoms begin to show.

1 

 



2 

 

 
Figure 1.1:  Narrowing of blood vessel due to atherosclerotic plaque.  The plaque that forms in the vessel 
wall protrudes into the lumen of the vessel and narrows the opening compared to the healthy vessel.  This 
decrease in the diameter of the lumen causes a disruption in blood flow. 
 
 

Atherosclerosis has affected humans for thousands of years.  Microscopic and 

macroscopic evidence of vascular lesions have been found in the aorta and also carotid, 

coronary, and femoral arteries of Egyptian mummies (Ruffer 1911; Ruffer 1920).  The 

implications of vascular lesions were first described by James B. Herrick, an American 

physician in 1912 when he published a paper in the Journal of the American Medical 

Association describing the clinical features of myocardial infarction (Herrick 1983).  

Prior to the 20th century, atherosclerosis was a rare disease that affected few individuals, 

but in less than 100 years it has grown into the number one killer in the United States.  

Technology and innovation have made life less strenuous and more sedentary.  Manual 

labor has been replaced or assisted by machinery.  Automobiles, washing machines, 

elevators, and vacuum cleaners have all become commonplace.  A change in diet has 
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accompanied the lifestyle change and high fat foods, including butter, cheese, ice 

cream, hamburgers, fries, and potato chips have become a staple of the western diet.  

The average lifespan has also increased about 30 years in the last century, from 44-45 

years for males and 49-50 years for females in 1900 to 74-75 years for males and 79-80 

years for females in 1999 (CDC 1999).  All of these changes in the life of an average 

American have contributed to the growth of atherosclerosis.   

 

Pathogenesis of Atherosclerosis 

The process of atherosclerosis begins in infancy with the development of fatty 

streaks in the vessels (Napoli, D'Armiento et al. 1997).  The fatty streak is made up 

almost entirely of monocyte derived macrophages and T-lymphocytes (Stary, Chandler 

et al. 1994).  The number of fatty streaks increases with age throughout adolescence and 

early adulthood.  More advanced lesions begin to develop in the mid 20’s and progress 

with age.  Clinical manifestations of the disease begin to appear with the advent of 

advanced plaques and the frequency also increases with age through the 50’s and 60’s. 

It is now widely accepted that atherosclerosis is a chronic inflammatory disease 

(Blake and Ridker 2002; Buffon, Biasucci et al. 2002; George 2008; Lamon and Hajjar 

2008).  Insults to the endothelial layer in areas of turbulent blood flow in the 

vasculature, such as branch points, lead to overexpression of vascular cell adhesion 

molecule 1 (VCAM-1) in the endothelial cells (Cybulsky and Gimbrone 1991).  

VCAM-1 expression is very important in the initiation of atherosclerosis and lesions are 
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reduced in mice lacking VCAM-1 (Li and Glass 2002).  Its expression leads to 

recruitment of T-cells and monocytes to the site of endothelial injury.  Recruited 

leukocytes then amplify the inflammatory reaction by releasing monocyte chemo-

attractant protein-1 (MCP-1) which recruits additional leukocytes, activates leukocytes 

in the media, and causes recruitment and proliferation of smooth muscle cells (Yla-

Herttuala, Lipton et al. 1991).  Recruited macrophages also release more cytokines and 

extravasate into the medial layer of the vessel.  Local activation of monocytes leads to 

both cytokine-mediated progression of atherosclerosis, and oxidation of low-density 

lipoprotein.  Lowering levels of chronic inflammation is a major target of 

atherosclerotic research.  Many of the beneficial effects of “statins” also appear to be 

mediated through their ability to modify the inflammatory cascade (Palinski and 

Tsimikas 2002; Schonbeck and Libby 2004). 

Cholesterol moves in and out of the vessel wall attached to transport proteins in 

the form of LDL.    When LDL is present in the subintimal space it can either cross 

back out into the bloodstream unchanged or it can become oxidized by oxygen free 

radicals in the presence of inflammation and become trapped.  Lipoxygenases (LOs), 

myeloperoxidase (MPO), inducible nitric oxide synthase (iNOS) and NADPH oxidases 

are all thought to contribute to the oxidation of LDL and are expressed by macrophages 

(Malle, Marsche et al. 2006).  Oxidized LDL (oxLDL) binds to scavenger receptors on 

the surface of macrophages and is taken up into the cell (Matsuura, Kobayashi et al. 

2006).  Macrophages take up massive amounts of oxLDL and store the excess 

cholesterol as cholesterol ester droplets transforming the cells into foam cells.  Uptake 
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of the oxLDL makes the foam cells less mobile, promoting the accumulation of lipid 

laden cells in the intima.  Foam cells secrete additional cytokines which attract more 

monocytes and cause smooth muscle cells to proliferate (Fig 1.2).  The plaque gradually 

enlarges over time due to accumulation of foam cells and smooth muscle cells in the 

intima .   

 
Figure 1.2:  Pathogenesis of Atherosclerosis.  Turbulence and risk factors injure the endothelial cells 
(EC) in the blood vessel.  This allows inflammatory cells to bind and extravasate into the vessel wall.  
Low-density lipoproteins move in and out of the vessel wall some of which attach to proteoglycans in the 
subintimal space.  LDL that is attached to proteoglycans is oxidized and then recognized by scavenger 
receptors on macrophages.  Lipid laden macrophages become foam cells and are trapped in the vessel 
wall.  Foam cells release cytokines that attract more monocytes to the area and cause smooth muscle cells 
in the blood vessel to proliferate. 
 

Depending on the plaque’s morphology it can become a stable, fibrous plaque or 

a plaque that is vulnerable to rupture (Loftus and Thompson 2008).  Stable plaques can 

lead to chronic complications such as angina as they grow and cause the lumen of the 

vessel to narrow, but they are generally considered to cause a benign disease.  On the 

other hand, asymptomatic, unstable plaques can rupture, exposing their contents to the 

bloodstream and initiate the coagulation cascade.  This produces a thrombus on the 
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surface of the plaque and can either occlude the vessel at the plaque or break off and 

lodge into smaller blood vessels downstream, causing a myocardial infarction or stroke.  

Those plaques that are at a higher risk for rupture generally exhibit large lipid cores, 

thin fibrous caps, lots of inflammatory cells, especially macrophages, lipid peroxidases, 

and fewer vascular smooth muscle cells (Figure 1.3, Libby 2001; Fuster, Fayad et al. 

2005; Fuster, Moreno et al. 2005). 

 
Figure 1.3:  Differences between stable and vulnerable plaques.  Plaques that are vulnerable to rupture 
generally have a large lipid core (seen in yellow), fewer smooth muscle cells, and lots of inflammation.  
On the other hand, stable plaques that are resistant to rupture are more fibrous and contain a higher 
number of smooth muscle cells compared to unstable plaques. 
 
 
Diagnosis and Treatments 

 Atherosclerosis is generally not diagnosed until after complications occur, such 

as loss of sensation in the extremities, chest pain, myocardial infarction, or death from 

decreased blood flow to the tissues.  Currently, the degree and location of the blockage 

is determined using contrast-enhanced X-ray angiography in which a dye is injected 
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into the bloodstream and blood flow is imaged.  Areas where blood flow is restricted 

due to a plaque will have an absence of dye.  This technique remains the gold standard 

for evaluation of cardiovascular disease.  This imaging technique is limited in that it 

cannot quantify the extent of plaque coverage in the vasculature and is only a measure 

of disrupted blood flow.  Angiograms also do not provide information about the 

morphology or stability of the plaque.  Plaque vulnerability does not appear to be 

dependent on plaque size (Carr, Farb et al. 1996; Virmani, Kolodgie et al. 2000; 

Virmani, Burke et al. 2003).  Therefore, small, asymptomatic plaques that are 

vulnerable to rupture may be missed by conventional X-ray angiography.  Newer 

technology using computed tomography (CT) or magnetic resonance imaging (MRI) is 

now available to perform angiography, giving pictures with more detail, but angiograms 

are still limited in the information that they provide.  Targeted imaging techniques 

which can deliver contrast or radiotracer agents directly to the atherosclerotic plaque by 

targeting specific components or cell surface markers in the lesion are becoming closer 

to a reality in the clinic.  These techniques would allow high resolution imaging such as 

MRI or PET to be used to non-invasively image individual plaques. 

Current treatments for atherosclerosis try to alleviate the symptoms of the 

disease or slow its progression.  Cholesterol lowering drugs such as 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, or “statins”, are used to 

decrease cholesterol synthesis and increase clearance of LDL through the liver causing 

a general decrease in blood cholesterol.  Use of statins have translated into a 60% 

decrease in myocardial infarctions and a 17% drop in strokes (Law, Wald et al. 2003), 
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but they have not turned out to be the cure-all that was hoped for when they were 

discovered (Amarenco and Tonkin 2004) and have their own side effects.   

Anticoagulants such as heparin, warfarin, low dose aspirin, and the direct 

thrombin inhibitors, are used to prevent a thrombus from forming if a plaque ruptures.  

These drugs are given systemically and have many potential side effects such as severe 

hemorrhage, thrombocytopenia, and drug interactions.  Heparin, one of the most widely 

used anticoagulants in the hospital, also has a variable effect in patients.  This may be 

due to the fact that it binds to many plasma proteins such as fibronectin, vitronectin, and 

von Willebrand factor and is also neutralized by platelet factor 4 and histidine-rich 

glycoproteins, which are released by activated platelets.  This creates a very narrow 

therapeutic window in which patients receiving a subtherapeutic dose have a high risk 

of reoccurring cardiac events and hemorrhaging in patients receiving too aggressive of 

therapy (Johnson 1994).  

Surgical interventions for stenosis, or an abnormal narrowing of an artery due to 

atherosclerotic plaques, include percutaneous transluminal coronary angioplasty, 

bypass, or endarterectomy.  Angioplasty is used to restore normal blood flow through 

the affected artery and involves inserting a balloon into the area of stenosed vessel and 

inflating it, compressing the atherosclerotic plaque.  A bare metal stent can then be 

inserted into the vessel to maintain it patency, preventing recoil of the artery and 

provide a scaffold for regrowth of endothelial cells (Savage, Fischman et al. 1994; 

Serruys, de Jaegere et al. 1994).  Unfortunately restenosis, or a 50% narrowing of the 
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vessel, occurs in about 40% of patients within 6 months after percutaneous transluminal 

angioplasty (Schillinger, Exner et al. 2003).  Recently, drug eluting stents have helped 

reduce the risk of restenosis by reducing the proliferation of smooth muscle cells or 

enhancing the re-endothelialization of the vessel, both of which decrease the ”scar” 

formation in the injured blood vessel (Finn, Nakazawa et al. 2007; Girod, Mulukutla et 

al. 2008).  The process of restenosis is not fully understood though, and further 

refinements to the stents continue to be made, including changes in the stent material 

and what drugs are eluted (Waksman 2007). 

An endarterectomy is usually performed to treat cerebrovascular disease, in 

which there is a serious reduction of blood supply to the brain (carotid endarterectomy), 

or to treat peripheral vascular disease (impaired blood supply to the legs).  A blunt 

instrument is used to remove the intimal and medial layers of the blood vessel where the 

plaque is located.  This procedure is very effective at returning blood flow through the 

vessel but there is still a risk of serious complications from the procedure including 

infection, stroke, bleeding, and blood clots (Vogel, Dombrovskiy et al. 2008).  

Therefore, this intervention is not performed unless symptoms are severe.    

Bypass surgery is generally performed in patients with coronary occlusions in 

vessels on the surface of the heart or in other vessels that are too heavily damaged or 

calcified to perform reopening procedures.  An alternate route for blood flow around the 

blockage is usually created by grafting healthy vessels from the patient’s leg, arm, chest 

or abdomen or synthetic tubing into the vessel.  In some instances, an artery is 
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redirected by cutting it and connecting it in another location where blood flow is more 

urgently needed because of lack of collateral blood flow.  Serious complications can 

occur after bypass surgery including cognitive decline, stroke, or infection (Dieleman, 

Sauer et al. 2008).   Current forms of both diagnosis and treatment for atherosclerosis 

have limitations in their effectiveness and have serious risks associated with them.  

Targeted delivery of imaging agents and therapeutics to atherosclerotic plaques could 

lead to more effective management of this complex disease. 

 

Targeting atherosclerotic plaques 

Targeted delivery of diagnostic imaging agents and therapeutic drugs to 

atherosclerotic plaques is an ambitious goal in atherosclerotic research that is coming 

closer to a reality.  Imaging dyes that are targeted to lesions give greater detail and 

information about the plaques and their morphology.  Targeted delivery of currently 

available therapeutics such as anticoagulants to the atherosclerotic plaques would allow 

the drug to concentrate in the affected tissue, thereby enabling a lower dose and 

lowering the risk of side effects.    

 Recent advances in imaging techniques, especially magnetic resonance 

technology allow imaging of vessels at much higher resolution, even at the 

submillimeter level (Briley-Saebo, Mulder et al. 2007; Briley-Saebo, Shaw et al. 2008).  

Contrast agents for MRI, such as iron oxide or gadolinium, have been targeted toward 

activated platelets to monitor thrombus formation (von zur Muhlen, von Elverfeldt et al. 
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2008), or specific plaque components such as VCAM-1 (Kelly, Nahrendorf et al. 2006), 

oxLDL (Briley-Saebo, Shaw et al. 2008), and macrophages (Mulder, Strijkers et al. 

2007), which allow non-invasive imaging of plaques in high detail.  However, there is 

an urgent need to develop imaging techniques that can discriminate between stable 

plaques and those that are prone to rupture. 

 The goal of these experiments is to find new targeting elements that recognize 

atherosclerotic plaques, especially unstable plaques vulnerable to rupture, for delivery 

of diagnostic imaging agents and therapeutic drugs using nanoparticles.  We analyzed 

various animal models of atherosclerosis for their utility in in vivo phage display using 

T7 phage to discover peptides that can recognize plaques which have ruptured or are 

prone to rupture.  We also investigated the possibility of modifying R-Ras expression in 

plaques, leading to restructuring of the vulnerable plaque to induce stabilization.  The 

T7 phage clone was optimized with mutations in the tail proteins which allowed the 

phage to circulate longer in the bloodstream.  In vivo phage display was then used to 

test peptides that were developed to target tumors in vivo for their ability to recognize 

atherosclerotic plaques.  One peptide identified from the screens to bind to plaques in 

the ApoE knockout mouse, CREKA, was then attached to micellar nanoparticles.  

CREKA targeted micelles coated the entire surface of the plaques, but concentrated in 

the shoulder regions of the plaque, which are more prone to rupture.  These micelles 

recognized clotted plasma proteins on the plaque’s surface and effectively delivered 

fluorescent dyes and an anticoagulant thrombin inhibitor to the plaques in vivo.   
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Chapter 2 

Animal models of atherosclerosis 

Abstract 

 Atherosclerosis is a complex disease that takes years to develop in humans and 

has been difficult to duplicate in an animal model.  It results from interactions of 

multiple genetic and environmental factors including diet and defects in lipid 

metabolism.  Many aspects of the human disease have been replicated in animal models 

but an atherosclerotic animal model that is easy to use and encompasses the full 

progression of the disease from the development of advanced lesions in the arterial 

walls to thrombosis formation leading to myocardial infarction and death has remained 

elusive.  Two animal models of atherosclerosis were studied to determine if they could 

be used to identify novel targeting peptides for lesions that were vulnerable to rupture 

and a new animal model was developed to study the stabilization of vulnerable plaques. 

 

Introduction 

 Atherosclerosis, one of the leading causes of death in the United States each 

year, has many genetic factors which have been identified to be involved in its 

progression (Acton, Go et al. 2004).  These genetic changes, especially the ones 

involved in lipid metabolism, have been utilized by researchers to develop multiple 

transgenic animal models that reproduce some of the same characteristics as human 
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atherosclerosis.  Apolipoproteins regulate lipoprotein metabolism through their 

involvement in the transport and redistribution of lipids between various cells and 

tissues (Mahley, Innerarity et al. 1984).  Apolipoprotein E (ApoE), one of the main 

classes of apoprotein, is a glycoprotein that is about 34 kD and is expressed in both 

mice and humans.  It is a high affinity ligand for the low density lipoprotein (LDL) 

receptor and is essential for normal lipoprotein metabolism and excretion.  Variants of 

the ApoE gene in humans, ApoE2 and ApoE4 specifically, cause familial type III 

hyperlipoproteinemia, increased risk of atherosclerosis, and late-onset Alzheimer's 

disease (Mahley 1988; Strittmatter and Roses 1995).  In 1992, with the advent of gene 

knockout technology, an ApoE knockout mouse model of atherosclerosis was 

developed (Piedrahita, Zhang et al. 1992).  This model is one of the most widely used 

animal models in atherosclerosis research.  Lesions reproducibly develop in these mice 

in the aortic sinus, aortic arch, and each of the branch points along the aorta.  Signs of 

plaque rupture have also been observed in the brachiocephalic arteries of these mice 

when they are fed a high fat diet (Johnson, Carson et al. 2005; Jackson, Bennett et al. 

2007).  ApoE knockout mice fed a high fat diet have been used in previous studies to 

develop targeting peptides for atherosclerotic plaques (Houston, Goodman et al. 2001; 

Liu, Bhattacharjee et al. 2003; Kelly, Nahrendorf et al. 2006), but no previous studies 

have tried to find peptides that target plaques vulnerable to rupture.   

 ApoE knockout mice on a high fat diet develop advanced atherosclerotic 

plaques similar to the human disease but other clinical manifestations of atherosclerosis, 

such as unstable angina and acute myocardial infarction (MI) are not present in this 
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model.  In order to try and replicate some of these symptoms, a transgenic mouse with 

the gene that codes for the scavenger receptor class B type I (SR-BI) knocked out was 

crossed with the ApoE knockout mouse (Braun, Trigatti et al. 2002).  This scavenger 

receptor is involved in hepatocyte uptake and macrophage efflux of cholesterol and is 

crucial in the reverse cholesterol transport pathway.  ApoE/SR-BI double knockout 

mice (dKO) develop severe hypercholesterolemia and similar defects to those seen in 

human coronary heart disease, including MI and death.  All of these mice die between 

5-8 weeks of age and show signs of thrombus formation and evidence of previous MIs 

at death.  This model of atherosclerosis was acquired and bred to determine its 

suitability in screens for vulnerable plaques and it also was used to study the 

stabilization of lesions that are vulnerable to rupture. 

R-Ras is a low molecular weight GTPase that shares 50% homology with the 

other Ras family of proteins (H-, K-, and N-Ras) (Lowe, Capon et al. 1987) and has 

been shown to activate integrins and enhance cell adhesion (Zhang, Vuori et al. 1996).  

It has been shown to be involved in mediating the adhesion of monocytes to activated 

endothelial cells, one of the primary factors in the initiation and progression of 

atherosclerotic plaques, thus starting an inflammatory reaction in the injured arterial 

wall.  Expression of R-Ras has also been shown to have an effect on the regulation of 

smooth muscle cells that reside in the medial layer of the arterial wall.  Over-expression 

in cultured smooth muscle cells has been shown to inhibit proliferation and migration.   
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Figure 2.1:  Effect of R-Ras on smooth muscle cell attachment and intimal hyperplasia.  (A) Cultured 
smooth muscle cells exhibit more attachment and spreading when transfected with a constitutively active 
form of R-Ras (R-Ras38V).  (B) Increased intimal hyperplasia is seen in R-Ras knockout mice compared 
to wild-type mice following arterial injury in which the endothelial layer is removed.  (Reproduced with 
permission (Komatsu and Ruoslahti 2005). 
 
 
Loss of R-Ras in vivo had the reverse effect and caused increased smooth muscle cell 

migration and proliferation, inducing intimal hyperplasia after arterial injury (Fig 2.1) 

(Komatsu and Ruoslahti 2005).  The role of R-Ras in many of the processes involved 

with the progression of atherosclerosis and remodeling of plaques led us to look at 

whether disruption in the expression of this protein could be utilized to cause the 
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stabilization of the vulnerable atherosclerotic plaques seen in the ApoE/SR-BI mouse 

model and lead to an increased survival time. 

 

 

Methods 

ApoE knockout mice.  Mice homozygous for the Apoetm1Unc mutation were 

acquired from Jackson Labs (Bar Harbor, Maine).  These mice were housed and bred 

according to standards of the University of California, Santa Barbara Institutional 

Animal Care and Use Committee.  At 3 weeks of age, pups were separated from their 

mothers and switched to a high fat diet (42% fat, TD88137, Harlan, Madison, WI) for 6 

months to generate stage V lesions in the major vessels (Whitman 2004).  Mice were 

anesthetized for procedures with a ketamine-xylazine cocktail (80-100mg/kg and 5-

10mg/kg, respectively) intraperitoneally and monitored using a toe pinch with more 

anesthetic given as needed.  Blood was collected from the orbital sinus of mice and total 

plasma cholesterol levels were determined using the Wako Cholesterol E enzymatic 

colorimetric method (Wako Diagnostics, Richmond, VA).   

 Anesthetized mice were perfused through the left ventricle with 40ml cold 

Dulbecco's Modified Eagle's Medium (DMEM) to remove the blood from the 

circulatory system followed by 10ml 4% paraformaldehyde with quality of perfusion 

monitored by clearing of the saphenous vein.  The aortic tree and heart were excised 

and fixed overnight in 4% paraformaldehyde, washed in phosphate buffered saline 

(PBS) and then put in a 30% sucrose solution for 8 hours.  Sections of the aortic tree 
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containing atherosclerotic lesions and the heart were frozen in OCT and sectioned in 

5μm sections on silane-coated slides (Scientific Device Laboratory, Des Plaines, IL) for 

histology.  Smooth muscle actin in tissue sections was visualized using a polyclonal 

rabbit antibody against smooth muscle actin (1:100 dilution, Thermo Scientific Lab 

Vision, Fremont, CA) and goat, anti-rabbit Alexa Fluor 647 conjugated secondary 

antibody (Invitrogen, Carlsbad, CA).  Slides were mounted and nuclei were visualized 

with ProLong Gold Antifade reagent with DAPI (Invitrogen, Carlsbad, CA).  

Immunofluorescence pictures were taken on a confocal microscope. 

 

ApoE/SR-BI double knockout mice.  B6;129-Srb1tm1Kri Apoetm1Unc transgenic 

mice were acquired from the lab of Dr. Monty Krieger (Massachusetts Institute of 

Technology).   ApoE homozygous null, SR-BI heterozygous mice were bred to generate 

double knockout mice because double homozygous null mice did not live long enough 

to breed.  Tail clips were taken at three weeks of age and genomic DNA was isolated 

using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA).  Two separate PCR 

reactions were performed to determine the presence of a wild-type gene or a disrupted 

gene and the products were run a 2% agarose gel to determine SR-BI genotype.  The 

genotyping protocol given by Jackson Labs for the mouse strain was altered by adding 

5% DMSO and 0.1% BSA to the PCR mix.  Tissue for histology was collected as 

described above.  The aortic tree was stained for the presence of lipids in the vessel wall 

(fatty streaks) using Oil Red O.  Sections of the heart were stained with hematoxylin 
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and eosin to look for the presence of acellular thrombus formation in the coronary 

arteries. 

 

ApoE/SR-BI/R-Ras triple knockout.  ApoE/SR-BI double knockout mice 

were crossed with R-Ras knockout mice to generate the ApoE/SR-BI/R-Ras triple 

knockout.  Both lines had previously been backcrossed into the C57BL/6 strain.  A 

stable line of ApoE null, R-Ras null, SR-BI heterozygous was generated for breeding of 

the triple knockout because mice homozygous null for the SR-BI gene do not breed well 

(Rigotti, Trigatti et al. 1997).  In order to determine the genotype for the mice of each 

gene, a tail clip was taken at 3 weeks of age and genomic DNA was isolated.  The 

standard PCR protocol for genotyping ApoE knockout mice (Jackson Labs website) 

was used as well as the modified protocol for genotyping SR-BI knockout mice 

described above.  A new PCR protocol had to be derived to determine the R-Ras gene 

though because all three gene disruptions used a neomycin cassette.  The presence of 

this cassette was originally what was used to determine the presence of the disrupted 

gene.  PCR primer pairs were determined that could identify the wild-type R-Ras gene                             

(5’-GGAACAAGGCAGATCTGG-3’, 5’-AAGAGGAGGCTTCAGACC-3’) and the 

disrupted R-Ras gene (5’-ACCGAGCTGCAAGAACTCTTCCTCA-3’ and                             

5’- AGGAGGCCTTCCATCTGTTGCT).  PCR products were run on 2% agarose gels 

to determine genotype with a 550bp band signifying the wild-type gene and a 210bp 

band signifying the disrupted allele. 
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 ApoE/SR-BI/R-Ras mice were watched for signs of distress and death and the 

number of days each mouse was alive was plotted compared to the published survival 

times of the ApoE/SR-BI double knockout mice (Braun, Trigatti et al. 2002). 

 

Results 

ApoE knockout mice.  ApoE knockout mice that were placed on a high fat diet 

became severely obese after only 16 weeks compared to wild-type mice on a normal 

diet (48g and 20g, respectively, Fig 2.2A).  Cholesterol levels in the blood were 

significantly higher in the ApoE null mice on a standard chow diet (6.5mg/ml for ApoE 

null mice and 0.475mg/ml for wild-type mice), with even higher levels when these mice 

were fed a high fat diet (9.5mg/ml, Fig 2.2B).  The aortic tree and heart were excised in 

ApoE knockout and wild-type mice to determine if atherosclerotic plaques had formed 

in their blood vessels.  Large plaques were consistently seen in the cross-sections of the 

aortic arch and the three major branches off of the aorta, especially the brachiocephalic 

 

Figure 2.2:  ApoE null mouse model of atherosclerosis.  (A) Wild-type (left, 20g) and ApoE null mouse 
fed high fat diet for 16 weeks (right, 48g).  (B) Total blood cholesterol in wild-type, ApoE null, and ApoE 
null mouse on a high fat diet  (Error bars  represent standard error of the mean, n=3). 
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artery, of ApoE mice fed a high fat diet for 6 months.  Plaques were not seen in any 

wild-type mice of similar age (Figure 2.3A, B).  These lesions protrude into the lumen 

of the vessel, decreasing the area for blood flow.  Plaques in the coronary arteries of 

ApoE null mice have been reported in older mice on a high fat diet for 9-20 months 

(Calara, Silvestre et al. 2001), but are not consistently produced and were not seen in 

any of our mice after 6 months on a high fat diet.  Aortic sections were stained with 

antibodies against smooth muscle actin to determine how advanced the atherosclerotic 

lesions were.  Buried fibrous caps can be seen in the immunofluorescence pictures 

 
Figure 2.3:  Morphology of plaques in ApoE null mice.  Tissue cross-sections (5μm thick) of the 
brachiocephalic artery were cut with from wildtype (A) and ApoE null mice fed a high fat diet for 6 
months (B, C).  Nuclei are stained with DAPI in blue.  (C) Buried fibrous caps were visualized in the 
advanced lesions of ApoE null mice on a high fat diet (white arrow). 
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(Figure 2.3C, white arrow), which is a sign of previous plaque rupture.  ApoE null mice 

on a high fat diet have high blood cholesterol levels and consistently develop 

atherosclerotic lesions in the large vessels that are easy to access and study. 

 

ApoE/SR-BI double knockout mice.  Mice homozygous null for the ApoE and 

SR-BI genes develop signs of severe coronary atherosclerosis at around 5 weeks of age 

on a normal chow diet and all of the mice die at 5-8 weeks of age.  Aortas of wild-type 

and ApoE/SR-BI dKO mice were excised and stained with Oil Red O, which stains 

lipids that are present in the vessel wall.  ApoE/SR-BI dKO mice (Figure 2.4A, left) had 

already developed fatty streaks in their large vessels at 6 weeks which were not present 

in the vessels of wild-type mice (Figure 2.4A, right).  Mice generally started to show 

severe distress within a couple of hours prior to death and their hearts showed signs of 

scar formation from previous myocardial infarction in necropsy (Figure 2.4B, white 

arrow).  Acellular blockages in the coronary arteries of the deceased mice were also 

seen in histological sections of the heart (Figure 2.4C, black arrows). 

 

ApoE/SR-BI/R-Ras triple knockout mice.  ApoE/SR-BI dKO mice were 

crossed with R-Ras null mice to determine if loss of R-Ras could prolong the lifespan of 

the double knockout mice, possibly through the stabilization of the coronary plaques.  A 

new genotyping protocol was devised for the triple knockout because the standard 

protocol for genotyping R-Ras transgenic mice used primers which recognize the 

neomycin cassette that was inserted into the R-Ras gene in the creation of the knockout 
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Figure 2.4:  ApoE/SRBI double knockout model of atherosclerosis.  Mice null for both the ApoE and 
SR-BI proteins developed fatty streaks in their aorta and thromboses in their coronary arteries in as little 
as 5 weeks after birth on a standard chow diet, and died of myocardial infarction at 5-8 weeks of age.  (A) 
Aortic tree stained for lipids with Oil Red O.  Fatty steaks in the wall of the vessel are apparent in the 
aorta of the ApoE/SR-BI null mouse (left) but not the wildtype (right).  (B) Evidence of previous 
myocardial infarction in heart from ApoE/SR-BI null mouse.  White arrow points to scar tissue.  (C) 
Histological section of heart from ApoE/SR-BI mouse.  Acellular thrombi are evident in the left anterior 
descending and circumflex coronary arteries of the heart (black arrows). 
 
mouse.  The same technique of inserting a neomycin cassette was also used in the 

disruption of both the ApoE and SR-BI genes and so new primers that were unique for 

the disrupted R-Ras gene had to be derived.  Importantly, the new PCR protocols were 

able to differentiate between homozygous null, heterozygous, and homozygous wild-

type for each of the three genes in the same mouse (Figure 2.5).  Mice that were 

homozygous null for all three genes lived significantly longer than the previously  
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Figure 2.5  Genotyping ApoE/SR-BI/R-Ras triple knockout mice.  Genomic DNA was isolated from tail 
clips of mice.  Separate PCR reactions were performed to determine the genotype for each gene and the 
PCR products were run on a 2% agarose gel.   
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Figure 2.6:  Survival curve of ApoE null (sKO), ApoE/SR-BI null (dKO), and ApoE/SR-BI/R-Ras null 
(tKO) mice.  sKO mice on a high fat diet do not have a decreased life span.  tKO mice had a significantly 
longer lifespan than dKO mice, 49 and 43 days, respectively (p≤0.05, n=17 mice for tKO and 19 mice for 
dKO). 
 
 
reported lifespan of ApoE/SR-BI double knockout mice (49 and 43 days, p≤0.05, 

Figure 2.6). 

 

Discussion 

 ApoE knockout mice are one of the most widely studied mouse models of 

atherosclerosis.  They have multiple positive and negative factors in their use for in vivo 
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phage screening to isolate targeting peptides that specifically recognize atherosclerotic 

lesions vulnerable to rupture.  One positive factor is these mice reproducibly start to 

develop plaques very quickly on a high fat diet in characteristic places in the 

vasculature.  They have even been reported to have evidence of plaque rupture in the 

brachiocephalic artery in as little as 8 weeks on a high fat diet (Johnson, Carson et al. 

2005).  On the other hand, these advanced lesions take much longer to be consistently 

produced in the vasculature.  Mice must be on a high fat diet for at least 6 months to a 

year to be confident that the mice will have large stage V plaques.  The tissue that 

contains the atherosclerotic plaques, the aortic tree, is also very small and therefore 

tissue from multiple mice needs to be pooled together for each round of screening.  This 

makes the breeding and upkeep of these mice very expensive for the large numbers that 

are needed for phage screening with randomized libraries.   

 Alternatively, ApoE null mice on a high fat diet are a great model of 

atherosclerosis for confirmation of the targeting peptide’s homing capability with 

peptides, nanoparticles, or individual phage clones.  Fewer mice are needed for 

confirmation than for screens.  Also, large advanced plaques are generated throughout 

the vasculature, and it is fairly easy to isolate regions of the aortic tree that contain 

plaques macroscopically, which is necessary in order to cut histological sections.   

 The ApoE/SR-BI double knockout mouse seems to be a very good mouse model 

of coronary atherosclerosis that leads to thrombosis.  Double knockout mice develop 

many of the same features of human coronary artery disease including 

hypercholesterolemia, occlusive coronary atherosclerosis, spontaneous myocardial 
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infarction, cardiac dysfunction (ECG abnormalities, heart enlargement, and reduced 

systolic function), and early death, that are not seen in other atherosclerotic animal 

models (Braun, Trigatti et al. 2002).  Mice develop the disease extremely quickly (5-8 

weeks of age), so it is faster to generate diseased mice for study with this model than the 

ApoE single knockout mice.  Unfortunately, these mice are very young, small, sick, and 

difficult to work with.  Many of the mice die during restraint or anesthesia before any 

experiments can be performed.  The complications from the loss of both the ApoE and 

SR-BI proteins develop so quickly that these mice cannot be bred homozygously, and 

therefore only 25% of the mice that are bred have the needed genotype.  It is also too 

fast for large plaques to develop in the major blood vessels.  Fatty streaks can be seen in 

the aortic tree with lipid staining, but this is a very early stage of plaque development.  

The plaques that seem to rupture are in the coronary arteries and these small vessels are 

difficult to access and isolate.   

 Recently, alterations to the ApoE/SR-BI double knockout mouse model have 

been made that extend the lifespan of the animals and should make the model easier to 

work with.  Probucol, an anti-atherosclerosis lipid lowering drug, extended the lifespan 

of the double knockout mice to as long as 60 weeks (Braun, Zhang et al. 2003).  A diet 

inducible ApoE/SR-BI dKO model also now exists.  SR-BI knockout mice were crossed 

with a hypomorphic ApoE mouse that expresses reduced levels of an ApoE4-like 

murine ApoE isoform (Zhang, Picard et al. 2005).  The mice do not develop the severe 

symptoms of the ApoE/SR-BI mice when they are fed a normal chow diet, but develop 

similar symptoms with a 50% mortality rate around 5 weeks after they are changed to a 
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high fat diet.  This model could allow better control over the timing of when mice 

develop symptoms so that they are older, bigger, and easier to work with when a phage 

screen is performed. 

 ApoE/SR-BI double knockout mice were crossed with R-Ras null mice to see if 

the phenotype of the dKO mice could be rescued and the lifespan prolonged.  R-Ras 

single knockout mice do not exhibit an obvious phenotype or a shortened lifespan but 

the protein has been shown to be involved with monocyte adhesion to oxidized LDL 

activated endothelial cells and regulation of smooth muscle cell proliferation and 

migration.  It was thought that knocking out R-Ras might have a two-pronged effect 

that could stabilize the atherosclerotic plaques that appear to be rupturing causing the 

thrombosis and death in the dKO.  The ApoE/SR-BI/R-Ras triple knockout mice have a 

statistically significant, slightly prolonged lifespan compared to the dKO mice, 

demonstrating that regulation of R-Ras in plaques vulnerable to rupture could have a 

protective effect.  Decreased R-Ras expression has been shown to promote proliferation 

and migration of smooth muscle cells which secrete matrix proteins needed for the 

fibrous structure of a stable plaque.  It could also help decrease the deposition of lipid in 

the plaque if fewer monocytes were able to adhere and extravasate into the plaque. 
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Chapter 3 

Discovering new atherosclerotic plaque-targeting ligands  

using in vivo phage display 

Abstract 

 Phage display using T7 phage is a powerful technique used both in vitro and in 

vivo to find peptides that specifically bind to various proteins and surfaces.  The T7 

phage vector was optimized to increase the circulation time of the phage by introducing 

two mutations into the tail proteins of the phage that decreased their uptake by the liver.  

Phage display was also used to test various known homing peptides that bind to the 

vasculature of tumors to find peptides that also bind to atherosclerotic plaques.   

Introduction 

 Phage display has been shown to be a very powerful tool to isolate short peptide 

sequences that bind with high specificity to a target molecule (Smith 1985; Smith and 

Petrenko 1997).  With recombinant DNA technology peptide sequences are cloned into 

the bacteriophage DNA that codes for various proteins in the capsid.  Randomized DNA 

inserts are cloned into the phage genome and used to generate phage libraries with 

enormous diversity of fusion peptides displayed on their surface.  The individual 

peptides on the surface of each phage match the DNA sequence that was cloned into 

that specific phage, using biology to create a built in cipher to decrypt peptide 

sequences and allowing both the peptide or protein and its coding sequence to be 
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selected at the same time.  Phage display has been used in vitro to select peptides with 

high binding affinities to various proteins and receptors and even inorganic materials 

(Kehoe and Kay 2005).   

The technology has also been used in vivo to demonstrate the extensive 

heterogeneity in the vascular beds of different organs and to find peptides that can 

discriminate between diseased and normal tissue (Pasqualini and Ruoslahti 1996; 

Hoffman, Giraudo et al. 2003; Kelly, Nahrendorf et al. 2006).  Most of the in vivo 

phage display performed utilizes the M13 filamentous phage as the phage vector.  

Phage display using T7 phage offers many advantages over M13 phage.  T7 phage is a 

lytic phage and the completion of amplification is easily observed when the culture 

clears and loses turbidity.  The phage are small, around 55nm in diameter, and can 

display anywhere from 1 to 415 copies of a peptide, up to 1000 amino acids in length as 

a C-terminal fusion to the capsid protein on the phage surface (Figure 3.1A).  T7 also 

remains infective in a variety of eluting conditions such as in the presence of detergents, 

high molar urea and sodium chloride, and reducing or alkaline conditions (Rosenberg, 

Griffin et al. 1996).  The process of an in vivo phage display screen works be injecting a 

random phage library with up to 108 different displayed peptides into a mouse and 

letting it circulate and bind to the vascular beds.  The tissue of interest is then isolated 

and the bound phage are eluted and amplified.  The amplified library is then injected 

into another mouse and the process is repeated.  Multiple rounds of selection are 

performed until a highly enriched pool of phage that bind to your tissue of interest is 

isolated (Figure 3.1B).   
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Figure 3.1:  In vivo phage display using T7 phage library.  (A) Structure of T7 phage.  T7 is an 
icosahedral phage made up of 415 capsid proteins arranged in 60 hexamers at the faces and 11 petamers 
at the vertices making up the capsid.  Attached to the capsid is a head-tail connector, a short conical tail, 
and six tail proteins.  A randomized DNA sequence is spliced into the end of the capsid gene (gene 10).  
The randomized peptide is expressed at the c-terminal end of each of the 415 capsid proteins (black 
arrow).  (B)  Schematic of in vivo phage display.  A randomized library of T7 phage is injected into a 
mouse and allowed to circulate.  The mouse is perfused to remove unbound phage and the tissue of 
interest is collected.  Bound phage are rescued, amplified and injected into another animal for further 
selection.  After multiple rounds of selection enriched phage pool is sequenced to determine peptides that 
bind to the tissue of interest. 
 
 

A major limitation of using T7 phage in in vivo phage display is the very short 

half-life of phage in the circulation. The phage are quickly cleared with a half-life of 

around 12 minutes, which results in only 3% of the injected phage still circulating after 

one hour (Fan, Venegas et al. 2007).  This rapid loss of phage could lead to peptide 
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candidates being cleared from the circulation before they even reach their target tissue.  

Recently, two separate mutations in gene 17 of T7 phage were discovered that reduced 

uptake of the particles by hepatocytes in the liver (Sokoloff, Wong et al. 2003).  These 

spontaneous mutations have been shown to have a high rate of reversion back to wild-

type, however, and would not survive the multiple rounds of selection necessary for 

homing peptide isolation.  Therefore, it would be desirable to design phage libraries that 

would have longer circulation times and retain this feature through the multiple rounds 

of in vivo selection.  The T7 phage vector was mutated in both positions in gene 17 with 

four base pair substitutions to increase the half life of circulating, infectious phage and 

also decrease the chance of the phage reverting back to the wild-type phenotype. 

The atherosclerotic plaque microenvironment shares several similarities to that 

of tumor tissue, such as hypoxia, inflammation, angiogenesis, and oxidative stresses.  

There is an increasing body of evidence that establishes several genetic and proteomic 

factors that are common to these diseases (Ross, Stagliano et al. 2001; Ramos and 

Partridge 2005; Jain, Finn et al. 2007).  Due to the commonality between these diseases 

we hypothesized that some of the peptides that were discovered to target the vasculature 

of tumors in vivo would also bind to atherosclerotic lesions.  In vivo phage display is a 

high throughput format that allows multiple peptides to be tested very quickly for 

binding to plaques.  T7 phage also act as a prototypic nanoparticle due to its size and 

avidity.  Therefore, peptides displayed on the surface of phage that cause binding to 

plaques should translate well over to other nanoparticles.  Our work demonstrates that 
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the commonalities between tumors and plaques can be exploited in the design of 

targeting elements for these diseased tissues. 

 

Methods 

Mutagenesis of T7 phage tail proteins.  T7Select Phage DNA (1-1, 10-3b, and 

415-1, Novagen, Gibbstown, NJ ) was isolated using the Qiagen Lambda Maxi Kit 

(Qiagen, Valencia, CA).  The region of interest in gene 17 was amplified using PCR to 

avoid having to work with the full length vector which is around 30,000bp.   PCR 

mutagenesis was performed in two steps.  The first step used two PCR reactions, each 

one causing a mutation at a particular site.  The second step amplified the two fragments 

together with ApaLI and BglI restriction sites to clone back into the phage vector 

(Figure 3.2).  The PCR primers used in the reactions were: ApaLI-up 

(TACGCTCTGCCTAAGGAGAA), Right V/D mutation primer 

(CCGATCGGCTTCGTCTACGAAACCCTTG), Left V/D mutation primer 

(TTCGTAGACGAAGCCGATCGGTTCAAGA), and BglI-down 

(GTAGGTAAGCATCCAGCCAT).  The PCR product from the second reaction and 

the cyclized phage vector DNA were then cut with ApaLI and BglI restriction enzymes 

and the mutated insert was ligated back into the phage vector arms.  The product of the 

ligation reaction was packaged using T7Select Packaging Extracts (Novagen, 

Gibbstown, NJ), and amplified in E. coli.  The cleared lysate was then titered, and 

individual clones were sequenced (207/211-Left-CCGTAATGAGGCTGAGACTT and 
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Figure 3.2:  PCR mutagenesis of T7 phage vector.  Mutagenesis was performed in two steps.  In the first 
reaction the mutations were introduced into the DNA sequence and the ApaLI-up and right V/D primers 
produced a 1204bp product and the left V/D and BglI-down primers produced a 745bp product.  In the 
second PCR reaction the full length mutated sequence was amplified using the ApaLI-up and BglI-down 
primers producing a 1950bp insert. 
 
 
207/211-Right-GATGCTGTGGCAGAGTTCTC) to determine clones that contained 

both mutations in gene 17. 

Circulation time of mutated phage.  Mice were anesthetized for procedures 

with a ketamine-xylazine cocktail (80-100mg/kg and 5-10mg/kg, respectively) 

intraperitoneally and monitored using a toe pinch with more anesthetic given as needed. 

Mutated or wild-type insertless (do not contain a C-terminal fusion peptide) T7 phage 

clones (1010pfu) were injected intravenously into the tail veins of C57BL/6J mice and 

allowed to circulate.  Blood was drawn from the orbital sinus at various time points and 

10μl of whole blood was diluted in serial dilutions to titer the circulating phage in the 

blood. 
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Phage uptake by the liver.  Mutated or wild-type insertless (do not contain a C-

terminal fusion peptide) T7 phage clones (1010pfu) were injected intravenously into the 

tail veins of C57BL/6J mice and allowed to circulate.  The mice were perfused with 

cold DMEM through the left ventricle and the liver was excised.  Livers were weighed 

and then homogenized in cold DMEM.  Homogenates were then washed in DMEM and 

titered for bound phage.  Phage in the homogenates from mice injected with mutant 

phage were amplified with E. coli and injected intravenously into another mouse for the 

next round of selection.  This process was repeated for 4 rounds of selection. 

Phage playoff screen for peptides that bind to atherosclerotic plaques.  

Oligonucleotides coding for CG7C (CGGGGGGGC), LyP-1 (CGNKRTRGC), a 

Metadherin fragment (GLNGLSSADPSSDWNAPAEEWGNWVDEDRASLLKSQ 

EPISNDQKVSDDDKEKGEGALPTGKSK), CRK (CRKDKC), CARS 

(CARSTAKTC), CSG (CAPGPSKSC), CLT-1 (CGLIIQKNEC), CLT-2 

(CNAGESSKNC), CGKRK (CGKRK), and CREKA (CREKA) peptides were cloned 

into T7Select 415-1 (Novagen, Gibbstown, NJ ) phage DNA vectors arms according to 

the established protocol from Novagen.  Individual clones were mixed in equal ratios to 

make a pool of phage which was injected intravenously into ApoE knockout mice on a 

high fat diet for 6 months and allowed to circulate for 10 minutes.  The mice were then 

perfused with 40ml of cold DMEM through the left ventricle to remove any unbound 

phage and the aortic tree was excised.  Plaques could be visually seen in the upper 

region of the aorta and its three main branches.  The tissue was washed and 

homogenized in cold DMEM.  The homogenate was titered and individual clones were 
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sequenced to determine what insert they contained.  The sequencing primers used were 

SuperUp-AGCGGACCAGATTATCGCTA and Down-

AACCCCTCAAGACCCGTTTA.  The ratio of the number of each phage in the output 

pool to the number of each phage in the input pool was plotted. 

Testing individual phage clones.  Confirmation of homing by the peptides in 

the phage pool was conducted by individually injecting each phage clone into ApoE 

mice fed a high fat diet.  The phage were injected intravenously into the tail vein of 

mice and allowed to circulate for 10 minutes.  Anesthetized mice were then perfused 

through the left ventricle with 40ml of cold DMEM to remove unbound phage and the 

aortic tree was excised.  Tissue that contained atherosclerotic lesions was separated 

from healthy tissue.  The tissue was washed in DMEM and then homogenized.  

Homogenized tissue was titered and the ratio of the phage bound to the atherosclerotic 

tissue to phage bound to healthy tissue was plotted for each phage clone.      

 

Results 

Long-circulating phage.  Two mutations were made in gene 17 that changed 

the arginine at position 207 to a valine and the lysine at position 211 to be an aspartate 

(Figure 3.3).  These changes in the charges of the residues have been reported to disrupt 

the coiled-coil domain of the tail proteins (Sokoloff, Wong et al. 2003).  Mutated phage 

or wild-type T7 phage were then injected into mice and blood was collected at various 

time points to determine the effect of the mutations on circulation time of the phage.   
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Figure 3.3:  Mutations in the tail protein of long-circulating T7 phage.  Two mutations were made in 
gene 17 of the phage, disrupting the coiled-coil structure of the tail proteins.  The strong positive charge 
of the arginine residue at position 207 was converted to a neutral charge of a valine and the strong 
positive charge of the lysine at position 211 was changed to a negative charge of an apartate residue. 
 
 

The R207V/K211D mutations in the T7 phage tail proteins had a dramatic effect 

on circulation time as can be seen in Figure 3.4A.  After 30 minutes of circulation, 70% 

of the mutant phage were still in the circulation and were infectious (able to be 

amplified).  On the other hand, only 17% of the control, wild-type phage remained in 

circulation.  Half-life for the mutated phage was determined to be 182 minutes 

compared to the half-life of 7 minutes seen in the wild-type phage.  Lower titers were 

also seen in the livers of mice injected with mutant phage.  This effect remained through 

multiple rounds of selection using liver tissue.  Even after 4 rounds of selection with 

phage that did not contain a C-terminal fusion peptide, none mutated phage reverted 
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back to the wild-type phenotype.  Also less than one-fifth as many of the mutated phage 

were taken into the liver compared to wild-type phage (Figure 3.4B).  All of the 

mutated phage that were sequenced after the four rounds of selection contained had 

both of the mutations in gene 17. 

 

 
Figure 3.4:  Tail mutations in T7 phage.  (A) T7 phage with two amino acid substitutions in the tail fiber 
proteins have a much longer circulation time in the blood of mice than wild-type T7 phage (n=6 mice for 
R207V/K211D mutant phage and n=3 mice for wild-type phage).  (B) Fewer phage are also found in the 
liver after 10 minutes of circulation with the mutated phage compared to the wild-type.  After 4 rounds of 
selection mutated phage have still not reverted back to the wild-type phenotype and continue to have 
lower uptake into the liver.  
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In vivo phage screens for new plaque targeting peptides.  Sequences of 

peptides that target the vasculature of various tumors were cloned into T7 phage vectors 

so that around 200 copies were expressed as a C-terminal fusion to the capsid protein.  

Various phage clones that target tumor vasculature were mixed together in equal ratios 

to form a phage pool.  Phage containing the insert coding for a cyclic glycine peptide 

(CG7C) served as an internal control.  This phage pool was then injected into an ApoE 

null mouse that had been on a high fat diet for 6 months and allowed to circulate and 

bind.  Phage containing inserts that code for the CLT-1, CLT-2, and CREKA peptides 

all had a much higher proportional representation of the phage that were eluted from the 

aortic tree where plaques were located (Figure 3.5).  Individual phage clones were then 

 

Figure 3.5:  Phage playoff screen of known homing peptides for atherosclerotic plaques.  Various phage 
clones expressing peptides that are known to target tumor blood vessels were pooled together and injected 
into an atherosclerotic, ApoE null mouse on a high fat diet.  The aortic tree containing atherosclerotic 
plaques was isolated and the bound phage were eluted and sequenced.  A cyclic glycine peptide (CG7C) 
served as a control. 
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injected into atherosclerotic, ApoE mice to confirm the results from the phage pool 

screen.  Mice injected with CLT-1 expressing phage had 6.3 times more phage bound to 

regions that contained plaques than areas of the vasculature that were free of plaques.  

Mice injected with CLT-2 expressing phage had 6.1 times more phage bound to regions 

that contained plaques than areas of the vasculature that were free of plaques.  CREKA 

expressing phage had an 8.7 times higher specificity for plaque-containing regions of 

the vasculature than healthy portions.  Phage expressing CG7C did not have a higher 

specificity for diseased areas of the vessel compared to healthy (Figure 3.6).  All of the 

phage clones had a similar number of phage that bound to the healthy portions of the 

vessel. 

 
Figure 3.6:  Phage homing to atherosclerotic plaques.  Individual phage clones expressing various 
peptides that are known to target tumor blood vessels were individually injected into ApoE null mice on a 
high fat diet.  The aortic tree containing atherosclerotic plaques and vessels that did not contain plaques 
were isolated.  Bound phage were eluted and titered.  The specificity of phage to target plaque tissue is 
plotted with the ratio of phage in vessels with plaques compared to phage in vessels clear of plaques for 
each phage clone.  A cyclic glycine peptide (CG7C) served as the control. 
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Discussion 

 In vivo phage display has been shown to be a very effective technique for 

isolating peptides that can differentiate and target the various vascular beds in the body, 

but the short half life of T7 phage in circulation, due to its rapid uptake by the liver, 

limits its usefulness in many screens.  Mutations at either site in gene 17 disrupt the 

coiled-coil structure and decrease the uptake of the phage by hepatocytes in the liver 

(Sokoloff, Wong et al. 2003), but due to the high rate of mutation in phage, reversion to 

the wild-type phenotype occurs with high frequency after multiple rounds of 

amplification.  Instead of making a single base pair mutation to induce one amino acid 

substitution, two base pairs were mutated at each site, giving a total of four mutations.  

These mutations greatly reduced the likelihood that the phage would revert back to the 

wild-type phenotype.  The mutations were highly effective at increasing the phage 

circulation time and prevented reversion.  Even after 4 rounds of selection for phage in 

the liver, all of the sequenced phage contained the mutations. 

 Longer circulating phage will have more time to reach their target, which could 

lead to more effective in vivo phage screens using T7 phage.  Also screens that were not 

possible due to the high background of T7 phage found in the liver, due to nonspecific 

uptake, are possible with the mutated phage. One screen that is currently being 

conducted in our lab using these mutated phage is to find peptides that bind cells in the 

reticuloendothelial system (RES).  Many types of nanoparticles including iron oxide 

particles are removed from the circulation very quickly.  Various methods have been 

used to decrease the uptake by the RES, including injecting nickel liposomes (Simberg, 
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Duza et al. 2007), but finding peptides that bind to the RES and prevent uptake of the 

iron oxide particles might provide an effective approach to increase circulation time of 

iron oxide nanoparticles with less toxicity. 

In vivo phage display was used to test known peptide sequences that target 

tumors for their ability to home to atherosclerotic plaques.  Tumors and plaques share a 

similar microenvironment and therefore might contain similar markers on their cells 

that are available for targeting.  Phage expressing CREKA, CLT-1, or CLT-2 peptides 

on their surface showed increased binding to the plaque tissue in the ApoE knockout 

mouse model of atherosclerosis.  Increased binding was observed in both the playoff 

screen in which many phage clones were injected together and when these clones were 

tested individually.  The binding also appeared to be specific because a higher ratio of 

these phage clones bound to the atherosclerotic regions of the vessel compared to the 

healthy portions.  All three of these peptides have been shown to bind to clotted plasma 

proteins and colocalize with fibrin(ogen) present in the extravascular compartment of 

tumors (Pilch, Brown et al. 2006; Simberg, Duza et al. 2007).  Subtle clotting in 

atherosclerotic plaques has been observed through deposition of fibrin/fibrinogen both 

inside and on the surface of atherosclerotic plaques (Duguid 1946; Duguid 1948; Smith 

1993) making these peptides potentially valuable targeting elements for atherosclerotic 

plaques.   
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Chapter 4 

Targeting atherosclerosis using CREKA targeted, modular,              

multifunctional micelles 

 

Abstract 

Subtle clotting that occurs on the luminal surface of atherosclerotic plaques, 

presents a novel target for nanoparticle-based diagnostics and therapeutics.  We have 

developed multifunctional, modular micelles that contain a targeting element, a 

fluorophore and, when desired, a drug component in the same particle.  Targeting 

atherosclerotic plaques in ApoE null mice fed a high fat diet was accomplished with the 

pentapeptide CREKA (cysteine-arginine-glutamic acid-lysine-alanine), which binds to 

clotted plasma proteins. The fluorescent micelles bind to the entire surface of the plaque 

and notably, concentrate at the shoulders of the plaque, a location that is prone to 

rupture.  We also show that the targeted micelles deliver an increased concentration of 

the anticoagulant drug, hirulog, to the plaque when compared to untargeted micelles. 

 

Introduction 

Cardiovascular disease affects 1 in 3 people in the United States during their 

lifetime and accounts for nearly a third of the deaths that occur each year (Rosamond, 

Flegal et al. 2007).  Atherosclerosis is one of the leading causes of cardiovascular  
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disease and results in raised plaques in the arterial wall that can occlude the vascular 

lumen and block blood flow through the vessel.  Recently, it has become clear that not 

all plaques are the same: those susceptible to rupture, fissuring, and subsequent 

thrombosis are most frequently the cause of acute coronary syndromes and death 

(Davies 1992).   

Rupture of an atherosclerotic plaque exposes collagen and other plaque 

components to the bloodstream.  This initiates hemostasis in the blood vessel and leads 

to activation of thrombin and a thrombus to form at the site of rupture.  Elevated levels 

of activated thrombin bound to the vessel wall have been observed up to 72 hours after 

vascular injury (Ghigliotti, Waissbluth et al. 1998).  These elevated thrombin levels not 

only induce clot formation but also have been implicated in the progression of 

atherosclerosis by causing smooth muscle cells to bind circulating low density 

lipoprotein (Ivey and Little 2008).  Subtle clotting in plaques is also indicated by 

deposition of fibrin/fibrinogen both inside and on the surface of atherosclerotic plaques, 

which has been well documented since the 1940’s (Duguid 1946; Duguid 1948; Smith 

1993).   

Fibrin-containing blood clots have been extensively used as a target for site-

specific delivery of imaging agents and anti-clotting agents to thrombi (Bode, 

Hudelmayer et al. 1994; Alonso, Della Martina et al. 2007; Stoll, Bassler et al. 2007).  

Delivering anticoagulants into vessels where clotting is taking place has been shown to 

be effective at reducing the formation and expansion of clots and also decreases the risk 

of systemic side effects (Bode, Hudelmayer et al. 1994; Stoll, Bassler et al. 2007).  
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Antibodies and peptides that bind to molecular markers specifically expressed on 

atherosclerotic plaques have shown promise for plaque imaging in vivo (Houston, 

Goodman et al. 2001; Liu, Bhattacharjee et al. 2003; Kelly, Nahrendorf et al. 2006; 

Briley-Saebo, Shaw et al. 2008), but clotting on the plaque has not been used as a target. 

We reasoned that the fibrin deposited on plaques could serve as a target for delivering 

diagnostic and therapeutic compounds to plaques.  

We chose the clot-binding peptide CREKA to test the suitability of fibrin(ogen)  

(clotted plasma proteins) for plaque targeting. This peptide was identified as a tumor-

homing peptide by in vivo phage library screening (Fig 4.1) and subsequently shown to 

bind to clotted plasma proteins in the blood vessels and stroma of tumors (Simberg, 

Duza et al. 2007; Karmali, Kotamraju et al. 2008). Here we show that CREKA-targeted 

micelles can be used to deliver and concentrate imaging dyes and the direct thrombin 

inhibitor, hirulog in atherosclerotic plaques in the ApoE null mouse model in vivo.  

 
Figure 4.1:  Structure and homing of carboxyfluorescein (FAM)-CREKA penta-peptide.  (A) Chemical 
structure of FAM-CREKA.  (B)  FAM-CREKA bound to the blood vessels and stroma of B16F1 
melanoma tumors in wild-type mice but not mice that lack fibrinogen  (Figure 1B is reproduced with 
permission from Simberg et al. 2007). 
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Materials and Methods 

Micelles. The anticoagulant peptide hirulog-2 was modified by adding a 

cysteine residue to the N-terminus (Cys-(D-Phe)-Pro-Arg-Pro-(Gly)4-Asn-Gly-Asp-

Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu) for covalent conjugation to the micelle lipid 

tail. Synthesis of all of the peptides was performed by adapting Fmoc/t-Bu strategy on a 

microwave assisted automated peptide synthesizer (Liberty, CEM Corporation).  

Peptide crudes were purified by HPLC using 0.1% TFA in acetonitrile-water mixtures.  

The peptides obtained were 90% - 95% pure by HPLC and were characterized by Q-

TOF mass spectral analysis.  

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (DSPE-PEG(2000)-maleimide) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG(2000)-amine) 

were purchased from Avanti Polar Lipids, Inc.   Cy7 mono NHS ester was purchased 

from Amersham Biosciences.  

Cysteine-containing peptides were conjugated via a thioether linkage to DSPE-

PEG(2000)-maleimide by adding a 10% molar excess of the lipid to a water : methanol 

solution (90:10 by volume) containing the peptide.   After reaction at room temperature 

for 4 hours, a solution of N-acetyl cysteine (Sigma) was added to react with free 

maleimide groups.  The resulting product was then purified by reverse-phase, high-

performance, liquid-chromatography (HPLC) on a C4 column (Vydac) at 60˚C. 

Cy7 was conjugated via a peptide bond to DSPE-PEG(2000)-amine by adding a 

3-fold molar excess of Cy7 mono NHS ester to the lipid dissolved in 10mM aqueous 
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carbonate buffer (pH = 8.5)  containing 10% methanol by volume. After reaction at 4˚C 

for 8 hours, the mixture was purified by HPLC as above. 

Mixtures of fluorophore and peptide-containing DSPE-PEG(2000) amphiphiles 

were prepared in a glass culture tube by dissolving each pure component in methanol, 

mixing the components, and evaporating the mixed solution under nitrogen.  The 

resulting film was dried under vacuum for 8 hours then hydrated at 80˚C in water with a 

salt concentration of 10mM NaCl.  Samples were incubated at 80˚C for 30 minutes and 

allowed to cool to room temperature for 60 minutes. Solutions were then filtered 

through a 220nm poly(vinylidenefluoride) syringe filter (Fisher Scientific). 

 

Micelle Size as Determined by Dynamic Light Scattering. The presence of small, 

spheroidal micelles was confirmed by particle size measurements using dynamic light 

scattering (DLS).  The DLS system (Brookhaven Instruments) consisted of an 

avalanche photodiode detector to measure scattering intensity from a 632.8nm HeNe 

laser (Melles Griot) as a function of delay time.  A goniometer was used to vary 

measurement angle, and consequently, the scattering wave vector, q. 

The first cumulant, Γ, of the first-order autocorrelation function was measured 

as a function of scattering wave vector in the range 0.015 to 0.025nm-1. The quantity, 

Γ/q2, was linearly extrapolated to q = 0 to determine the translational diffusion 

coefficient of the aggregate and the Stokes-Einstein [perhaps a reference for the less 

physical science inclined] relationship was used to estimate the micelle hydrodynamic 

diameter based on the measured diffusion coefficient. 
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Half-life of Micelles in Circulation.  The half-life of FAM-CREKA micelles in 

circulation was determined by injecting 100μL of 1mM solution of micelles into Balb/c 

wild-type mice intravenously. Blood was collected from the retro-orbital sinus with 

heparinized capillary tubes from the same mouse at various time points post injection.  

The blood was centrifuged at 1000g for 2 min, and a 10μL aliquot of plasma was 

diluted to 100μL with PBS. Fluorescence of the plasma was measured using a 

fluorimeter at an excitation wavelength of 485nm and emission wavelength of 528nm. 

 The half-life of FAM-CREKA/Cy7/hirulog mixed micelles in circulation was 

determined by injecting 100μl of 1mM micelles into C57BL/6 wild-type mice 

intravenously.  Blood was collected in 3.2% buffered sodium citrate at various time 

points from different mice by cardiac puncture and centrifuged at 1000g for 10min.  

Plasma was then analyzed for anti-thrombin activity using an assay with the S-2366 

chromogenic substrate according to the published protocol for hirudin (Fig 4.2, 

diaPharma, West Chester, Ohio). 

 

 
Figure 4.2:  Thrombin activity chromogenic assay.  Excess thrombin was incubated with the sample 
containing hirudin and allowed to complex.  Residual thrombin cleaves the chromogenic substrate S-2366 
into a peptide and free p-nitroaniline (pNA) which absorbs light at 405nm.   
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Targeting of Micelles to Atherosclerotic Plaques.  Transgenic mice 

homozygous for the Apoetm1Unc mutation (Jackson labs, Bar Harbor, ME) were fed a 

high fat diet (42% fat, TD88137, Harlan, Madison, WI) for 6 months to generate stage 

V lesions (Whitman 2004) in the brachiocephalic artery and aortic arch.  Mice were 

housed and all procedures were performed according to standards of the University of 

California, Santa Barbara Institutional Animal Care and Use Committee.  The mice 

were injected intravenously through the tail vein with 100μl, 1mM micelles containing 

either FAM-CREKA or a 1:1 mix of FAM and N-acetyl cysteine as head groups.  

Micelles were allowed to circulate in the mice for 3 hours and the mice were then 

perfused with ice cold Dulbecco's Modified Eagle Medium (DMEM) through the left 

ventricle to remove any unbound micelles.  The heart, aortic tree, liver, spleen, lungs, 

and kidneys were excised and fixed with 4% paraformaldehyde overnight at 4˚C.  Ex 

vivo imaging was performed using a 530nm viewing filter, illumatool light source 

(Light Tools Research, Encinitas, CA) and a Canon XTi DSLR camera.  Tissue was 

then treated with a 30% sucrose solution for 8 hours and frozen in OCT for 

cryosectioning.  Quantification of fluorescence intensity was performed using Image J 

software. 

 

Tumor Targeting with CREKA Micelles. Orthotopic prostate cancer 

xenografts were generated by implanting 22Rv-1 (2x106 cells in 30μl of PBS) human 

prostate cancer cells, into the prostate gland of male nude mice.  When tumor volumes 

reached approximately 500mm3, the mice were injected with 100μl of 1mM FAM-
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CREKA micelles intravenously through the tail vein.  The micelles were allowed to 

circulate for 3 hours and then mice were perfused through the left ventricle with ice 

cold DMEM.  The tumor was excised and frozen in OCT for sectioning.  

 

Immunofluorescence. Serial cross-sections 5μm thick of the brachiocephalic 

artery, aortic arch, healthy vessel, control organs, or 22Rv-1 prostate tumor were 

mounted on silane treated microscope slides (Scientific Device Laboratory, Des Plaines, 

IL) and allowed to air dry.  Sections were fixed in ice-cold acetone for 5 minutes and 

then blocked with Image-iT FX signal enhancer (Invitrogen, Carlsbad, CA).  Alexa 

Fluor 647 conjugated rat anti-mouse antibodies to CD31 and CD68 (AbD Serotech, 

Raleigh, NC) were used to visualize endothelial cells and macrophages and other 

lymphocytes, respectively.  Fibrinogen was stained with a primary polyclonal antibody 

made in goat and Alexa Fluor 647 conjugated anti-goat secondary antibody (Invitrogen, 

Carlsbad, CA).  Sections were co-stained with DAPI in ProLong Gold antifade 

mounting medium (Invitrogen, Carlsbad, CA).  Images of the vessels were taken using a 

confocal microscope. 

 

Quantification of Hirulog Activity at Plaque Surface.  The mice were 

injected intravenously through the tail vein with 100μl, 1mM (total lipid content) mixed 

micelles containing FAM-CREKA, CREKA, Cy7, and hirulog as head groups in a 

3:3:0.3:3.7 ratio, respectively.  Micelles were allowed to circulate in the mice for 3 

hours and then mice were perfused with ice cold DMEM through the left ventricle to 
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remove any unbound micelles.  The aortic tree was excised and homogenized in 1ml of 

normal human plasma with sodium citrate (US Biological, Swampscott, MA).  Hirulog 

anti-thrombin activity was then quantified using an assay with the S-2366 chromogenic 

substrate according to the published protocol for hirudin (diaPharma, West Chester, 

Ohio). 

 

CREKA homing after hirulog therapy.  ApoE knockout mice on a high fat 

diet for 6 months were injected intravenously every 12 hours with hirulog micelles 

(100µl of 1mM solution) for 72 hours.  2 hours after the last injection of hirulog, either 

CREKA-targeted or non-targeted micelles (100µl of 1mM solution) were injected 

intravenously into the mice.  Micelles were allowed to circulate for 3 hours and the 

mice were then perfused with ice cold Dulbecco's Modified Eagle Medium (DMEM) 

through the left ventricle to remove any unbound micelles.  The aortic tree was excised 

and fixed with 4% paraformaldehyde overnight at 4˚C and ex vivo imaging was 

performed. 

 

Results 

Modular, Multifunctional Micelles.  The general structure of the micelles is 

shown in Figure 4.3. We designed individual lipopeptide monomers with a 1,2-

distearoyl-sn-glycero-3-phosphoethanol-amine (DSPE) tail, a PEG(2000) spacer, and a 

variable head group, which was either the carboxyfluorescein (FAM)-CREKA peptide, 

an infrared  
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fluorophor, or the hirulog peptide. When placed in aqueous solution, these compounds 

formed micelles with an average hydrodynamic diameter of  17.0 ± 1.0nm. We made 

targeted micelles from the FAM-CREKA monomers alone, or by mixing all three 

monomers together.  Non-targeted control micelles were obtained by mixing FAM- 

 

Figure 4.3:  Construction of modular, multifunctional micelles.  (A) Individual lipopeptide monomers are 
made up of a 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine (DSPE) tail, a polyethyleneglycol  
(PEG2000) spacer, and a variable polar headgroup that contains either CREKA, FAM-CREKA, FAM, N-
acetyl-cysteine, Cy7,  or hirulog.  The monomers were combined to form various mixed micelles. (B) 
Three dimensional rendering of FAM-CREKA/Cy7/hirulog mixed micelle. 
 

labeled monomers with N-acetyl cysteine monomers.  Half-life of FAM-CREKA 

micelles in circulation was determined by fluorescence and was 130 minutes.  The half-

life in circulation of the fluorescent CREKA/hirulog mixed micelles was determined 

using anti-thrombin activity and found to be about 90 minutes.  

Ex vivo Imaging of the Aortic Tree in Atherosclerotic Mice. We induced 

atherosclerotic plaques in ApoE null mice by keeping them on a high fat diet 
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(Nakashima, Plump et al. 1994; Reddick, Zhang et al. 1994). Earlier studies have 

revealed fibrin accumulation at the surface and interior of atherosclerotic plaques in 

other animal models and on human plaques (Eitzman, Westrick et al. 2000). We 

obtained similar results in the ApoE model; anti-fibrin(ogen) antibodies stained the 

plaques, but not normal-appearing vessel wall in this model (see Fig. 4.6A below), 

indicating the presence of clotted plasma proteins at these sites. To determine whether 

these fibrin deposits could serve as a target for imaging, we injected fluorescein-labeled 

CREKA micelles into these mice and imaged the isolated aortic tree ex vivo. High 

fluorescence intensity was observed in the regions that contained most of the 

atherosclerotic lesions. In the ApoE null mouse these regions include the 

brachiocephalic artery and the lower aortic arch (Maeda, Johnson et al. 2007). 

Quantitative comparison with fluorescent, non-targeted micelles revealed a large 

difference between the micelles that were targeted (fluorescence intensity in arbitrary 

units: 277,000 ± 10,000) and those not targeted (5,100 ± 3,300; Fig 4.4). The difference 

was statistically significant (p≤0.001). The fluorescence in the aortic tree from the 

CREKA-targeted micelles was abolished when an excess of unlabeled CREKA micelles 

was pre-injected (5,200 ± 5,000; p≤0.001), whereas unlabeled, non-targeted micelles 

did not significantly inhibit the CREKA micelle homing (186,000 ± 56,000).  These 

results indicate that CREKA micelles are able to specifically target the diseased 

vasculature in atherosclerotic mice and concentrate in areas that are prone to 

atherosclerotic plaque formation. 
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Binding of CREKA Micelles to Atherosclerotic Plaques. Histological 

examination of the vascular tree from mice injected with CREKA micelles revealed 

fluorescence on the luminal surface of plaques, while there was no significant binding 

to the histologically healthy portion of the blood vessel in microscopic cross-sections 

(Fig 4.5).  Strikingly, the micelles appeared to concentrate in the shoulder regions of the 

plaque where plaques are known to be prone to rupture (Richardson, Davies et al. 1989; 

Falk, Schwartz et al. 2007).  Fluorescence from the micelles was seen underneath the 

 
Figure 4.4:  Ex vivo imaging of the aortic tree of atherosclerotic mice.  Micelles were injected 
intravenously and allowed to circulate for three hours.  The aortic tree was excised following perfusion 
and imaged ex vivo.  (A) Increased fluorescence was observed in the aortic tree of ApoE null mice 
following injection with FAM-CREKA targeted micelles but not with non-targeted fluorescent micelles.  
When an excess of unlabeled CREKA micelles was injected prior to the FAM-CREKA micelles, 
fluorescence in the aortic tree was decreased. A pre-injection of an excess of non-targeted, unlabeled 
micelles did not cause a significant decrease in fluorescence.   (B) Fluorescence in the aortic tree was 
quantified by measuring the intensity of fluorescent pixels (n=3 per group). 
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endothelial layer in the plaque in areas of high inflammation as shown with anti-CD31 

(endothelial cells) and anti-CD68 (macrophages and lymphocytes) immunofluorescence 

(Figure 4.6A). Clotted plasma proteins were visualized on the surface of and throughout 

the interior of the plaque using anti-fibrinogen antibodies.  CREKA micelles did not 

bind substantially to other tissues including the heart and lungs, but small quantities 

were found in the liver, spleen, and kidneys, tissues known to non-specifically trap 

nanoparticles (Fig 4.6B).  Also, there was no accumulation of CREKA micelles in the 

aortas of normal mice (Fig 4.7).  Thus, CREKA micelles specifically target 

atherosclerotic plaques, concentrating in areas that are prone to rupture with no 

appreciable binding to healthy vasculature. 

 
Figure 4.5:  Binding of FAM-CREKA micelles to atherosclerotic plaque.  ApoE null mice were injected 
with FAM-CREKA micelles which were allowed to circulate for 3 hours.  Mice were perfused to remove 
unbound micelles and tissue cross-sections of the brachiocephalic artery (5μm sections) were analyzed 
with a confocal microscope to determine binding.  FAM-CREKA micelles appeared to bind to the entire 
surface of the atherosclerotic plaque, with no significant binding to the healthy portion of the vessel.  
Micelles appear to concentrate at the shoulder of the plaque (the portion where the healthy vessel and 
plaque meet) where most ruptures occur. 
 
 

Role of Clotting in Binding of CREKA Micelles to Atherosclerotic Plaques.  

Binding of CREKA iron oxide nanoparticles to tumor vessels has previously been  
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Figure 4.6:  Localization of CREKA micelles in atherosclerotic plaques.  (A) Serial cross-sections (5μm 
thick) were stained with antibodies against CD31 (endothelial cells), CD68 (macrophages and other 
lymphocytes), and fibrinogen.  Representative microscopic fields are shown to illustrate the localization 
of micelle nanoparticles in the atherosclerotic plaque.  Micelles are bound to the entire surface of the 
plaque with no apparent binding to the healthy portion of the vessel.  CREKA targeted micelles also 
penetrate under the endothelial layer (CD31 staining) in the shoulder of the plaque (inset) where there is 
high inflammation (CD68 staining) and the plaque is prone to rupture.   Clotted plasma proteins are seen 
throughout the plaque and it surface (fibrinogen staining). Images in the left panels were taken at a 10X 
magnification (bar=200μm) and images in the right panel are taken at a 150X magnification (bar=20μm).  
(B) Fluorescence was not observed in the heart or lung, and only a small amount was seen in the kidney, 
spleen, and liver.  Images were taken at a 20X magnification (bar=100μm). (C) Negative controls for 
immunofluorescence.   
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injecting heparin, which prevented the clotting-induced amplification.  The clotting-

mediated amplification, while potentially beneficial in the diagnosis and treatment of 

cancer, would not be desirable in the management of atherosclerosis.  No clotting was 

observed in the lumen of atherosclerotic blood vessels in microscopic cross-sections 

following injection of CREKA micelles.  Furthermore, high fluorescence intensity was 

still observed in the aortas of atherosclerotic mice injected with FAM-CREKA micelles 

after a pre-injection of heparin (Fig 4.8A).  In order to determine if the absence of 

 
 
Figure 4.7:  Targeting micelles to atherosclerotic plaques.  ApoE null and wild-type mice were injected 
intravenously with FAM-CREKA micelles, which were allowed to circulate for 3 hours.  (A, C) The 
aortic tree was excised following perfusion and imaged ex vivo.  (B, D) Histological cross-sections were 
also analyzed for binding of micelles to the vessel wall.  Higher fluorescence intensity was observed in 
(C) ApoE mice relative to (A) wild-type mice with ex vivo imaging.  Fluorescent CREKA micelles did 
not bind to the healthy vessels in the histological sections of (B) wild-type mice but were observed on the 
surface of the atherosclerotic lesions in the (D) ApoE null mice. Histological images were taken at 10X 
magnification (bar=200μm). 
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induction of clotting by CREKA at the plaque surface was a characteristic of the 

micelles or the plaque microenvironment, we injected CREKA micelles into mice 

bearing 22RV1 tumors in which CREKA iron oxide nanoparticles cause intravascular 

clotting (L. Agemy and E. Ruoslahti, unpublished results). CREKA micelles 

accumulated at the walls of tumor vessels, but caused no detectable intravascular 

clotting (Fig 4.8B).  Thus, unlike CREKA iron oxide particles (1), CREKA micelles do 

not seem to induce clotting in the target vessels, suggesting that the CREKA micellar 

platform is suitable for nanoparticle targeting to atherosclerotic plaques. 

 
Figure 4.8:  Role of clotting in binding of CREKA micelles.  (A) Mice were injected intravenously with 
PBS or a bolus of 800 units/kg of heparin, followed 60 minutes later by 100μl of 1mM FAM-CREKA 
micelles.  The mice received additional heparin (a total of 1,000 units/kg) or PBS throughout the 
experiment.  Similar fluorescence was observed in the aortic tree of ApoE null mice that received a pre-
injection of PBS or heparin followed by an injection of FAM-CREKA micelles.  (B) CREKA micelles 
did not induce clotting in 22RV1 mouse prostate tumor model.  Sections 5μm thick were stained with 
antibodies against fibrinogen.  Representative microscopic fields are shown to illustrate that FAM-
CREKA micelles bind to the blood vessels in the tumor but do not cause fibrin clots to form.  Images 
were taken at 40X magnification (bar=50μm). 
 

Targeting of the Anti-Thrombin Peptide, Hirulog to Atherosclerotic 

Plaques. The anticoagulant, heparin, is used in patients with unstable angina to prevent 

further clots from forming.  However, this drug inhibits thrombin indirectly and cannot 

inhibit the thrombin that is already bound to fibrin.  Moreover, its use can also lead to 
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serious complications including major bleeding events and thrombocytopenia. Direct 

thrombin inhibitors have fewer side effects and can inhibit thrombin that is already 

bound to a blood clot.  Hirulog is a small synthetic peptide that was designed by 

combining the active sites from the natural thrombin inhibitor, hirudin, through a  

 
Figure 4.9:  Targeting of hirulog to atherosclerotic plaques.  (A) Equal molar concentrations of hirulog 
peptide and hirulog micelles were tested for anti-thrombin activity to ensure that potency did not decrease 
when hirulog was in micellar form.  Hirulog peptide and micelles showed similar activity in a 
chromogenic assay.  (B) CREKA targeted or non-targeted, hirulog mixed micelles were injected 
intravenously into mice and allowed to circulate for 3 hours.  The aortic tree was excised and analyzed for 
bound hirulog.  Significantly higher levels of anti-thrombin activity were observed in the aortic tree of 
ApoE null mice following injection of CREKA targeted hirulog micelles than non-targeted micelles 
(1.8μg/mg and 1.2μg/mg of tissue, p≤0.05, n=3 per group). Anti-thrombin activity generated by CREKA 
targeted hirulog micelles in ApoE null mice was also significantly higher than that in wild-type mice 
(0.8μg/mg of tissue, p≤0.05, n=3 per group).   
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flexible glycine linker into a single 20-amino acid peptide (Maraganore, Bourdon et al. 

1990). We conjugated this peptide onto our micellar nanoparticles and showed that it 

retains full activity in a chromogenic assay for thrombin activity (Fig 4.9A).  We next 

sought to use CREKA-targeted micelles to deliver hirulog to atherosclerotic plaques.  

CREKA/FAM/hirulog mixed micelles were injected into atherosclerotic mice and 

allowed to circulate for 3 hours.  The accumulation of fluorescence in atherosclerotic 

aortas was identical to that of CREKA/FAM micelles described above (not shown). 

Anti-thrombin activity in the excised aortic tree was significantly higher in the aortas of 

mice injected with CREKA targeted micelles than in mice that received non-targeted 

micelles (1.8μg/mg and 1.2μg/mg of tissue, p≤0.05). CREKA targeted micelles also 

caused significantly higher anti-thrombin activity in the aortas of atherosclerotic than 

wild type mice (0.8μg/mg of tissue, p≤0.05, Fig 4.9B).  Thus, CREKA targeted micelles 

seem to selectively deliver hirulog to plaques. 

 Do to the fact that most patients are on anticoagulant therapy for long periods of 

time in the hospital, we wanted to see the effects of longer exposure to hirulog micelles 

and whether this affected CREKA homing.  After 72 hours of intravenously injected 

high dose hirulog micelles (100µl of 1mM hirulog micelles), fluorescence was still 

observed with ex vivo imaging (Figure 4.10).  Therefore, CREKA targeted micelles are 

still effective means of delivery for imaging agents and therapeutics even after long 

term anticoagulant therapy.  
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Figure 4.10:  CREKA micelle homing after hirulog anticoagulant therapy.  ApoE knockout mice on a 
high fat diet for 6 months were injected intravenously every 12 hours with 100µl, 1mM hirulog micelles 
for 72 hours.  Either non-targeted or CREKA targeted micelles injected into mice and the aortic tree was 
imaged after 3 hours.  Fluorescence was still visible in mice injected with CREKA targeted micelles even 
after 72 hours of hirulog anticoagulant therapy. 
 

 

Discussion 

We describe the use of targeted micellar nanoparticles to direct both diagnostic 

imaging dyes and a therapeutic compound to atherosclerotic plaques in vivo.  Mixed 

micelles composed of lipid-tailed clot-binding peptide CREKA as a targeting element, a 

fluorescent dye as a labeling agent and, in some cases, hirulog as an anticoagulant, 

specifically bound to plaques. The plaques accumulated fluorescence and, when hirulog 

was included in the micelles, an increased level of anti-thrombin activity was seen in 

the diseased vessels.  The modularity that is inherent to our micellar nanoparticle 

platform allows multiple functions to be built into the nanoparticle.   

Micelles coated with the CREKA peptide were able to specifically target 

diseased vasculature in ApoE null mice. The specificity of the targeting was evident 

from a number of observations: First, fluorescence from the micelles in the aortic tree of 
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atherosclerotic mice localized to known areas of plaque formation and no fluorescence 

was observed in wild-type mice.  Second, CREKA micelles bind to the entire surface of 

the plaque in histological sections, but do not bind to the healthy portion of the vessel.  

Third, an excess of unlabeled CREKA micelles inhibited the plaque binding of 

fluorescent CREKA micelles.  Thus, micelles targeted with the CREKA peptide present 

a potentially useful approach to targeting atherosclerotic plaques.   

While the CREKA micelles decorated the entire surface of plaques, the strongest 

accumulation of the micelles was at the shoulder, the junction between the plaque and 

the histologically healthy portion of the vessel wall, which are the sites most prone to 

rupture (Richardson, Davies et al. 1989).  The high concentration of targeted micelles in 

the lesion shoulder suggests that these micelles may be effective in delivering 

compounds to rupture-prone plaques. 

Increased fluorescence was observed in the aortic tree of atherosclerotic mice 

after injection of fluorescent CREKA micelles in imaging.  We also examined the 

feasibility of imaging atherosclerotic plaques in intact animals. Unfortunately, CREKA 

micelles labeled with the infrared dye Cy7 did not produce a sufficient signal to 

visualize the plaques in vivo (data not shown), presumably because of insufficient tissue 

penetration of the exciting and emitted signals.  The modularity of the micelles allows 

the construction of probes for more sensitive and penetrating imaging techniques, such 

as PET or MRI.  

The homing of CREKA-coated iron-oxide nanoparticles to tumors is partially 

dependent on blood clotting induced by the particles within tumor vessels (2). 
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Importantly, CREKA micelles appear to be less thrombogenic than CREKA-coated iron 

oxide nanoparticles because the micelles, while homing to tumor vessels, did not induce 

any detectable additional clotting in them. Moreover, inhibiting blood clotting in 

atherosclerotic mice with heparin had no significant effect on the accumulation of 

CREKA micelles in the plaques. Thus, the thrombogenicity of CREKA micelles is low 

and they appear to target only preformed clotted material in both tumors and plaques.  

Since the presence of the anticoagulant heparin did not significantly reduce 

CREKA micelle targeting to plaques and even longer term hirulog therapy did not 

reduce homing, we were able to use CREKA micelles to deliver an anticoagulant to 

these lesions.  Like CREKA/FAM micelles, CREKA/hirulog mixed micelles 

accumulated in the rupture-prone shoulder regions of plaques and significantly 

increased anti-thrombin activity in the diseased vasculature. Thus, the CREKA micelle 

platform may be useful in reducing the clotting tendency in plaques and could 

potentially also reduce the risk of thrombus formation upon plaque rupture.  Moreover, 

the targeting makes it possible to lower the dose, which should reduce the risk of 

bleeding complications.  
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Chapter 5 

Conclusion 

 The goal of these experiments was to find new targeting elements that recognize 

atherosclerotic plaques, especially unstable plaques vulnerable to rupture, for delivery 

of diagnostic imaging agents and therapeutic drugs using nanoparticles.  Being able to 

target unstable plaques using non-invasive techniques would advance the field of 

cardiology tremendously.  As our understanding of the molecular mechanisms behind 

the destabilization of plaques advances it would be advantageous to have a means of 

delivering siRNA to the plaque to modify the expression of those genes involved.  Also 

having the means to identify which plaques are vulnerable to rupture, which is not 

possible with current diagnostic modalities, would allow therapeutic intervention before 

an acute event occurs.  The experiments in this paper identified a novel approach to 

targeting atherosclerotic plaques.  By targeting the subtle clotting that occurs in the 

interior and on the surface of the plaques, those plaques that have ruptured can be 

identified and specific inhibition of coagulation and thrombus formation at the plaque 

could lead to fewer fatal acute events. 

Various mouse models of atherosclerosis were studied to determine the 

feasibility of using these mice for in vivo phage screens to identify peptides that target 

vulnerable plaques.  ApoE/SR-BI double knockout mice, which have advanced 

coronary atherosclerosis with many of the same features as the human disease including 

ECG abnormalities and myocardial infarction, were small, frail, and very difficult to
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 work with.  The young age at which these mice began to show symptoms as well as the 

difficulty in isolating the diseased coronary vessels in the heart prevented in vivo phage 

display from successfully identifying new targeting peptides.  Recently, alterations to 

the ApoE/SR-BI double knockout model have allowed the mice to survive longer.  

These mice might develop advanced lesions in the large vessels if they are allowed 

enough time for the disease to progress and would be easier to work since they are 

older.  More experiments need to be done to determine if these alterations would make 

these mice more suitable for in vivo phage display. 

ApoE knockout mice on a high fat diet were much easier to handle with large 

plaques in the main arteries.  These mice are the most well studied animal model of 

atherosclerosis.  Histology of the plaques demonstrated that the mice had stage V 

lesions after 6 months on the diet, which are very advanced plaques containing buried 

fibrous caps and other evidence of previous rupture.  These mice were determined to be 

suitable for performing phage display to find targeting elements to vulnerable plaques 

but large numbers of mice are needed. 

A potentially novel mouse model of plaque stabilization was created.  Knocking 

out the R-Ras protein in the ApoE/SR-BI double knockout mouse had a significant 

effect on the lifespan of these mice.  ApoE/SR-BI/R-Ras triple knockout mice lived for 

an average of 49 days compared to 43 days for the double knockout mice.  More work 

needs to be done though to characterize the changes that occur in the plaques of these 
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mice and to determine if regulation of the expression of R-Ras could be used for 

stabilization of atherosclerotic plaques. 

 T7 phage were optimized for in vivo phage display by mutating the tail proteins. 

Four base pair substitutions in gene 17 caused conversion of two amino acids and 

changed the polarity of the residues, which disrupted the coiled-coil formation in the 

tail.  Mutated phage remained infective in the circulation longer and were not cleared as 

quickly by the liver as wild-type T7 phage.  By having more time to circulate, potential 

phage clones have an increased opportunity to bind to their target, potentially allowing 

each phage screen to be more effective.  Additionally, previously impossible screens, 

due to high background in the liver, such as identifying peptides that bind to 

hepatocytes or the RES, may be possible with the mutated phage.  Experiments to 

identify these peptides are ongoing in our lab.  The positions of the tail mutations had 

previously been identified, but individual mutations allowed for a high reversion rate 

back to the wild-type phenotype, presumably due to the high mutation rate of phage.  

By inducing four base pair substitutions, the mutated phage were able to retain their 

altered phenotype even after 4 rounds of selection for liver binding.  All of the phage 

that were sequenced even retained the complete mutated genotype.   

 In vivo phage display was performed in ApoE null mice on a high fat diet to 

determine if any of the peptides that had previously been identified in our lab to bind to 

tumor vasculature would also bind to atherosclerotic plaques.  Atherosclerotic plaques 

have many similarities to the tumor microenvironment, such as hypoxia, inflammation, 
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angiogenesis, and oxidative stresses, therefore it was thought that some of the peptides 

might also bind the plaques.  In a playoff screen using a pool of phage containing 10 

different phage clones, phage that expressed CLT-1, CLT-2, and CREKA peptides were 

the most prevalent in the output of phage bound to the plaque.  Phage were then 

individually tested for binding to atherosclerotic plaques in vivo and binding of the 

phage expressing the three peptides was substantially higher than binding of a control 

phage expressing glycine residues.  All three peptides are known to target clotted 

plasma proteins, which are present in the stroma of tumors and in the interior and on the 

surface of atherosclerotic plaques. 

 Further T7 phage screens in ApoE knockout mice need to be performed.  Most 

phage screens performed to identify targeting peptides for atherosclerotic plaques have 

used M13 filamentous phage that contain N-terminal fusion peptides on their surface.  

Presumably, since T7 phage express C-terminal fusion peptides, a different set of 

targeting peptides could be identified.  Screens using randomized phage libraries for 

plaques vulnerable to rupture in ApoE knockout mice fed a high fat diet for extended 

periods of time could yield novel binding peptides that could give new insight into the 

process of destabilization. 

Nanoparticles were targeted to atherosclerotic plaques in the ApoE knockout 

mouse on a high fat diet.  We have developed multifunctional, modular micelles that 

contain a targeting element, a fluorophore and, when desired, a drug component in the 

same particle.  These particles were targeted to atherosclerotic plaques with CREKA 
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peptide.  The fluorescent micelles bound the entire surface of the plaque and notably, 

concentrated at the shoulders of the plaque, a location that is prone to rupture.  The high 

concentration of micelles in the shoulder of the plaque suggests that these micelles 

might be effective at delivering compounds to plaques that are vulnerable to rupture.   

Micelles coated with the CREKA peptide specifically targeted atherosclerotic 

lesions in ApoE null mice. The specificity of the targeting was evident from a number 

of observations: First, fluorescence from the micelles in the aortic tree of atherosclerotic 

mice localized to known areas of plaque formation and no fluorescence was observed in 

wild-type mice.  Second, CREKA micelles bind to the entire surface of the plaque in 

histological sections, but do not bind to the healthy portion of the vessel.  Third, an 

excess of unlabeled CREKA micelles inhibited the plaque binding of fluorescent 

CREKA micelles.  Thus, CREKA targeted micelles present a potentially useful 

approach to targeting atherosclerotic plaques in vivo.   

 Fluorescence from CREKA targeted micelles was still observed in plaques even 

in the presence of heparin.  This is important because CREKA iron oxide targeting was 

previously shown to be disrupted in the presence of heparin.  This suggests that 

CREKA micelles target clotted plasma proteins that are already present on the plaque.  

Moreover, thrombogenicity of CREKA targeted micelles is low and unlike CREKA 

targeted iron oxide particles they do not induce clotting in either the diseased vessels of 

ApoE knockout mice or tumor blood vessels.  Critically, CREKA micelles also retained 

their targeting ability after longer term anticoagulant therapy.  Most patients in the 

hospital with unstable angina are on some for of anticoagulant therapy.  CREKA 
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targeting even after 72 hours of intravenous thrombin inhibitor therapy means that 

CREKA-targeted micelles are good candidates for drug delivery to treat atherosclerosis.  

 CREKA targeted micelles are able to effectively deliver therapeutic drugs to the 

atherosclerotic lesions.  The thrombin inhibitor peptide, hirulog, in CREKA/hirulog 

mixed micelles accumulated in the rupture-prone shoulder regions of plaques and 

significantly increased anti-thrombin activity in the diseased vasculature.  Thus CREKA 

micelles are an effective platform for delivering both diagnostic imaging dyes and 

therapeutics to the atherosclerotic plaques. 
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